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PREFACE

This final report describes work performed at the Microwave Technology

Center of RCA Laboratories for the Tracking and Communications Development

Division of the Lyndon B. Johnson Space Center from November 11, 1980, to

December 1, 1981, in fulfillment of NASA Contract NAS9-16252, Advanced Multi-

purpose Rendezvous Tracking System Study.

The Director of the Microwave Technology Center is F. Sterzer, the Project

Supervisor was M. Nowogrodzki, and the Project Scientist was R. Laurie. A

supporting study, "Space Missions Requiring Advanced Multipurpose Rendezvous

Tracking Systems - 1985-1995," was performed by J. Preston Layton, an independent

consultant, and is attached as the appendix.
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SUMMARY

Rendezvous and docking (R^AD) sensors are needed to support the future

Earth-orbital operations of vehicles such as the Shuttle, the Teleoperator

Maneuvering System (TMS), and the Orbital Transfer Vehicle (OTV). We investi-

gated the form such sensors should take and whether a single, possibly module:,

sensor could satisfy the needs of all three.

An R&D sensor must enable an interceptor vehicle to determine both the

relative position and the relative attitude of a target vehicle. Relative-

position determination is fairly straightforward and places few constraints on

the sensor. Relative-attitude determination, however, is more difficult. The

method we have selected is to calculate the attitude based on relative position

measurements of several reflectors placed in a known arrangement on the target

vehicle.

The constraints imposed on the sensor by the attitude-determination method

are severe. Narrow beamwidth, wide field of view (fov), high range accuracy,

and fast random-scan capability are all requited to determine attitude by this

method. A consideration of these constraints as well as others imposed by ex-

pected operating conditions and the available technology has led us to conclude

that the sensor should be a cw optical radar employing a semiconductor-laser

transmitter and an image-dissector receiver.

The performance obtainable from a representative sensor was compared to

specifications generated during the study and the conclusion was that this type
of sensor can meet the needs of future Earth-orbital operations. When speci-

fications based on more exhaustive mission analyses are available, an optimum

design can be generated and analyzed in accordance with the procedures developed. 	
1

Several of the components employed in the recommended R&D sensor require

further development. The two most important are the image dissector with a

GaAs photocathode and the high-power, cw, semiconductor-laser transmitter.

Image dissectors with small, imperfect, GaAs photocathodes are available now.

Space-qualified image dissectors with large, blemish-free, long-lived, GaAs

photocathodes could be easily developed. 'The development of space-qualified

high-power, cw, semiconductor-laser transmitters, however, will require a more
extensive effort. Many fundamental aspects of their design have yet to be

	 i

adequately investigated.
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1. INTRODUCTION

Rendezvous and docking (R&D) capabilities will be required of the vehicles

involved in future Earth-orbital operations. This fact was recognized very

early in the U.S. space program, and a large part of NASA's efforts over the

years has been devoted to the development of R&D procedures and equipment.

The Mercury program (ref. 1), which consisted of two suborbital and four

orbital flights, began in 1958, The first suborbital flight took place on

February 20, 1962. No rendezvous or docking sensors or capabilities were

developed or required for this program.

The Gemini program launched its first spacecraft, an unmanned Gemini I, in

1964. Ten manned flights took place over the next two years. The Gemini

program was a precursor to the Apollo program and was conducted, among other

reasons, to develop the capability to rendezvous and dock in orbit.

The Gemini vehicles were equipped with a noncoherent pulse radar. Angle

tracking was accomplished by the phase-comparison monopulse technique. The

target vehicle, which was either another Gemini spacecraft or an Agena upper

stage, carried a transponder to assist the radar in acquiring its target.

Rendezvous and docking were manual operations supported by range, range-

rate, angle, and angle-rate radar measurements, During the docking maneuver,

it was necessary for the astronauts to manually control their spacecraft, based

on visual information, to maintain the proper relative attitude for successful

i	 docking. The first American rendezvous in space took place between Gemini VI-A

and Gemini VII on December 15, 1965.

The first Gemini vehicle to dock was the Gemini VIII. It joined with an

Agena target vehicle on March 16, 1966. Gemini IX was scrubbed, and Gemini

IX-A, once it had rendezvoused with its target, an Agena upper stage, was

unable to dock due to a shroud which had failed to separate from the target

docking mechanism. Gemini X, XI and XII all successfully rendezvoused and

docked with Agena target vehicles.

The Apollo program ran from 1969 to 1972 and consisted of eleven manned

flights, six of which landed men on the Moon. The Apollo spacecraft was a

three-man vehicle composed of three modules: the command module (CM), the

service module (SM), and the lunar module (LM). The three modules traveled to

the Moon as one vehicle. Once in lunar orbit, the LM, carrying two astronauts,

1
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descended to the surface of the Moon. At the completion of the visits the LM

re-entered orbit to rendezvous and dock with the command and service module

(CSM). Following the LM dockia3 with the CSM, its two passengers returned to
the CM. The LM was then j ettisoned. The SM was jettisoned prior to 4e-entry
into the earth ' s atmosphere.

The LM had to rendezvous and dock with the CSM. The LM was equipped with

an X-band, amplitude - comparison monopulse, cw radar ( ref. 2) to support these
operations. The CM carried a transponder that frequency shifted and amplified

the radar pulse before retransmitting it.

The LM rendezvous radar determined range from the phase shifts on three

tones (200 Hz, 6 . 4 kHz, and 204 . 8 kHz) that phase modulated the X-band carrier.
Range rate was determined from the carrier Doppler shift. Angles were deter-

mined by the amplitude - comparison monopulse technique. Angle rate was measured
by rate gyros mounted on the radar pedestal.

The rendezvous radar had a maximum range of several hundred miles and a

fminimum range of 50 ft. Over that range its errors were:

•	 Range: < 1%
^. r	 Aangc Rat+"ci ^ 1 ftiU

• Angle: 2 ;mead

•	 Angle Rate: < 0.3 mrad/s

Rendezvous and docking were manual operations supported by radar measure-

ments and visual observations. The relative attitude of the two vehicles, in

particular, was determined visually.

Soon after the conclusion of the lunar Apollo flights, NASA began the

Skylab program which involved the flight of three 3 -man crews to a workshop in

Earth orbit. Orginally, this had been called the Apollo Applications Program,

and was to have run concurrently with the lunar flights. The spacecraft used

to take the Skylab pilots to the space station and back was an Apollo CSM, so

Skylab could be considered part of the Apollo program.

There were four launches conducted during the Skylab program. The first

launch inserted the space station into orbit; the next three brought the crews.

During each of the visits, the rendezvous and docking maneuvers employed the

same techniques and equipment developed during the Apollo program.

In 1972 NASA embarked on the major program of the 1970s -- the development

space transportation system based on the Shuttle. The Shuttle is



now completing its final testing and will soon be entering regularly scheduled

service. The Shuttle will eventually require the ability to rendezvous and

dock if its potential is to be fully realized. The Shuttle will be equipped,

`d	 shortly, with a rendezvous radar.

The Shuttle rendezvous radar (refs. 3, 4) is a Ku-band, pulse-Doppler
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radar which doubles as a communications transceiver. Range is determined from

pulse transit time; range rate is determined from carrier Doppler shift. Angle

is determined by the amplitude-comparison monopulse technique. Angle rates are

measured by gyros mounted on the antenna pedestal.

The Shuttle rendezvous radar has a maximum range of 300 nmi if the target

has a transponder and 12 nmi if it doesn't. The minimum range is 100 ft in

either case. The errors (3v) within the operating range are:

•	 Range: 80 ft or 1% (whichever is greater)

•	 Range Rate: 1 ft/s

•	 Angle: 8 mrad

e	 Angle Rate: 0.14 mead/s

The rendezvous radar iL not accurate enough to support close-in station-

keeping or docking. Efforts are currently underway (ref. 5) to develop sup-

plemental techniques and sensors to support these operations.

Over the years, several rendezvous and/or docking sensors were developed

to various stages, short of deployment. The greatest amount of effort went

into ITT's optical radar, the Scanning Laser Radar (SLR) (refs. 6-12). This

sensor, which was designed to support both rendezvous and docking, was brought

to an advanced (for the time) stage of development under NASA sponsorship.

The ITT SLR went through several generations, but it was essentially a

noncoherent, pulsed optical radar with a GaAs-laser transmitter and an image-
'.	 A

dissector receiver.. Higher accuracy than that achievable from a pulse system
t

was obtained at short ranges from a tone-ranging system based on a cw intensity-

modulated LED transmitter.

k̂	4i An optical docking sensor (refs. 13-15) for the Shuttle was proposed and

studied in some detail by NASA's Manned Spacecraft Center (now the Johnson
i

Space Center). The sensor had an LED (later changed to an Nd : YAG) transmitter

and an image-dissector receiver. In operation, the entire field of view was

illuminated by a broad intensity-modulated beam from the transmitter while the

3
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image dissector focused on the returns from individual reflectors arranged

around the docking port.

Range was determined from the phase shift on the modulation tones. Angles

were determined from the location of the reflector's image on the image dissec-

tor's photocathode; there was no closed-loop angle tracking. Range and angle

rates were calculated from incremental displacements of the corresponding

quantities.

The optical docking sensor investigated by the Manned Spacecraft Center

was never constructed, although some experiments were carried out using a

borrowed image-dissector-based star tracker.

The Russians, of course, were conducting Ci space program (Soyuz) at the

same time as the United States, One very interesting aspect of the Soyuz

program was the development for the first, and only, time of fully automated

orbital rendezvous and docking. The Russian approach (ref. 16) to automating

these operations employed two similar vehicles: one, the interceptor, equipped

with a radar and the o ther, the target, equipped with a transponder and search

beacon.

The automatic rendezvous began with the interceptor radar searching space

for the broad beam emitted by the target beacon. Once the target acquired the

beacon, the radar began to provide the interceptor with the relative range,

bearing, and rate measurements that were the basis for the ensuing rendezvous

maneuvers.

As the vehicles closed, the target independently aligned itself with the

x
	 line of sight (LOS) between itself and the interceptor. The interceptor also

aligned itself with the LOS. In this way the relative pitch and yaw attitude

angles required for docking were established without either direct measurements

of the target's attitude by the interceptor radar or communication between the

a
	 two vehicles. The roll angle required for docking was established by the

interceptor, based upon direct roll-angle measurements made by a supplemental

roll-angle sensor.

The Soyuz rendezvous radai was an amplitude-modulated cw radar. Range was

determined from the phase shift on the returned modulation tones. Range rate

was determined from the carrier Doppler shift. Angles were determined by the

amplitude-comparison monopulse technique. Angle rates were measured by gyros

mounted on the antenna pedestal.

4
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It might appear that the Russians have already solved the automatic

rendezvous and docking problem. However, this is not the case. First, the

automatic rendezvous demonstrated no more capability than that possessed by the

Apollo spacecraft. The LM rendezvous with the CSM was essentially automatic;

the astronauts' primary function being to press the CONTINUE button at various

check points in the maneuver.

Second, and more importantly, the Russian automatic docking required that

the target have much more capability than could be expected in general. The

target not only had to carry a transponder and beacon, it also had to determine

its own attitude relative to the LOS and then align itself properly to it. The

size, cost, and power consumption of the target equipment would make it im-

practical for all but the largest vehicles. In addition, some vehicles, such

as a space station, could not be expected to alter their relative attitude to

enable another vehicle to dock with them.

The present situation with regard to R&D sensors is that we have one

operating vehicle, the Shuttle, equipped with a limited-capability rendezvous

radar, and two planned vehicles, the Teleoperator Maneuve ring System (TMS) and

the Orbital Transfer Vehicle (OTV), whose needs have received little attention,

up to now.	
r

The purpose of this project was to investigate the future needs for R&D

sensors of vehicles such as the Shuttle, TMS, and OTV, and to see whether one,

possibly modular, sensor could be developed for all of them. Since a require-

ment for rendezvous and docking with all types of vehicles, from small communi-

cations satellites to large space stations, was envisioned, emphasis was placed

on limiting the equipment and capability required of the target. The target

should not have to carry more than a few passive aids, such as reflectors, in

addition to some kind of docking fixture.

In the following pages we present the results of our investigation. We

began by looking at the data required to support rendezvous and docking. This

effort is described in the next section.

5
it
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2. FUTURE EARTH-ORBITAL OPERATIONS

Future Earth-orbital operations will require sensors capable of supporting

rendezvous, stationkeeping, and docking between various vehicles, satellites,

and space stations. Some representative operations and the entities involved

are classified in Table 2-1.

TABLE 2-1. FUTURE SPACE ACTIVITIES

Space	 Unknown
Satellites	 Stations	 Vehicles	 Objects

Deployment	 X	 X

Construction	 X	 X

Operation	 X	 X	 X

Inspection	 X	 X	 X	 X

Repair	 X	 X	 X

Retrieval	 X	 X	 X	 X

The need for rendezvous, stationkeeping, and docking capability to perform

these operations is indicated in Table 2-2.

TABLE 2-2. CAPABILITIES REQUIRED FOR FUTURE SPACE MISSIONS

Rendezvous Stationkeeping Docking

Deployment

Construction X X X	 s

Operation X X X

Inspection X X

Repair X X X

Retrieval X X X

E
f
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There are several terms used when discussing rendezvous, stationkeeping,

and docking which require definition. Generally, these operations involve two

vehicles: a passive vehicle which does nothing other than maintain its present

state, and an active vehicle which moves to effect the operation. The passive

vehicle is called the target and the active vehicle is called the interceptor.

The target vehicle may be cooperative or noncooperative. A cooperative

target assists the interceptor by helping it to obtain the information needed

for the intended operation. The target can help by carrying aids such as

reflectors, or transponders, or by making measurements with its own sensors and

transmitting the information to the interceptor. Passive aids are those that

require no power from the target. Active aids are those that require power

from the target. Passive aids are preferable but may not always be feasible.

2.1 Future Earth-Orbital Vehicles

The three vehicles shown in Figure 2-1, the Shuttle, the TMS, and the OTV,

will be used to support most future Earth-orbital operations. The Shuttle is

in operation today and will be the primary means to deliver objects into lower

earth orbit (LEO) in the future. The TMS will ride in the Shuttle cargo bay

and will be used for Shuttle-proximity operations. The OTV will be used to

move objects from LEO to higher orbit (such as geosynchronous orbit [GEO]).

The precise forms that the TMS and the OTV will take has not been settled but

the need for them is clear.

The Space Operations Center (SOC), shown in Figure 2- 0,, will be a key

element in future space operations. It will be placed in "LEO by the shuttle

and will support operations such as the assembly and servicing of satellites.

The OTV would probably be based at the SOC.

All three vehicles will eventually require the capability to rendezvous,

stationkeep, and dock. A single R&D sensor able to support these operations

for all three vehicles must be able to provide the data required by each of

them and must be physically compatible with all of them. The TMS is the

smallest of the three vehicles and imposes the most severe size and power

limitations.

7
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Figure 2-1. Future space vehicles.

2.2 Rendezvous

Rendezvous (refs. 17 -22) is the maneuvering of the interceptor into the

same orbit and phase as the target. Rendezvous requires that the interceptor

match both the target ' s position and velocity as opposed to interception, in

the military sense, which merely requires that the positions be identical.

For our purposes, a rendezvous maneuver can be considered to have two

steps. Initially, the target is beyond the range of the interceptor ' s sensors.

The interceptor obtains the target's state either from a third party (such as a

ground station) or from the target itself. The interceptor then calculates a

trajectory designed to effect a rendezvous, based upon knowledge of both its

own and the target's states. Due to various errors, the rendezvous maneuver

will not deliver the interceptor to the precise position, relative to the

target, that is desired.

