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~ ABSTRACT

The thesis is a proposal and a design study for an

electronic instrument for inshore hydrographic survey
operations. The operational requiremcats for such an
instrument are stated and a detailed design specification
evolved, A system study shows that for the economical
realisation of the instrument certain parts are routinely
within the state of the art, whereas others require more
-basic development work. In the former case solutions

are proposed, and validated by experimental data in cases
‘where insufficient information is available or the

theoretical model is in doubt. In the latter case the

need for a novel approach is justified by an extensive

survey of earlier work and commercial precedent. Solutions
are propoéed, followed by detailed desigr and the presentation
of experimental results, It is shown that the various sub-
systems together realise the required specification. Finélly
it is pointed out that some of the subsystems developed .

have potentially wider applicatiun, and possible directions
for their further development are indicated.

The aim of the thesis is not to present a fully engineered
design, but to identify a number of critical areas in which
original work is required. Theoretical and experimental work
is carried out in these areas, resulting in a number of
experimentally validatedvsolutions} The principal contri-
bution of the thesis is the conception of a new integrated

and economicai measuring system based on phase-comparison
methods, and in the proposal, development and testing of a
novel absolute angle transducer as a crucial part of this

measuring system,
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THE PROPOSAL

INTRODUCTION »

In the course of a survey of the literature dealing with
instrumental aids to maritime survey (1-14), as well as
private discussion with a number of persons professionally
involved in this area (15), it became evident that a hitherto
unfilled need exists for a new type of electronic survey
instrument, tailored to the requirements of short-range (or
inshore) mc-ritime survey. Such a need is strongly evidenced
by frequent accounts of the novel use to which existing
commercial equipment is put in harbours and estuary survey (3).
This equipment, ranging from optical theodolites to
sophisticated radionavigation systems is often highly
unsatisfactory for short range maritime application,
Theodolite-based systems, for éxample, are extremely awkward
and tiring to use in conjuaction with moving targets, and
several highly skilled operators are constantly required.

The radionavigation and radar systems are ill-matched to the
requirements of short range and relatively high precision.
They are, in addition, very expensive, often require skilled
operation and are subject to occasional gross errors due

to propagation anomalies. Various ad-hoc modifications have
been attempted by a number of local distributors and end-
users of such equipment to mitigate their defects with results
that have been less than totally satisfactory. The case
therefore seemed strong for the development of a new instru-
ment based on a study of the specific requirement and drawing
on the experience of electronic survey instrument development
which has accumulated with particular rapidity over the past
decade.

THE DETAILED REQUIREMENT

The instrument should be capable of determining the three-
dimensional position of a reference point on a vessel relative
to a co-ordinate system defined in relation to the shore.
Reference to current marine survey practice suggests that,
while metre precision is often adequate in respect of =
horizontal positioning (13), there are potential economi ¢
advantages in aiming at a significantly higher pred sion of
vertical fixing (11), and the two aspects will be considered
separately.
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Positional information should be updated sufficiently rapidly
to accommodate the vessel's motion without prejudicing
accuracy, and should be available in the form of visual
readout or printout either on shore or aboard the vessel

or in the form of digital input to an on-line computing

system,

The operational range over which the instrument shaild be
capable of operating is.determinéd'by the size of typical
estuaries and harbours and the desirability of covering
reasonably large areas without relocating shore-based
stations or reference points with the attendant diff iculd es
of cross-referencing co-ordinate systems. There is
inevitably a tradeoff between range and cost and it is likely
that the former will also be dependent on local weather

- conditions. In the discussions cited a consensus seemed

tc emerge that, in order for the instrument to be really
useful, it should have a range of at least 1lkm. Preferably,
it should be possible to determine the position of a vessel
over an area of approximately 2km x 2km, at least in
conditions of good visibility. In conditions of reduced
visibility reduction in operational range is acceptable,
since the kind of survey operations énvisaged are not .
likely to be carried out '"blind". It was decided to

settle for a 2km operational range when the visual range
exceeds 4km,

Horizontal accuracy

Considering the size of the object being positioned

(i.e. the vessel) and the precision involved in normal
maritime survey practice, a standard deviation of Q, 5m
for a single determination of distance anywhere in the
operating area seems a reasonable specification. T hus
the major axis of the horizontal error ellipse for all
positions within the operating area would not exceed

one metre,

In specifying the accuracy of electronic survey instruments
the danger of the uncritical use of statistical measures

‘of precision and accuracy, such as standard deviation, is
often overlooked. Their use involves certain implicit

assumptions concerning the nature and distribution of errors,

T



-which are not always valid. For example, errors in
electronic survey instruments are part systematic and part
random,'and the systematic component may be part periodic

- or cyclic and part proportional.  Moreover the requirement
of the central limit theorem that errors be uncorrelated
and of comparable magnitude may not apply. Error
mechanisms are considered in detail in subsequént chapters.
For the purpose of setting an initial deviation, with an
additional constraint that in a large and representative
population of measurements, fewer than 17 will be in error
by more than three times the standard deviation. This also
has the desirable effect of providing a reasonable guarantee
of system integrity.

Vertical accuracy

In addition to determining the position of the vessel as
~described above it is desirable that a somewhat more
precise readout be available of the instantaneous height of
some refere..ce point on the vessel relative to a fixed base
~datum. This is particularly important for dredger control.
Discussions with persons involved in this work and a survey
of the precision attained by competing approaches (such as
a combination of tide gauges and vertical accelerometers)
suggests that a standard deviation of 200mm is acceptable.
Again the peak worst case error should not exceed three

times this value at the 99% confidence level.

