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Abstract

The performance of an airborne laser terrain mapper , which measures

both slant range and reflectance, depends on the method used to modulate

the output power of the laser. This study analyzes four possible modula-

tion techniques for a direct—detection scanner which utilizes a semi-

conductor laser .

The first technique is sinusoidal modulation of the laser output.

Range performance is found to improve as the frequency of the modulating

sinusoid is increased. The second technique modulates the laser output

with a subearrier which is a periodic FM chirp pulse. Range performance

improves as the frequency deviation of the chirp is increased . However ,

this also increases the required detector bandwidth. The third technique

modulates the laser with a subcarrier which is phase—modulated by a

t periodic pseudonoise (PH) code. Although range performance improves as

the chip width of the code is d sed, this again requires increased

bandwidth. The final technique mo ulates the laser output directly with

• a PH code, the output being either on or off. Range performance again

depends on the chip width , and improved performance again requires larger

bandwidths. Comparisons of these techniques shows that the PN on—off

method is preferred if sufficient bandwidth is available. Two configura-

tions for a multiple—source scanner are also proposed. It is shown that

both the sinusoid and the PH on—off methods are compatible with such a

scanner.
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AN ANALYSIS OF MODULATION TECHNIQUES FOR THE

SIMUL TANEOUS MEASUREMENT OF RANGE AND REFL ECTANCE

INFORMATION BY AN AIRBORNE LASER SCANNER

I. Introduction

In the past several years, an airborne laser terrain mapping system

which is able to obtain both reflectance and range informatiot has been

developed for the Air Force Avionics Laboratory by the Enviromiental

Research Institute of Michigan. The range information obtained by this

scanner system is combined with the reflectance information in order to

provide a three—d imensional image of the scanned surface. With proper

processing of this image, the scanner system would be able to pick out

objects or targets based on their height profiles even though they might

blend into the surrounding background and thus not be readily observable

from the reflectance information alone. Thus, such a scanner system

could conceivably be used in reconnaissance applications which employ

cueing techniques.

The usefulness and accuracy of the range data obtained from this

system depend on the method used to modulate the laser . The type of

modulation used in the present system is only one of many possible

techniques. Furthermore, future system constraints may prevent the

present technique from being used in an opera t ional system . Therefore,

the purpose of this thesis is to investigate other methods of modulating

the laser and to determine the estimation performance of both the range

and the reflectance measurements for each of the proposed techniques . 

•~~~~~~~~-- - • • .•
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Existing System

The existing scanner system utilizes a mode—locked laser as the

signal source . The output of the laser consists of a series of pulses ,

each pulse approximately one nanosecond in duration and separated in

time from the preceding pulse by approximately ten nanoseconds. This

ten nanosecond separation, which corresponds to a pulse repetition rate

of 100 Megahertz (MHz), is determined by the physical characteristics of

the laser cavity. Since the laser is mode—locked, it is able to generate

very high levels of transmitted peak power, much higher than it could if

it were operating in the continuous—wave (CV) mode.

The output of the laser is swept along the ground perpendicular to

the flight path of the aircraft by the rotating action of the scanner

(Fig 1, below). The size of the spot on the ground illuminated by this

laser beam is called the instantaneous field of view (IFOV) and is equal

to one milliradian in the present system. For an aircraft flying at an

altitude of 800 feet, the IFOV would thus have a diameter of 0.8 feet.

a

y

—~~~~ direction of scanner sweep
-

- - 
- 

- 

-
~~~~~7 

~~IFOVArea scanned in one sweep

o of the laser scanner

Figure 1. Basic Geometry of the Laser Scanner System
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The length of t ime a point on the ground is within the IFOV is called

the dwell t ime. Obviously, this dwell time depends on both the speed of

the aircraft and its altitude, since these two parameters dictate how

fast the scanner must rotate in order to cover the entire area by

sweeping out contiguous strips along the ground .

The backscattered radiation from the illuminated ground is detected

by a power detector in the scanner receiver , where it is converted to an

electrical current . The remaining electronics in the receiver detects

either the f undamental frequency of the pulse train or one of the

harmonics and measures its phase . The phase difference between this

received signal and the transmitted signal is then converted to the

desired range estimate. However , as with any system that utilizes

periodic modulation, there is an ambiguity in the range measurement due

U to this periodicity. For this system, tracking the 100 MHz frequency

results in an ambiguity interval of roughly five feet. Tracking a

higher harmonic would decrease this interval even more.

Future Constraints

Althi~ugh the existing áystem is ideal for developmental purposes ,

it maY, not be practical for use in an operational system. Factors such

as the size and weight of the present laser have led to consideration

of semiconductor lasers, such as gallium arsenide, for use as the signal

source. Also, no matter which type of laser is used, the ambiguity

interval will have to be increased so that it is at least as long as

the highest target which is of interest . Finally, the scanner system

will have to be able to be used with high performance aircraft. This

means that the dwell time will be much shorter than in the present sys—

tea. This may mean, depending on the desired performance, that the

3
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scanner system itself will have to be modified so that it consists of

several laser sources instead of just one, as presently configured.

Thesis Overview

Due to the consideration being given to semiconductor lasers as

signal sources for a scanner system, the modulation techniques discussed

in this thesis will be based on a system which utilizes semiconductor

laser. It will be assumed that this laser is peak—power limited; that

is, that the peak—power output of the laser can never exceed its CW

value. Although a recent study has indicated that a semiconductor

laser may not be peak—power limited as previously thought (Ref 1: 6—14),

the validity of this assumption will not significantly affect the

results of this study. Since each of the modulation techniques

analyzed are affec ted identically by this assumption, the compar isons

between these techniques will remain the same. A power detector receiver,

as used in the present system, will also be assumed. Because of this

power detector, only amplitude variations in the received power of the

laser signal will be able to be detected. Thus, the modulation tech-

niques analyzed will of necessity be various methods of amplitude—

modulating the output power of the laser.

This report will begin by briefly reviewing the parameter estima-

tion theory which will be used in analyzing the proposed techniques.

It will then give a detailed description of the four different modulation

techniques investigated and an analysis of each technique based on the

previously—described theory. A discussion of the ambiguity interval

for each technique will also be provided, as well as a compar ison of the

individual methods . Following this will be a brief analysis of two

possible methods of setting up a multiple source scanner system, based

I’
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on the proposed modulation techniques. The report will conclude with

a brief susmary of the basic findings of the study and several recom-

mendations for future work in this area.

1.
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II. Theoretical Background

In order to accurately analyze the modulation techniques to be

considered, it is necessary to make use of several concepts from para-

meter estimation theory. In particular, the equations for the error

variance of both the range and the reflectance estimates will be

developed in this chapter. These expressions will be developed for the

case. of a system which utilizes a matched filter receiver as well as the

case of a harmonic tracking system (such as the present system) . The

chapter will conclude with a discussion of both the range resolution

and the ambiguity interval of the systems to be analyzed.

Matched Filter System

The necessary equations will first be developed for the case of a

C system which utilizes a matched filter receiver. Such receivers are

•coiisnonly used in modern radar systems and can easily be adapted for use

in the laser scanner system. If the output of the power detector is

passed through a filter which is matched to the signal which modulates

the laser, the output of the filter is just the time autocorrelation

function of the signal itself (Fig 2, page 7). This time autocorrela—

tion function can be found from the equation

T
R(r) — fs(t)s(t+r)dt (1)

where .(t) is the modulating signal and T is its period. Thus, the

peak value of the matched filter output corresponds to the value of the

autocorrelation function evaluated at r equal to zero and is equal to

the total energy in the received signal. Thus, in the laser scanner

6
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I t

system, this peak amplitude can be processed In order to obtain the

• desired reflectance information. Further , the matched filter output

signal can be routed through a threshold detector which is triggered

when the signal exceeds a predetermined level. The range to the obj ect

~ I . I
t~O T 

_ _ _  ~ : 1 
t 0  2T

_ _

(time delay)

Figure 2. Output of a Matched Filter for a Single Pulse Input

can then be easily calculated from the t ime delay information obtained

C from this detector .

In order to simplify the problem, it will be assumed that both

range and reflectance are constant in a resolution cell , i.e., in the

IFOV, and that the signal has been reflected by a point target. Further-

more, the effects of the spatial filtering operation of the scanner on

the transmitted signal will be ignored. Although it is not expected

that these effects will be significant , nevertheless, this Is an area

of further study which should be accomplished in order to complement

the results of this study.

Range Performance. In order to obtain a measure of the range error

variance of a matched filter system, an expression known as the Cramer—

Rao lower bound can be used. This bound, when applied to the laser

scanner system, gives a theoretical lower bound on the accuracy of the

system. Depending on the signal—to—noise ratio and the type of processing

7 
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used, this bound can actually be asymptotically approached in many

practical cases (Ref 2: 109). Thus, it is a good measure to use both

in evaluating a particular system and in comparing several different

systems.

The receiver model to be used in applying the Cramer—Rao bound to

the laser scanner system is a simple additive noise model (Fig 3, below) .

The noise process, n ( t ) ,  is assumed to be additive white Gaussian noise

with a double—sided power spectral density of N 0 /2 watts/Hz . The power

detector is divided into two separate components . The first component

is the power converter, which has a conversion factor of R amps/watt and

which transforms the received optical power into an electrical current .

The second component is the filter which is inherent in the detector.

The filter will be assumed to be a low—pass filter with a cutoff fre—

$ quency of W Hz. For the analysis portion of this study, it will be

assumed that V is infinite. However , when the various systems are

compared to each other , the filtering action of the detector is a

P(t )—4~~~
-
~

- 
~4 

Power Converter ~~~~~~~~~ 
j

~~~(t)4Matched 
f... ...

L 
R amps/watt w Hz 

_________

Figure 3. Receiver Noise Model

significant parameter in determining th.ir relati,. v’i.rits and thus will

be taken into account at tha t t ime.

In an actual scannsr system, th. aas~~~ties of Gaua.ian noise may

not be valid. This would thus invalidate us. of the vsrian cs .qmaeios

derived f rom the Cra sr—lao bomad. I~...v, it cam he ± that the

$
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range error variance derived using a leading—edge analysis which does

r ~ not require the Gaussian assumption results in an expression fairly

close to the lower bound provided by the Cramer—Rao method . Thus , the

results to be derived can be applied to the more general case of non—

Gaussian noise with very little modification. This general case

includes all other types of noise statistics, such as the Poisson

distribution which is characteristic of the shot noise of the power

detector. Since the details of the leading—edge analysis are dependent

on the particular technique being analyzed , calculation of the variance

derived by this method and a comparison of these variances with the

Cra.er—Rao bounds will be postponed until the following chapter.

Use of the Craaer—Rao bound assumes that the frequency of the

received modulating signal, i.e., the signal at the output of the power

detector, is known exactly. It also assumes that several conditions of

regularity, usually adequately approximated in practice, are met by the

modulating signal. And, finally, although the derivation of the bound

does not require a high signal—to—noise ratio (SNR) in the received

signal, a high SNR (much greater than one) is required for this bound

to be approached (Ref 2: 115—119, 300).

Application of the Cramer—Rao lower bound to the matched—filter

receiver results in an error variance of the time delay measurement which

is given by -

N
a 2 _ 0 (2)

~ 2E82

where t4
~
/2 is the double—sided noise spectral density, E is the total

0 energy in the received signal, and ~2 is the mean—squared bandwidth of

9



the signal, defined as

4w 2 f f 2 I U ( f )  ~df
82 ,,, (3)

!~Iu(f) 2df

where IU(f)I is the magnitude of the frequency spectrum of the complex

representation of the -signal modulation (Ref 2: 299, 300). It should

be noted that 82 as def ined above is not the same as either the more

cosmonly used noise bandwidth or 3 decibel (db) bandwidth, and must be

recalculated for each different type of signal modulation used.