9
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Figure 2-2. The Space Operations, Center.

Once the target comes within range of the interceptor's sensors, the

F;	 second phase of the rendezvous begins. The interceptor now conducts maneuvers j

based upon direct measurements of the relative position of the target. The

errors in the original trajectory are corrected and the rendezvous is completed

when the two vehicles are within about 100 m of one another.

Rendezvous requires that the relative range and bearing (and rates) of the

two vehicles be known, but does not require knowledge of their relative attitude.

i	 The most critical item is the maximum range since this directly affects the

9



sensor size and weight. The rendezvous data requirements we have assumed are

shown in Table 2-3. The 50-km maximum range is justified by the improved

navigational systems, such as the Global Positioning System (GPS), that will be

coming into use shortly.

TABLE, 2-3. RENDEZVOUS DATA REQUIREMENTS 	

i

Parameter	 Limits	 Accuracy (3Q)

Range	 0.1-50 km	 0.01 x Range

Range Rate	 ±50 m/s	 0.1 m/s

Angle	 ±0.25 rad	 10 mrad

Angle Rate	 ±20 mrad/s	 0.1 mrad/s

2.3 Docking

Docking (refs. 23-25) is the physical joining of the interceptor and the

target. Since each vehicle must contain a docking mechanism of some sort (even

if it's just a grappling fixture), docking requires a cooperative target. A

cooperative target is also required because successful docking requires data

accuracy beyond that achievable without aids.

There are two types of docking mechanisms: hard (impact) and soft (non-

impact). Hard-docking mechanisms can tolerate nonzero impact velocities. In

fact, hard-docking mechanisms are designed to use the energy of impact to latch

up. Soft-docking mechanisms are designed to operate with a zero-impact velocity.

In the past, hard-docking mechanisms have been employed. These are

suitably: for the docking of two small- or medium-size vehicles; this has been

the case up to now. In the future, we can expect docking between large, medium,

and small vehicles in all possible combinations and, in many cases, a soft-

docking mechanism will be required. A general-purpose R&D sensor should provide

the type of data required for soft docking.

Docking requires that the target's range, bearing, and attitude (and rates)

be known. This is in contrast to rendezvous which does not require attitude.

Typical data required to support a soft docking are shown in Table 2-4. The

maximum range for the docking data is 100 m, which is the range at which the

docking maneuver is expected to begin. The minimum range is 2 m, which is the

range between the R&D sensor and the target aids at the time the docking mech-

anisms first contact.

1
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TABLE 2-4. DOCKING DATA REQUIREMENTS

Parameter Limits Accuracy (3cr)

Range 2-100 m 0.01 x Range

Range rate *1 m/s 0.01 m/s

Angle *0.25 rad 10 mrad

Angle rate *20 mrad/s 0.1, mrad/s

Attitude (P,Y) ±0.5 rad 30 mrad

Attitude (R) ± n rad 30 mrad
r!

Attitude rate ±20 mrad/s 0.1 mrad/s

1

,a

The docking range-rate limits are lower than those for rendezvous since

the vehicles are expected to have a lower relative velocity at the start of the

maneuver. The range-rate accuracy required for docking is higher because the

velocity must be reduced to near zero as the vehicles come together.

The attitude-data requirements are primarily functions of the docking

mechanism design. The requirements shown in Table 2-4 are believed to be

adequate for any foreseeable mechanism.

2.4 Stationkeepi_g

Stationkeeping is the maintenance of constant relative positions, and

possibly attitudes, between the interceptor and the target. Stationkeepinng

would normally take place within 10-1000 m of the target. It is assumed that

any sensor that provides data adequate to support rendezvous and docking will

also support stationkeeping.

2.5 R&D Docking Sensor Requirements

The information required to support rendezvous and docking (and, therefore,

station-keeping), given in Tables 2-3 and 2-4, has been combined in Table 2-5.

Our task was to identify which type of sensor could provide this information

and would be suitable for use by either the Shuttle, the TMS or the OTV.

Sensors that required passive aids were considered but those that required

active aids were not because active aids are not suitable for all targets.

11



TABLE 2-5. RENDEZVOUS AND DOCKING DATA REQUIREMENTS

Parameter	 Limits	 Accuracy (3Q)

Range	 2m-50 km	 0,01 x Range

Range rate	 ±50 m/s	 0,01 m/s (R < 1m,

0.1 m/s (R > 1m/i

Angle	 ±0.25 rad	 10 mrad

Angle rate	 ±20 mrad/s	 " —A I^

Attitude (P,Y)	 ±0.25 rad

Attitude (R)	 ± it rad (R

Attitude rate	 ±20 mrad/s

12
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3. ATTITUDE DETERMINATION

Docking requires that the interceptor be able to determine the relative

attitude of the target. There are only two ways to do this within the passive-

aid constraint. The first method determines attitude from range and bearing

measurements to three (or more) reflectors in a known configuration on the

target. The second method determines attitude from bearing-only measurements

to four (or more) reflectors in a known configuration on the target.

The first method (range and bearing measurements) was selected because

range measurement capability is needed anyway (to support rendezvous), the

required bearing accuracy is less than required by the second method, and fewer

reflectors are needed. The coplanar docking aids (reflectors) are assumed to

be placed in a known arrangement around the circumference of a 1-m-diameter, or

smaller, circle, as shown in Figure 3-1.

i

Figure 3-1. Reflector arrangement.
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The reflector pattern shown in fig. 3-1 would result in a roll-angle

A	 ^

ambiguity since the reflectors cannot be distinguished from one another. 	 This

problem can be eliminated by employing an unsymmetric arrangement or by using

different size reflectors.	 If a docking mechanism with the proper symmetry

were used, the ambiguity would not be a problem. 	 In any case, this is considered

a minor matter and was not specifically studied,
t

3.1	 Calculating Attitude from Range and Bearing

The range, Ri , and bearing, 8ei and 6ai , of each reflector in the array

are measured and then the attitude of the target is calculated from this data,

There are several ways to describe tfie relative attitude of two vehicles.

Euler's angles are frequently used in analytical mechanics but for our pur-

poses, pitch, 8p , yaw, 8y , and roll, 6 r , as shown in Figure 3-2, are employed.

x	x,,
Z J

_ w

(a) PITCH	 Y,Y'
i

x"

'
Z°

48Y(b) YAWY 
Y° 7

x"	 x

Z",Z
n

Or

(c) ROLL	 Y"
Br

h 

Figure 3-2.	 Attitude angles.

i
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The relationship between the coordinates of a point in the x, y, z refer-

ence frame and in the X,Y,Z frame are

X	 X'

Y	 = A l 	y'	 (3-1)

LZJ	 z'

x ► 	 X ►►

Y'	 = Az	 Y 11	 (3-2)

z ► 	 z ►►

X11	 z

Y"	 = A3	 Y	 (3-3)

z"	 z

ananaau

x x

Y = A y (3-4)

z z

Cos 0	 - sin 0p8p

where	 Al = 0 1 0 (3-5)

sin Op 0 cos 6p

1 0 0

A2 = 0 cos 0	 - sin Ay (3-6)

0 sin cos 6y8y

15
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	cos 0 'sin 0	 0

	

r	 r

	

A3 = sin 0 r	cos 0r 0
	

(3-7)

0	 0	 1

and	 A = Al A2 A3

	

coa 0PCos O r - sin 0Psin 0Ysin 0 r	 -cos 0Psin Or - Min 0Psin 0YCOB 9r -sin 0PCox 0Y

n 	 cos 
0 
	 cos 0YCOB 0 r	 -sin 0 	 ( 3 -3)

	

sin 0PCox O r + cos 0Psin 0YSin O r	 -sin 0Psin O r + cos 0Psin 0YCos O r	 cos 0Pcos 0 	
c

If there are two vectors, P 
0 
P 
1 

and P 
0 
P 2 , having a known orientation in

the x, y, z frame, as shown in Figure 3-3, then we can determine A as

(X
l - 0X ) (X2 	 0X ) (X3 - 0	 1	 2	 3)	 x	 x	 x	 ^1

	

A = (Y1 - Y0) (y2 - Y0) (Y3 - Y0 )	 x yl y2 y3	 (3-9)

( z 1 - z0) (Z2 - z0) (Z3 - 
z0 )^	 I z 1 z2 z3

where*

x3	x 	 x2

y3	yl X y2	(3-10)

r3
j
	zl	 z2

The values of the elements of A may be all we need. If the actual angles,

op , 0y , 0 r , are needed they can be determined numerically. When more reflectors

are employed, A can be computed in as many independent ways as possible and the

results averaged.

*X indicates the vector cross-product operation.

16
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Figure 3-3. Reference vectors for attitude determination.

The rectangular components of each point, P i , Xi , Y  and Z i , are deter-

mined from the on-axis azimuth and elevation angles, 6 e1 and 6ai , as shown in

Figure 3-4. The relationships are

R. sin 6 . cos 6
X =	 i	 ei	 ai	

1/2	
(3-11)

1	 (1 - sin2 6e1 sing 6ai) 

R  sin 6 
a 

cos 
0 eY. 

0 - sin  0 e sin  ea d 1/2

and

(3-12)

R. cos 8	 cos 8
Z =	

i	 ai	 ei	 (3-13)
i

0 - sin  0 e sin  
bad 1/2

The relations above are expressed in terms of the on-axis bearing angles.

A particular sensor may actually measure 6 a and 6e( elevation over azimuth), 6a

17
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and

(3-17)

(3-18)

(3-19)

(3-20)

(3-21)

(3-22)

Y y2 -	 Y1

x=x2 -	 x1

x 1 = R 1 cos 61

yl = R 1 sin 61

x2 = R2 cos 62

Y2 = R2 sin 62

X

ORIGINAL k,. .^ W MME

where

	 OF POOR QUALITY

Y

Figure 3-5. Quantities involved in attitude determination from
range and bearing measurements.
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If there were no errors, 	 could be determined exactly. However, there is

a range-measurement error,QR , and a bearing-measurement error, Q8 . These

errors propagate through the calculations as

q	 2l
Cr = sing	Qx2 + cos2	y2	

(3-23)
S	 S

where

2	 2
+ a 

2
^x - ^x1	 x2

2	 2	 2y	 1=y +y2
and

Cr	 = cos t H i	 vR2 + Ri2 sing H i	 vet
r

r` 	 r

yl = sing Hi	 vR2 + Ri2 cos t ei	 •	 (Y

The method used to determine v^ for a given value ofoR and 6e was:

' 1. Pick S,	 e l' R1' (YO' CYR'
k'

f
2. Calculate x1 and y1

F'

X1 = R1 cos e1

Y1 = R1 sin e1

3. Calculate x and y

x=SCos
y 	 sink

4. Calculate x 2 and y2

x2=x1+x
y2=Y1+y

' 5. Calculate e 2 , R2

e2 = tan-1 (y2/x2)

1/2
R2 =	 x22 + y22

(3-24)

(3-25)

(3-26)

(3-27)

•:5

1

..4

M1`J

G;
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y 6.	 Calculate v 2, v 2
x3.	 yi

cxi = cost 0.
3. 

• 
QR2 + R

i2 sin  0 i • Q02

Yi = sin  Oi QR2 + R i2 cos 2 0i Q02

	

7.,	 Calculate Qx2, Qy2

2	 2	 2

^x — °x1 + ^x2

Q 2= Cr 2+ Q 
2Y	 Y1	 Y2

T'	 8.	 Calculate v 2

Q 2 = sin2	Q2+cos2	 ¢2
	S^	

x	 S2	 Y

Some typical results from this procedure are shown in Figure 3-6 where the

allowable errors in range and bearing measurements to yield Cr = 10 mrad for a

reflector spacing, S, of 1 m and a range, R 1 , of 10 m are shown for 6 1 = 45°

and = 0°. This is a representative case and, based upon it and others, a

w
range accuracy of 5 mm and a bearing accuracy of 0.4 mrad were determined to be

necessary.

Figure 3-7 shows how v^ varies with range for vR = 5 mm and Q0 = 0.4 mrad

in a typical case. Figure 3-8 shows the effect of reduced reflector spacing on

CT

s	 3.3 Sensor Requirements Assuming Attitude Calculation

f

The method we have selected to determine target attitude is by calcula-

tion, based on range and bearing measurements to three (or more) reflectors

A arranged in a known configuration. We have determined that within the range at

which attitude information will be required (2-100 m), range should be measured

to within 5 mm (1Q) and bearing to within 0.4 mrad ( 1Q). The resulting require-

ments for an R&D sensor that will result in the same performance as specified

9
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Figure 3-6. Required range and bearing accuracy to result in an
attitude error of 10 mrad (Q0 = 10 mrad).
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Figure 3-7. Attitude error as a function of range for 6R = 5 mm,
Qe = 0.4 mrad, e1 = 45 0 , and ^ = 00.
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i

in Table 2-5 are shown in Table 3-1. The required range accuracy is shown in

Figure 3-9.

TABLE 3-1. PERFORMANCE REQUIREMENTS FOR THE RO SENSOR

Parameter	 Limits	 Accuracy (3Q)

Range	 2 m - 50 km	 0.00015 x Range (R>100m)

15 mm (2 m<R<100 m)

Range rate	 ±50 m/s	 0.01 m/s (R < 1 m/s)

0.1 m/s (R>1 m/s)

Angle	 ±0.25 rad	 1.2 mrad

Angle rate	 ±20 mrad/s	 0.1 mrad/s
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4. PRELIMINARY SENSOR DESIGN

So far the only constraint that we have placed on the R&D sensor is that

it be able to measure range and bearing over the limits. and to the accuracies,

specified in Table 3-1. There are a variety of sensors that can be used to

measure range and bearing. In the following pages we will attempt to narrow

the field by examining the performance requirements, the conditions of use, and

the available technology. Specifically, we will examine each of the following

topics in an attempt to identify suitable candidates:

•	 Illumination source 	 {

•	 Beamwidth

•	 Carrier frequency

•	 Field of view

•	 Background radiation

•	 Transmitter source

•	 Modulation techniques

• Receiver scanning mechanism

4.1 Illumination Source

i
All sensors have a receiver that senses radiation originating from the

target. Active sensors illuminate the target themselves. Passive sensors

depend on some other source of illumination, such as the Sun. A passive R&D

sensor would have to depend on the Sun to illuminate the target. Sunlight,

however, is not always available. Figure 4-1 illustrates the shadow cast by

the Earth.

The diameter of the shadow, d s , at an altitude A  above the Earth's

surface is

r
d  = 2 Ire - Xs ( re + Ao )l
	

(4-1)

This relationship is shown in Figure 4-2. Clearly, the Earth's shadow is too

large to rely upon the Sun to illuminate the target. Therefore only active

sensors are considered further.
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Figure 4-1. The Earth's shadow.
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Figure 4-2. The diameter of the Earth's shadow as a function of altitude.

26



i

ORIGINAL FACE M
OF POOR QUALITY

4.2 Beamwidth

There are two beamwidths associated with any active sensor (one that

provides its own source of illumination); that of the transmitter and that of

the receiver. The most efficient operation is achieved when the transmitter

and receiver beamwidths are identical. We have restricted our considerations

to sensors with identical transmitter and receiver beamwidths and therefore the

term beamwidth will be used henceforth without further qualification.

The beamwidth of the sensor is determined by the requirement that the

reflectors on the target be resolvable at 100 m. Figure 4-3 illustrates the

angular separation existing between two reflectors separated by 1 m for several

inclination angles.

Figure 4-3. Angular separation at 100 m of reflectors spaced 1 m apart.