The overall effect of a single measurement with the system
‘'will be to fix the position of a point on the vessel within
an error cllipscid bounded by a horizontal circle of 1m

diameter and having a polar axis of 0,4m.

It should be bornein mind that it is difficult to obtain a
definitive statement of requirements for a proposed new
instrument from its potential users who, lacking an adequate
appreciation of the constraints and possibilities of the
technology involved, are frequently unable to evaluate the
complex performance/cost tradeoff relationship. The
prospective user therefore quite understandably tends either
to set an unrealistically ideal specification or alterna-
tively, tends to anticipate the problems of the instrument
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designer and modify the stated requirements accordingly.
Neither approach is very helpful to the designer who,
seeking a consensus, is frequently faced with enormous
diversity and conflicting requirements,

In such. a situation the only reasonable strategy seems to
be for the designer to study the literature, discuss the
problem with as many informed persons as possible, spend
time observing the kind of activities to which this
instrument will be applied, and in the end himself shoulder
the responsibility of setting a specification, conscious
that the marketplace will be the ultimate arbiter of the
correctness of his choices, Such has been the strategy
adopted in generating the specifications for the present
instrument.

POTENTIAL APPLICATIONS AND ECONOMIC CONSIDERATIONS.

It is frequently found that a new instrument which fills a

‘real gap in measurement technique generates a wide range

of unforeseen applications, Hence n= prior listing of
desired characteristics is likely to be exhaustive, and a
large pa=t of the art of instrument design is to incorporate

-sufficient versatility and excess performance capability to

cope with these extensions as they arise, without prejudicing
the primary functions for which the irstrument is intended
by the addition of unnecessary cost and complexity.

The main areas of application envisaged are the control of
dredging operations in harbours and river estuaries, harbour
survey and depth contouring and the provision of survey
control for such tasks as harbour construction and maintenance,
and the laying of underwater pipelines. Of these,

dredging control is expected to be a major area. Very

many harbours, especially those situated on or near

estuaries, require virtually continuous dredging on account

~of silting, and dredging is an expensive operation. The

costs can be greatly decreased by adequately precise position
controls.
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Two factors to be considered are‘capital and running costs.
In the case of the microwave systems often used for such
work, equipment cost may be several tens of thousands of
rands, which places such equipment outside the reach of

many small harbours and dredging contractors. Moreover such
systems are not particularly easy to use and do not provide
sufficient accuracy for short range work, especially in the
vicinity of large conducting masses such as ships and cranes.

At the other end of the scale, positioning systems using
shore-based theodolites are inexpensive in terms of capital
outlay and provide adequate short range accuracy. However
the methods are slow and inconvenient, and extremely expensive
in respect of running costs, on account of the long-term

commi tment of highly-skilled operators.

This thesis will propose an instrument costing, in small-to-

- medium scale commercial manufacture, no more than three

thousand rand and requiring only a single semi-skilled

operator.

SUMMARY OF SYSTEM REQUIREMENTS

The proposal is for a low-cost instrument which can be used
by a single semi-gkilled operator to determine the position
of a vessel in three dimensinns. '

In clear weather conditions the instrument should have an
operational range enabling it to cover an operating area of
about 2km x 2km.

The standard deviation of a single position-fix anywhere
within this area should be no greater than 0,5m with a worst-
case peak-error limit of 1,5m (99% confidence level).

The standard deviation of horizontal positioning relative to
a horizontal pro jection from a shore-based datum should be
no greater than 0,2m with less than 1% probability that the
peak error will exceed O,6m. This should apply over the

whole operational range.



The following chapter will take a general look at the
techniques available for realising this performance.
Compatibility of the wvarious possible subsystems will be
considered, and a target specification for each of them
evolved.  Subsequent chapters will attend to the specific
problems and the detailed design of each of the subsystems.
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CHAPTER 2.
SYSTEM STUDY

POSSIBLE APPROACHES

It is possible at the outset to exclude some of the multitude

of possibilities that suggest themselves. It can be seen
from a survey of existing commercial equipment chat many
decades of development have failed to produce any radio-wave -
or sonar based instruments that meet the accuracy requirements
laid down in the target specification, Nor is it clear how
vertical position could be determined by such instruments.

On the other hand, experience with electro-optic instruments
for land surveying applications suggests that the required
range and accuracy could readily be achieved. Since the mid
1960's the availability of a small, moderately price& source
of modulated light or infra-red radiation in the form of

the gallium arsenide light-emitting diode (LED) has resulted
in # wide range of compact lightweight distance measuring
instruments, All of them, however, h wve been tailored to
the requirements of cadastral land survey and are ill-suited

to hydrographic use, although their occasional application

in this connection has been reported, In contradistinction
to the radio-wave instruments, it is evident that many
possibilities exist whereby electro-optic instruments could

'be used to obtain information on vertical displacement.

There is a direct precedent for this in a number of

commercial devices intended for land-based use. The Hewlett-
Packard 3810 (16) for example contains a vertical tilt sensor
which gives it a capability of crude trigonometric leﬁélling,

and a number of laser-based horizcntal datum systemsexist,

of which the AGA 300 Geoplane (17) is but one example. More

"recently, a fully automatic system has become available in

the Hewlett-Packard ''total station', A similar system has
been introduced by Kern.