In order to change Eq (2) to a range error variance, the relation

2r~~~ cr (4)

is used, where r is the slant range from the sensor to the target, c is

the speed of light, and r is the time delay. Thus, the lower bound of

the range error variance becomes

c2N
0

2 ., 0 (5)
r 8E82

As can be seen from Eq (5) the range error variance of a matched filter

system can be decreased, thus increasing the accuracy, by either

increasing the energy of the received signal or by increasing its mean—

squared bandwidth.
I

One more point should be made concerning this measure of range 4
error; that is, it assumes that the output of the matched filter has

only one main lobe, and it computes the error bound based on noise

perturbations of this lobe (Pig 4, page 11). In reality, since the — -
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FIgure 4. Idealized Output of a Matched Filter

* 

~~~~~ t

c Figure 5. Typical Output of a Matched Filter

filter output is just the time autocorrelation function of the modulat-

ing signal, it may have one main lobe as well as several sidelobes

depending upon the particular signal being used (Fig 5, above). Depend—

lag on the amplitude of these sidelobes, a burst of noise could

conceivably cause the amplitude of one of these sidelobes to exceed the

detection threshold of the receiver, thus causing an additional error in

the time delay measurement. This is the problem of global accuracy

versus local accuracy which is discussed in the literature (Ref 3: 294—

307). Thus, an additional qualitative consideration tha t should be

taken into account when analyzing a modulation technique is the ampli—

tude of the sidelobes of the autocorrelation function. Obviously, low

fl sidelobes are more desirable than higher ones.

11

Ii 
____________

V 
- 

~~~~~~~ 
~~~~~~~ _ __.~~__~. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
~~~~~~~~~~~~~~ *- - - * -~ .-. -- ~- 

-- __ -_ ___ u_ tI _ . -



*_- ___ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ q~ 4 ~~~~~~~~~~~ 

_ __-.-a~~ —._— - - - -

~1

Reflectance Performance. The other performance measure of interest

is that of the error variance of the reflectance estimate. As mentioned

previously, the reflectance can be estimated from the peak value of the

matched filter output. In particular, the reflectance estimate can be

obtained by maximum—likelihood processing of the received signal. For

analysis purposes, a typical maximum-likelihood processor consists of a

matched filter, a sampler, and an attenuator whose gain is inversely

proportional to the energy, E, in the received signal (Fig 6, page 13).

The noise in the system, n(t), is assumed to be additive white noise

with zero mean. The Gaussian assumption is not required. Thus, the

- 
- results derived by this analysis can again be applied to the more general

case of non—Gaussian noise statistics, such as those of shot noise. The

sampler is timed so that it samples the filter output at its peak. The

output of this processor is ~~, the-m aximum—likelihood estimate of the

reflectance (Ref 4: 589—590). In the case of the laser scanner receiver,

the noise—corrupted input to the matched filter is the output of the

power detector, ()

In order to find the error variance of the reflectance estimate,

the input to the matched filter will be written as

i
d
(t) — ps(t)+n(t) (6)

where p is the actual reflectance value, s(t) is the laser modulating

signal, and n(t) is the white—noise random process. Since the processor

is linear, superposition holds, and each component of i
d
(t) can be

traced through the processor separately. For the signal input, p8(t),

the filter output at the sampling instant will be pE, since the filter

* t. is matched to aCt). After multiplying this by a gain of l/E, the

1 
_ _ _ _  

_ _  
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n(t) 

—_ _

~s(t) __~~_4~~~}_k 
{Attenuato

j

Figure 6. Maximum Likelihood Processor

processor output, ~~, will be equal to the actual reflectance value , p.

Therefore, in the absence of noise, the receiver will accurately estimate

the reflectance. However , the noise which is present in the receiver

will result in the reflectance estimate varying around the true value of

p. The variance of the error in this estimate will thus be the variance

of the noise at the output of the receiver.

The easiest way to find the variance of this noise is by using the

known power spectral densitites. If the Fourier transform of 5(t) is

denoted by S(f), then the power spectral density of the output of the

matched filter, assuming an input of n(t), will be

S0(f) — IS(f)I2~~ (7)

where N0/2 is the double—sided spectral density of the noise process.

Since the filter output is also a zero—mean process, its variance will

be equal to its second moment, which is the noise power at the output.

However, this noise power is just the integral of the power spectral

density. Thus,

0 2 — L,80(f) df (8)

13 -
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Substituting Eq (7) into Eq (8) results in

N0~~~ I S(f) I df (9)

~~ 2~~~~

However, the integral portion of Eq (9) is just the energy, E, in the

signal s(t). Thus,

N E
~ 

2 ., _L. (10)
2

As a final step, the variance of the noise at the receiver output , which

is also the desired variance of the reflectance error, is related to the

variance at the output of the matched filter by

C a 2 _ _
~.a 2 (11)

P 
~~~~~~ I

Thus, the error variance of the reflectance estimate is given by

N
~~2 _ ....9. (12)

~ 2E

Eq (12) is the relation which will be used in analyzing the various

matched filter systems. As can be seen, the only way to improve the

accuracy of the reflectance estimate is by increasing the energy of the

received signal. -

Harmonic Tracking System

— The error variance equations will next be derived for the second

type of systems to be analyzed, those systems utilizing harmonic tracking

14
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S- receivers. As in the present laser scanner system, the range estimate

will be calculated from the phase difference between the reference

signal and the received signal, and the reflectance estimate from the

amplitude of the received signal. In order to simplif y the problem , it

will again be assumed that both the range and the reflectance are con-

stant in a resolution cell and that the received signal has been

reflected by a point target .

Range Performance. In order to determine the range performance , it

will be assumed that the output of the power detector is tracked by a

phase—lock loop (PLL). Although the PLL may not improve the system

performance at high signal—to—noise ratios, it typically has a lower

threshold than other techniques and thus will permit adequate system

operation at lower signal—to—noise ratios. In addition it will be

C assumed that the dominant noise in the receiver is zero—mean , white

noise with a double—sided spectral density of N0/2 watts/Hz. Once again,

the Gaussian assumption is not required.

The variance of the error in the range estimate is determined by

the accuracy of the PLL in tracking the phase of the received signal.

For a PLL operating in its linear region, the variance of its phase

error is given by

N W
Ø 2 _ 

~~~~ (13)$
C

where N0/2 is the double—sided noise power spectral density, W~ is the

double—sided closed loop bandwidth of the PLL (in Hz), and P is the

‘ 
average power in the received signal (Ref 5: 27—30). For a harmonic

tracker, the bandwidth of the PLL need be only as large as is required

15
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to pass the spectral information. Thus , V will be roughly 2/ r
d 

Hz ,

where t is the dwell t ime of the scanner .
d

The slant range to the target is related to the measured phase

change by the relation

2r— _±_ X (14)
2w

where A is the wavelength of the modulating signal . Eq (14) can be

written in terms of the frequency of the harmonic being tracked , f , as
m

r —  $ * (15)
4wf

is

where c is the speed of light. Thus, the range error variance is

C related to the phase error variance by the relation

2

0 2 (16)
r \4wf /

Substituting Eq (13) into Eq (16) results in the equation which will be

used for the range error variance:

a 2 — ( c ) N0 (17)

~~4wf / P~~ *

a C d

The values for the variables in Eq (17) will depend on the particular

* system being analyzed .

In order for the PLL to be operating in its linear region, as

assumed above, the phase error variance must be below a certain threshold
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value. This threshold is usually taken to be where the variance is

approximately 1/4 (Ref 6: 23). Thus,

N0 1
(18)

• P t  4
c d

in order for Eq (17) to be valid.

Reflectance Performance. The last performance measure of interest

is that of the reflectance error variance for the harmonic tracking

system. To derive thi8 variance equation, it will be assumed that the

output of the power detector is first mixed with a locally generated

replica and then is passed through a low—pass filter. Thus, the

receiver structure is just a Radio Frequency (RF ) coherent detector.

Since a low—pass filter is an imperfect integrator, this receiver can

be approximated by a mixer followed by an integrator. Also, since the

reflectance has been assumed to be constant in a resolution cell, the

period of integration can be set equal to one dwell time, Td 
seconds.

Thus, the received signal will be integrated over one dwell time each

time the receiver makes an estimate, ~~.

The structure of the receiver just described is identical to a

matched filter receiver which samples the output every t
d 
seconds (Ref

7: 247—249). Thus, by adding an attenuator of gain l/E to the harmonic

system, the receiver has become a maximum—likelihood receiver as in the

matched filter system. Because of this equivalence, the previously

derived expression for the error variance of the reflectance estimate,

Eq (12), is also valid for the harmonic tracking receiver. Also as

S 
before, the only way to improve the accuracy of the estimate is by

increasing the energy of the received signal.

17



ResolutionI
The next concept to be described is that of the range resolution

of the system. The range resolution of the laser scanner system is a

measure of how close together in slant range two objects can be placed

and still be distinguished from one another by the scanner receiver.

This is equivalent to the concept of nominal resolution which ~s

defined for radar systems. Nominal resolution is a measure of how

close together individual targets, such as aircraft flying in formation,

can be and still be distinguishable from one another (Ref 8: 88—93).

Resolution, as thus defined, ignores both the effects of noise and all

spatial effects and, thus , is the best that a system can do.

The nominal resolution of a radar system is determined from the

output of the matched filter in the receiver. Two targets can be

distinguished only if their returned signals are separated far enough

in time so that they can be separately identified. A conventional,

though arbitrary, measure of this required time separation is that the

two returns must be separated by at least the half—power response width

of the matched filter output.

The extension of this conventional measure of resolution to the

laser scanner system can be accomplished very easily. For a matched

f ilter receiver, the half—power width of the matched filter output is

just the half—power width of the main lobe of the time autocorrelation

function of the modulating signal. For a harmonic tracking receiver,

the phase—lock loop and low—pass filter combination can be thought of

as being equivalent to or better than a matched filter just as was

done in the reflectance performance derivation in the preceding section.

Thus, the resolution measure for a harmonic system can also be found

from the autocorrelation function of the modulating signal.

18
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As mentioned earlier , this definition of resolution is completely

r arbitrary. A given system may be able to resolve ranges much closer

than the above criteria would indicate, depending on such receiver

characteristics as the setting of the threshold in a matched fi l ter

receiver. However, even if the criteria gives a worst—case estimate of

resolution performance , it still is useful both for obtaining a rough

estimate of the resolution and for comparing the relative advantage of

several different systems.