The minimum angular separation at 100 m between any two reflectors arranged

around a 1-m-diameter circle normal to the line of sight is

_ sin (70n)
Omin —	 100	

(4-2)
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where n is the number of reflectors. The value of 0min for several values of n

are:

n	 0min (mrad)

2	 10.0

3	 8.7

4	 7.1

5	 5.9

In view of the number of reflectors most likely to be employed (3 or 4) and the

initial inclination angles expected, a beamwidth of 2 mrad was selected for the

sensor.

4.3 Carrier Freque.icy

F

	

	 Active sensors capable of measuring range and bearing can operate at

frequencies from the lower microwave to visible light. The one parameter that

restricts the allowable operating frequency is beamwidth. The minimum beamwidth

achievable from a circular aperture occurs when it is uniformly illuminated.

This beamwidth (ref. &.V is

0b = D	 (4-3)
where X = wavelength

D = aperture diameter

0b = beamwidth between half-intensity points

There is another beamwidth, 0', which is the angular diameter of the Airy disk.

This beamwidth is

O - 
2.44 A	

(4-4)b	 D

but it is not the one we are interested in.

Figure 4-4 shows the minimum beamwidths achievable from uniformly illu-

minated circular apertures of various sizes as a function of wavelength. If we

limit the sensor-aperture diameter to 0.1 m and if we assume that the actual

beamwidth will be twice the minimum, we see that a wavelength of 100 pm or less

will be necessary. The R&D sensor must therefore be an optical radar operating

somewhere between the visible and infrared.

,5
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Figure 4-4. The beamwidth of the radiation from a uniformly
il l uminated circular aperture.

4.4 Field of View

As the interceptor approaches the target a point will eventually be

reached where the angle subtended by the reflector array exceeds the total

sensor field of view (fov) as depicted in Figure 4-5. Figure 4-6 shows the

angle subtended by an array of reflectors arranged around a 1-m-diameter circle

as a function of range. For a 0.5-rad fov, the array will be visible to within

about 2 m from the array plane. This should be acceptable.

If range and bearing are required at distances less than 2 m, a single re-

flector can be placed in the center of the array. If attitude information is

also required at shorter rangeaq a smaller array can be installed within the

larger one.

4.5 Background Radiation (ref. 27)

There are two important sources of background radiation: the Earth and

the Sun. The sensor should function properly with the Earth in the background.
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Figure 4-5. The angle subtended by the reflector array
at the minimum range.
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The sensor need not function properly when the Sun is in the background, but w.t

should not suffer any damage.

The worst case with regard to the Earth-background radiation occurs when

the Earth fills the entire receiver beamwidth. Figure 4-7 shows the angle

subtended by the Earth as a function of the distance from the Earth's surface.,

For most orbital operations and receiver beamwidths, the Earth could fill the

entire beam.

140

_ 120

100

m e0

so

r^

C4 40za
20

01	 1

103	104	 103

DISTANCE FROM EARTH'S SURFACE (km)

Figure 4-7. The angle subtended by the Earth.

The background radiation received from the Earth when it fills the entire

receiver beam is

2

P be = BO 
eb4We 

Ar	
(4-5)

where Pbe = background radiation from Earth (W)

Bo = optical filter bandwidth (pm)

6b = receiver beamwidth (rad)

a

D
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We = Earth's radiance at wavelength of interest (W/cm 2 pm) (See

Figure 4-8)

A  = receiver aperture area (cm 2)
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Figure 4-8. The Earth's radiance.

The Sun subtends a constant angle of approximately 4.7 mrad from anywhere

in the vicinity of the Earth. If the receiver beamwidth is larger than the

angle subtended by the Sun, the total power received from the Sun will be

Pbs - Bo A  Hs	 (4-6)

where Bo = bandwidth of optical filter (pm)

A  = receiver aperture (cm 2)

Hs = Sun's spectral irradiance (W/cm 2 pm) (See Figure 4-9).
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Figure 4-9. The Sun's spectral irradiance.

If the receiver beamwidth is smaller than the angle subtended by the Sun,

the power due to the Sun will be

2
B E)	 W A
o b	 s r

P	 (4-7)
bs	 4

where

4H
W

	

	
2s
	 (4-8)

s

9 s	angle subtended by the Sun (rad).

The background radiation due to various stars is shown in Figure 4-10.

This radiation is insignificant compared to that from the Earth and Sun.
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Figure 4-10. The spectral irradiance of various stars.

4.6 Transmitter Source

In Section 4.3 we showed that a carrier wavelength shorter than 100 Pm was

required to achieve a 2-mrad beamwidth within the transmitter-aperture size

limitations. The only sources of coherent radiation operating in that region

of the spectrum are lasers, and there are only three types of lasers that have

the output power level, efficiency, and lifetime required for an optical radar:

the CO2 laser, the Nd:YAG laser, and the (GaAlAs) semiconductor laser.

The characteristics of these lasers are compared in Table 4-1. The

semiconductor laser is considered superior to the other two because it does not

require active doling (like the Nd:YAG laser does for all but the lowest power

levels), its associated detector does not require cooling (as do those associated

with the CO2 laser), it has high efficiency (unlike the Nd:YAG laser), and it

does not require an external modulator (as do both the CO 2 and Nd:YAG lasers).

The one disadvantage of the semiconductor laser is the present maximum output

power limit of about 50 mW. However, this level will undoubtedly be exceeded

in the future and, if necessary, the outputs of several lasers can be combined

to reach higher power levels.
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TABLE 4-1 CANDIDATE LASERS FOR THE R&D SENSOR

Laser	 Wavelength	 iax	 Mode	 Efficiency Lifetime Detection Detector Modulation

CO2	10,600 no	 100 nW cW, Pulse	 20 %	 104 h	 Heterodyne Cooled	 External

Nd;YAG	 1,060 no	 10 mW cW, Pulse	 1 %	 104 h	 Direct	 Uncooled External

GaAlAs	 830 no	 50 oW cw, Pulse	 10 %	 105 h	 Direct	 Uncooled Direct

*Without active cooling

It is interesting to note that while most of the intersatellite opticF11-

communication systems that have been studied or developed in the past have

employed Nd:YAG (ref. 28) or CO 2 lasers (ref. 29), a consensus is gradually

emerging that, in the long run, the transmitters should, and will, employ

semiconductor lasers.

Our selection of the semiconductor laser as the R&D sensor transmitter

source places two severe restrictions on the overall system design. First,

since the operating wavelength is about 830 run, we must select only detectors

that respond in that region of the spectrum. Second, the only type of modula-

tion that can be employed with the semiconductor laser is intensity modulation

(IM).

While the semiconductor laser is monochromatic (coherent) compared to most

sources of light (such as lamps of any sort), it does not have a narrow spec-

trum compared to the modulating frequencies that would be employed for ranging.

A 0.1-nm spectral width at 830 nm, which is narrow for a semiconductor laser,

is the same as a 43.5-GHz spectral width in accordance with the relationship

between wavelength and frequency bandwidths:

Of = C2AX
	 (4-9)

A

where Af = frequency bandwidth

AN = wavelength bandwidth

A = center wavelength

C = 3x108 m/s

Therefore, it is not possible to phase (or frequency) modulate the output of a

semiconductor laser. In the next section we give some consideration to those

types of IM that can be employed with the semiconductor laser.

i
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4.7 flanging Modulation

The transmitted signal will be modulated so that the range to the target

can be determined. Since we have selected a directly modulated semiconductor

laser as the transmitter source, only intensity modulation (IM) can be employed.

There are two basic types of IM: pulse and cw. Pulse IM is preferred in

those instances where either system will do because it allows for range dis-

crimination and requires less average power. However, pulse IM has two charac-

teristics that render it unsuitable for our application. First, pulse systems

have a minimum range greater than the specified 2 m. Second, pulse systems do

not have the required range accuracy.

Pulse-modulated systems have a larger minimum range than cw-modulated

systems because time must be allowed for the transmitted pulse to clear the

antenna and for the receiver to settle before the return pulse can be properly

received. Pulse-modulated systems have difficulty in making highly precise

range measurements bGcaulue their precision is directly proportional to the

resolution of the clock measuring the pulse travel time. A 10-mm resolution

would require a 30 -GHz clock, which is not practical.

There are several different types of IM that could be employed. The first

distinction that we can make is between subcarrier IM and baseband IM. Sub-

carrier IM is employed when we first modulate a subcarrier, such as a microwave

tone, with a ranging modulation and then modulate the optical carrier with the

subcarrier. This method has three advantages. First, the subcarrier can be

high enough in frequency to allow direct radial velocity determination from the

Doppler shift on the subcarrier. Second, other subr_arriers could be used for

communication purposes. Third, modulation techniques, such as phase and fre-

quency, that are not possible with baseband intensity modulation can be used.

There are two disadvantages with the subcarrier modulation scheme, however.

First, since the subcarrier would normally be in the near-microwave band, a

very wideband receiver is needed. Second, the final recovered modulation power

is lessened because some power resides in the subcarrier, which is ultimately

discarded. We decided not to consider the subcarrier-modulation technique at

this time. If serious problems arose with the baseband-modulation technique we

would reconsider the use of subcarrier modulation.

1
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There are two basic types of baseband cw IM. The first method, tone

ranging, requires the transmission of a sinusoidal or squarewave ranging tone

and the measurements of the phase shift on the return signal to determine range.

The second method requires the transmission of a pseudo-noise (PN) code and the

determination of range from the time delay that must be imposed on the trans-
	

i

mitted modulation so that it correlates with the returned modulation. The

second method is not acceptable because its range resolution is as poor as that

of the pulse system, and for the same reasons.

We have selected the baseband cw IM tone-ranging system for the R&D sensor.

The sinusoidal-tone-based system is assumed in the following analysis and is

henceforth referred to as the tone-ranging system. The various modulation

schemes that have been considered and their relationships to one another are

depicted in Figure 4-11.

SEMICONDUCTOR
LASER

MODULATION

AMPLITUDE
POSSIBLE) I	 I (POSSIBILE) I	 I(NOT POSSIBLE)I	 I(NOLARIZATION

(NOT	 OT POSSIBLE)

PULSE	 CW(LACKS PRECISION)

SUBCARRIER I	 I BASEBAND(COMPLEX)

(CHOSEN)	 I	 I (LACKS PRECISION)

Figure 4-11. Modulation schemes considered for the R&D sensor.

4.8 Tone Ranging (refs. 30, 31)

'lone ranging has been selected for the R&D sensor because it is practical,

relatively simple, has no minimum range requirement, and has the necessary

precision. Tone-ranging systems do have three limitations, however, that must

be considered.

r,.
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The first limitation is that they have no range discrimination. The

return from a nearby object of no interest can mask the return from a distant

object of interest, and vice versa. In fact, it is possible for returns from

the atmosphere or dust in the sensor optics to mask return signals of interest.

This limitation is acceptable for the RO sensor since it will be used in

space, where there is very little atmosphere and the density of potential

targets is low.

The second limitation of tone ranging is that there is no way to distin-

guish between a phase ^ and a phase 2n n + ^, where n is an integer. Therefore,

if only one tone is used, its wavelength would have to be less than 2 Rmax'

where Rmax is the maximum expected target range. The corresponding maximum

allowable frequency of this tone could not exceed 
f max ' where

a,

Figure 4-12 shows the maximum unambiguous range as a function of modulation

frequency.
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Figure 4-12. Maximum allowable range to avoid ambiguity in
the single-tone ranging system.
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The third limitation is that, in a single-tone system, the modulation

frequency must exceed 
fmin, where

f	
0	 (4-11)

min _ 2n/Q8 OR

and

A6 = resolution with which the phase-shift can be measured (rad)

OR = desired range resolution

For example, if our phase-measuring method could measure 1 part in 1000 (2n/Ae

= 1000), then fmin would have to be 60 MHz for AR = 5 mm. Figure-4-13 shows

fmin as a function of (2n/O8) for AR = 5 mm.
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PHASE RESOLUTION, Was

Figure 4-13. Minimum allowable modulation frequency in the
single-tone ranging system for OR = 5 mm.

One might question why we have assumed, in the analysis above, that the

phase resolution remains constant while the carrier frequency changes. After
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r
all, for a given clock period the phase resolution will halve as the carrier

frequency is doubled if the phase of the carrier is measured directly. 	 The

reason we say that increasing the carrier frequency improves resolution is N	 ^

that, in high-accuracy tone-ranging system, all the modulation tones will be

heterodyned down to a fixed, low frequency, such as 1 kHz, before making phase

'Ir measurements.	 This process is depicted in Figure 4-14. "X

t

w

TARGET

TRANSMITTERTRANSMITTER	
10.0 MHz

9.9% MHz
LO ti

1 kHz	 I kHz
;i

COMPARATOR

Figure 4-14.	 Tone-ranging system employing heterodyning
a ' prior to phase measurement.

It is usually not possible to employ a single-tone ranging system that
t:

simultaneously satisfies the maximum range and resolution requirements. 	 The

solution is to employ a multitone modulation system.	 The highest frequency

. establishes the resolution and, therefore, the accuracy, of the system, while Vk

the other tones are used to resolve the ambiguities that would result if the

ahighest frequency tone were used alone.

4.9	 Accuracy in Tone Ranging

There are three sources of errors in the tone-ranging system. 	 First, the

} return signal will contain noise which will corrupt its waveform; second, there

t will be phase shifts in different system components that will vary with time

r.
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and temperature; and third, the finite resolution of the clock used to make the

phase measurements will contribute an error of ± 1 clock period. An analysis

of the errors due to the first cause, random noise, is presented below. We as-

sume that the errors due to the second cause can be removed by a continuous

calibration procedure and that the errors duf; to the third cause will be

negligible.

The error analysis that follows assumes the use of a phase detector such

as the one shown in Figure 4-15.

PHASE

	

DETECTG'R	 I

	

I	 I
1

	

SIGNAL I
	

I+-i I

	

I	 LOW-PASS

	

I	 MULTIPLIER	
FILTER

REFERENCE	 I

	

(TRANSMITTED) i	 Bn	 I

	

I	 I

	

I	 I

	

I	 I

	

i	 I
L ^ _ ^___- -	 ^J

Figure 4-15. The elements of a tone-ranging system involved
in the error analysis.