In the light of these considerations, it was felt that an
electro-optic based system was the one which offered the best

chance of success, despite certain disadvantages and limitations,

which are discussed below.
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IMPLICATIONS OF THE CHOICE OF AN ELECTRO-OPTIC SYSTEM.

Beamwidth

In order to achieve a giveﬁ range with an electro-optic link,
it is necessary to achieve a certain concentration of power
in the beam. This parameter is known as beam irradiance, and
the relations goveining range and beam irradiance are fully
worked out in Chapter 3.  Beam irradiance is the ratio of
radiated power to beamwidth and it will be seen that in
order to conserve power to meet the requirement of a small
portable power supply, it is necessary to restrict the beam-
width as much as is possible without prejudicing operator
convenience. Experience and commercial precedent suggest
that a beamwidth of about O,lo - 0,5o is acceptable and

this is compatible with the effective source size of
commercial gallium arsenide diodes and, it will be seen,

with a reasonable size optical system.

Vessel or shore based instrument

Fractional degree beamwidth has the important implication .of
ruling out a vessel-based instrument due to roll and pitch
motion. In principle the instrument could be gyro-stabilised
or compensated by means of a damped pendulum but a survey of
systems in which this approach has been .attempted in closely
analogoGs cases suggests that such a solution is impractical
on grounds of cost and complexity. ‘

In fact it seems there are no serious disadvantages, and some
possible operational advantages, in a shore-based station,

which enables the operator to perform his fairly exacting
task in comfort in an uncluttered and stable environment.

The fact that information is not available aboard the vessel
concerning its position is of relativély minor significance
since a simple telemetry link (electro-optic or radio)
capable of operating over 2km will add little to the cost and
complexity of the overall system.

Weather dependen-ze

A further implication of the choice of an electfo-optic system
is a strong dependence on atmospheric condi tions. However,
while a navigation aid must be capable of all-weather

operation, inshore hydrographic survey, for a variety of
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reasons, is not carried out in conditions of fog. The
subject of atmospheric effects is considered in detail in
Chapter 3, and it will be found that the target specification
in this regard'can be met without undue difficulty provided
we accept the reasonable restriction that full range operation

-will be required only in reasonably clear conditions (visual

range of 4km or greater, corresponding to the absence of

heavy haze or fog).

Ay

POSITION FIXING TECHNIQUES

Since the vessel will be free to move over an area of several
square kilometres horizontally and in the vertical direction
by only a few metres due to tidal and wave action, it is
convenient to consider the two aspects of vertical and
horizontal position fixing separ:-ely. |

Approaches to determining two dimensional positions

Consider a point P constrained to move on a plane OXY. The
pesition of P is classically represented in either rectangular- .

- or polar co-ordinates as either (X; ) or (R390).

There exists in general no simple way of directly measuring
the orthogonal distances of the point P from the axes QX -and

0Y. It is however possible, using appropriate instrumentation,
' to measure the distance R frum a fixed point, and its

azimuthal angle with respect to a fixed reference direction.
We may then consider the fixed point to be the origin O, and
the reference azimuthal direction as OX (or OY) and compute

the rectangular co-ordinates.

Direct approach - R, ©
This obvious approach to position fixing is frequently used
in township layout work and other aspects of cadastral land

surVeying, the distance measurement being carried out by an
electro-optic distance measuring instrument and the azimuthal
measurement being performed by theodolite. There have even
been sporadic reports of this technique having been adapted
directly for inshore hydrographic survey, but instruments
designed Jor landbased use have a number of disadvantages in

the latter context:
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i. The range of the electro-optic instrument often used in
such a setup is rather limited, lkm being a maximum for
.reliable performance with a practical reflector array
on the vessel. Recent laser-based instruments, such
as the Hewlett Packard 3808A (18) overcome this problem,
offering about 5km range at the expense of drastically
reduced beamwidth. Such an instrument is f£ar from
ideal for maritimeAuse and its cost is excessive for
many users as a part of the overall system.

ii. The 1esolution of the instrument is uhnecessarily great.
This results in a number of trade-offs leading to high
cost, inconvenient operation, slow spzed and limited
dynamic tracking capability.

iii, Ihe‘theodolite is an awkward and inconvenient instrument
for use with a moving target, requiring a high degree
of both skill and sustained concentration on the part
of the operator. The instrument has to be kept trained
on the targe® and each reading has to be visually read
and manually logged. The sextant is much morz conven-
ient in use but is by no means sufficiently accurate
for submetre accuracy at several kilometres range.

The principal advantage of position fixing using both range
and azimuth information is that determination of the vessel's
position can be carried out by means of a single instrument ~
occupying a single station and requiring only one operator.
All of the other shore-based approaches require two or three
shore stations with more or less severe constraints on their
mutual positioning.

Indirect systems
To appreciate the advantages of the range-azimuth approach

it is necessary to review briefly some of the conventionagl
alternative approaches to position fixing:

Dual-range systems

The vessel's position is computed from its measured distance
from two stations situated at the ends of a known baseline.
It can be seen that the requirements in respect of baseline
length to achieve overall accuracy comparable to the indiv-
idual accuracy of range measurement is quite modest. On the
other hand both base stations need to be manned and range

information from both of them is required before position
can be computed.
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Hyperbolic systems

If time-synchronous signals are transmitted from two base
stations of known location, the difference in time-of-arrival
measured aboard the vessel positions the latter with respect
to a set of confocal hyperbolic lines having the base
stations as foci. To complete the position fix it is
necessdry to establish position with respect to another set
of confocal hyperbolae, and for this purpose a third base
station is required. The location of the three base
stations relative to the operational area is subject to
severe constraints if the accuracy sought is to be comparable
to that of the time-difference measurement, due to a phenom-
enon called '"lane expansion'. This is a consequence of

the growing separation between individual hyperbolae as
distance from the baseline increases, and the increasingly
oblique angle-of-cut between the Zamilies of hyperbolae.