Ambiguity

The final concept of interest is that of the ambiguity interval of

the system. As mentioned earlier , there is an ambiguity in the range

estimate of the existing system due to the periodicity of the modulating

signal . in this system, as in any harmonic tracking system, the phase

L difference between the transmitted signal and the received signal is

not unique due to the periodicity of the phase every 2ir radians. Since

the slant range from the scanner to the target is calculated from the

f phase change, there is also an ambiguity in the range estimate. Since

a 2w radian phase change corresponds to a slant range of A/2 , where A

* is the wavelength of the modulating signal , the ambiguity interval of

the range estimate can be expressed as

ramb~~~~~~~
_

~~~
__ (19)

2 2 2f
is

Thus, although the slant range may be able to be estimated very accurately

within this ambiguity interval, the receiver cannot determine which (A/2)

I interval the range is in.
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Since a matched filter system also utilizes a periodic modulating

signal , it will also have an associated range ambiguity interval. As

explained previously, the range in a matched filter system is calculated

from the measured time delay for the transmitted signal to travel to the

target and back. Since the transmitted signal repeats every T seconds,

where T is the period of the signal , the receiver cannot determine in

which T—second interval the received signal was transmitted. Thus ,

although it can measure the relative time delay within the current T—

second interval, it cannot measure the total time delay. Corresponding

to this t ime—delay ambiguity is, of course , a range ambiguity which can

be represented by the equation

r b~~~
_ a __ (19)

It
Thus, the range ambiguity interval for a matched filter system is

identical to that of a harmonic tracking system. As might have been

expected , the ambiguity interval depends only on the frequency of the

modulating signal.

Although the ambiguity of the system may seem to be a serious

problem , in reality, it is not. Since the purpose of the scanner system

is to obtain a three—dimensional image of the scanned area, the item of

interest is not the absolute slant range from the scanner to the targets,

but rather the relative ranges of the targets with one another. There—

fore, if the range ambiguity interval of the system is at least as large

as the slant range differential which results from scanning the highest

target of interest, the operation of the scanner will not be degraded.

*
20
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III. Analysis of Proposed Systems

* 

Now that the theoretical background has been established, the next

step is to describe the proposed modulation techniques and to analyze

each technique by means of this theory. Four different modulation

techniques will be analyzed . The first one is of the harmonic tracking

type, while the remaining three utilize matched filter receivers . The

techniques analyzed are not the only possibilities, although they appear

to be the most promising techniques. As mentioned previously, the laser

is assumed to be peak—power limited with a continuous—wave (CW) output

power of P watts , and the receiver is assumed to be a direct detection

receiver , which utilizes a power detector to transform the received

power into an electrical current.

Each technique will be described in detail by first providing a

general description and system block diagram, and then by deriving its

range and reflectance performance and its resolution capabilities. The

ambiguity problem will also be discussed for each technique , as well as

possible problems concerning system implementation and overall

feasibility.

Single Sinusoid

General Description. The first technique to be analyzed is a

harmonic tracking technique in which the output power of the laser is

amplitude modulated by a single sinusoid of arbitrary frequency, f.

The laser output is generated very simply by adding a direct current

(DC) bias to the output of a sine—wave generator and then using the

resulting signal to excite the laser (Fig 7, page 22). Although the

addition of a DC bias may be accomplished internally by the laser

21
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modulator , it will still be considered as a s.p.srae. c~~~amasi o~ th.

overall system configuration . The output power of t Iw las. r I s gIven

P t)

[

::;:~:: ~~ bias 
1~~~~~I 

~

J

lhJr.\lJr\LIIL. t

p(t) — — (l+cos2wf t)
2

Figure 7. Transmitter for a Single Sinusoid System

C
by the equation

P
P( t) — —i (l + cos2wf t) (20)

2 15

The receiver structure for this single sinusoid system is similar

to that of the present system in tb~~ 
it tracks the received sinusoid

and measures range by calculating the phase change between the trans—

~~~~ mitted signal and the received signal (Fig 8, page 23) . In particular,

* the received signal, P(t), is first detected by a power detector which

converts it to a current, id
(t), of value

P R
i Ct) — ~A... (1+cos2wf t) (21)
d 2
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where R is the responsivity of the detector, in amps/watt. For simpli—

city, the power losses due to such things as the distance between the

transmitter and the target, atmospheric attenuation, and losses in the

optics of the system have been ignored since they are the same for all

of the systems to be discussed.

The detector current, i
d

(t) ,  Ls then passed through a blocking

capacitor in order to eliminate the DC term. Although this filtering

action may be inherent in the power detector itself , it again will be

considered as a separate element in the system configuration. The

resulting sinusoid , of amplitude P R/2 , is used to calculate both the
a

range and the reflectance estimates. The range is calculated by means

of a phase—lock loop (PLL) which tracks the phase of the sinusoid and

compares it to a reference signal. By providing both the transmitted

C signal and a range correction signal, which corrects for the geometry

of the scanning process, as inputs to the PLL in addition to the

received sinusoid, the output of the PLL is the phase change that

corresponds to the corrected slant range from the scanner to the target.

If desired, a further range correction can be included which would

subtract off the slant range to a horizontal ground plane. The PLL

-; output in this case would approximate the height of the target above the

ground plane. A low pass filter after the PLL eliminates the double

frequency term which is generated by the PLL, and the amplifier which

follows converts the measured phase change into the desired slant range

estimate.