The two input signals involved are S t (t), the transmitted signal, given by

St (t) = At cos (wmt)	 (4-12)

and S r (t), the received signal, given by

Sr (t) = A  sin (wmt + 0) + n(t)	 (4-13)

where

= 4nR
m

n(t) = additive, Gaussian noise
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The Gaussian noise, n(t), can be resolved into two independent components,

n(t) = nc (t) cos mt + ns (t) sin mt	 (4-14)

I,

where

v 2= Q 2
= Q 2

nc	 nf;	 n	
(4-15)

and

^nc(f ) .- ^ .^s (f
 ) = 2 NO	 (4-16)

where N0 is the (assumed) constant one-sided spectral density of n(t). The

phase detector multiplies the two input signals and then filters out all the

signals at the modulation frequency or above. The product of the two signals

is

Vp(t) = K [Vr Vt sin (wmt+0 cos wmt + V
t 

n
c 
(t)cos t wmt (4- 17)

- Vt ns (t) An wmt cos w Q

V V
t

V	 V	 V n
c

(t) 
t	 tK r2	 sin +

r2
	sin (2wmt + ^) + (4-18)

Vt nc (t) cos 2wmt Vt ns (t) sin 2w t

+ -2 2

The output of the detector is

Vr Vt Vt nc(t)
vd (t) = K 2	 sin + 2 (4-19)

I£ we assume that is small, then we can use the approximation

sin 0 = (4-20)

and, therefore,

K V V0 K V n (t)

vd (t) =	
r2 

t	 +	
t2 c	

(4-21)

The noise spectral density of vd (t) is

KK V 2	 K2V2N
(P=	 t	 4)=	

t	 0
vd	 4	 nc	 2	

(4-22)
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The noise power out of the low-pass filter of noise bandwidth: Bn , is

K2 V 2 N B
Qvd2 =	 2 0 n	 (4-23)

The signal power out of the low-pass filter is

2 K2V2V202

v  =	
r4 t
	

(4-24)

The phase estimate, ^, is determined from the measured value vd (t) as

2 vd(t)

K V V	 (4-25)
r t

The range estimate, R, is determined from the phase estimate, ^, by

R = 4n
	

(4-26)

The variance of the range estimate, Cr. 2 , is

2 
Q 

2

Q 2 - m
2 n2	

(4-27)
4

"I

2	 2Am 4 v
vd

42 712 K2V2V2
r t

4 Am2 K
2 V t 2 N0 B 

32712 K2 
Vr2 

V t 2

(4-28)

(4-29)

(4-30)

(4-31)

t
s
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Im2

16n2(S /N)

where SIN is the signal-to-noise ratio of the received signal

V2
SIN 

= 2 N  B
0 n

The standard deviation of the range estimate is, therefore,

^m	
(4-34)

°W -4n S/N

For a given SIN, the range error is a constant fraction of the modulating

wavelength as shown in Figure 4-16,

Q

A = 4n 15/N	
(4-35)

m

^	 I

I

^	 ^	 1

I

41r,(---

io W ao 40 50 so TO 60
Signal-To-Noise Ratio, S/N (dB)

Figure 4-16. The accuracy of the tote-ranging system.
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We might suppose that we could achieve any accuracy we desire, for a given

SIN, by utilizing a high enough modulating frequency. However, as we increase

the highest modulating frequency, the number of required intermediate frequencies

between the highest and lowest -- which is fixed by the maximum expected target

range -- increases. Each time we add another modulating tone, the SIN for each	 ,o

one is reduced since the available transmitting power must be shared among all

the modulating tones. Transmitting the tones sequentially (one at a time)

would eliminate this problem but would increase the measurement time.

4.10 Effect of Target Velocity on the Tone-Ranging System

When an electromagnetic wave of frequency f strikes an object moving at a

velocity V  in the direction of the radiation, it experiences a Doppler fre-

quency shift, fd , where

2 V f

fd -	 C

(This relationship is shown in Figure 4-17.)

(4-36)
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Figure 4-17. Effect of target racial velocity on ranging tones.
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Since a change in frequency of a signal will result in a change in phase

over time, the accuracy of the tone-ranging system can be expected to be

reduc2d for moving targets. Since the Doppler shift is proportional to fre-

quency we might also expect that the higher the ranging tone the worse the

effect. We will in fact show that, for the ranges and velocities that we have

assumed, the Doppler shift will not significantly affect the accuracy of the

range measurements. Furthermore, we shall see that the errors are not a

function of the ranging tone's frequency.

First, we should point out that, even though the ranging tones are not

transmitted directly but are used instead to modulate an optical carrier, they

do experience the same Doppler shift that they would if they were transmitted

directly. The optical carrier also experiences a Doppler shift, a much greater

one than that of the ranging tone. However, since the optical carrier is

directly detected, this Doppler shift is of no conseg4ence.

We will now determine the extent the range measurement is affected by the

phase shift resulting from the returned signal's Doppler shift. The modulating
signal leaving the transmitter can be expressed as	 y'

St = cos (2nfm t)	 (4-37)

This signal arrives at the target a time R/C later as St where 	 p

St = cos [2nfm t + 2n(R/C)fm ]	 (4-38)

If the target has no radial velocity the signal returns to the receiver a time

R/C later as

S r = cos [2nfm t + 4n(R/C)fm]
	

(4-39)

and the phase shift, due solely to the range, is

OR = 4n(R/C)fm	(4-40)

If, however, the target has a radial velocity, V r , then the reflected signal is

St = cos [2n(fm+fd ) t + 2n(R/C)fm ]	 (4-41)

where

2 V f
__	 r m

fd	 C

1
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The received signal in this case is Sr, where

Sr = cos [2n(fm+fd) t + 2n(R/C)(fm+fd) + 2n(R/C)fm ]	 (4-42)

The phase shift due to both Doppler and range is

OT = 2n(R/C)fd + 4n(R/C)fm	(4-43)

$T = $d + OR	 (4-44)

where

Od = 2n(R/C)fd	(4-45)

The effect of 
Od on the measurement of range is proportional to $d/OR

where

£	 V
Od __ d _ r

TR 2 f
m C	 (4-k6)

For the maximum specified velocity of 50 m/s, Od/OR = 1.7x10 -7 , which represents

a negligible error. Furthermore, we see that increasing fm does not directly

increase the error due to Doppler shifts. This is because the phase shift due

to the Doppler grows at the same rate as the phase shift due to the range when

the modulating frequency is increased.

The analysis above of the effect of Doppler shift on range measurement

has assumed that the phase of the received signal is determined instantaneously.

In some measurement methods the phase is determined from measurements made over

a time interval of, perhaps, several milliseconds. The effect of measuring

phase over a time T is that 
OT 

is increased to

^T = 27t(R/C)fd + 2nfdT + 4n(R/C)fm = OA + OR	
(4-47)

where

^a = 2nfd (R/C + T)

The ratio 
0VOR 

is now

Od	 fd(R/C+T)

OR	 2fm(R/C)

(4-48)

(4-49)
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^d	(VR/C)(R/C+T)
R/C	 (4-50)	 !

RI
Cr +	 T(Vr) 	(4-51)( 

^	 1R 

For T < 10 ms, V  < 50 m/s, and Vr/R < 0.1, Od-/OR < 10-3 , which is still

acceptable.

4.11 Receiver Scanning Mechanism

In the previous sections we have tried to define, as much as possible, the

form the R&D sensor must take. Some of these properties have a direct effect

on the type of receiver scanning mechanism that can be employed. Specifically,

we have concluded that the receiver must be able to:

•	 Scan a narrow (2 mrad) beam almost instantataeously, at random,

over a 0.5-rad fov. (At close ranges the individual reflectors

will lie at the extremes of the fov.)

•	 Have a large enough (> 50 mm) aperture to gather a useable

signal at the maximum range of 50 km.

•	 Operate in the portion of the spectrum around 830 nm.

Within the selected spectral range there are only two scanning mechanisms

that can move from point to point in the fov quickly enough. The first method,

mechanical beamsteering, uses mirrors mounted on piezoelectric deflectors or

galvanometers to steer the optical beam; the sensor itself does not move. The

second method, electron beamsteering, uses magnetic coils to steer the photo-

electrons emitted by a photocathode which has the sensor fov imaged upon it.

This is the method used in the image-dissector receiver.

The first method has one drawback: it cannot be used with both a large

aperture and a large fov. The capability of a beamsteerer can be expressed in

terms of an aperture-fov product. By the use of telescopes, the task of

steering a large aperture over a small fov can be accomplished with a beam-

steerer that steers a small aperture over a large fov and vice versa. Unfor-

tunately, the aperture-fov capability we require is beyond that possible with

mechanical beamsteerers.
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The second method, electron beamsteering as employed in the image

tor, is our remaining choice. A representation of an R&D sensor with a

image-dissector receiver is shown in Figure 4-18.

LASER	 MODULATORTRANSMITTER

BEAMSTEERER

IMAGE DISSECTOR

'` \	 PHOTOCATHODE

.^ TELESCOPE 
*MLIER

APERTURE
FILTER

DEFLECTION
COILS

Figure 4-18. R&D sensor with an image-dissector receiver.

We have said nothing here about the transmitter beamsteerer. As we shall

see, the requirements of the transmitter beamsteerer are not so stringent. The

aperture, in particular, only has to be large enough to allow a 2-mrad beam-

width and this will be less than the 50-mm minimum specified for the receiver.

A mechanical beamsteerer will be satisfactory for the transmitter.

4.12 Summary

We have tried, in Section 4, to determine, as much as possible, the form

that the R&D sensor must take. We have determined, as a result of these

efforts, the following characteristics:

Target type: Cooperative, 3 or more reflectors in a known planar

configuration around a 1-m (maximum) -diameter circle

Sensor type: Active

Background radiation: Should function normally with Earth oc

total beam; should survive presence of Sun in beam.

•

•

•
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•	 Beamwidth (transmitter and receiver): 2 mrad

•	 fov (transmitter and receiver): 500 mrad

•	 Transmitter source: Semiconductor laser (830 nm typical)

•	 Modulation type: cw IM (tone ranging)

•	 Receiver: Image dissector

The sensor must be long-lived, small, and low-power if it is to support

the operations of the Shuttle, OTV, and TMS. The following specifications have

been established for these items:

A	 Volume: 0.1 m3

•	 Mass: 10 kg

•	 Power: 50 W

•	 Lifetime: 10 4 h

1

a

f
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5. KEY COMPONENTS

Now that we have some idea what the R&D sensor should look like, it is

time to discuss, in some detail, its components. Specifically, the following

items will be examined:

•	 Semiconductor lasers

•	 Beanisteerers

•	 Reflectors

•	 Telescopes

•	 Optical filters

•	 Image dissectors

The items above are all electro-optical components. Many purely elec-

trical components, such as filters, phase-lock loops, computer-based controllers,

power supplies, etc., are not discussed because they are less critical to the

eventual development of the R&D sensor and because the audience to whom this

report is addressed is generally familiar with them.

In discussing the electro-optical components listed above, the emphasis

will be on those characteristics that would affect their performance as an

element of the R&D sensor. There are several characteristics that must be

considered for every element. These are:

•	 Size

•	 Lifetime (reliability)

•	 Power requirements

•	 Radiation tolerance

•	 Ambient requirements

These parameters will be discussed only in those instances where a problem is

foreseen.

5.1 Semiconductor Lasers (ref. 32)

The semiconductor laser is the radiation source that has been selected for

the R&D sensor's transmitter. The semiconductor laser has many desirable

properties for this application. It is small, efficient, reliable, easily

modulated, and emits at a convenient wavelength. On the of



j
semiconductor laser emits its radiation in a rather wide elliptic beam and it

4	 has a power limit, at this time, below the level that will probably be required.
f

Methods of dealing with these problems will be discussed later.
t
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	 The semiconductor laser, as shown in Figure 5-1, has the same basic

structure as any other laser; it consists of an optical resonator containing an

amplifying medium. The optical resonator is a small chip of a semiconductor

compound, such as GaAs, having two rough (sawn) facets and two smooth (cleaved)

facets. The two cleaved facets act as partially reflecting mirrors; they and

the material between them constitute a Fabry-Perot etalon. The amplifying

medium is the region around a p-n junction in the material. When current flows

through the junction, the minority carriers (mostly electrons) injected across

it create a region of population inversion which acts as an amplifier to the

optical wave in the cavity.

LEAD WIRE

ALLOYED METAL CONTACT

CLEAVED FACET	 -----^ \	 SAWN SIDE WALL

LIGHT OUTPUT	 'r.	 LIGHT OUTPUT

p-n JUNCTION

0 1 M I

Figure 5-1. The semiconductor laser.

All semiconductor lasers have a threshold current density, at the junction,

that must be exceeded before lasing action begins. Once lasing action begins,

the increase in emitted optical power will be approximately proportional to the

increase in current. This behavior results in the type of emission characteris-

tic shown in Figure 5-2.

The beams emitted by semiconductor lasers are fairly broad, as shown in

Figure 5-3. The. beamwidth perpendicular to the junction, 8 1 , is typically 400;

the beamwidth parallel to the junction (0 is typically 10 1 in semiconductor

lasers that employ some method to confine the lateral dimension of the active

region.
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Figure 5-2. Emission characteristic of a semiconductor laser.

Figure 5-3. The beamwidths parallel to (6 II ) and perpendicular
to (61) the junction.
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There are many problems faced by the semiconductor laser designer.

Excessive temperature rise is a problem that can be avoided by reducing the

threshold current and the optical losses. The threshold current, in tuLn, is

reduced by somehow confining both the injected minority carriers and the

optical wave to a narrow region around the p-n junction. There are limits to

the amount of confinement that can be allowed, however. If the beam is too

tightly confined, the total power generated will be small. Also, a very small

emitting spot will lead to broad beams, in accordance with the laws of diffrac-

tion, and to a high power density, which may lead to facet damage.

The drive to reduce the threshold current while producing lasers with

particular characteristics -- whether it be high pulse power, high cw power,

long life, narrow beam, single; mode operation, etc. -- has resulted in many

different laser structures.

The first semiconductor lasers, shown in Figure 5-4(a), were made from one

material, GaAs, and contained one junction, the interface between the n-type

GaAs and the p-type GaAs. These lasers, termed homojunction lasers, had poor

carrier and optical wave confinement and, as a result, the threshold currents

were so high that room temperature cw operation could not be achieved. These

lasers were, and still are, used in the low-duty-cycle pulse mode.

i

METAL CONTACT
P GO(1-Y)AtyAS
P-Ga(l-x) Aix AS
P- OR n- GaAS
A -

GO(I -x)AtxAS
n -GO (I-Y) Aty AS
n-GaAs

METAL CONTACT

(d ) SEPARATE CONFINEMENT (Y >X)

Figure 5-4. Semiconductor-laser structures.
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The heterojunction laser was developed in response to the problems of the

homojunction laser. The heterojunction laser has a threshold current density

low enough to allow cw operation at room temperature. The threshold current

density is reduced because the heterojunction tends to confine both the injected

carriers and the optical wave to the p-n junction region. 	 ,

The simplest heterojunction laser, the single-heterojunction laser, is

shown in Figure 5-4(b). The (GaAI)As-GaAs junction acts to keep both the

injected electrons from the n-type GaAs and the optical radiation from spreading

away from the p-n junction. The double-heterojunction laser, shown in Figure

5-4(c), is more complex than the single-heterojunction laser but offers better

performance.

There are applications that call for a laser structure that confines the

injected carriers to a narrower region than that of the optical wave. One

application is the design of high-power lasers. Spreading the light into as

wide a region as possible reduces the optical power density at the facets, the

limiting factor in some high-power lasers. A five-layer laser that accomplishes

this separate confinement is shown in Figure 5-4(d).

So far we have discussed the different structures that have evolved in an

attempt to confine the active region and the optical beam in a direction

perpendicular to the junction. It is also necessary to confine the active

region and the optical beam in the lateral dimension. This is done to reduce

the threshold current, to produce narrow beamwidths in the direction parallel

to the junction, and to avoid the generation of higher-order modes. One method

of lateral confinement is the replacement of the sheet contact shown on the

previous lasers with a stripe contact as shown in Figure 5-5.

Wrei

Figure 5-5. Stripe contact for lateral confinement.

y
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5.2 Constricted Double Hetero ,junction-Large Optical Cavity (M-LOC) Laser

The highest power, single-mode, cw lasers available today are the CDH-LOC

lasers developed at RCA Laboratories by D. Botez (refs. 33 and 34). The CDH-

i	 LOC-laser structure is shown in Figure 5-6. CM-LOC lasers are currently capa-

ble of generating about 40 mW / facet; this value is expected to increase in the

future (ref. 34). Figure 5-7 shows the output optical power as a function (if

drive current for representative CDH-LOC lasers of two different lengths. The

beam pattern of thm CDH-LOC laser is shown in Figure 5-8. The beam is a rela-

tively narrow 6° x 25°.

5µm

M
Figure 5-6. The CDH-LOC laser (after Botez; ref. 33).
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Figure 5-7. Performance characteristics of the CDH-LOC laser
(after Botez; ref. 33).
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Figure 5-8. The far-field beam pattern of the CDH-LOC laser
(after Botez; ref. 34).
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The CDH-LOC laser emits its radiation in a single lateral and longitudinal

mode. A single lateral mode implies that the beamshape is essentially Gaussian

as shown in fig 5 -8. A single longitudinal mode implies that the emission is

monochromatic. This is confirmed by the spectrum analyses displayed in figure

5-9.