Hyperbolic systems are convenient in that they are inherently
multi-user, and only reception of signals is required aboard
the vessel, but the limited accuracy and base station posit-
ional constraints rule out this apprrach in many cases.

In the case of an electro-optic system with high directivity,
the three stations would have to be manned, which would lead
to excessively high running costs. In a harbour environment
moreover, one will frequently not have sufficient freedom to
position the base stations satisfactorily. - Whatever the
ierits of hyperbolic systems'as radio~wave-navigation aids,
these considerations appear to exclude this approach in the

present case.

Azimuthal systems
Systems where position is determined by simultaneous angular
observations from twe fixed base stations have many charac-

teristics in common wﬁjlhyperbolic systems -~ in fact a hyper-
bolic syscem with widely separated very'short baselines |
degenerates to the azimuth. A version of this system is
classically used in hydrographic inshore work, the angles
being observed by theodolite or sextant. Again, two
stations are required, with intercommunication, and for good
accuracy a long baseline is necessary. '
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It can be seen that the indirect approaches offer no clear
advantages and a number of decided disadvantages. Accordingly
it was decided to adopt the direct range-angle approach.

It remains to choose the techniques whereby these two

independent parameters are measured.

INSTRUMENTAL PRECISION REQUIRED

Horizontal position

Let the r.m.s. error of position 0. (i.e. half the major axis
of the error ellipse) at the extreme range be O, 5a. Let
the angular error bHe Oy radians, the distance error be Ck and
the maximum distance be R. Since the partial errors are

independent we have: -
- e

{oﬁz + (Rce)z}

g =
Now we require O = 0,5m
when R = 3x 1O3m

Dividing the allowable error equally between range and angle,

= Op = Rog, = %;?
, . 2
. 0,35, .
9q 3600 Fadian L

24 arc seconds

Vertical position

Let us assume that vertical positioning is to be achieved
with a standard deviation of 200mm at the maximum operational
range of 2 km. The standard deviation of vertical angle
determination is then

-3 .
.299:1;9——-radians or 20 arc seconds

g
9 ?.,2x10—3'

Clearly when aiming for precision of this order it is

necessary to make some assumptions regarding the motion of”

of the vessel. A small survey vessel may conceivably have

a vertical component of motion of a substantial fraction of

a metre due to wave-motion, even in a harbour. At a kilometre
- range this represents angular motion approaching a milliradian,
or 3 minutes of arc, which is about nine standard deviations.
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. In such a situation the operator can average repeated

determinations or, better, visually bisect the extremes

of travel of the aiming point. Where ultimate accuracy is
required, possible solutions would be to use a larger vessel,
supplement the vertical angle determination with a recording
vertical acceleromster aboard the vessel, or wait for calmer

_weather.

Similar considerations apply in the case of horizontal motion,
If a horizontal position fix can be obtained once per secord,
a precision of 20 arc seconds at lkm distance requires that
the vessel should uot have moved laterally more than O,1lm.
This would impose a maximum speed of 3km/hour oral%knot,

Since the vessel's horizontal motion is highly predictable,
the operator can aim the instrﬁmentvslightly'ahead of the
vessel and operate a '"'read'" button as it crosses the telzucope
reticle, '

We shall therefore set allowable limits on the errors in range
and angle determination respectively:

Ok = 0,3 metre »
06 = 20 arc seconds

with less than 17 error probability at the 30 level.

RANGE MEASURING TECHNIQUES

Since we have already settled on an electro-optic approach to
range measurement, the choice remaining is between a pulse or

continuous-phase mode of measurement:

Pulse ranging: The atmospheric velocity of light is approx-
imately 3 x 108m/sec. To determine distance to an accuracy
of 0,3 metres we would need to determine the transit time

of a pulse of light over the return path to an accuracy of:

942——5—32 seconds
‘3 x 10
= 2 X 10-'9 seconds

To determine the transit time of a pulse of light with a
precision of 2 nanoseconds is marginally within the state of
the art. It is doubtful however whether it could be achieved



(b)

2.6

14.

"under the conditions of fading and scintillation encountered

in an atmospheric optical channel, and it is reasonably
certain that it would not be accomplished in a low cost,
portable instrument,

C.W. ranging: A simpler and better alternative exists in
phase-comparison distance measurement, in which the beam of
light is modulated at a relatively high frequency and the
transit time inferred from the phase delay between the

- modulation enveldpes of the outgoing and returning radiation.

This approach will be discussed in detail in Chapter 4. It
will be seen that the required precision presents no great
difficulty.