The reflectance estimate is calculated by means of an RF coherent

- - detector. The incoming sinusoid is mixed with a locally generated

replica, and the result is passed through a low—pass filter . The

24
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resulting reflectance estimate is a maximum—likelihood estimate, as

~~~H $
explained in the previous chapter.

Range Performance. Now that the overall system has been explained,

its performance can be analyzed. The first performance characteristic

to be considered is the error variance of the range estimate. Since

Eq (17) is applicable to this system, the only variable to be calculated

is the average power in the received signal, P . For the received
c

sinusoid,

, ~~ 2( P aR s
\r1 P 2R2— _ _ _ _ _  — a (22)

c 2 8

Substituting Eq (22) into Eq (17) results in the range error variance

for the single sinusoid system as being

c2N0
(23)r 2w2f 2P ~R~r

is a

As is also true in the present system, the range error variance of this

system can be decreased by increasing the modulation frequency, f
is

Reflectance Performance. In order to calculate the error variance

of the reflectance estimate, Eq (l~) can be used. The value to be used

for the energy, E, in the received tiignal is the average power of the

sinusoid, P , multiplied by the observation interval, td~ 
Thus,

(24)
8
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and

4N
a 2 _ (25)

~ P 2R2 t
a d

As can be seen , the modulating frequency has nothing to do with this

error variance . The only way to decrease the variance is by either

lengthening the observation interval or by increasing the laser power.

Resolution. The next performance characteristic to be considered

is that of the system’s resolution. Following the argument presented

in the previous chapter, this resolution can be determined from the

half—power width of the time autocorrelation function of the modulating

signal . For a sinusoid , the time autocorrelation function is

R(t) — cos2wf T (26)

After a little algebra, the distance between the half—power points is

found to be

* 1
— —  (27)res

m

where r is the minimum resolvable time delay in seconds. Substitut—
res

ing Eq (27) into the basic relation

2R — ct (28)
res res

where 1 is the minimum resolvable distance, leads to the relationres

R ..!.. (29)
8f

m
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Thus , the higher the modulating frequency, the better the resolution.

As an example, using a frequency of about 100 MHz , the system would be

- 
able to distinguish distances of approximately 1.2 feet. However , a

frequency of 10 MHz would result in a resolution of only 12.3 feet.

Although these figures provide a rough estimate of the resolution of

the system, they are, as explained previously, worst—case estimates.

A receiver operating at high signal—to—noise ratios should be able to

distinguish objects which are much closer together than these figures
- 

would indicate.

- 
Ambiguity. The final performance characteristic of interest is

the ambiguity of the system. Since this system utilizes a harmonic

- tracking receiver, its ambiguity interval is identical to that of the

present system. Thus, from Eq (19),

- c
- 

ramb — (19)

For a modulating frequency of 100 MHz , the ambiguity interval would be

roughly five feet, whereas for a frequency of 10 MHz, it would be

approximately 50 feet. Although decreasing f would solve the ambiguity
- is

problem, it would also degrade both the range estimation performance

-
~ and the resolution of the system.

- 

- System Implementation. The last topic to be considered for the

single sinusoid system is that of system implementation . For this

system, implementation would be very easy. All of the required compo-

nents are readily available, and the suggested system design is straight— j

L forward. Harmonic tracking is feasible, as proven by the present system.

However, there appears to be three areas which could cause a pro—

ble. in the implementation of a single sinusoid system. The first one

_ _ _ _ _ _ _ _  

- 
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I
is the bandwidth of the power detector . This bandwidth must be large

p

enough to pass whatever frequency is being used as the modulating

frequency, f. However, as has been shown, the higher the modulating

frequency, the shorter the ambiguity interval. Thus , for an operational

system, it is doubtful that f would ever be larger than the currently
is

available detector bandwidth.

The second possible problem area is the selection of an appropri—

ate modulating frequency such that the range , resolution, and ambiguity

requirements can all be satisfied simultaneously.

Finally, the third area is one which is cosmon to all scanner

systems. The CW output of the laser must be large enough so that the -

received power is sufficient to keep the PLL above threshold. What

— this relates to in terms of actual power requirements will depend on

C the particular operational requirements of the system. - -

Linear Frequency Modulation

General Description. The next technique to be considered is one

which utilizes a pulse compression technique which is conmionly used in

radar systems, that of linear frequency modulation (FM). In a linear

FM pulse, also called a chirp pulse, the carrier frequency is linearly

increased so that at the end of the pulse, it is t~f Hz higher than at

the start (Fig 9, page 29). The chirp pulse is represented by the

equat ion

T T5(t ) — cos(2ir f t+! ~t 2 j — .1 ~ t ~ .2 (30)
0 2  2 2

where T is the duration of the pulse and u is a proportionality constant .
p

The frequency deviation, Af , is given by
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UT
5 Af~~~___ ! (31)

As long as the t ime—bandwidth product , T t~f .  is large , T Af ~ 20 , the
p p

frequency spectrum of the chirp is approximately rectangular with a

total bandwidth of Af Hz and is centered at what is called the carrier

frequency, f 0 (Ref 2: 11— 15).

When this FM pulse is passed through a properly matched filter in

the receiver , it is compressed into a very narrow output pulse whose

width is inversely proportional to the frequency deviation, A f .  This

compression action greatly improves both the accuracy and the resolution

of the system. Thus, the FM chirp is an ideal technique to use with

peak—power limited transmitters, since the detection capability of long

S 
pulses (high transmitted energy) is combined with the accuracy and the

resolution capability normally associated only with very narrow trans-

mitted pulses. - -

The obvious method of applying the FM chirp technique to the laser

scanner is by chirping the frequency of the laser itself. However , even

8(t)

V~J*fifiu1lfi
IS(f) I

I ,
—f Af 

~
* 1 

0 o j o o T

Figure 9. Linear PM Pulse and Related Fre quency Spectrum
29
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if this were possible , it would not be feasible for use with the proposed

direct detection receiver. Therefore , an alternative method must be

used which utilizes some type of subcarrier modulation. This can be

easily accomplished by f irst  generating an FM chirp pulse starting at

some intermediate frequency, say 20 MHz, and then amplitude—modulating

the output power of the laser with the chirped pulse.

Transmitter. A transmitter which will generate just such an

output can be configured using either an active or a passive generation

approach (Ref 2: 143—152) . The active approach utilizes a signal

generator whose output is a periodic ramp function (FIg 10, page 31) .

This linear signal drives a voltage—controlled oscillator (VCO) whose

quiescent frequency is the desired starting frequency of the chirp.

The duration and the slope of the ramp signal , along with the charac—

t teristics of the VCO, determine the frequency deviation, ~f, of the

generated pulse. If required, a gating circuit which is synchronized

with the signal generator can follow the VCO. Its output is thus a

series of identical, linear FM pulses.

In order to determine the optimum length of these pulses, it is

necessary to recall Eqs (5) and (12) from the previous chapter which

shoved that the accuracy of both the range and the reflectance estimates

increases as the energy in the received signal increases. Thus, the

longer the transmitted pulses, the more accurate the estimates. It has

also been assumed that both range and reflectance are constant in a

resolution cell. Therefore, the optimum situation is for each trans-

mitted pulse to be rd seconds in length. This will permit maximum

energy to be transmitted while still retaining the maximum horizontal

resolution. This will also permit the gating circuit in the transmitter

to be eliminated since the pulses will now be contiguous.

30 
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Figure 10. Active Ch~.rp Transmitter with Associated Waveforms

A DC bias is added to the output of the VCO, and the resulting

signal is used to excite the laser. The output power of the laser will

thus be a series of contiguous pulses, each pulse of the form

$ P(t) a _
~~~ (1 + c os(2wf t +.~~ . Ut 2 )] — _±

~~~ t ....± (32)
2 0 2 2 2

31 -

_______________ — __

,~— 
**— — —— *- ** •~~* 



where 
~
‘a is the ~~~~ power of the laser, ~i is a proportionality constant

which depends on the characteristics of the VCO , and 
~d is the t ime

duration of each pulse.

The second type of transmitter utilizes a passive generation

method (Fig 11, page 33) . In this method , an impulse function is

— 
generated every Ed seconds and is passed through an expansion filter.

This filter, which has a linear time delay versus frequency characteris—

tic , distorts the phase relationships of the various frequencies in the

original impulse . The result is a stretching of the impulse into a much

longer pulse which Is very similar to an FM chirp pulse . It has been

shown that the impulse function which comes the c1o~es to generating

the desired chirp is one of the form (Ref 2: 146—147)

UT
4~ 

sitt—it
5(t) ~— cos2wf t (33)

UTt 0

where the desired pulse duration , T , is taken to he T seconds. A DC
p d

bias Is then added to the output of the expansion filter, and the laser

is again excited by this resultant signal.

Receiver. As opposed to the two different methods of generating an

~~ FM chirp signal, there is only one feasible method of constructing a

receiver to process the signal and to extract the desired information

* (Fig 12, page 34). The output of the power detector is first passed

through a blocking capacitor, which eliminates the DC term. The

remaining signal, which is identical to the linear FM pulse described

in Eq (3d) , is then passed through a compression filter which is matched

32 
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Figure 11. Passive Chirp Transmitter

to this signal. This compression filter has a t ime delay versus frequency

characteristic of the opposite sense as the frequency sweep in the pulse.

Thus, its frequency response is the conjugate of the frequency response

of the expansion filter used in the passive generation transmitter.

The function of the compression filter is to again distort the

relative phase relationships of the various frequencies in the signal .

Only this time, the distortion results in a compression of the pulse

back into its original sin x/x form. Thus , the output of the fil ter

will be a very narrow pulse whose width is inversely proportional to

the freq*lency deviation, Af , of the FM pulse.

In order to generate the range estimate , the output of the matched

filter is passed through a threshold detector which marks the time when

the output exceeds a predetermined threshold. The relative time delay

from the beginning of the current 
d 
second interval is then calculated

and is converted to a slant range estimate by an amplifier following

the detector. This range estimate is then combined with the range

correction signal in order to produce the corrected estimate of the

* 
- - target’s slant range from the scanner. A reflectance estimate is also

calculated from the matched filter output by choosing the peak value

f of the output every time a range estimate is generated. This value

corresponds to the maximum—likelihood estimate of the actual reflectance

value.
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Range Performance. Based on the preceding description of the system
( —

conf iguration, an analysis of the system performance can now be conducted.

The f irst item of interest is the accuracy of the range estimate provided

by the receiver. Eq (5), which gives an expression for the error variance

of the range estimate in a matched filter receiver , is applicable to the

PM chirp system. The two variables which must f irst be calculated

bef ore this equation can be used are the received energy, E, and the

mean—squared bandwidth, 82 . Since the input to the matched filter is an

FM pulse of amplitude P R/2 and duration t seconds, the received energy
a d

is

/
$ ( P aR \

E ’ 2 ’  t a a d (34)
2 

d 8

( )
Also, for large time—bandwidth products, r

d
Af
~~

2O, the value of the

mean—squared bandwidth has been calculated to be (Ref 2: 302—304):

82 w 2Af 2 (35)
3

Thus, substituting these values into Eq (5), the error variance of the

range estimate for the FM chirp system becomes

3c2N
0 

(36)
r 1r2Af ZP 2R2rd

As can be seen from Eq (36), the accuracy of the FM chirp system can be

increased by either increasing the frequency deviation, Af , of the

$ 

signal, or by increasing the received energy, i.e., increasing either

the received power , P , or the pulse duration , r .
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The range error variance derived by using a leading—edge analysis

turns out to be higher than the variance found above by a factor of

approximately 1.9. The derivation of this variance is provided in

Appendix A.

Reflectance Performance. The next characteristic of the system

performance to be considered is that of the accuracy of the reflectance

estimate. Eq (12), which gives an expression for the reflectance error

variance in a matched f ilter system, can be used to find this accuracy.

Substituting the expression for the received energy given by Eq (34)

into Eq (12) results in the error variance of the reflectance estimate

for the FM chirp system as being

4N
0 

(37)
~ P~~~R

2Tc a d

Again, this variance can be decreased by either increasing P or t
a d

which is equivalent to increasing the received energy per resolution

cell.

Resolution. Another characteristic of the system which is of

interest is its resolution capability. As shown previously, the output

of the compression filter in the receiver is of the form of a sin x/x

pulse whose main lobe has a total width of 2/Af seconds. Thus, the

half—power width, which corresponds to the time resolution of the

system, is calculated to be

r —~2.. ! (38)res Af

$ Changing this to a range resolution results in 
—
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. R _ 0.45c (39)
res

As an example, a Af of 10 MHz would result in a resolution of 44 feet,

a Af of 100 MHz would lead to a 4.4 foot resolution, and a Af of 1

Gigahertz (0Hz) would have a 0.4 foot resolution capability.

Ambiguity. The final characteristic of the system to be considered

is that of its ambiguity. Since the period of the modulating signal is

t
d 
seconds, the range ambiguity interval is found from Eq (19) to be

cr
r

b 
a — (40)

For a dwell time of 1.59 microseconds, as in the existing system, the

ambiguity interval turns out to be approximately 782 feet, much larger

than needed for tactical—sized targets. For a smaller dwell time of

0.33 microseconds, the ambiguity interval is 162 feet. Whether or not

this interval is large enough depends on the targets of interest. In

order to increase the ambiguity interval, the period of the transmitted

signal must be increased. Although this can be done fairly easy, it

would also result in a degradation of the horizontal resolution of the

system.

System Implementation. Now that the system configuration has been

described and the important performance characteristics analyzed, it is

time to take a brief look at some of the qualitative aspects of

implementing an FM chirp system.

To begin with, the output of the compression filter in the receiver

consists of time sidelobes as well as the mainlobe. The magnitude of

- — the sidelobe adjacent to the mainlobe is only 13.2 decibles (db) down
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from the amplitude of the mainlobe. The amplitudes of the remaining

sidelobes decrease very slowly, with the first several decreasing at a

rate of about 4 db per sidelobe (Ref 2: 173). This could cause a pro-

blem if the noise in the receiver were to consistently cause the

magnitude of the sidelobes to exceed the threshold value, thus resulting

in an erroneous time measurement. This is the global accuracy problem

discussed in the preceding chapter. However, it is possible to reduce

the level of these sidelobes by additional filtering, called weighting,

of the signal (Ref 9: 4). Many different weighting methods have been

developed to deal with the sidelobe problem, but all of these cause a

slight degradation of 1 to 2 db in the signal—to—noise ratio of the

signal (Ref 9: 26—35) . In addition , they cause a widening of the

mainlobe, thus degrading the resolution of the system. The amount of

this widening depends on both the type and the amount of weighting used

(Ref 2: 201). Thus, the use of a weighting filter in a particular

system must depend on the seriousness of the sidelobe problem in that

particular system.

Another item of interest can be called the feasibility of using an

PM chirp system. Since the FM chirp technique is widely used in radar

systems , the matched filter technology is well developed. Both expan—

— sion and compression filters are available with a wide variety of

characteristics and in a wide variety of types, such as strip delay

* lines and surface—wave delay lines (Ref 9: 4—13).. Recent developments

in surface—wave technology have produced filters which can generate an

PM chirp pulse with a center frequency of 1.3 0Hz, a frequency deviation

of 500 MHz, and a total pulse duration of approximately 2 microseconds

$ (Ref 10: 695—698).
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However, the major problem that would be encountered would be in

the modulating of the laser. As explained previously, the time—bandwidth

product , E dAf , must be greater than 20 in order for both the approximate

f requency spectrum of the chirp pulse (Fig 9 , page 29) and the value of

its mean- squared bandwidth (Eq (35)) to be valid. In order to meet

this requirement, the frequency deviation must be at least 10 MHz for

the present dwell time. Current device technology of both VCO’s and

expansion filters limits the value of Af to approximately one—half of

the starting frequency of the chirp (Ref 9: 4—15, Ref 10: 695—698).

Thus, for a Af of 10 MHz, the starting frequency must be at least 20

MHz, and the highest frequency in the chirp pulse would be 30 MHz (Fig

9, page 29).

However, in an operational system, requirements for the accuracy of

the range estimate and for the resolution of the system (both dependent

upon Af) would probably dictate a much higher value of Af , resulting in

a correspondingly higher starting frequency. The highest frequency in

the chirp pulse in such a system could conceivably be in the Gigahertz

(0Hz) region. Thus, the problem would be how high a frequency can a

semi—conductor laser be modulated before it becomes inoperable. A

recent study has shown that a 25 MHz modulation rate is easily obtainable

with currently—available semiconductor lasers (Ref 1: 1—14). However,

this study did not attempt to determine the maximum modulation rate

achievable. If this maximum rate does not turn out to be high enough

for operational requirements, further developmental work in laser

modulation may be required before an PM chirp system becomes feasible.

t A final item of interest is the required detector bandwidth. The

detector will have to have at least a bandwidth equivalent to the highest
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frequency in the chirp pulse . At a minimum, this would be approximately

30 MHz. At a maximum, it again could be over 1 0Hz. Thus, the FM chirp

system trades bandwidth for performance. The greater the available

bandwidth, the better the system performance.

Pseudonoise Coding

General Desc~iptIon. The third technique to be considered is

another pulse compression technique that is used in radar systems, that

of pseudonoise (PN) coding of the transmitted signal. In a PN coded

system, the transmitted sinusoid is divided up into a number of short

intervals, each of width t 0 seconds, called the chip width. The phase

of the sinusoid in each interval is determined by the value of the PN

code in that interval . Since a PN code is a periodic , binary code,

C 
the values-of the periodic binary waveform corresponding to the code

can be set to ± 1. Thus, the phase of the sinusoid in each interval

will be either 0 degrees or 180 degrees and will alternate in each

interval in accordance with the PN code (Pig 13, page 41).

The binary sequence from which a PN binary waveform is derived can

be easily generated by means of a linear shift register with appropriate

feedback connections. Since the details of such a code generator are

discussed extensively in the literature, they will not be repeated here

(Ref 5: 145—148). However, several important characteristics of the

coded binary waveform which are of interest will be summarized. To

begin with, the length of the code, i.e., the number of chip widths in

the code before it begins to repeat, is dependent on the number of

stages in the generating shift register. If the shift register has N

stages , the length of the code, P, will be 2~—l . Since each chip is of
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.4
duration t 0 seconds , the total t ime duration of the code before it

repeats is pt 0 seconds.

Another important characteristic is that the number of intervals in

which the binary waveform has a value of plus one is given by (p + 1)/2 ,

while the number of intervals in which it is minus one is given by

(p — l)/2. Thus , there will be one more plus one than minus one in the

code. Finally, the time~autocorrelation function of a periodic PN code

which is normalized with respect to the energy in one code word dura-

tion, pt 0 seconds , consists of a mainlobe , which peaks at a value of

one , and a sidelobe which has a constant value of (—l/p) (Fig 14, page

42). The derivation of this autocorrelation function assumes that the

code has a period of pt0 seconds, i.e., that the code words are contig-

uous. This autocorrelation function can be generated by a filter which

is matched to the complete pt0—second code word. When the current code

word has been received, the output of the filter will peak as does the

:. _ _ _ _  
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Figure 13. Typical PN Coded Waveform and Resulting

Phase—Coded Sinusoid
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Figure 14. Time Autocorrelation Function of a Periodic PN Waveform

autocor relation function . However , at all other times, i.e., before the

c 
current code word has been completely received, and while parts of the

previous code word are still within the delay line , the output will

exhibit the negative sidelobes of the autocorrelation function . Also ,

since the code is periodic , the autocorrelation function is also periodic ,

with a period of pt 0 seconds (Ref 5: 148—149).

The technique of coding a signal with a PN code can be adapted to

the laser scanner system in the same way as the FM chirp technique;