CDH•LOC•A
20•C, CW
11h•75mA

aomw

	

1-25611h

tt 32mW

	

	 2I-21
-x015 Q	 1...,._	 Ih

108 W 1+18811h

20mW I.15611h

C14mW	 1 . 1361	 I,,.^^	 Ih	

.._Jh..._._

lol^wl 1.125I1h

6mW I.1151th

8340	 8320	 8300	 8280 AIA)

Figure 5-9. Emission spectra of the CDH-LOC laser
(after Botez; ref. 33).

It is important that the lasers in the R&D sensor b,: reliable and have

lifetimes exceeding 10,000 hours. Some life tests have been performed on the

CDH-LOC lasers (ref. 35) and it appears that they can meet the reliability and

lifetime requirements of this application. The results of a typical life test

are shown in Figure 5-10. Two of the three lasers that were tested lasted at

least 10,000 hours when operated at an initial peak output power of 40 mW at a

50*4 duty cycle. Figure 5-11 shows the change in threshold current experienced

by one of the; two lasers that survived the 10,000-hour test.
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Figure 5-10. CDH-LOC laser lifetime-test results
(after Ettenberg and Botez; ref. 35).
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Figure 5-11. Threshold current increase in a CDH-LOC laser after 10,000
hours of operation (after Ettenberg and Botez; ref. 35).
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In summary, we believe that the CDH-LOC laser is the best laser available

today for the R&D sensor. The characteristics of this device are summarized

below;

• Type: CD11-LOC
•	 Material: (caAl
•	 Power: 40 mW

•	 Transverse Mode:

•	 Beamwidth: 60 x

•	 Wavelength: 830

•	 Spectral Width:

•	 Lifetime: > 104 h
•	 Efficiency: > 10%

5.3 Semiconductor-- ,̂ oser Transmitters

There are three primary considerations in the design of a semiconductor-

laser transmitter for the R&D .sensor. The first consideration is the method of

modulation. Semiconductor lasers are normally directly modulated (ref. 36);

the drive current is biased to the threshold level and then varied to produce

an intensity variation proportional to the drive current variation. There may

be some problems with this method of modulation if more than one laser is

required, however, unless each laser has identical modulation characteristics.

The two other considerations are somewhat related. The first is that the

power required from the transmitter is likely to exceed that available from one

laser diode. The second is that the beamwidth of the transmitter output must

be much smaller than that of a typical laser emitting into free space. These

considerations are related because combining the outputs of several lasers

becomes more difficult when narrow beams are required and, conversely, the

generation of narrow beams from individual lasers may require that a consider-

able portion of the emitted power be discarded, necessitating the use of more

lasers to achieve the required total power.

There are several methods that have been developed or proposed to combine

the outputs of several lasers into one narrow beam. The following are four

methods that we believe merit further investigation:

1. Use of a beam expander to collimate the output of a phase-locked

monolithic-laser array.

E
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2. Use of an external cavity to reduce the beamwidth of a phase-locked

monolithic-laser array.

3. Use of an external cavity to force a multilaterai • . )de laser with a

very large optick,l cavity to operate in a single, narrow, lateral

(TEM00) mode.

4. Use of an external cavity to stabilize the longitudinal (nodes of

several lasers (that is, to select a precise operating frequency)

whose outputs are combined by wavelength multiplexing in a diffrac-

tion gratin,.

Methods 1 and 2 require the use of a phase-locked monolithic laser array.

Phase-locked laser arrays are in the research stage at this time, but should

become available within several years. RCA has developed 300-mw cw nonphased-

locked monolithic laser arrays containing 10 lasers fabricated 150 pm apart.

Figure 5-12' shows the measured intensity profile from such an array while Figure

5-13 shows the total power output as a function of drive current. These arrays

are not suitable as is, but are an indication of what might be expected in

several years.

Method 1 relies on a collimator, such as those shown in Figure 5-14, to

reduce the divergence of the array beam. Since the array beam would probably

not be spherical, cylindrical lenses would have to be employed. Spatial

filtering might have to be used at some point in the optics, and the effect of

this plus practical limits on the diameter of the lenses could result in

considerable power lost from the beam.

The next three methods depend on external cavities (refs. 37-39) for mode

stabilization and reduction of divergence. When semiconductor lasers are

placed in optical cavities, the properties of the resulting combination is

dominated by the characteristics of the relatively large cavity. The large

size of the cavity also enables the placement of filters, stops, switches,

etc., within the optical feedback path where they can influence the resulting

emissions. A typical external cavity is shown in Figure 5-15.

Method 2 relies on an external cavity to reduce the beamwidth of a phase-

locked laser array. Experience suggests that an external cavity can reduce the

beamwidth of a laser to near the diffraction limit of the cavity aperture.
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(after Botez; ref 34).
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Figure 5-14. Two types of collimators.
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Figure 5-15. An external-cavity-controlled semiconductor laser.

Method 3 relies on an external cavity to control the lateral mode structure

of a very large active area laser. All the lasers produced to date have some

means of restricting the size of the active region. One of the reasons for

this is that as the active region increases in size, higher order modes, TEM01,

TEM10 , TEM 11 , etc. begin to appear. In most applications the emission must be

in the TEM00 mode.

An external cavity might be used to force a large-active-area laser that

would normally operate in several modes to emit exclusively in the TEM00 mode.

This could be accomplished by placing stops within the cavity arranged to

provide attenuation for the higher-order modes. Since the power output of a

laser increases as the active region does, this is a possible method of ob-

taining high-power narrow beams from a single laser.

Method 4 relies on an external cavity to stabilize the operating frequency

and reduce the beamwidth of several conventional lasers. The resulting outputs

are then multiplexed at a diffraction grating. Since each output is at a

different wavelength, the intensities add without interference. This process

is depicted in Figure 5-16.

In summary, there appear to be several methods to obtain narrow beams of

higher power than is presently available from a single semiconductor laser.

Since the laser transmitter is one of the key elemencs in the R&D sensor we

believe that a more detailed investigation into the feasibility of each of

these methods should be undertaken as soon as possible.
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Figure 5-16. Wavelength multiplexing the output of several lasers.

5.4 Beamsteerers (ref. 40)

A beamsteerer is required to direct the narrow beam from the transmitter

to any point within the fov. Some of the considerations involved in the

selection of a beamsteerer are:

•	 Speed

•	 Random Access Time

•	 Range

•	 Resolution

•	 Precision and Accuracy

The beamsteerer for the R&D sensor must be able to move the beam quickly

over the entire fov when the initial search for the target takes place. Once

the rendezvous has been completed and docking begins, the beamsteerer must be

able to direct the beam quickly from reflector to reflector. Near the end of

the docking maneuver the reflectors will be at the extremes of the fov. A

beamsteerer that can perform both these functions must have both high speed and

low-random-access time. High-inertia mechanisms, such as the various types of

rotating-mirror scanners, are not suitable for use in the R&D sensor beamssteerer

because they have almost no random-access capability.
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The types of low- inertia deflectors that might be suitable for the R&D

sensor beamsteerer are:

•	 Acousto-optic

•	 Electro-optic

•	 Galvanometer

•	 Piezoelectric

We can determine which of these deflectors are suitable by considering the

aperture (which is directly related to resolution) and deflection-range require-

ments imposed by our application. First, with regard to deflection range, note

that it is not necessary that the deflector be able to deflect a beam over the

500-mrad fov by itself. This is because a deflection magnifier (reversed beam

expander) can be used to increase the deflection angle (ref. 41). However, as

shown in Figure 5-17, the deflection magnifier will also reduce the beam

diameter and increase the divergence by the same factor that it increases the

deflection angle.



Y

9

A reasonable value for the (constant) product of the transmitter beam's

diameter and divergence (at the source) is 4x10
-6
 m-mrad. In other words, it

m
should be possible to obtain either a 2-mm wide beam having 2-mrad divergence

or a 20-mm wide beam having 0.2-mrad divergence from the transmitter. Since a

2-mm, 2-mrad beam is about what we wish to finally transmit, we see that the

beam deflector must have an aperture, Ad , equal to
i

Ad = Db 
6fov
	

(5-1)
d )

where Ad = deflector aperture

6d = deflector angular range

6
fov = total required fov (500 mrad)

D  = final beam diameter (2mm)

The criteria developed above can be used to evaluate the four types of

low-inertia deflectors. The acousto-optic and electro-optic deflectors have

small ranges, less than 20 mrad. Therefore, in accordance with Eq. (5-1), the

-aperture would have to be fairly large: 50 mm for 6 s = 20 mrad, 6fov = 
500

mrad, and D  = 2 mm. Acousto-optic or electro-optic deflectors with apertures

this large are simply not available. Therefore, only the galvanometer and

piezoelectric deflectors are feasible.

The galvanometer deflector (ref. 42, 43) is shown in Figure 5-18. This

device is capable of deflecting a 2-mm wide beam over a 500-mrad fov and would

therefore not require a deflection magnifier after it. The random-access time

of the galvanometer may, however, be marginal. Also, since the galvanometer

contains sliding surfaces, its lifetime and reliability may not be adequate.

The piezoelectric deflector (refs 44, 45) is shown in Figure 5-19. This

device has a limited scan range, perhaps 40 mrad at most, but can easily handle

a 20-mm wide beam (that is, it can support a 20-mm mirror). Therefore, with

r	 the use of a deflection magnifier, a 2-mm wide beam can be steered over a

500-mrad fov. Figure 5-20 shows the form such a combination would take. Only

one beamsteerer assembly is shown in the figure; two would be required in
a

practice.

.W
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Figure 5-18. The galvanometer deflector.
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Figure 5-19. A piezoelectric deflector.

5.5 Reflectors ( refs. 46, 47)

k_t.

Reflectors are required on the target vehicle both to increase the strengtt

of the returned signal and to give the sensor distinct points of known position:

to track. Cube -corner (or corner -cube) reflectors, as shown in Figure

5-21, would be used.
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Figure 5-20. A piezoelectric-deflector-based beamsteerer.

Figure 5-21.

APERTURE

The cube-corner reflector.

"

	

	 An infinitely large cube-corner reflector of perfect construction would

reflect all radiation incident from a 7t/2 steradian fov back in the direction

it came from, with reversed polarization, as shown in Figure 5-22. The finite

{	 69



Figure 5-22. Reflection by a cube-corner reflector.

b1GC 
of 

pra cti cal reflector causes the effective aperture to shrink towardyta t .i. ^. u .a. reflectors+..... .... ..s

zero as the angle of incidence approaches 90 0 to the normal axis, as shown in

Figure 5-23.

The reflected beam from the reflector will have a finite divergence, 8f,

attributable to three sources. That is,

6 f = 9 i + 0d + 6a

where 6  = divergence of the intercepted Leam

8d = divergence due to diffraction

0a = divergence due to manufacturing imperfections

The divergence due to the intercepted beam is negligible for small retro-

reflectors and moderate ranges, as shown in Figure 5-24. The divergence due to

diffraction is unavoidable and is given by

__ h
®d 

D 

where h = wavelength of radiation

D  = reflector aperture diameter

r
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Figure 5-23. The effective aperture of a circular cube-corner
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The divergence due to manufacturing imperfections is generally quite

small. We assume, in the analysis to follow, that the divergence of the beam 	 0

from the reflector is twice the diffraction limit. This is a conservative

r

	

	 estimate for all but the closest ranges where signal strength is not a problem

anyway. Figure 5-25 shows the beam divergence from a circular cube-corner

reflector as a function of aperture diameter for X = 830 nm.

'^1T•^1 TT11^'1

>,•s3o nm

Of • 2̂•_a
D

Figure 5-25.

Io•z
1	 10	 102

DIAMETER OF REFLECTOR APEN Ufto D (mm)

Divergence of the reflected bean from a circular
cube-corner reflector.

The increase in return signal obtained by using a reflector is quite

large. The peak radiance due to the reflection of a plane wave of irradiance

E W/m2 from an isotropically reflecting target of area A  is I i W/sr where:

yy y{

72



b

wMxas	 x	 ..•	 ::. 	 -	 ro	 -::.t	 -	 _.-,.p ..4 '_	 .4. `_;	 -xi......_..... ...	 ^c._._` s. _Kbc	 _._i	 __. r= .__.`_x.:x...t.._*:.. ._K,._.a_.:...

The radiance due to reflection from a circular cube-corner reflector of

the same aperture area A  is I f W/sr where:*

E A
f 

2	

(5_3)
I f - 

(7t/4)0B

E Af

	

_	 (5-4)

(n/4)(46b/n)2

L A
f

(5-5)

(4/n) (2h/D f)`

E A f2

	

=	 (5-6)

4 A2 

The gain of the cube-corner reflector over the isotropic reflector is, there-

fore,

G = f = — Af 2	 (5-7)I
d	 16n A

G is 5.7x10 -7 for A = 830 nm and Df = 50 mm; a considerable improvement.

0B is a fictitious beamwidth that is equal to the total beam power divided

by peak intensity; that is,

n 2=P_

	4 ®B	 Ipk

For the diffraction pattern resulting from a uniformly illuminated cir-

cular aperture,

8 = 48
E

B	 n b

" where 6b is the beamwidth between half-intensity points. 	 ;a
>n

d
S
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C1Rffà^CAAtlA&.^Gvly7' UiJ

OF POOR QUAL17Y,

5.6 Telescopes

The receiver telescope gathers the light reflected from the target and

forms an image of the fov on the image dissector's photocathode. There are two

basic types of telescopes: the refractive, constructed of lenses, and the

reflective, constructed of mirrors. Examples of each are shown in Figure

5-26. Generally, the determining factor in the choice of telescope type ih the

aperture size. Refractive telescopes are preferred for small apertures;
;r

reflective telescopes are preferred for large apertures because large-aperture

refractive telescopes are bulky and expensive.

f
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Figure 5-26. The two basic types of receiver telescopes.

!.;.;	 The R&D-sensor-receiver aperture would be relatively small, 50-100 mm,

k	 which would dictate the use of a refractive telescope. The simple lens shown 	 'a?

^ x!

	

	 in Figure 5-26 would not be adequate, however. A practical lens would look

more like the one in Figure 5-27.

J^
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Figure 5-27. A practical receiver lens.

The use of a complex, multielement lens gives the designer additional

parameters to vary in his quest for a receiver objective that meets the aperture,

fov, detector size, and maximum distortion requirements. However, there is one

fundamental limit that applies to all aplanati,c lenses (those free from spheri-

cal aberration and coma). It is (ref. 48)

- 2D Da < sin 6d
d	

(5-8)

The various quantities are depicted in Figure 5-28.

-I

i

Figure 5-28. Parameters that determine the minimum receiver aperture.
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The maximum possible value,of sin 6d is 1., however, a limit of 0.5 is more

realistic, particularly when aberrations must be small. If we assume that

sin 6d <0.5 and that the detector (photocathode) diameter is 25 mm then the

relationship between the lens aperture, D a$ and the fov, 
0fov, 

becomes

6fov D
a < 25 mm	 (5-9)

This relationship is shown in Figure 5-42.9. We can see that, for 6fov = 500

mrad and D  = 25 mm, the minimum allowable lens aperture is 50 mm.

The illumination at the detector will be lower for off-axis image points,

even if there is no vignetting (ref. 49). The cause of this loss of illumina-

tion is illustrated in Figure 5-30.