ANGLE MEASURING TECHNIQUE

Electro~optic systems capable of automatically. tracking the,
angular position of aircraft and missiles with 20 second
accuracy have been reported (19,27). Typically they employ
laser illumination and image-dissector tubes with follow-up
servos. In this case such an approach is judged prohibitively
expensive and unnecessarily complex. bFor a slow-moving

target such as a ship the most straightforward approach seems

‘to be a telescope system, with cross~hairs pro jected to

infinity which the operator keeps trained on the vessel whose
position is to be determined. This is mounted on a digital
angle encoder, the two together constituting the azimuth system
of a digital theodolite. For a precision of 20 arc seconds
the telescope system presents few problems and any commercial
theodolite telescope can be used. The problem of the digital
angle transducer, however, is not so easily solved, as will be
seen in Chapter 5. It will be seen that a new angle
transducer was developed which easily meets the required
performance specification and which moreover has the advant-
age of an intermediate output in terms of the phase argle
between two low frequency electrical signals. As a result,

an elegant and economical instrument is possible in which a
great deal of the critical signal processing circuitry can be
shared by the range~and: angle-measuring subsystems. A

further simpiification occurs if the angle-measuring systems
for azimuth and deviation determination are similar or identical.

This possibility is discussed in the following section.



SUMMARIZED SPECIFICATION FOR

ANGLE TRANSDUCER

Range:
Accuracy: -

Resolution:

Time for reading:

Output:

General comment:

0 - 360° unambiguous
10 arc seconds Crﬁls)
2 arc seconds

0,3 sec

phase displacement proporticnal to angle
The design of the transducer should aim at
minimising cost, bulk and power consumption.
It should if possible improve on existing
cammercially available units in respect of

. cost and size.
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'Another aspect which must be considered is the requirement in

respact of range of possible vertical angles. The surface of
a body of water over an area of 2km4square is of course very
nearly a plane and in a harbour or estuary we would not
usually expect wave or tidal motion in excess of a few metres.
There is'an advantage however in providing reasonable excess

- vertical angle range, in that this gives greatec freedom of

positioning the instrument in what is often a cluttered.
harbour environment. An elevated shore station guarantees

a clear view of the operating area. If the height of the
instrument above sea level is, say 10 metres, and the

minimum range is 100m, then a tilt range of arc of -O,lrad or

- or -6° is adequate. By the same token, if the instrument is

at sea level and the aiming point on the vessel at mast-top
height (which would be most undesirable. because of the amplif-
ication of rolling and pitching motion) we might encounter a
positive slope of a few degrees. Certainly a tilt range of

¥ 10° seems to cater for all contingencies, but in the interests

" of flexibility of application it might be desirable to extend

this to say * 300, as it appears that rhis can easily be
achieved. ' | ‘ '

VERTICAL ANGLE REFERENCE

Since the telescope cross-hairs are kept trained on a specific
reference point on the vessel the angle of elevation of the
latter can be inferred from the angular tilt of the telescope
relative to some datum. This can be measured by a transducer
svstem, The only difference is that whereas the reference
datum for azimuth angle is arbitrarily defined by the operator
at the beginning of a measuring sequence, that for the vertical
angle is invariably that af the local gravitational gradient.
In a manual survey instrument such as a theodolite or simple
level, an ordinary sensitive bubble may be used and it is the
operator's task to ensure that the instrument is kept ievelled.
Most theodolites of recent design, however, incorporate some
form of mechanically operated automatic compensation device
which is capable, over a certain limited range (say 10

‘minutes of zrc), of coping with instrument dislevelment.
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The proposed instrument will be used continuously for
protracted periods, and will thus be prone to inadvertent
disturbance of level due to tripod subsidence.
Moreover it is not considered good survey practice to re-
adjust the level of the instrument during the course of an
observation sequence. These factors, together with the
requirement of unskilled or semiskilled operation, indicate

the need for some form of automatic level compensation, or
inbuilt vertical reference.

Accuracy: The calculated required accuracy for the horizontal
angle determination has been shown to be about 24 arc seconds
(section 2.4) and that of the vertical ahgle 20 arc seconds.
The telescope/reticle system is of course common to both and
there would seem to be a priori g case, in’ the interests of
standardisation, simplicity and cconomy, for using an

- identical transducer system if possible to measure the dis-
placement of the telescope in azimuth and elevation. An error
-in vertical reference is added directly to the output of the
elevation transducer and, in view of the parity of precision
required of the two systems, it is desirable that the error
contributed by the vertical xeference sensor be very small.
Bearing in mind the single-second precision achieved by
mechanical theodolite compensation systems it seems reasonable
to set a target specification on the vertical reference éystem

of 45 arc secs.

’

Range: The linear range of the vertical reference sensor (or
the range of dislevelment over which the compensation system
must operate) is governed by the precision with which the
instrument can readily be set level by a semiskilled operator
and the maximum expected tilt due to subsidence during an

observation period of, perhaps, several hours.

Regarding the former requirement, it is a rapid operation
requiring little skill to level an instrument to within about
30 arc seconds using a circuiar bubble, Concerning tripod
stability, some simple tests and discussions with surveyors
suggest that 20 arc seconds tilt is a reasonable maximum.
Therefore éssuming the effects are additive, we require 50

arc seconds range for the level sensor and 2% accuracy over
this range. Increased linear range would of course be advant-
. ageous,



TABLE 1.

SUMMARISED ACCURACY SPECTFICATION FOR SUBSYSTIMS.