that is, by subcarrier modulation . Thus, a sinusoid at an intermediate

frequency can first be phase—coded by a PN code, and the resulting

signal used to amplitude—modulate the output power of the laser.

Transmitter. A transmitter which will generate just such an output

can be easily constructed - (Fig 15, page 43) . A waveform generator , the

output of which is the PM coded binary waveform, is used to modulate a

* 
sinusoid of frequency f . The reitilting signal is the phase—coded

m

42 4<—----r

~ 

- — - -~,L-~~- — - ~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~ ~~~~~~~~~



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

~~a 
t?V~NV~1NhII1J1it . 

~

Figure 15. Transmitter Structure for a PN Coded System

sinusoid described above (Fig 13, page 41). By adding a DC bias to this

signal and using the resulting signal to excite the laser, the output

power of the laser , P(t), will have the desired amplitude modulation.

The laser output for each code duration can be represented as

t’a P p—i
P( t) — —+_ !: Z a sin2ir f t (U (t— it  ) -U I t — ( i + l ) t  J }  0~~t~~ r (41)

2 2 iaO i 51 0 0 d

where a
~ 

— {±l}, and U(t) ia the unit step function .

— As was the case in the FM chirp system, it is also desirable in

this system to maximize the energy transmitted in each dwell time in

order to minimize the error variances of the range and reflectance

estimates. Also, as mentioned earlier, the code words must be trans—

mUted contiguously in order to achieve the low sidelobes of the

autocorrelation function. Thus, the length of the code, p, and the

• chip width, t
0 , can be chosen so that the time duration of each code,

- 
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pt 0, is equal to the dwell t ime , r seconds. The transmitter output

will then be a continuous coded signal which repeats every t
d 

seconds .

Receiver. The receiver for a PN coded system is slightly more

complicated than the transmitter just described. The received optical

signal, P(t ) ,  is first detected by the optical detector , which conver ts

it to an electrica~. current (Fig 16, page 45) . A blocking capacitor

eliminates the DC term so that the resulting signal is a typical phase—

coded sinusoid. This sinusoid is then sent into a tapped delay line

which has a total of p taps and where the delay between taps is equal

to t
0 
seconds.

The output at each of these taps is multiplied by the appropriate

value, either ± 1, and then sent into a summing network . These p

multipliers are set equal to the transmitted PN code, with the first

code bit being placed into the multiplier at the last tap on the delay

line. The result of this delay line—summer network is that when the

current code word has been received, i.e., it is completely within the

delay line, it is, in effect, decoded by the multipliers, so that the

output of each multiplier is a sinusoid with a phase angle of zero

degrees. Since all of these outputs are in phase, they add together in

the su er, forming one sinusoid whose amplitude is p times the original

amplitude. The duration of this in—phase signal is t0 seconds, since

after this time duration the current code word is being shifted out of

the delay line and is being replaced by the next code word. Due to the

characteristics of a PM code, all other combinations of code bits in the

delay line will result in destructive addition in the summer, and the

resultant summer output will be a single amplitude sinusoid with a phase

$ angle of 180 degrees.
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The output of this summing network is routed through a filter which

is matched to the t 0 second chip width of the signal. As long as the

summer output is the continuous sinusoid with a 180° phase angle , the

output of this filter will—be a constant negative current. However , when

the summer output is the in—phase signal resulting from the reception of

the complete code word , the output of the filter will be the sharp peak

corresponding to the mainlobe of the time—autocorrelation function of

the PN code . Thus , the receiver has compressed the long transmitted

pulse , p code bits long, into a very narrow output peak whose width is

dependent only on the size of the chip width , t0, and whose peak value

is proportional to the energy contained in the entire t second pulse.

The output of the matched filter is processed in the same manner

as in the FM chirp system. Thus, in order to measure the slant range

t from the scanner to the target , the output is routed through a threshold

detector which is triggered when the output peaks . The t ime delay thus

measured is then converted to a slant range estimate by an amplifier

following the threshold detector. The reflectance is estimated simply

by noting the peak value of the filter output in every t second inter—

val. Since this value is proportional to the total received energy, it

gives the desired reflectance estimate.

Range Performance. Now that the system configuration has been

described, the performance of the system can be analyzed. To begin

with, the error variance pf the range estimate will again be calculated

by using Eq (5), the expression for a matched filter receiver. For the

PM coded system, the energy in one complete code word of t seconds is

given by
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Also, the mean—squared bandwidth of the signal, 82 , can be calculated

to be (reference Appendix B)

82 4(p +l)  (43)
wpto

2

Substituting Eqs (42) and (43) into Eq (5) results in the expression for

the range variance for a PN system:

1Tc 2N 0t 0 (44)
r 4P 2R2 (p + l)

*

Thus , the range error variance shows a dependence on both p and t0.

However , it has been specified that the product pt 0 is a constant for a

given dwell time. Thus, the range error variance can be decreased by

decreasing the chip width, t0, while simultaneously increasing the code

length, p. A comparison of this error variance with the variance com-

puted using the leading—edge analysis shows that the leading—edge van —

ance is higher by a factor of only 1.3 (reference Appendix C).

Reflectance Performance. The next system characteristic of interest

-
~ 

-- is the error variance of the reflectance estimate. This variance can be

found for the PM system by using Eq (12). Substituting the value for

the received energy given by Eq (42) into Eq (12) results in

- 45
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Thus , the reflectance performance can be improved only by increasing

r ~~~
— either the received power or the dwell time of the scanner.

Resolution. The resolution capability of a PN system can also be

found based on the previously presented results. Since the time resa~1u—

tion of the system is calculated from the half—power width of the

mainlobe of the t ime autocorrelation function of the modulating signal ,

the t ime resolution of the PN system is found to be

— 0.6t 0 (46)res

This equates to a range resolution of

R — 0.3ct (47)res 0

As an example, for a chip width of 10 nanoseconds , the system resolution

is roughly 3 feet. Decreasing t 0 to 5 nanoseconds results in a resolu—
- 

tion of approximately 1.5 feet , while decreasing it even further to 2

nanoseconds improves the resolution to 0.6 feet.

Ambiguity. The final characteristic of interest is the ambiguity

of the system. Since the P14 coded signal is periodic with a period of

d 

seconds, Eq (19) is valid, and

r
b 

— (48)

Thus, the ambiguity of the PN system is identical to that of the FM

chirp system. As in the chirp system, the ambiguity interval for the

dwell time of 1.59 microseconds being used in the present system is

calculated to be 782 feet.
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. 5ystem Imp lementation. Now that the performance of a PN system has

been considered , a few comments will be made concerning its implementa-

tion and feasibility. To begin with, since the output of the matched

filter has only a sharply peaked mainlobe and a sidelobe which has a

constant negative value , the global accuracy problem discussed in the

preceding chapter is nonexistant .

Another item of interest is the availability of components. In

order to obtain good resolution capabilities, the chip width , t0, must

be on the order of 5 nanoseconds or less. This would mean that the

code generator would have to be capable of generating its code bits at

a rate of 200 Megabits per second or greater . This rate may be too

high for a code generator which uses a linear shift register . However

an alternate method of generation has been under development for several

years. This method , which uses a surface acoustic wave device , is

reported to be capable of bit rates up to 300 Megabits/sec (Ref 11:

224 ).

Device technology is also a consideration for the receiver compo-

nents. The delay line must have a large number of taps and a total

delay of t
d 
seconds. For chip widths on the order of nanoseconds, the

code length, p, would be several hundred, based on the present dwell

time. Even for a much smaller dwell time of 0.33 microseconds, p would

still be on the order of one hundred. However, it appears that this

will not be a major problem. Development of delay lines using surface—

wave technology is continuing and should result in devices capable of

meeting the requirements of the scanner system (Ref 12: 186—187).

A third item of interest in the implementation of a PN system is

$ the actual modulation of the laser. As in the PM chirp system, this

49
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would be the major problem that would be encountered in the imp lementa-

tion of the system. In order to have several cycles of the subcarrier

sinusoid contained within each chip width, the frequency of this

sinusoid , 
~m ’ will have to be in the Gigahertz region. Whether or not

a semiconductor laser can be modulated at such a high rate remains to be

determined , as has previously been discussed. If such a high frequency

is not obtainable, a lower frequency could be used , with the result that

the chip width would have to be increased. Although this might not

signif icantly degrade the range and reflectance error variances of the

system, it could degrade its resolution capability to an unacceptable

level.

The final item of interest is the problem of the required detector

bandwidth. Since the binary waveform is used to modulate a sinusoid of

frequency f , the resulting spectrum will be centered around f , and its

upper limit can be taken as f + 2/t0 (Fig 23, page 86) . Since f must
m m

be greater than (l/ t0), the bandwidth required for t
0 
to be in the nano-

second range can easily be greater than one Gigahertz. Thus, as is also

true of the FM chirp system, the P14 system trades bandwidth for per-

formance. The greater the available bandwidth, the better the performance

— of the system.

— 

Pseudonoise Coded On—Off System

General Description. The final modulation technique to be discussed

- 

I is a variation of the pseudonoise—coded subcarnier system considered in

the preceding section. In particular, this technique eliminates the

subearrier, and modulates the laser directly with the coded binary

waveform. The resulting output of the laser in each chip width is thus
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V
either on or off , depending upon the value of the code in that particu—

lan interval.

The transmitter for this on—off system is very similar to the

transmitter for the subcarrier PN system. A DC bias is first added to

the output of a coded waveform generator, and the resulting signal is

used to excite the laser (Fig 17, below). The output power of the laser

for each code duration of t
d 

seconds can be represented by the equation

~ P p—l
P(t) — _!- + _! E a {U(t — it ) — U ( t — ( i + l ) t 0 ] }  0~~t -~~r (49)

2 2 i_O i 0 d

where ai — {± 1) , and U(t)  is the unit step function.

- ; The receiver structure for this system is identical to the structure

used for the subcarnier P14 system. The received optical signal, P( t), is

* 
first detected by a power detector and converted into an electrical

current (Fig 18, page 52). A blocking capacitor eliminates the DC term,

— 
and the resulting signal is sent into a delay line—summer network.

k Coded 1 1 DC 1
Waveform i I
Generator Bias i Laser P(t)

P (t)

P
- a

- 1 , 1
t o

Figure 17. Transmitter for a PM Coded On—Off System
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The operation of the delay line—summer network is exactly the same

as explained previously. The output of the network will be a constant

negative value as long as the current code word is not completely within

the delay line. However , when the current code word has been received ,

the output will peak for t0 seconds, since all of the individual outputs

of the multipliers will be in phase. The output of this network is

routed through a fi l ter which is matched to the subpulsea. The output

of this matched filter is then processed as in the previous matched

filter system. A threshold detector first detects the output peaks and

measures the time delay information. An amplifier following this

detector then converts the time delay into the desired slant range

estimate. The reflectance estimate is again generated simply by

choosing the peak value of the matched filter output every time a range

estimate is generated.

Range Performance. Based on the preceding system configuration,

the performance characteristics can now be derived. The range perform—

ance is again derived using Eq (5). For this system, the energy is

found to b e

P R  2 P 2R2r
B — 

(i— ) 

t
d 

— a d (50)

Comparison of this equation with Eq (42) shows that the received energy

in this system is twice as large as that in the PM subcarrier system.

This difference is due simply to the difference in energy between a

sinusoid and a square wave which have the same amplitude. Since the

signal modulation in this syste. is the same binary waveform as in the - 

-

subcarrier system, the value for the mean—squared bandwidth derived in
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Appendix B is also valid for this system . Thus,

82 — 4(p + l) (43)
icpt 0

2

and the error variance of the range estimate is found to be

wc2NAt 0
a 2 (51)
r 8P

a
2R2 (P + l)

As expected, the accuracy can again be increased by decreasing the chip

width, t
0
, and increasing the code length, p.

• Reflectance Performance. The reflectance performance of the system

can again be derived by use of Eq (12). Substituting Eq (50) into Eq

(12) results in the error variance of the reflectance estimate:

214
o 2 _ 0 (52)

~~ P 2R2r~

The reflectance performance can again be improved only by increasing the

received energy.

Resolution. The resolution of the system depends only on the time

autocorrelation function of the modulating signal. Since the modulating

signal for this system is the same as that used in the subcarrier PM

system, the resolution properties of the two systems are identical.

Thus, the resolution of this system is given by

* — 0.3ct (47)
— res 0

• 
Ambiguity. The final system characteristic, its ambigui ty, depends

only on the period of the modulating signal. Thus, the ambiguity interval
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for this system is identical to that of the PN subcarrier system, and

ct
r ~~~~~~~~~ (48)amb 2

System Implementation. The final item of interest is, of course,

that of system implementation. In general, the implementation issues

for this system are identical to those of the subcarnier PM system.

Since the time—au~ocorrelation functions are the same, the global

accuracy analysis is the same. Also since the coded waveform generators

and the delay line—s~mm~er networks have the same characteristics, the

problem of device technology and availability parallels that already

discussed.

However, there are two major differences between the systems

which make the on—off system easier to implement. The first difference

is in the modulation of the laser. Since there is no subcarnier sinusoid

in the on—off system, the laser is modulated at the frequency of the

binary waveform generator. Thus, it will have to be capable of being

modulated at a rate of (l/t0) Hz. For a chip width of 5 nanoseconds,

this would only be a rate of 200 MHz, about a factor of 3 less than the

rate that the PM subcarrier system would require.

The second difference is in the required detector bandwidth. For

the on—off system, the required bandwidth is approximately (2/t0) Hz.

Thus, a chip width of 5 nanoseconds would require a bandwidth of approxi-

mately 400 MHz. This would again be a significant improvement over the

PM subcarnier system, this time by a factor of about four.

However, this revised PM system still requires large bandwidths for

good performance. As in all of th. matched filter systems discussed,
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- the performance of this system can be improved only by increasing the

$
bandwidth of the transmitted signal.
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IV. Comparisons of Proposed Systems

Raving completely described and analyzed each of the four proposed

modulation techniques, the next step is to compare them. The basis of

comparison to be used will be that of the range and the reflectance

performance of the systems. In particular, expressions will be derived

in this chapter which relate the standard deviations of the range and the

reflectance errors of the two systems being compared . This standard

deviation measure is just the square root of the error variances already

derived. In addition, the resolution capabilities of the systems, their

ambiguity intervals, and their ease of implementation will also be

compared. In carrying out this comparison, it will be assumed tha t the

values of P5, the CV output power of the laser, R, the responsivity of

the power detector, and N0, the power spectral density of the noise, are

identical in each of the systems being compared.

In order to simplify the system comparisons, only one of the pseudo—

noise systems will be included. A visual comparison of Eqs (44) and (51)

and Eqs (45) and (52) shows that the PM coded on—off system is better

than the PM subcarnier system by a factor of two in both the range and —

the reflectance error variances. In addition, it was shown that a PM

on—off system would be easier to implement. Therefore, since there does

not seem to be any advantage to using a PM subcarrier system , only the

PM on-off system will be included in the comparisons.

PM On-Off System ~~~ PM Chirp System

jg~g! ~~~~~~~~~ The first comparison is between the PN on-off

system and the FM chirp system. In order to compare the range performance

$ of the two systems , Eqs (36) and (51) can be combined algebraically ,

$7
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resulting in the equation

a ~ l.lAft a (53)
rPM ° rFM

where a and a are the standard deviations of the range error for
rPN rFM

the PN on—off system and FM chirp system, respectively .

In order to obtain a realistic comparison of the systems, it will

be assumed that the bandwidth of the power detector has an upper limit

of W Hz. It will also be assumed that the following relations are

valid:

t 0 — -
~ 

(54)

and

f1 +~
f — W (55)

where f1 is the starting frequency of the FM chirp pulse (Fig 9, page

29). In addition, it has been required that Af~~f1/2 due to device

limitations. Therefore, assuming the best case of ttf — f1/2, Eq (55)

can be written as

lIf — W/3 (56)

Substituting Eqs (54) and (56) into Eq (53) results in

0rPN — °~~
3
~~rFM

Eq (57) states that, assuming a detector bandwidth restriction, the PM

on—off system will always outperform the PM chirp system by a factor of

roughly 1.4.
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Reflectance Comparison. In order to compare the reflectance

performance of the two systems, Eqs (37) and (52) can be combined,

resulting in

a — ...L 0 (58)
/T pFM

Eq (58) states that the reflectance performance of the PM system

will always be better than that of the FM system, by a factor of /T.

Other Considerations. In addition to the range and reflectance

performance comparisons, the two systems can also be compared in several

other respects. Combining Eqs (39) and (47) and taking the bandwidth

restriction into account , results in

R — O.44 R (59)
res—PN -res—FM

S

Eq (59) says that the resolution of the PN system is about 2.3 times

better than that of the FM chirp system .

Also, since both modulating signals have the same period,

seconds , their ambiguity intervals are identical. Finally, concerning

system implementation, the two systems seem to be about equal. Although

- - - components for the FM chirp system may be more readily available, the

high sidelobes in the chirp output would cause more of a problem than

those of the PM signal.

FM Chirp System and Single Sinusoid System

Range Comparison. The next comparison is between the FM chirp

system and the single sinusoid system. The range performance of these

two systems can be compared by combining Eqs (23) and (36), resulting in

the expression

-
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~~ 
0
rs 

(60)

where a is the standard deviation of the range error for the single

sinusoid system. Taking the bandwidth restriction into account by

substituting Eq (56) into Eq (60) results in

f

a 7.2— fl a (61)
rPM W rs

Although the value of f is also restricted to an upper limit of W Hz ,
m

it would not: be practical to use such a high frequency due to ambiguity

considerations. Therefore, the value of f has been lef t arbitrary in
m

the above equation.

S 
Eq (61) shows that the relative performance of the two systems

depends on the relationship of f and W. It can be seen that the FM

chirp system will outperform the single sinusoid system if

7.2f <W (62)m

As an example, if f is 100 MHz, the detector bandwidth must be greater
m

L than 720 MHz for the chirp system to be better. However, if f is only

50 MHz, the detector need only have a bandwidth of 360 MHz. In general,

a definite statement concerning the required bandwidth cannot be given

until it is determined what value f should be, i.e., what ambiguity
:1 a

interval can be tolerated in order to meet the operational requirements.

Reflectance Comparison. The reflectance performance of these two
4

systems can be compared by combining Eqs (25) and (37), resulting inI.
60
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a a (63)
pFM pS

Thus, the reflectance performance of the two systems is identical.

Other Considerations. The resolution capabilities of the two

systems can be compared by combining Eqs (29) and (39), resulting in

R — lO.8 .~!,R (64)
res—FM w res—S

As an example, using the values of f — 100 MHz and W — 720 MHz as used
in

in the preceding section , it can be seen that the resolution of the

sinusoid system is about 1—1/2 t imes better than that of the chirp

system.

As for the ambiguity comparison, the chirp system is def initely

better, since its ambiguity interval Is based on the dwell time of the

scanner . And , finally, the implementation comparison must lean heavily

towards the sinusoid system, since it is a very straightforward and

proven method, whereas the chirp technique, although comsonly used in

radar systems, has never been tried with the laser scanner.

PM On—Off System and Single Sinusoid System -

Range Comparison. The final two systems to be compared ar~ the

PM on—off system and the single sinusoid system. Combining Eqs (23) and

(51) results in the relationship of the standard deviations of the range
r

error given by

0rPN — 2.8f t o  (65)

Adding in the bandwidth restriction by substituting Eq (54) into Eq (65)
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results in
C

f

a — 5.6 —
~~~~~~ (66)