For small values of r, ^' = c cos 26, and the solid angle subtended by the

exit pupil from point b, "b , is

0b = Q cos 3 6	 (5-10)

E

w
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W
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Figure 5-29. The maximum fov, 8	 , for a lens aperture, D ,
assuming a 25-mm-diaameter detector.	
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Figure 5-30. Off-axis imaging.

where 0a is the angle subtended by the exit pupil from point a. The radiation

striking point b is spread over an area 1/cos 0 times that of the radiation

striking point a. Therefore, the illumination at point b, I b , is

I  = I a cos 4 0	 (5-11)

where I  is the illumination at point a. This relat?onship is shown in Figure

5-31. The loss in illumination is considerable for 0 greater than about 200.

5.7 Optical Filters

An optical filter is used to eliminate as much background radiation as

possible. The emission from the semiconductor-laser transmitter would have a

spectral width much less than 1 nm; therefore, a very narrowband filter could

be used. There are only two types of optical filters that have very narrow

bandwidths (less than 10 nm): the interference filter (ref. 50) and the bire-

fringent filter (refs. 51-53).

Modern interference filters are constructed of alternating layers of high

and low index-of-refraction dielectrics as shown in Figure 5-32. Interference

filters are thin, efficient, economical, and can have extremely narrow band-

widths. However, they do have one drawback: their passband shifts with the

angle of incidence.
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The shift in center wavelength for a collimated beam incident at an angle

0 can be approximated by

r	 -AN N n	 (n -2	 sin—	 (5-12)
AO	 n

where 0 = angle of incidence

AN = shift in center wavelength = A0-A0

A0 = center wavelength for beam incident at 0

A0 = center wavelength for beam incident at 00

n = effective index of refraction

This relationship is shown in Figure 5-33.

.a

0 L-
0• 50	 100	 150	 20"	 250	 30'

ANGLE OF INCIDENCE, 9

Figure 5-33. The passband shift of an interference filter with
:i = 2.00 for small angles of incidence.

An interference filter for a sensor with a 500-mrad fov (30 0 ) would have a

maximum incident angle of 250 mrad (15 0 ) which would result in M = 7 nm for A0

= 830 nm and n = 2.00. Therefore, a filter having approximately a 10-nm-wide

passband would be required, even though the bandwidth of the received signal is
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much less than 1 nm. This is the reason that we have considered another type

of filter -- the birefringent filter -- for the R&D sensor.

The birefringent filter, also called the polarization interference filter,

is constructed of alternating layers of polarizers and birefringent crystals,

as shown in Figure 5-34. These filters are used to filter polarized light to

bandwidths as narrow as several angstroms. The most important characteristic

of birefringent filters, from our point of view, is that they can be designed

with wide fovs. Birefringent filters are, however, bulkier and lossier than

interference filters. There has been little experience with this type of

filter for applications such as ours. While we cannot recommend, the bire-

fringent filter over the interference filter at this point, we do believe it

merits further investigation.

Bi ref rigenf

L

Figure 5-34. The birefringent filter.

5.8 Image Dissector (ref. 54)

The image dissector, ,Shown in Figure 5-35., is a nonstorage imaging tube.

In operation the fov is focused onto the photocathode by a lens. Electrons

emitted from the photocathode are then focused onto the plate by the focusing

coils. The electrons that impinge on the aperture in the plate enter the

photomultiplier where they become the output signal. The deflection coils

determine which spot on the photocathode emitf ,; the electrons that eventually
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Figure 5-35. The image dissector.

)?come the output signal. In this way, a small portion of the total scene

(fov) can be observed. The major elements of the image dissector are the:

•	 Photocathode

•	 Deflection mechanism

•	 Aperture

•	 Photomultiplier

The photocathode is the most important part of the image dissector. The

key parameters of the photocathode are the

•	 Material

•	 Size

•	 Sensitivity

•	 Power density limit

Conventional photocathode materials have low sensitivity in the Spectral

range around 830 nm, as shown in Figure 5-36. GaAs, a material with much

higher sensitivity (see Figure 5-37), is currently being developed into a

practical photocathode by several organizations (refs. 55-57). We assume that

an image dissector with a GaAs photocathode, in whatever diameter we find

necessary, will be available or can be developed for the R&D sensor. The

sensitivities of GaAs and several standard photocathodes at 830 nm are compared

in Table 5-1.
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TABLE 5-1. PHOTOCATHODE SENSITIVITIES AT 830 nm

Photocathode Sensitivity (mA/W)

S1 2.5

MA-1 5

MA-2 10

MA-3 15

MA-4 20

GaAs 100

Photocathodes can be damaged by excessive currents due to high optical-power

densities (ref. 58). The nature of the problem is not fully understood but we

can establish some practical limits. Published specifications for commercial

image dissectors set the current limit at approximately 10 pA/cm2 averaged over

the entire photocathode surface. When the incident optical power is concentrated

onto one small portion of the photocathode the peak current density can be

considerably higher than 10 pA/cm2 , perhaps as high as 100 pA/cm2 . We have

assumed a limit of 20 pA/cm2 in our analysis.

Of course, what we really want to know is the level of optical power that

the photocathode can withstand. In normal operation, the worst case will occur

at very close ranges when the reflectors will return almost all the transmitted

power into one resolution cell. The power density in one resolution cell is

P
P = A 	 (5-13)

c

where P r = total received power

A = area of one resolution cell
c

Since it is necessary that

J

P 
< Dax	

(5-14)

where 
J
max = maximum allowed current density 20 pA/cm2

D = photocathode sensitivity

Pr must be less than

J	 A
P	 = max c	

(5-15)
r,max	 D
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The area of one resolution cell is

Ab 2
Ac - Ap efov

where A  is the area of the photocathode. Therefore,

Pr max - ^maD	
A 	

2	

(5-17)

'	 fov

The maximum allowable received power, 
Pr s

 max, for D = 100 mA/W, Jmax = 20

yA/cm2 , and D  = 25 mm is shown in Figure 5-38 as a function of beam concentra-

tion, 6fov/0b. The maximum allowed received power for 0fov = 500 mrad and 6 
= 2 mrad is 16 nW.

167

a

o.`

10.6

'a

W
	

i

W
a

ma
109

D n M, mA/W

dpc 
n 25 mm

10-10	

102

RADIATION CONCENTRATION (elov/eb)

Figure 5 -38. Radiation tolerance of the image -dissector photocathode.

The deflection mechanism may be either magnetic or electric. Magnetic

deflection is more accurate than electric; all modern image dissectors are

84
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equipped with magnetic deflection coils. The aperture will be circular and

will have the same diameter as the photocathode resolution cell. The aperture

diameter for a 25-mm photocathode, a 2-mrad beamwidth, and a 500-mead fov is

100 Pm.

Conventional photomultiplier structures such as the "box and grid" or the

"venetian blind" are employed in most image dissectors. They are suitable for

bandwidths up to 100 MHz. There are various types of wide bandwidth photo-

multipliers that have been developed or proposed in the past (refs. 59, 60).

These would be necessary if a subcarrier modulation system were to be employed;

however the standard photomultipliers are adequate for the modulation scheme we

have selected.

i
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6, PERFORMANCE ANALYSIS 	 {

In Section 4 we considered the form the RO sensor should take. In

Section 5 we discussed the optical components involved. In Section 6 we

examine the capability of a representative system.

We do not claim that the design described in the following section is an

optimum one. Nor do we attempt to perform an exhaustive analysis. Our objec n

-tive is simply to show that a system of this type can perform the functions of

an RO sensor.

6.1 Representative System

The design of a representative R&D sensor is described in Table 6-1 and

shown in figure 6-1. The sensor begins operation by searching the fov around

the designated target position for the target. The transmitter beam is directed

in a spiral scan, beginning at the designated point and ending at the limits of

the fov. The receiver beam is directed, at all times, in the same direction as

the transmitter beam.

The transmitter signal is only modulated by the 15-MHz tone when operating

in the search mode. If the beam hits a target within the maximum range, the

return signal will cause the output of the bandpass filter and envelope detector

in the detection channel to exceed the threshold and the comparator output will

'be asserted.

Once the target has been detected, all the ranging tones are imposed on

the carrier. The phase shift of each carrier is determined by a phase de-

tector. The transmitted and received ranging tone:, are heterodyned down to a

low frequency prior to the phase measurement.

In an actual system the frequencies of all the ranging tones and local 	 rr
r

oscillator signals would be generated from one master clock by frequency

synthesis so that they were all harmonically related and coherent with one

another. It is unlikely that the ranging tones could be precisely 15 MHz, 150

kHz, and 1.5 kHz under such circumstances. However, for our purposes, nothing

is gained by determining an exact set of frequencies that are properly related

and within several hertz of those assumed, so we will continue to use the

values mentioned above.
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Figure 6-1. The RO sensor.

Once the target has been detected, angle tracking begins. The sensor beam

is conically scanned around the target position. The scanning process modu-

lates the return signal from the target. If the target is located at the

center of the scan, as assumed, the modulation, which is extracted from the

envelope of the 15-MHz tone, has no average value or phase shift. If the

target has moved off-center, the average value of the envelope and the phase

shift indicate the direction in which the beam must be moved to once again put

the target in the scan center. Since the target is kept in the center of the

beam scan in this way, the target position can be determined from the average

C ^
8"



TABLE 6-1 REPRESENTATIVE R&D SENSOR DESIGN

SYSTEM ji

Fov:	 500 mrad

Beamwidth:	 830 nm

Transmitted Power:	 1 W

Search Scan:	 Spiral, 20'/,, overlap

Track Scan:	 Conical

Modulation:	 cw/IM (3 sinusoidal tones):	 15 MHz,

150 kHz,	 1.5 kHz

Background Radiation:	 Earth in beam

TRANSMITTER

Type:	 Semiconductor laser

Beamwidth:	 0.2 mrad (2 cm diameter)

Power Out:	 1 W

Wavelength:	 830 nm

Modulation:	 Direct

BEAMSTEERER

-	 Type:	 Piezoelectric

-	 fov:	 500 mrad

Scan Angle Magnification:	 10

REFLECTORS

-	 Type:	 Cube Corner

-	 Number:	 3

-	 Diameter:	 5 0 mm

Deviation:	 40 mrad (1; mrad	 diffraction limit)

OPTICAL FILTER

Type:	 Interferencc

Center Wavelength:	 825 nm

Bandwidth:	 10 nm

TELESCOPE

-	 Type:	 Compound-element lens

-	 Aperture:	 50 mm

88

Li



Ft

ft

5 TABLE 6-1	 REPRESENTATIVE R&D SENSOR DESIGN (Continued)

•	 PHOTODETECTOR
-	 Type:	 Image Dissector

-	 Photocathode Material:	 GaAs

-	 Photocathode Diameter:	 25 mm

-	 Photocathode Sensitivity: 	 100 mA/W @ 830 nm

-	 Deflection Mechanism:	 Magnetic

-	 Aperture:	 50 pm

-	 Photomultiplier Gain:	 106

-	 Dark Current:	 10-10 A

•	 DETECTION CHANNEL

-	 Bandpass-Filter Bandwidth: 	 2 kHz

-	 Low-pass-Filter Bandwidth: 	 20 Hz

•	 RANGE-TRACKING CHANNEL

-	 Bandpass-Filter Bandwidth: 	 2 kHz
TF -	 Low-pass-Filter Bandwidth: 	 20 Hz

F •	 ANGLE-TRACKING CHANNEL

-	 Bandpass-Filter Bandwidth: 	 2 kHz

-	 Low-pass-Filter Bandwidth: 	 20 Hz
` P

^ r

voltages on the piezoelectric deflectors or the average currents in the image-

dissector deflection coils.

When a docking maneuver is performed, the sensor must measure the range

and angle of each reflector, in turn, before moving on to the next one. About

five measurements per reflector per second would be required.

The controller is basically a digital computer and it performs five major

functions:

•	 Runs the sensor

•	 Filters (smooths) the measurements

•	 Calculates pitch, yaw and roll

•	 Calculates all rates

•	 Records the present and previous states of each target
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6.2 Range Equation (ref. 61)

The first step in evaluating the performance of the RO sensor is to

determine the receiver power, as a function of transmitted power, range, and any

other relevant parameters. Referring to Figure 6-2 we see that the power

density at the reflector is

P
t 61Pf =R20	 ( )

t

where P t = transmitted power

R = range

Sgt = transmitter solid-angle beamwidth

The total power, Pf , intercepted by the reflector is

P  = P f A 	 (6-2)

where Af = reflector aperture.

SENSOR	 R	 RETROREFLECTOR

Figure 6-2. The power returned to the sensor is primarily determined
by the sensor and reflector beamwidths and apertures.

The power intercepted by the reflector is returned to the sensor and

produces a power density at the sensor receiver of
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(6- 4)

Combining Eqs. (6-1) through (6-4) we obtain

(0 (6-5)

where 
Q  

is the reflector solid-angle beamwidth. The total power intercepted

by the sensor is

Pr = Ar pr

where A  is the receiver aperture.

the relationship between P r and Pr:

	

Ar	Af

	

Pr = Pt 
R20t	 R20f

where the factor L has been added to account for losses.

Equation (6-5) is only valid when the reflector aperture is equal to or

smaller than the transmitter -beam cross section and the receiver aperture is

equal to or smaller than the reflector -beam cross section. This will be the

case if

Af
< 1	 (6-6)

R2 0  —

and

A
r	

< 1	 (6-7)
R2 ^f

If the reflector aperture exceeds the transmitter beamwidth then A
f/R2 Qt

should be replaced by 1 in Eq. (6-5); if the receiver aperture exceeds the

reflector beamwidth then Ar/R2 
!Qf 

should be replaced by 1. In the limiting

case, when both quantities are equal to 1, P r = Pt , neglecting losses. This

case is illustrated in Figure 6-3.

SENSOR	 RETROREFLECTOR

^r

Figure 6-3. Pr = Pt at very short ranges.
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If we assume that

Pt = 1W

A (n/4) (0.05) 2 
m2r

Sgt (7T/4) (0.002) 2 sr

A f (it/4) (0.05) 2 m 2

Of (n/4) (0,0004) 
2 sr

L -4

then Eq. (6-5) becomes

8 ( P̂t)P	 2.4x1O	
4

The relationship between P r and R, given by Eq. (6-8), is shown in Figure 6-4.

Note that the received power level reaches the damage threshold of the image

dissector at 1.1x104 In. At shorter ranges the received power must be kept at

92
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6.3 Signal-to-Noise Ratio (ref. 62),

The returned signal from the !target can be represented as

Pr (t) = 2 [1+Amcos (wmt+0)] Act cos t wct	 (6-9)

where Pr (t) = receiver power

Pc = peak carrier power

we = carrier frequency

Am = modulation amplitude

tom = modulation frequency

0 = arbitrary phase shift

This power is converted into a proportional current by the photocathode:

D A 2
ip = 4c [1 + AmCos (wmt + 01	 (6-10)

where D is the photocathode sensitivity. We prefer to express Eq. ( 6-10) in

terms of carrier power sincE the+s is to specified transmitter parameter. If

the transmitter were average-power limited then we should express the equation

in terms of the average receiver power, which is

A 2

Pc av
	 4	

•(6-11)

However, if the transmitter were peak-power limited then we should express Eq.

( 6-10) in terms of the peak received power, which is

A 2
Pc,pk = 2	 (6-12)

Note that when we say peak power we mean the peak of the power averaged over

many optical carrier cycles. The peak optical power, which cannot be measured

and is of no significance, is

Pc , pk , opt 
= Ac 

2
	 (6-13)
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We will assume, in the following developments, that the transmitter is peak-

,	 power limited and therefore, since we will use Pc 
pk 

exclusively, we will drop
r

the pk subscript and dimply refer to this power as Pc.