RANGE SUBSYSTIM:

B } . . N . . - . ~
Standard dcviation for a single distance determination ... 0,3m
Peak error at: 99% confidence Jevel ......veveenen.ns ceeeas 059m
Unambiglous PaNge vuveevireeeecearoasassas e stcecereeraanas 2l

ANGLE SUBSYSTEMS:

Standard deviation of single angle determination

(azimuth or elevatdon) .. ..ciiiiiinaiiiiiiiaeiann... 20 arc seconds
Peak error at 99% confidence Jevel .......... eeerenas 1 arc minute
Unamblguous TaANZE e eseesvsacocsaoaanes evereerasaien. 3607 (azimuth)

} +£10° (elevation) -

VERTICAL ANGLE REFERENCE:

Ramge w.veeirerenierencacaas eieeeaeaes teseacecnacnoacs = 50 arc seconds
Linearily ..ecevevieansn eeaeeenaan M iaieesesrenenas ... better than 10%
PEaK B OI vt ttrtnesetsncascacstosccevenanssavavevreasas. D anrc seconds

POSITION UPDATE TIME:

Esch subsystem (ignorving operator observation time) shall. be

. "t capable of producing a measurement in 0,3 seconds with a ccxnpléte
update on the vessel's position belng available once per second.

P
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EFFECT OF TRANSVERSE TILT ON MEASURED HORIZONTAL ANGLE

The axis about which the instrument alidade rotates is
nominally vertical. The component of tilt in the plane
containing the vertical and the line of measurement (due to
inadvertent dislevelment) is automatically compensated by
the vertical reference system.,. It is also necessary to

- consider the transverse component which causes the telescope

axis to deviate from its nominal projected orientation
in the horlzontal plane. '

Suppose we are observing a distant point P at elevation o<
The projection of ()P onto the horizontal plane X0Y makes an
angle 8 with an arbitrary reference direction in the plane.
Elementary trigonometry shows that if the nomlnally horizontal
axis is inclined a small angle v , the observed azimuth angle-
will be in error by § where: -~ . ' ‘

¥

| B >
i ) _ . : .

§ = arc tan (tan y tan a)

We can certainly invoke tbe.amall angle approximations for oC
and 6 , g1v1ng ' |

-
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For observations near the zenith the error &ncreases rapidly;
in this instrument we are concerned only with near—hurnzontal
observations. When o = 0%there is no error on this account.
For o« = 100, the maximum expected dislevelment of 50" y1e1d33

_ . o
a 10" error for O . At the pesgk value envisaged, o = 30
we have 5"%i = 26", We shall see in Chapter 7 that,

if operation at high elevations is required, it is possible
measure and compensate for cross-axis tilt.

INSTRUMENT DESIGN PHILOSOPHY

In the light of these considerations, it was decided to

‘investigate in detail the design of a portable, low cost
. electro~optic instrument capable of measuring range and angle

to a passive, co-operative target, and having performance'as
set out in Table 1.
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In the interests of economy and simplicity, both the range
and angle-measuring subsystems would be based on phase-

- comparison techniques, enabling them to share signal process-
ing circuitry. Morecver, having recourse to phase-comparison
techniques greatly facilitates the accurate measurement of
both range and angle and neither subsystem is stretched near
. the limits of attainable precision. This makes it possible
to meet the targetvspecification with relatively simple
circuitry in the case of the range-measuring subsystem, and
with relatively crude and inexpensive mechanical fabrication
techniques in the case of the angle-measuring subsystem.

Whereas horizontal angle measurements are carried out with
reference to an arbitrary datum, the instrument will contain
a sensor of the local gravitational gradient as a datum for

the measurement of vertical angle.

Physically, the instrument should consist of a small,
tripod-mountable device equipped with a telescope provided
with a reticle which the operator aligns'with'the vessel,
Ideally the only other controls requiring the operator's
attention st.+uld be an on/off switch and, perhaps, a ''read"
button. Output from the instrument will be range in metves,
azimuth angle relative to a datum arbitrarily chosen by the
operator and absolute angle of elevation. The output inform-
ation can be manually read and recorded by the operator,
automatically recorded on magnetic tape or in a semiconductor
memory, fed into an on-line computer or telemetered to the

vessel.

It will be seen that the realisation of an economical
integrated instrument on the lines proposed depends upon
the availability of suitable compatible subsystems for the
determination of range, azimuth éngle and vertical angle,
and a phase measuring system capable of processing the
output of these subsystems. Subsequent chapters will
concern themselves with the development and design of these
subsystems. Since however the viability of the proposed
instrument depends critically on the feasibility of detecting
optical radiation reflected from the vessel, a good place
to begin is the electro-optic link.
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CHAPTER 3
THE ELECTRO-OPTIC LINK

INTRODUCTION : THE NEED FOR A RETROREFLECTIVE LINK

Jt is possible in principle to determine the distance between
two stations A and B by timing the arrival at one of the
stations of an identifiable signal radiated by the other at

a pre-arranged time, For metre-accuracy this presupposes

the existence of clocks at A and B symchronised to within
abtout 3 x 10-93. Although such systems are beginning to be
feasible (using rubidium clocks) for navigation, they are
obviously excluded for the presént in the case of the

proposed instrument. We may take it for granted that two-way
radiation of signals between shore station and vessel will

be required for the range determinacion,

This restriction leaves two basic approaches open - the
signal radiated from the shore station may be received and
re-vadiated from the vessel or it may simply be returned
directly by reflection. In the case ¢£ precise microwave
position-fixing systems,; the relatively long wavelength
précludes the narrow beamwidth and target dominance required
to define accurately the effective point of reflection. The
technique of effective re-radiation is therefore used, as in
the Tellurometer system, Conversely iu the case of electro-
optic systems, where narrow beamwidth and target dominance
are easily achieved, the reflection technique is always used,
with the sole exception of the very long-distance instrument
described in reference (20).