rPM V rS

Once again, the relationship between the two systems depend s only upon

the relationship of f and W. Eq (66) shows that the PM on—off system

will outperform the single sinusoid system if

5.6 f < W  (67)m

Thus, if f is 100 MHz , the detector bandwidth must be at least 560 MHz
m

for the PM system to be better. With an f of 50 MHz the bandwidth
in

needs to be only greater than 280 MHz.

Reflectance Performance. In order to compare the reflectance per—

t formance of the two systems, Eqs (25) and (52) can be combined, resulting

in

a — —i— a (68)
PPM

Thus, the reflectance performance of the PM on—off system is always

better than that of the single sinusoid system by a factor of TI.
Other Considerations. Another basis for comparison of the two

systems is their resolution capabilities. Eqs (29) and (47) can be

combined to give

f
R •4.8-.!g (69)res—PE w res—S

S Using the values of 100 MHz for f
5 

and 560 MHz for W. as used in the

preceding section, in Eq (69) result in the fact that the resolution
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capability of the PM system is about 1.2 times better than that of the

sinusoid system. Comparison of the ambiguity intervals of the two sys-

tems also favors the PM system. Since the period of the PM code is

seconds, the ambiguity interval of the PM system is much greater than

the largest interval that could be obtained from a useable sinusoid

system. And, finally, the implementation comparison favors the sinusoid

system, since both the components and the technology required to

implement a PN system are much more complex than those required for the

sinusoid system.