M., rms value of the photocathode current, described by Eq. (t 10), can

therefore be expressed as

I _ D Pc	
(6-14)

p 242

I  passes through the photomultiplier, of gain G, and the electrical bandpass

filter, which does not affect it, to the load resistor R  where it delivers a

total power

Ps	G2 Ip2 R 	 (6`15)

G 2 D 
2 
P 

2 
RPs =	 8 c	 L	 (6-16)

There are four sources of noise in the receiver: carrier quantum noise,

background-radiation quantum noise, dark-current shot noise, and thermal noise

due to RL . Each noise has a constant spectral density. The spectral densities

of the first three are proportional to the average value of the currents that

give rise to them:

G2 q p pc	 (6-17)
4)c
	 2

fib = G 2 q D Pb	 (6-18)

`)d = G2 q I d	(6-19)

The variances of the resulting noise currents are the products of the spectral

densities and the bandwidth, B e , of the electrical bandpass filter. The noise

powers dissipated in RL are, therefore,

G2 qDP B R L
P	 =	

c e 	 (6
nc	 2

i.
it



_ 2Pnd "-	 q T d Be Rb (6-22)

and

t:

The thermal noise, Pnt , due to the resistor is

Pnt = 2 K T Be	(6-23)

where	 K = Boltzmann's constant (1.28x10 -23
 J/K)

T = temperature, K

The signal-to-noise ratio, S IN, is determined by the ratio of P s , from Eq.

(6-16), and Pn , where

P  - Pnc * Pnb + Pnd + Pnt
	

(6-24)

It so happens that, assuming a photomultiplier with high gain and low dark

current, Pnt and Pnd are insignificant compared to P nc and Pnb for the signal

and background levels the R&D sensor will encounter. Therefore, the SIN is

D P 2
SIN	

16 q (P /2 + P
b ) Be
	 (6-25)

6.4 Detection

The first performance measure we will determine for the representative R&D

sensor is the probability of detecting a target within 4-ts beam. This prob-

ability is a function of the SIN that was derived in the previous section.

We assume that the beam is traveling at a rate of 2 rad/s, which allows a

1-ms dwell time for a motionless target. During detection, only the 15-MHz

modulation tone is transmitted. The output of a 2-kHz bandpass filter centered

at 15 MHz is envelope-detected and compared to a threshold selected to keep

false alarms to an acceptable level. If the output of the envelope detector is

exceeded, the output of the comparator is asserted and the sensor goes into a

tracking mode.

An assembly of reflectors, such as we described earlier, may be a poorly

behaved target. The cross section may vary with angle but, more importantly,

interference phenomena may take place. These considerations warrant future

analysis. For the present we make the simple assumption that the target looks

like one 50-mm-aperture reflector.
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The background radiation due to the Earth is required before we can

calculate the SIN. from Eq. (4-5),

B 8b 
2 
We Ar

Pb = o 4

with B = 10 am
0

0b = 2 mrad

We = 5x10 -3 W/cm2 Pm

A = 50 mm
r

we find that Pb = 9.8x10_ 
10 

W. Now, from Eq. (6-25),

D P 2
SIN =	

c
16 q (Pc /2 * Pb ) Be

with D = 100 mA/W

Pc = 4x10
-11

 W (from Figure 6-4)

Pb = 9.8x10-10 W

B = 2 kHz
e

q = 1.6x10-19

we find that SIN = 15 dB

Figure 6-5 shows that, for a false alarm probability less than 10 -6 , the

resulting detection probability is about 99.8%. This should be adequate.

6.5 Range Tracking

Once a target has been detected, the sensor begins to track it in range

and angle. Range is determined from the phase shifts on the three modulation

tones. We assume that all three tones are transmitted simultaneously, although

this is not absolutely necessary. The result is that the SIN of each tone is

1/3 of what it would be if only one tone were transmitted.

The low-pass filter in the range tracking loop need not have a very wide

bandwidth; 20 Hz is probably more than adequate. We will assume 20 Hz in the

analysis that follows. Once the sensor begins the docking maneuver, a wider

bandwidth will become necessary because the sensor will have to accurately

n

„R

t

r
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Figure 6-5. Detection probability as a function of SIN
and false alarm probability.

track several targets sequentially. There are various ways to approach this

problem. They are not discussed here because close-in range accuracy is not

considered a problem; the SIN is very high at docking ranges.

The SIN in each tracking loop is given by a modified version of Eq.

(6-25) :

D P2
_

SIN	
C

48 q (Pc/2 + Pb ) Be	
(6-26)

The SIN is plotted in Figure 6-6 for

D = 100 mA/W

Pc = see fig. 6-4
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P  = 9.8x10'
10 w

He = 20 Hz

q = 1.6x10' 19 C
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Figure 6-6. SIN in the range-tracking loops,

The resulting range error is, from Eq. (4-5)

N
vti —	

m	
(6-27)

I1 4n 4S- -N
The range error due to ttie 15-MHz tone is shown in Figure 6-7.

6.6 Angle Tracking (ref. 63)

The angle error for conical-scan angle tracking, is approximately

e
U8

	

	 b	 (6-28)
5/N

where SIN is the effective SIN in the angle-tracking loops. If we assume that

the noise bandwidth of the angle tracking loop is also 20 Hz, then the angle
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Figure 6-7. Range error as a function of range.

error can be determined from Eq. (6-28) and Fig. 6-6. The result is shown in

Figure 6-8.

6.7 Search Pattern (ref. 64)

The sensor acquires a target by searching the area around the te..:get's

estimated position. The probability distribution of the target's angular

position will be Gaussian with a mean equal to the estimated position and a

standard deviation that depends on the quality of the initial estimate. The

best type of search scan for a target whose location probability is as described

above is the spiral scan.

We have selected a spiral scan with a 20% overlap, as shown in Figure 6-9,

for the R&D sensor. The spiral scan operates at a constant tangential angular

velocity, test , where

^t = 0(t) ^(t)	 (6-29)

F-
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w
W

x	 1
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r^rt , In turn, is the beamwidth, 6 b , divided by the dwell time:
t

6b
fit'- td	 (6-30)
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Figure 6-8. Angle error as a function of range.

The total number of revolutions the beam makes in scanning an area of angular

radius 6 is n where
m

(e - e /2)
n = (

8 - 6 )	 (6-31)
m	 o

in the following paragraphs we attempt to answer the following questions:

•	 How long does it take to search a gi•ren area?

•	 What is the maximum angular velocity a target may have if it is to

be acquired by the sensor?

100
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Figure 6-9. The spiral scan.

e

X

•	 What is the probability that a target will be acquired, given its

initial probability distribution of angular position and velocity?

The answer to the first question begins by noting that each time the scan

makes one revolution, the beam position extends outward one beam position

minus the overlap. That is,

6(t) _ ^) (6b - 60 )	 (6-32)

where 6b = beamwidth

6 0 = beam overlap

^(t) = see fig. 6-9

6(t) = see fig. 6-9
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w
k	 We can substitute Eq. (6-32) into Eq. (6-29) to obtain

s

^t = v o (8b - 80 ) ^( t )	 (6-33)

G-	 which can be integrated with the resulti
Ts	 (®b-8o)	 2nn

dt =	
27t — r
	 d^	 (6-34)J

o	 o

'	 where T = total search times

n = number of revolutions

YI	
Carrying out the indicated integrations and substituting for 	 and n by using

` -	 Eqs. (6-30) and (6-31), respectively, we arrive at a final expression for Ts:

r̀ 	 n td (8m - 8b/2)2

r	 Ts	 8b (8b-8^—	
(6-35)

4

p	
^	 l

which can be approximated as

n 
td 

8m2

T s =	
2

(6-36)

a

6	 ;^
This expression is more informative when put in a normalized form which ex-

presses the search time in units of dwell time and the total angular radiis of

h the search area in units of beamwidth:

a n (2	 /8b)2Ts	 8m
-

td 	-	 4 (1 - 8/8b)o
(6-37)

r 'fi This relationship is shown in Figure 6-10 for 8 o/8b = 0.2. ,^ 	 a

We will now determine the limit to the target's angular velocity required
tt

A

to ensure successful acquisition.	 This limit will be a function of the target's

initial position; the further the target is from the starting point the lower

the angular velocity limit. 	 We assume that the target travels radially outward

along the X-axis at constant angular velocity, tuT .	 The position of the target

' at time t is then H

8T (*.) = 8i + WT t (6-38)

i
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^ A ,,	 e

where 6  = initial target position

0T (t) = target position at time t

W  = constant angular velocity of target

top

so
9	 •0,2

b

to,

w

Z
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Figure 6-10. Total search time for the spiral scan.

10	 100 

The target-angular-velocity limit will be de , ,ermined algebraically in a

moment. Considerable insight into the form the solution should take, however,

is possible by first using some simple graphical constructions.

First, we require the beam position, 0(t), as a function of time. This

can be obtained simply by noting, first, that Eq. (6-36) can be rewritten as

T 2
s	

= constant
e
m

h

r
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or

e(t) =
6m
	 jT-S

(6-40)

_J.

and, second, that the equation remains valid if we substitute t for T s and 0(t)

for 0m . Therefore,

t	 IS
	 °•

e2 
(t) - 6m2
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This relationship is shown in Figure 6-11.

1.0

0.9
E

m\ 0.8
Cb

0 0.7
H
No 0.6
a
a 0.5

0.4
a
N 0.3
J

0.2
g oJ

TARGET

BEAM

e

V V.I V.L V.O V.'► ' V.D V.O V.( V.O V.7 W

NORMALIZED TIME, t / TS

Figure 6-11. Target and beam positions as a function of time
for various initial target positions.

Now we can graphically determine the maximum constanL angular-target

velocity corresponding to any initial position. To do this we draw the steepest

straight line that starts at the initial position, 8
i
, on the Y axis and

touches the beam curve at one point. When the starting position is near the

center of the search area the target motion line will be tangent to the beam

curve. At some initial position (actually 6 i = 6 /2), the point at which the



, a

two curves are tangent falls exactly at em . For further starting positions the

tangent point would occur at an angle e > e m ; therefore, the highest allowable

angular target velocity becomes the slope of the line that runs from the

initial target position, e i , to the point (Ts,em).

We are now ready to determine, algebraically, the maximum allowable target

angular velocity. The first step is to determine an expression for the posi-

tion at which the target and the beam coincide. From Eqs. (6-39) and (6-40) we

see that when 0 T (t) = e(t)

emfTt- = e
i + WT t	 (6-41)

or

r.,
F

a

ly

s

WT t2 + (2 ei WT - e
m2

/Ts ) t + 0.2 = 0

If we symbolize Eq. (6-42) as

a t2 + b t+ c= 0

then the tangent line is that one for which

b2 - 4 a c = 0

or

e 2

WT	 4 a.1 s

The time at which the target and beam coincide is t  where

tc - 2a

or

e.	 2
t  = 4 

61	
Ts

m

The corresponding position is, from Eq. (6-39),

e = 2 e.
c	 i

The limit for 
0  

given in Eq. (6-45) will hold as long as

e i < em/2

(6-42)

(6-43)

(6-44)

(6-45)

(6-46)

(6-47)

(6-48)

(6-49)
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If 0 i > 0m/2, the velocity limit will be 	 0V P©^^

(0m - 0

WT
	

i)
=	

T	
(6-50)

s

In this case the target and beam positions, but not velocities, will coincide

at the scan area boundary.

The target velocity limits can be expressed in a normalized form:

(6 m /T ) — 4 (0./0m)	
for (0 i/Om) < 2	 (6-51)

m s	 ^.

(oWT	
= 1 - (O i/Om)	 for (O i/0m ) > 2	 (6-52)

These limits are shown in Figure 6-1Z.
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Figure 6-12. Normalized target angular-velocity limit
to ensure acquisition.

For the system we described in Section 6.1, 2 6m/0b = 250 and, therefore,

from fig. 6-10, T s /td = 6x104 . A 1-ms-dwell time yields a total scan time of
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60 s. The actual (not normalized) target velocity limit is shown in Figure

6-13 for 6m = 250 mrad and Ts = 60 s.
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Figure 6-13. Target angular velocity limit for 0 m = 250
mrad and T = 60 s.

s

6.8 Summary

In Section 6 we have taken a quick look at how the type of R&D sensor we

have selected would perform. A representative system was postulated and its

capability for detection and tracking examined. From figs. 6-7 and 6-8 we see

that the range and angle accuracy requirements specified in Table 3-1 are met.

The acquisition performance is a more difficult matter to evaluate. In

Table 3-1 we specify an acqu ,.sition limit of 20 mrad/s. From fig. 6-13 we see

that a target traveling at 20 mrad/s will only be acquired if the scan starts

within 13 mrad of the target. The problem, of course, is that we are trying to

scan a relatively large fov with a narrow beam.

The matter of acquisition can be put in some perspective if we look at

what tangential linear velocities are required to result in a 20-mrad/s-angular
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velocity at different ranges. This relationship is shown in Figure 6-14. We

see that a velocity of 1000 m/s is required to generate an angular velocity of

20 mrad/s at a range of 50 km/s. This is a far greater velocity than can be

expected.
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Figure 6-14. Tangential linear velocity corresponding to an
angular velocity of 20 mrad/s.

Another way to view the acquisition performance is to plot the tangential-

velocity limit versus initial position for several different ranges, as in

Figure 6-15. From it we see that the tangential linear velocity limit increases

as the range does.

In the light of the previous considerations, we believe that specifying

one fixed angular velocity limit, 20 m/s in this case, for all ranges is

probably unrealistic. A specification in better conformance with actual target

behavior would allow an angular velocity limit that decreases with increasing

range. In this case, we believe that an R&D sensor of the type we have selected
	

a

could meet target acquisition specifications.
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7. CONCLUSIONS AND RECOMMENDATIONS

We have concluded that an R&D sensor that can support the Earth-orbital

operations of future space vehicles, such as the Shuttle, TMS, and OTV, should

be an optical radar with the following major characteristics:

•	 Simiconductor-laser transmitter

•	 Piezoelectric beamsteerer

•	 Image-dissector receiver

:onclusion

cw IM ranging modulation

This 	 is based on the following assumptions:

•	 The sensor should be physically compatible with the shuttle, TMS,

and OTV.

•	 The target vehicle should be required to carry no more than passive

aids (reflectors).

•	 Attitude is determined from range and angle measurements to three

(or more) reflectors.

•	 Both soft and hard docking must be supported.

•	 The sensor must operate with the Earth in its £ov.

The sensor must provide its own source of illumination, it cannot

depend on third parties, such as the Sun.

•	 The maximum operating range will be reduced from that required

in the past due to better navigational systems.

Rendezvous and docking and the design of sensors to support them are complex

subjects. Our brief examination of these matters has probably raised as many

questions as it has answered. We recommend that the following matters be in-

vestigated in greater detail in follow-on studies:

• The data required for rendezvous and docking should be re-examined

in greater detail. Particularly critical are the maximum range and

the range-rate and angle-rate accuracy requirements.

•	 The development of a 1-W laser transmitter will be a difficult task.

Some consideration should be given to it as soon as possible.

•	 The feasibility of using birefringent filters should be explored.

•	 The development of a space-qualified image dissector with a GaAs

photocathode should be considered.
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•	 The representative system described in Section 6 was just that; some

thought should be given to the parameters of an optimum system.

•	 A more detailed performance analysis is required. The effect of

lens aberrations on angle accuracy must be taken into account.