In any event active re-radiation aboard the vessel would

‘require a highly directive shipborne installation and an

operator to keep it directed toward the shore station., This
is precludad by the single-operator requirement,

Signal return can be effected either with or without a co-opera-
tive reflector aboard the vessel, If no reflector is used v
(as, for obvious reasons, in the case of military rangefinders)
we have a LIDAR system, the optical equivalent of radar.

Very large transmitted.power is needed to contend with its
fourth-power law and the wide-angle scattering of the target,

and the method is compatible only with high power laser pulsed



3.2

il

20.

systems. If however a retroreflective (or high gain) target

15 installed on the vessel it is possible to achieve adequate

returned power over kilometre ranges with only milliwatts of
radiated power. Phase comparison distance measuring instruments
(other than the extremely short range version used for

automatic camera focusing) therefore invariably employ a
co-operative retroreflector. The literature contains many
analyses of the performance of electro-optic links with passive
co-operative reflectors (21-23). The treatment below, though
consistent with these analyses; will proceed somewhat
differently, focusing attention on some aspects which are often
overlooked. '

THE REFLECTOR SYSTEM

If a beam of radiation strikes a scattering target very little
radiation is returned to the transmitter, The situation is
dramatically improved if the target is replaced by a specular
reflector - ideally the beam is then returned (deflected

through 180°) without any loss in irradiance. An ordinary
mirror is unsuitable as it would have to be kept aligned
precisely perpendicular to the incident beam. A gain of

several hundred times in the returned radiation over that due

to a diffuse surface can be obtained without incurring align-
ment problems by coating the surface with partially retro-
reflective paint or cloth (such as the proprietory '"Scotchlite') -
but a far better solution is to employ a cube-corner prism

which virtually emulates a mirror without any critical require-
ment in respect of orientation. (A cube-corner prism can be
rotated through many degrees with negligible loss in returned
signal). The theory of the cube-corner retroreflector in an
electro-optic link seems to be not well understood by engineers
and some erroneous accounts have appeared in the literature (24).

The ideal retroreflector

An ideal retroreflector simply changes the direction of each
incident ray of light by 180°. Thus, if the aperture is
illuminated by means of a divergent bundle of rays, the
bundle will be reflected without loss of energy or increased
divergence and the radiant intensity will be unaltered. An
optical link with such a reflector will exhibit an invérse-
square-law dependence of received power as a function of
range (neglecting propagation losses). In other words, as
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seen in the accompanying diagram,. the opticeal path can be
'unfolded' and the reflector considered as an aperture
through which the beam travels unhindered. It is assumed
that the geometry of the optics is such that all réys
passing through the virtual aperture are collected by thé
receiver aperture. .
If we let Ap be the effective area of the re?lector'aperture
d ~ the distance from transmitter to reflector -
) ;}r‘.the solid angle of the reflected beam

the radiant intensity of the transmitted
beam (W/sr) '

I

The solid angle of the returning radiationﬂ:r is equal to
that subtended by the prism aperture.,

. -
| ». r = g2 | 3f1
The power intercepted by the pri'sm is
| | I.a ‘
W = —Et s ::
P a* - Co3.2

The radiant intensity of the reflected beam I.1is given by

= I
The impeffect retroreflector
In practice, the divergence of the reflected beam will exceed
the angle subtended by the prism due to’imperfections in the
latter, and due to the diffraction spread of a beam passing
through an aperture of finite size. The diffraction effect
can be estimated by the angular distance, 84, between the
first pair of nulls of the diffraction pattern for s circular

aperture. -

- X_
8q = 2:4 g

) o - P 3.3

.l

-

where dp is the diameter of the aperture, and
A 1is the wavelength of the radiation
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For the typical values A = O,5um and d = 50mu this gives a
main-lobe width of 2,4 x‘lO-5 radian or 5 arc seconds.

Angular imperfections (deviations from orthogonality) cause
each incident ray to be returned as a divergent bundle of six
rays. In order to gain insight into the mechanism, a

model retroreflector was constructed with three first-surface
mirrors, one of which could be adjusted in angle. By
illuminating this in a darkroom with a diverged laser beam

it was easy to see the effect of angular errors. It.can alco
be seen that a focusing effect is possible whereby at a.given
di stance the returued radiation can be concentrated to yield
1ncreased irradiance over that due to an ideal reflector,
ﬁhereby partially compensating beam dlvergence due to
diffraction and scintillation, Negotiations by the writer
with a firm of optical manufacturers (25) shqwed that it is,
in fact, feasible to exploit this effect to achieve increased
range in electro-optic instruments at little or no extra

cost simply by modifying the way in which the menufacturing
tolerances are written. This possibility does not seem to
have been discussed in the literature, The effect is small
but'significent and will not be taken explicitly inte account

‘in the range predictions to follow, in the interests of allow-

ing standard reflector prisms to be used. If it is exploited
it can be considered to yield an extra safety margln nf a few

decibels.