C
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La I V. Extension of the Modulation Techniques to a
Multiple Source Scanner

In the past several chapters, the modulation techniques described

and analyzed were based on a scanner system which contained only one

laser source. However, as mentioned previously , when the scanner system

is used with high performance aircraf t, this single source system may

not be adequate. The speed of such an aircraft would require a very

fast scan rate in order for the scanner to cover the required ground

area in contiguous strips. A fast scan rate results in a very short

dwell time. A short dwell t ime, in turn, results in only a small amount

of energy being received from each resolution cell. Since both the range

and the reflectance performance of the system are directly proportional

to this received energy, a short dwell time may result in a system

5 performance which is unacceptable. The only way to improve the system

in such a situation is to reconfigure the scanner itself so that it

consists of multiple laser sources instead of just one.

This chapter will take a brief look at two possible methods of

setting up just such a multiple source scanner system. Emphasis will be

placed not so much on the physical configuration and related problems,

but rather on the modulation techniques which could be used in such a

system. Since it is only a brief look, further work in this area will

be needed in order to determine the feasibility of these two methods.

Multiple Sources in Parallel

Physical. Configuration. The first possible configuration for a

multiple source scanner is one in which the laser sources sweep out

S 
parallel, contiguous strips along the ground (Fig 19, page 65). Assuming

that n sources are being used , n parallel strips will be scanned in each

64 1
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rotation of the scanner. Because of this, the scanner can rotate at a

P slower speed and still be able to cover the entire area. In fact , it

can easily be seen that its rotation speed will be less than the speed

required for a single source system by a factor of (1/n). However,

because of this slower scan rate, the strips swept out along the ground

will not be perpendicular to the flight path of the aircraft, but rather

will tend to be more diagonal to it. The difference between the ideal

perpendicular strips and the actual strips swept out will increase as

the number of sources increases. This may cause a problem with the

spatial filtering operation of the scanner and is an area in which

further investigation is required.

S IT / y
/

area scanned in IFOV fl

one sweep of the ‘s.. — —
~~~~laser scanner

_~~~~~~ 7~~~ IFOV 2

I— -— — 
IFOV 1

direction of
scanner sweep

S Figure 19. Multiple Source Scanner System using Sources in Parallel
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This slower scan speed will also result in a dwell time which is

greater than the dwell time of an equivalent single source system by a

factor of n. This increased dwell time in turn results in an increase

in the received energy per resolution cell and a decrease in the error

variance of the system, both also by a factor of n. Thus, paralleling

of the laser sources has accomplished its goal by increasing the system

performance to an acceptable level. The number of laser sources used

will,- of course, depend on the relationship between the single—source

dwell time and the dwell time required to achieve an acceptable

performance.

Possible Modulation Techniques. In order to actually gain the

advantage of this multiple source system, the signals transmitted by

each laser source must not interfere with each other. That is, the

$ receiver electronics associated with each source must be able to detect

only that signal transmitted by its related source and reject the

signals from all of the other sources. By choosing modulating frequen-

cies which are separated far enough in frequency, the single sinusoid

modulation technique could easily be used with this multiple source

system. Filters in each receiver would separate the signals to insure

minimum interference, and each receiver would process its own sinusoid

exactly as in a single source system. The expressions for the range and

the reflectance error variances for each receiver in this system can be

found from Eqs (23) and (25) , respectively, resulting in

- o 2_ !_ _~
__c 

(70)
fl 2w 2f 2P5

2R2 r d

• end
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S ~~2 .,! 4M 0 (71)

P 0 Pa
2R2t

d

where t is the dwell time of the equivalent single source system. Thus,

both the range and the reflectance error variances are decreased by this

factor of n. It should be noted that, since the value of f is different

for each source, the corresponding performance characteristics, including

those of resolution and ambiguity, will also vary from source to source.

Thus, the overall range performance of the system, as well as its resolu—

tion capability, will be limited by the lowest frequency used, whereas

the ambiguity interval of the system will be limited by the highest

f requency.

Another of the modulation techniques analyzed, the FM chirp tech—

5 nique, does not lend itself to a multiple source system as readily as

the sinusoid technique does. The problem with the chirp technique is

that it has a very wide bandwidth. In order to avoid interference, the

various transmitted signals would have to be separated far enough in

frequency so that the unwanted signals could be filtered out in each

receiver. However, it was stated earlier that the bandwidth of a chirp

signal could easily be near the Gigahertz region in order to obtain the

desired performance. Thus, due to bandwidth constraints in the

detector, it would be very difficult to use two or more chirp signals in

a multiple source system.

The final technique analyzed , the PM on—off system, would also be

able to be used in a multiple source system. Each laser source would be

modulated with a different PM code , and each receiver would be set up to

detect only the particular code word being used by the corresponding

1~ __________________ 
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~ source. The code words can be chosen such that there would be a minimum

amount of interference between them. This means that the reception of a

- code word by a receiver which is matched to a different code word would

- result in a fairly low, though not constant, sidelobe at the output of

- the matched filter. This output would still peak only when the code

word the receiver is matched to is received (Ref 13: 64—75). Thus,

although the matched filter output would not have the constant negative

- sidelobe associated with a single source system, it nevertheless would
— 

still be more than adequate to allow simultaneous operation of n sources

with little interference.

The expressions for the range and reflectance error variance for

I this PM multiple source system can be found from Eqs (51) and (52),

respectively, resulting in

L I J  

~~~~~ irc2N t
0 2 !.!. U U  (72)
r ~ 8P5

2R2(p+l)

and 

- 

~~

where r and p are the parameters of the equivalent single source

- system. Thus, the error variances of the system have again been reduced

by the factor of n. Also, since all of the code words will have the same

- 
chip width, t0, the resolution of the system will be the same as in the

single source scanner. However, since the dwell time has been increased

by a factor of n, the ambiguity interval of this system will be n times

that of the single source system.
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Multiple Sources in Series

Physical Configuration. The second possible configuration for a

multiple source scanner is one in which the laser sources sweep along

each strip in series (Fig 20, below). Since only one strip is being

scanned at a time, the scanner must rotate at the same speed as it would

in a single source system. Thus, the dwell time of the scanner , as well

as the energy received in each resolution cell, is very small. However,

because of the series arrangement, a given receiver will be processing

the received energy from a given resolution cell a short period of time

after the receiver just ahead of it in the line has processed its

received energy from that same resolution cell. Thus, the performance

~J~7area scanned in
one sweep of the
laser scanner

I ~~~~~~~~~~~~~ 
-. 

-

IVOV ~ 
~~~~~

‘ 

IFOV 2 IFOV 1 - 
- -

IS

direction of
scanner sweep

Figure 20. Multiple Source Scanner System using Sources in Series
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of this system can be improved by somehow combining all of the energy

received by each receiver from a given resolution cell prior to process—

ing it and estimating the slant range and the reflectance of the target.

By doing this, the resulting performance of the system will depend on

the total energy received from all of the sources rather than just that

received from each source individually.

Since only one strip of ground is being scanned at a time, the

strips will be nearly perpendicular to the flight path of the aircraf t,

thus eliminating the spatial filtering problem mentioned in the preceding

section. However, since the bandwidth of the spatial informa tion is

inversely proportional to the dwell time, the very short dwell time of

this conf iguration will result in a much larger spatial bandwidth than

in the parallel system.

In order to achieve the benefits of this multiple source system,

the signals used to modulate the lasers not only must not interfere with

one another, but also must be capable of being added together such that

the energy of the resultant signal is equal to the sum of the energies

of all of the individual signals. If this latter condition does not

hold, the full potential of the system will not be realized.

Possible Modulation Techniques. In determining which of the various

modulation techniques could be used with this system, the FM chirp tech-

nique can be ismediately eliminated. Since the modulating signals must

not interfere with one another, the FM chirp technique is not feasible,

as explained in the preceding section. The single sinusoid system is

not quite as easy. It is not immediately apparent that a sinusoid

system consisting of several different modulating frequencies can be

configured such that the received signals could be combined as required.
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However, due to a lack of time, not enough effor t was expended toward

this goal to be able to say that it cannot be done. Thus, this remains

an open topic for further study.

The f inal modulation technique, that of the PN on—off system, could

be used with this type of multiple source scanner. Each laser source

would be modulated with a different PM code word, as explained previously.

Thus, each receiver would be matched to a particular code word and would

process the received signal through the delay line—summer network as in

a single source system (Fig 21, page 72) . However , instead of routing

the output of this network into a matched filter, it would be sent into

another delay line. In this delay line, the time delay between taps

would be equal to the time difference between two adjacent laser sources

scanning the same resolution cell. Thus, at the output of the delay

5 line, the signals received by each receiver from the same resolution

cell will have added together, resulting in a single pulse of width t0

seconds and amplitude n times the amplitude of the individual pulses,

where n is the number of sources being used in the system. This single

pulse would then be sent through a matched filter, and the output would

be proportional to the total energy received from that resolution cell,

rather than just the energy received by one of the receivers.

The expressions far the range and reflectance error variances for

this system can again be found from Eqs (51) and (52), respectively,

resulting in the same expressions found for the parallel source system:

1 wc2N t0 0  (72)
r n 8P5

2R2(p+ l)

. 1  and
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Thus, the performance of this multiple source system has been improved

by the same fac tor of n as in the parallel source system, only this time

the improvement is due to the summing of the received signals rather

than to the lengthening of the dwell time. Also, for this system both

- the resolution and the ambiguity interval are the same as in a single

- source scanner.

4
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VI. Conclusions and Recommendations

Now that all of the analyses and comparisons have been completed ,

it is time to look at the results and to try and draw some conclusions

from them. This chapter will attempt to do just that, by first present-

ing some general conclusions and then by making several recommendations

for future work in this area.

Conclusions

The main purpose of this study was to investigate various methods

of modulating a peak—power limited laser and to analyze the performance

characteristics of each technique. This objective was accomplished by

analyzing four different techniques which appeared to be the most

promising possibilities. In addition, these four techniques were

compared to one another on the basis of their computed performance.

Although the next logical step is to choose the best technique based on

these comparisons , it cannot be stated that one technique is always

superior to the others unless specific ground rules are first laid down

- - concerning the acceptable level of ambiguity and the available detector

bandwidth.

:- Even though such a definite conclusion cannot be made, several

general conclusions can be reached from this study. To begin with, it

appears that the single sinusoid system, the FM chirp system, and the

PM on—off system are all feasible- for use with a single source scanner.

However, problems concerning the actual modulation of the laser would

have to be investigated before either the FM chirp or the PM systems

could be implemented.

5 In addition , if the main goal of the system is simplicity and cost—

effectiveness and if the shor t ambiguity interva l is not a problem, then
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the single sinusoid system appears to be the preferred technique. How-

ever , if the ambiguity interval is indeed a major consideration, then the

PN system is the system to use. Although the chirp system is also feasi-

ble in this case, it would require a greater detector bandwidth for the

same performance and thus would not have much of an advantage over the

PM system. Since the PN system, as well as the chirp system, trades

bandwidth for performance, using it in place of the single sinusoid

system places a much more stringent requirement on the bandwidth of all

of the system components, especially on the power detector . However ,

since its ambiguity interval is dependent only on the dwell time of the

scanner, and since its performance improves as its bandwidth increases,

the PM system is definitely the one to use if the required bandwidth is

available.

These same conclusions can be easily extended to the case of a

multiple source scanner. Although both the sinusoid system and the PM

system are feasible with a multiple source scanner , the one to use will

res,l1Z depend on the system requirements; namely, what kind of ambiguity

can be tolerated, how large a bandwidth is available, and how is the

multiple source scanner configured . However, once again, if the band-

width is available and if the additional equipment complexity is justified,

the P~ system appears to be the system to use.

a.c~~~~1- tions

~~s.d em the conclusions stated above, the first recommendation for

v~ is this area is for a detailed study to examine the problems

~~. i~~1.msetation of a PM coded laser scanner system. This

~~~~~~~~ i~~~~~~~~ d to be mainly a theoretical study and, as such, has

~ se ~~~~~~i.f 1, at th. practical problems involved in such an
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implementation. As a part of this new study, effor ts should be made to

determine at how high a rate a semiconductor laser can be modulated, since

this is really the key issue in using a PN system.