The items above will require a good deal of effort to complete. Once they

and any subsequent questions that arise have been resolved, the detailed design

and development of an R&D sensor should proceed. One fact is certain: regard-

less of its final form, a new R&D sensor is required to support future Earth-

orbital operations.
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SPACE MISSIONS REQUIRING ADVANCED
MULTIPURPOSE RENDEZVOUS 'TRACKING SYSTEMS

1986 — 1995

INTRODUCTION

At the beginning of the space shuttle era it is necessary

consider in some detail the various mission operations that will result

from its flights in the decade after it becomes fully operational. The

orbital needs of spacecraft, vehicles, platforms, stations and

various large structures will require that advanced components and

subsystems be identified and receive timely development so the full

capabilities offered by the shuttle orbiter can be realized without

undue delay.

It is becoming increasingly clear that the orbiter will need
6

to interface with many kinds of craft under a wide variety of conditions
r

to properly perform its orbital services both near and remote. A large

number of these services will require special systems with many free-

flyers of varying capabilities including long term orbit dwellers. It

is also clear that the most significant missions will require a high

degree of autonomy incorporating sophisticated rendezvous and docking

capabilities.

The space shuttle transportation system will itself evolve in

the period from 1986 to 1995 in a way that will be characterized not only

by the major vehicle elements but also by the detailed operational

influences of a large number of devices and other elements that must be

brought to a state of readiness and proven capability before the overall 	 {



. ,,0

system can become really functional and economic. This will necessitate

analytical, resoarch and technology work that anticipates requirements and

also tracks the operational experience.

The arena for focused space activity in the decade from the mid-

1980s to the mid-19909 includes primarily the volume of space from the

low earth orbits (LEO) with V grious inclinations of the shuttle orbiter to

geostationary orbit (GSO) and beyond to several times GSO altitude as

provided by a variety of propulsion systems, stages and vehicles. As the

mission traffic increases during this decade the need for routine

rendezvous, stationkeeping and docking will be increasingly felt.

While it is not possible to predict missions or capabilities in

detail with any accuracy until the thrust of space activities in the

1986-95 decade is better defined, it is even more difficult to foresee

the levels of activity individually or in the overall especially on a

world-wide basis. On the other hand, it is possible to identif y highly

likely mission concepts and the spacecraft, vehicles and capabilities

needed to carry them out. One identifiable capability of basic importance

is an advanced multipurpose rendezvous tracking system including its

sensors, electronics and other hardware as well as the software necessary

for interfacing with other systems such as propulsion, guidance and

control, et al. A careful consideration of a number of significant

missions with their typical spacecraft, vehicles, and accompanying

operational capabilities should be helpful in determining the essential

and desirable characteristics of advanced multipurpose rendezvous

tracking systems.
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SPACE MISSIONS REQUIRING RENDEZVOUS, STATIONKEEPING AND DOCKING 1986-1995

Some classes of space missions in the 1986-1995 time period

that will surely require rendezvous, stationkeeping and docking systems

are listed in Table 1. Civil and military mission categories are listed

that are similar in their fundamental characteristics while others are

peculiar to each of these two major categories.

Civil communications satellites are expected to increase in

size and sophistication to handle growing voice, TV (network and cable)

and data traffic. Direct broadcast-voice and TV, public service and

teleconferencing are relatively new services that are expected to have

very substantial growth during this period.

A communications satellites of increasing size and complexity

will, in general, need to be serviced, repaired or have components

replaced during a typical lifetime and the entire satellite may need to be

retrieved and replaced at end of life. Some traffic will surely be

handled from large, multifunction spacecraft or platforms that will

require rendezvous and docking in geostationary orbit by automated and,

possibly, at a later time manned vehicles.

A typical multifunction communications space platform concept of

(1)*
the early 1990s is shown in Figure 1. Crowding in geostationary (i.e.,

geosynchronous equatorial) orbit by increasing numbers of civil communi-

cations spacecraft for a wide variety of rapidly growing domestic

and international services will strengthen the trend to large hybrid and

multifunctinn satellites. Operational and economic considerations may 	
g

* Superscript Arabic numbers in parer;thesis indicate references ;;.fisted at
the back of the text.
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Table 1

Classes of Space Missions Requiring Randezvous Docking 1986-1995
-As of November 1981

CIVIL MISSIONS

Applications Satellites and Platforms

- Communications

- Environmental, including Meterological

- Surface Observation - Land and Ocean

- Navigation

- Space Experiments and Tests

- Space Manufacture and Processing

Science Satellites

- Solar Observatories

- Space Telescopes

Solar System Exploration Spacecraft

I
- Orbiters

I
- Landers and Rovers

i	 - Sample Return Spacecraft

MILITARY MISSIONS

Information Systems

- Communications, Command and Control

- Meteorological

- Navigation

- Observation

Surveillance Systems

Inspectors/Interceptors

Space Weapons
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V	 lead to spacecraft clusters or platfo rms. Although much routine military

	

4	 traffic is handled commercially, the necessity for secure military

communications will demand a dedicated system of survivable satellites

for use during hostilities and these will probably also require servicing

in orbit and ultimate. retrieval.

Civilian environmental, surface (including oceanic) observation and

navigation missions may be integrated into multipurpose spacecraft or plat-

forms incorporating some communication payloads. This may be especially

true if operational considerations or the economies of scale are proven.

If space experiments and tests, including prototype space manu-

facture and processing use free-flying spacecraft and platforms, they will

require rendezvous and docking systems as a primary consideration in their

	

'	 design.

Science satellites are growing in complexity, size and

consequently in cost. As the operational communities utilizing obser-

vatories and telescopes begin to depend on these instruments in the late

1980s, the necessity for servicing including replacement and upgrading

of various elements will be required on both a planned and emergency

basis. The space telescope, which has involved a substantial investment

and is scheduled for plar:ement in orbit by the shuttle in 1985, will

undoubtedly be a focus for servicing and updating of its elements during

the late 1980s. Minimization of operational costs will also be a primary

consideration for this and other observatories, as well as military

surveillance spacecraft.

s

a^
^z
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d

Although it appears at present that substantial solar system

E	
exploration will be deferred until the late 1990s at the earliest, it is

not too soon to consider the requirements for the very complex and

demanding system capabilities that will characterize the next generation

of missions. Although the advanced orbiter missions will involve

rendezvous stationkeeping and perhaps docking with non-cooperating and

passive targets, the later landers, rovers and sample return missions

that are expected to characterize solar system exploration around the

end of the century will need the full gttaut of automated, multipurpose

rendezvous tracking systems. An early (late 1980s) unmanned science and

applications platform (SASP) concept is shown at rendezvous with a

shuttle orbiter in Figure 2^2) Table 2 presents a list of candidate

mission payloads for such a free-flying platform. Regular rendezvous

would be needed to provide for man-tended supervision and monitoring of

the payloads on such a platform as well as the servicing and growth of 	

i

its capabilities. A manned platform that would involve both scheduled

and emergency rendezvous could evolve from the SASP in the 1990s.

Military missions will be dominated by the need to provide an

effective and survivable communications, command and control architecture

utilizing systems that meet the requirements of an established military

space doctrine with life cycle costs a primary consideration. The entire

question of secure and dependable military communications, in particular

during a period of hostilities, must be dealt with in terms that are

satisfactory to the multitude of users. This will call for capabilities

throughout geocentric space in all frequency bands which will grow in

size and complexity especially as additional information capabilities

7
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M

including meteorology, navigation, observation and certain intelligence

functions are integrated based on present trends. The platforms that

will result will certainly require sophisticated automated rendezvous,

docking and teleoperator capabilities as well as such vehicles and

modules shown in Figure 3. The requirement for rendezvous, docking and

othet teleoperator functions is identified in the figure. Much analysis,

research and technology work as well as space demonstration testing will

be needed to accomplish these functions on an operational badis in the

decade of the 1990s.

Surveillance systems in the shuttle era will certainly grow to

respond to the capabilities offered by the orbiter and its services both

near and remote. Advanced multipurpose rendezvous tracking system

characteristics will need to be heavily influenced by the requirement to

provide a variety of services to these vital spacecraft.

Spacecraft inspectors and interceptors will by definition
	 r

require rendezvous, stationkeeping and presumably "docking" capabilities.

Since they will necessarily possess a very substantial propulsion capa-

bility, regular servicing and maintenance will be required.

The large number of possible space weapon concepts under

consideration, which undoubtedly will not be sorted out and development

undertaken until late in t'ne period, can be influenced by the projected

characteristics of various advanced multipurpose rendezvous tracking

systems. Such weapons need to be studied on a broad parametric basis

with a wide variety of subsysts ►m technologies before choices are made.

These choices are important because they can, and should, influence the

evolutionary direction of the rendezvous, stationkeeping and docking systems.

10
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a

SELECTED SPACECRAFT, VEHICLES AND OIHF.R CONCEPTS UTILIZINC ADVANCED MULTI-
PURPOSE RENDEZVOUS TRACKING SYSTEMS

The space missions discussed above will be performed utilizing

a multitude of spacecraft, vehicles and other concepts, including plat-

forms, stations, and bases that cannot yet be clearly defined; however,

a number of concepts either exist or r.re sufficiently well conceived

so their needs for rendezvous, stationkeeping and docking capabilities

can he identified in a general way. Table 3 lists selected concepts

that are representative and credible based on recent studies and

projections of the United States Space Program. Needless to say, all

of these concepts will not be developed but an overall synthesis of

their operational requirements should provide an acceptable basis for

defining the need for advanced multipurpose rendezvous tracking

systems in the 1986-1995 time period. A few of the most significant

spacecraft, vehicles and other concepts are discussed in the paragraphs

that follow.

The shuttle orbiter is equipped with a radar docking system,

shown in Figure 4(,4)with both automatic and manual capabilities, although

final docking will usually be performed manually. The shuttle orbiter

will perform as both an interceptor and target and requires a system wi'h

capabilities to perform rendezvous, stationkeeping and docking with

the wide variety of spacecraft, vehicles, platfonr;s,etc. listed in

Table 3. Shuttle services near the orbiter will require interaction with

a miscellwiv of spacecraft, and other objects, units and small systems

such as a space suited astronaut in the Extravehiclular Mobility Unit (EMU)

tethered or untethered or riding in the Manned Maneuvering Unit (rQ°tU).

12
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Table 3
List of Selected Spacecraft, Vehicles and Other Concepts Requiring
Advanced Multipurpose Rendezvous Tracking Systems - 1986 to 1995

Shuttle Orbiter

Orbital Transfer Vehicles (OTV)

- Wide Body Centaur

- Advanced Chemical Rocket OTV

- High Thrust

- Low Thrust

- Electric Rocket OTV and Propulsion Stages

- Solar

- Nuclear

Extravehicular Mobility Unit (EMU)

Manned Maneuvering Unit (MI)

Small Payload Maneuvering System (SPMS)

Teleoperator Maneuvering Systems (TMS)

Typical Low Earth Orbit (LEO) Spacecraft (S/C)

Long Duration Experiment Facility (LDEF)

Typical LEO Space Platforms

Science and Applications Space Platforms

- Unmanned (SASP)

- Mannee (SAMSP)

Space Operations Center (SOC)

Various 6eostationary Orbit (GSO) S/C

Typical GSO Platforms, Stations and Bases

Solar System Exploration S/C

13
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The Small Payload Maneuvering System (SPMS) should perform a wide

variety of automated services near the orbiter, although it has some-

what limited range and other capabilities.

The Orbital Transfer Vehicles (OTVs) will i,Aed a fully capable

advanced multipurpose rend,-_ , Alous tracking system to permit them to inter-

cept orbiters, spacecraft or platforms throughout geocentric space and

to stationkeep or dock with precision. A concept for an initial version

(5)
of chemical rocket OTV is shown in Figure 5. OTVs in a number of

evolutionary versions during the 1986-95 period will be the workhorse

vehicles for space operations between LEO and GSO and beyond. They will

probably develop interchangeable cargo, personnel and teleoperator front

ends depending on specific mission assignments and will probably be

entirely space-based by the end of the period.

Teleoperator maneuvering systems (TMS) will operate as an

interceptor near and remote from an orbiter or space station on which

it is based with transport over major distances provided by the OTVs

or other propulsion stages. TMS must maneuver with curisiderable

precision and be very versatile in the services provided. A recent

TMS system concept is diagrammed in Figure 6, general arrangement

views of the teleoperator concept are presented in Figure 7 and

;p ictorial views of the teleoperator are shovnin Figures 8 and 9.

Frespective TMS evolution in the performance of various application

services is diagrammed pictorially in Figure 10 ^7) The development

of TMS capabilities during this time period needs to be studied in

t
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considerable detail so that all interacting systems operating require-

ments and characteristics are properly related. A typical PIS retrieval

mission scenario is diagrammed in Figure 11, range/range rate sensor

requirements are listed in Table 4 and communications links are sketched

in Figure 12.

A Sr	 perations Center (SOC) is expected to be a

primary place of focus for operating in orbit by the mid-1990s. A

recent concept is shown in Figure 13 with the SOC approach and

objectives listed in Table ^8) The SOC will provide for a permanent

manned presence in LEO and a way station to GSO and beyond. It will also

serve as a staging point for return to the Earth's surface. A very wide

variety of objectives can be met at the SOC in addition to freeing the

orbiter for the transport duties for which it was primarily designed.

Basing for OTVs and TMSs is seen as the SOC's most important function

Figure 14 shows a geostationary communications plat-

form also projected for the mid-19909 with large deployable antennasp)

The internal detail of its service module that would be used to provide

expendable supplies and docked to the platform core structure by a

teleoperator maneuvering system is delineated in Figure 15.

Solar system exploration spacecraft will have a wide

variety of requirements some of which will be unique, e.g., rendezvous

with an asteroid, but many will be provided for by the geocentric mission

requirements, such as the return to Earth orbit by a Sample Return Space-

craft. Even here some special requirements may be anticipate6 in the

probable use of aerobraking maneuvers to reduce the incoming helio-

centric to geocentric orbital velocities. This technique will probably

prove to be advantageous for return to a SOC from cis-lunar space and

geostationary orbit.
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Table 4	 Reference 6

Teleoperator Maneuvering System (TMS) Range/Range Rate Sensor Requirements

Range

Range Accuracy

Range Rate

Range Rate Accuracy

Field of View or Scan Area

Angle Accuracy

Mass

Volume

Target Aids

Redundancy

0 ft to 10 nmi

t (20 ft + 2% of range) @ 100 ft to 10 rmi range)

t 6 in or 1% of range @ 0 to 100 ft range

0 to 100 ft/sec

5% of range rate @ 10 ft to 20 NM range

t 0.1 ft/sec @ 0 to 10 ft range

600 included conical angle

T BD

Goal 50 lbm or less

Goal 1 ft  or less

To be defined by sensor supplier

Function redundancy required (degradation
in back-up mode to be defined by sensor
supplier)
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Table 5	 Reference 8

Space Operations Center (SOC) Approach and Objectives

APPROACH

• Shuttle-serviced permanent manned facility in low Earth orbit

- 4 to 8 person crew

- 90 day resupply

- Dual path, redundant design

- Partially closed life support system

Transfer extended time-line missions from shuttle to permanent
facility

OBJECTIVES

o Satellite and platform servicing

- Placement and retrieval

- Maintenance and repair

- Staging for platform payloads

• Staging for high energy missions

- Propellant storage and transfer

- Space based OTV's

- System assembly and check out

- Staging base for geo servicing

• Assembly and construction of large structures

• Establish permanent occupancy in space for manned operations

27
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TYPICAL CHARACTERISTICS OF SELECTED SPACECRAFT, VEHICLES AND OTHER CONCEPTS

The characteristics of selected spacecraft, vehicles and other

concepts that are related to advanced multipurpose rendezvous tracking

'	 systems in the 19156-95 time period are given in Table 6. The figures

given should be considered as tentative at this time and used only to

aid in establishing the overall requirements of rendezvous, station-

keeping and docking sensors rather than as specific characteristics of

the listed spacecraft, vehicles and other concepts.
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