In addition to the PM study, there are two portions of this study

which should be expanded The first expansion is to determine the

effect of the spatial filtering operation of the scanner on the wideband

transmitted signal in both the FM chirp and the PN systems. The second

one is to expand that portion which deals with a multiple source scanner.

In particular, the two configurations described, as well as any other

promising configurations, should be examined in more detail in order to

analyze the problems that would be encountered in each system and to

determine which one would be the beat one to use .

The final recommendation for further work is to continue the main

theme of this study by analyzing additional methods of modulating the

laser. Although the four techniques analyzed in this study appear to

be the most promising techniques, they are not the only possibilities.

Additional techniques exist , especially in the area of coded waveforms

and nonlinear FM waveforms, and should be analyzed and compared to the

techniques described in this study.

I
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Appendix A

— Leading—Edge Derivation of the Range—Error Variance for an FM Chirp System

In Chapter II , it was stated that in order to use the Cramer—Mo

lower bound for the range error variance, the noise must be Gaussian. It

was also stated that the range error variance could be derived using a

leading—edge analysis which does not require the assumption of Gaussian

noise . This appendix will present a description of this leading—edge

analysis for the FM chirp waveform, and will compare the variance obtained

with that obtained using the Cramer—Mo expression.

The output of the compression filter in the FM chirp receiver has

the form of a sin x/x pulse (Fig 22 , below). The width of the mainlobe

- 
- of this pulse is 2/M , where ~f is the frequency deviation of the chirp

pulse. In order to generate a range estimate, this output is sent through

a detector which marks the instant of t ime that the output exceeds a

predetermined threshold. The time delay thus measured is then easily

converted to the desired slant range estimate.

~~~~~

}#

~~~~~~~~~~~~~C
mr

~~
:ld

signal waveform — — — — — noise—corruptedv waveform

C Figure 22. Output Waveform of the Compression Filter in an
- -

- FM Chirp System
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The effect of additive noise in the output signal is to cause the

output to exceed the threshold either sooner than it should or later.

Thus, the time measurement of the detector is in error by some increment

of t ime, At seconds. The magnitude of this time error is dependent both

on the noise power at the filter output and on the slope of the noise

corrupted waveform in the vicinity of the threshold. Assuming that the

noise at the filter output is slowly varying in relation to the signal,

and that the signal—to—noise ratio is much greater than one, the slope of

* the noise—corrupted output is approximately the same as that of the

uncorrupted signal output . Therefore, the first item needed for this

analysis is an expression for the slope of the signal waveform in the

vicinity of the threshold. This slope can be adequately approximated

by the slope of a straight line from the edge of the mainlobe to its

t half—power point. After a little algebra, this slope is calculated to

be

~ 1.3EA f (74)

where B, th. energy of the signal at the input to the filter, is the

peak value of the filter output.

The differential change in the waveform caused by the noise can

now be equated to Eq (74), resulting in

l.3EAf (75)

where a and 6t are the root—mean—square (rus) values of the noise power

and the time error, respectively . Rearra nging Eq (75) leads to an

expression for the rms tim. error:
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C At~~~13~~ f (76)

Eq (76) can be changed to an rms range error by using the relation

A r — E At (77)

which results in

ca
Ar —

2.6EAf

Assuming that the noise at the input to the filter is white, with a

double—sided power spectral density of N0/2 watts/Hz , the variance of the

noise at the output of the filter can be found by integrating the noise

power spectral density at the output, -

N
a2 — ....9. f  Iu(f )I2 df (79)

2 —~~

where U(f)  is the frequency response of the filter. However, since the

filter is matched to the FM chirp pulse, the integral in Eq (79) is just

the energy in the signal. Thus,

N E
~~~~~~~~~~ (80)

and

Ar — 
2 6 EAf 

(81)

‘ 
Simplifying Eq (81) and substituting in the value of B given by Eq (34) -;

results in - -

_ _ _  
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1’- A r —  0 (82)

l.3AfP
~
Rf

~~

Thus, the variance of the range error is just the square of Eq (82) :

c 2N
a 2 — 0 (83)

- ; r 1.69 Af2 P 2
~
(2Td

Comparison of the error variance derived above and the one derived

by means of the Cramer—Rao bound can be easily accomplished by combining

Eqs (36) and (83). The result is

OrLE
2 l

~
9ar~g

2 (84)

where and a~~~ 2 are the error variances obtained by the leading—

edge analysis and the Cramer—Mo method, respectively. As can be seen,

the leading—edge variance is higher than the Cramer—Mo variance by a

factor of approximately 1.9. In terms of standard deviations, it is

higher by a factor of about 1.4. Thus, although the assumption of

Gaussian noise results in a lower value for the error variance, elimina-

tion of this assumption does not significantly alter the value of the

variance.

0
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Appendix B

Derivation of the Mean—Squared Bandwidth for a Pseudonoise—Coded System

The purpose of this appendix is to derive the expression for the

mean—squared bandwidth of a pseudonoise (PN) coded binary waveform (Fig

13, page 41). From Eq (3), the expression for this bandwidth is

4w 2 / f 2 l U ( f ) I 2 df
82 _ (3)

f 
~U(f ) ~~~2 df

where I U ( f ) I is the magnitude of the frequency spectrum of the binary

waveform. Eq (3) can be written in terms of radian frequencies as

C 82 — 1w
2tu~~~ )t2~~~ (85)

where i~ is the frequency in radians/sec.

Since u(t) is a periodic function, the power density spectrum of

u(t), denoted by S (u), is related to the Fourier transform of the signal,
U

U(w), by the equation (Ref 14: 137)

— 
~~iu(w ) ~2 (86) i

Eq (85) can now be written in terms of the power density spectru. as

?~~2S (w)dw
U (87)

V
However , one of the characterist ics of a power density spectr um is that
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• ~ .Z ~~~~~~~~~ - P (88)

where P is the average power in the signal (Ref 14: 132). Therefore,

Eq (87) can be written as

7w 2s (w)dtu
U (89)

2w?

The value of the average power, P, can be found from the binary

waveform, u(t). Since this waveform alternates between ±1 and has a

period of Pt 0 seconds , its average power is

Pt 0
I

p _  0 — l  (90)
Pt

•
Thus, Eq (89) can be further simplif ied to

8
2 — I. Lw

2S
u~~~

th~) (91)

The next step in the derivation is to use the expression for the

power spectral density of a PM waveform which is given by the equation

(Ref 15 76)

:-~ 
S (IA) ) - S ( i~)r (P

1.

1) 
(in

~~~2~
).

~ 

( p t o) 
+ (92)

• 

where 6(o) is the Dira c delta function , or impulse function (Ref 14: 46—

49). Since the waveform is periodic, this spectrum consists of discrete
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spectral lines which are separated by 2w/pt0 radians/sec (Fig 23 , page

86). Substituting Eq (92) in Eq (91) results in

2

82 

~~ 
f  (sin 2~~~~~~~~~(2 ~~~~ dw + ’2 w26(w)dw (93)

The last integral in Eq (93) is zero due to the sif ting proper ty of the

delta function (Ref 14: 51) . Also , the infinite sum in the first integral

can be simplified by noting that the envelope of the spectrum is a

(sin x/x)2 function. Assuming that the significant portion of this enve-

lope extends out to the second zero crossing on each side of the spectrum,

the limits on the infinite sum can be correspondingly reduced, resulting

in

• wt 2

82 - 
(~~~;

‘
;~) 

~~ (wi) (si
~~..~~

) ~~~~ dw (94)

Interchanging the order of integration and summation, and integrating each

term in the sum by use of the sif ting property of the delta function

results in

82 (~:;~) 
2~ 

(4w
2n2)(sin

h~~

)

Further algebraic reduction reduces Eq (95) tot - .
L 
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Pt 0

Figure 23. Power Spectral Density of a PN Waveform (from Ref 15: 77)

82 - 
( )(t ~T)~ ,.,~~~ 

sin2(~~!) (96)

- 
Symmetry of the sin2(x) function reduces Eq(96) to

— 
4(~~~+i) z sin2(ia ~ (97)
lTp t0 n—l \ P /  

-

Fortunately, the sum in Eq (97) has been tabulated (Ref 16: 30).

Using this tabulation, Eq (97) can be reduced to the final expression

for the mean—squared bandwidth:

— 4(p+ l) (98)
wpt 0

2

0
Thus, it can be seen that 82 is dependent on both the length of the code,
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p, and the chip width, t
0
. However, since p and (p+l) pretty much

cancel each other out, the only significant variable in the equation is

t
0. As the chip width of the code is decreased, the significant portion

of the frequency spectrum of the code is increased, thus also increasing

the value ~f the mean—squared bandwidth.

If

H

0
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Appendix C

Leading—Edge Derivation of the Range—Error Variance

for a Pseudonoise Coded System

The purpose of this appendix is to derive an expression for the range

error variance of a pseudonoise (PM) coded system, and to compare this

variance with the one obtained by using the Cramer—Rao lower bound. The

derivation will follow the same general line of reasoning used in the

derivation of the- error -,ariance for the FM chirp~system described in

Appendix A.

The output of the subpulse matched filter has a triangular—shaped

envelope in the absence of noise (Fig 24, page 89). Since the output has

a total width of 2t0 seconds and a peak value equivalent to the energy,

E, in the received signal, the slope of this output signal is found to be

S —~~~~~ (99)
U

The differential change in the waveform caused by the noise can be

equated to Eq (99), resulting in

.L— JL. (100)
At

where a and At are again the root—mean—s quare (rms) values of the noise

and the time error, respectively. Rearranging Eq (100) results in

A t — -— ..Q. (101)
B

-
e

Using the value for ~2 given by Eq (80),
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Threshold
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~~~~~~~~~~~~~

~~~~~~2t o ~1
signal waveform — noise—corrupted

waveform

Figure 24. Output Waveform of the Matched Filter in a PN Coded System

N E
(80)

resuits in

~ 0 (102)
I 2E

Substituting Eq (102) into the relation between time error and range

error given by Eq (79) results in

ct0 /N 06r — _____ (103)
21 2E

Substituting in the value of E given by Eq (42) and squaring the result

gives the final expression for the range variance:

c2t 2N0 0 (104)
P.
2R2rd
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t The final step is to compare the error variance derived above with

the variance derived using the Cramer—Rao bound. This latter variance,

given by Eq (44), can be combined with Eq (104), resulting in

a 2
~~~l.3a 2 (105)rLE rCR

where ~ 
2 and a 2 are the error variances obtained by the leading—rLE rCR

edge and the Craaer—Rao methods, respectively. As can be seen, the

leading—edge variance is higher than the Cramer—Rao variance by a factor

of approximately 1.3. In terms of standard deviations, the difference

is only a factor of about 1.1. Thus, for the case of the PN coded

system, eliminating the assumption of Gaussian noise makes very little
difference in the resulting range error variance.
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