Early experimentation on the range of electro-optic linke gave
rise to many puzzling anomalies and inconsistencies, and an
unexpected sensitivity to the geometrical configuration of the
optical system employed. Careful experimentation showed that,
apart from the vagaries of atmospheric propagation, the major
source of the trouble was retroreflector imperfections,
frequently in excess of the specified limits stated by the
Tanufacturer. Efforts were therefore made to find a way of

‘testing prisms. Discussions with manufacturers did not prove

fruitful - the standard test ‘procedures involve the-use of a
large aperture interferometer (which was not available) and
the test results are extremely difficult- to interpret: After
a number of attempts a suitable test method was devised. 1In
esgence & 160mm catadioptric astronomlcal telescope was used

to observe the image of an 111um1nated Sme plnhole reflected
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in the prism at a distance of 10m. The angular size of the
image was therefore 5 micro-radians or 1,03 arc secends.
Angular error in the prism caused the image to split into up
to six separate imagesz. =~ At a magnificatioh“of iabk the
separation could be clearly pefceived and estimated in.
relation to the size of - each image, thus giving a direct
measure of the deviation. This technique proved'Qery
satisfactory and several nominally perfect-pfisms (deviation
less than 1 second) were chosen for initial range tests.
This led tc consistent and repeatable results and permi tted
the known reflector imperfections to be introduced and allowed
for in a controlled manner. Prisms were also selected
having nominal deviations of-3 arc seconds for final and

representative range testing.

The combined effect of diffraction and angular deviation is
- complex but a reasonabledagﬁroximation found in practice to be

somewhat conservative is simply to use their sum. This

gives @ = 8 arc seconds. The solid angle is given to a

good approximination by:.flp = 'E_Gz or approximately 10_9sr.
4 ,

Theory of the imperfect retroreflector

The bundle of rays intercepted by a reflector is contained in
the solid angle Ap/d2 At short range where this is much
greeter than 2 the effect of prism diffraction and d viation
can be neglected and the inverse squave law holds as shown
previously. If however the converse applies (i.e. at long
range) the energy intercepted by the prism will be scattered
into a solid angle /. The most fruitful way of visualising
this is in terms of the familiar radar equation with its
fourth power law. This will be developed below. Note
however that in comparison with a radar situation the
retro-reflector exhibits extremely high directional gain. In
the case of the prism considered above, the gain would be

in the region of 180dB!

The transition distance at which we must consider prism
imperfection can be determined by equatiug A /d2 andf)

This ylelds d = (AP/Q )2 = 1,31(;11.
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For distances much in excess of this we shall see that Ap/!lp

is a figure of merit for a prism which enters directly into
the expression for range. In this case the following analysis

is appropriate (again meglecting atmospheric losses).

Power intercepted by-reflector Wp =1I.. fg (watts)

42
 This is re-radiated into the. solid angle Q " Therefore the
reflected beam 1rrad1ance is ' ' '
Ir = 2 (watt.per sterradlan) 3.4
. ' 2 . _
- - d flp _

If we assume the reflected beam returned to the instrument is
larger than the receiver collection area A_ square metres, the

.received power W.1is given by

W = I Ar (watts)
r r —
I, A A 3.5

= j__g_E (watts)
n’d v . L
P

This has the form of the radar eqﬁation, modified by a gain

term (Aplgz’) characterising the reflector. For a single
prism as dlscussed above

A, 0 “ Y (50 x 10 3) - 2 x 10° mZ/SI‘

4 x 10 =9

Therefore at the maximum range (neglecting atmospheric losses)

of 2 km we have .
- -7 - '
W, = 1,2x 10. I, AL (watts) 3.6

Sensitivity to orientation

If a retroreflective prism-is rotated relative to the

incident beam, the energy reflected is reduced. The effective
aperture of the prism A (©) is plotted as a function of ©
(following references 26 and 27). To verify this behaviour

a prism was mounted on a turntable so as to rotate ahout its
centroid and the returned energy measured by a large-area
phkotocell, To improve SLgnal to-noise ratio and permit the
measurement to be carried out in daylight, the laser beam was

_ mechanically chopped and the photocurrent synchronously

detected, The experimental points, which agree well with

reference (26) are also plotted,
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A surprising aspect of the observed behaviour in the case of
some of the prisms was a sharp assymmetry. The reason for
this was traced to the loss of total internal reflection in
the case of unsilvered prisms (see the following section) and
is an additional reason for the use of silvered prisms,

for which AP(G) is very nearly symmetrical with respect to 6.

In order to provide reasonable latitude for the vessel being
surveyed to manoeuvre, there should bc negligible reduction

in A_(8) over some angular range O ,whlch should be at least
90° and ideally, 360° This cannot be achieved with a single
prism, but there is no difficulty (apart from expense) in
providing a cluster of prisms. The number of prisms required
will be determined by the total angular range required and the
permi ssable peak-to-peak variation in A (e).

returned by each prism in a cluster can simply be added.
The effective area of a retroreflective cluster, therefore,
of n prisms singularly staggered by angle @ .is given by

- e - S P A
A, (8) O A, (6 - n¢} LT

A' (8) is sketched vs 8 for various values of ¢ . It can
be seen that to cover 360o with an effective area no less
_ than A (or that of a single prlsn on- ax15) requlres a cluster

of 8 prlsms.

If we are preparéd to accept a 50% reduction in A (representing
a 507% transmission loss) the number of prisms required drops
" to 6.

In most cases the line connecting the instrument to the vessel
will be sufficiently nearly horizontal to entail negligible
extra loss on this account. If it is required to work at an
appreciable and varying angle of elesvation (say greater than
10°) it will be necessary to accept the extra loss or to
double the number of prisms in the cluster. '
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Practical considerations

In principle a cube-corner reflector is simply an assembly of
three mutually perpendicular mirrors. In practice however the
very stringent requirement for accuracy in orthogonality is
more readily met if the reflector is fabricated from a block
of fused silica or optical glass. Total internal reflection
takés place at the glass/air interfaces, obviating the need
for reflective coating, and yielding virtually perfect
reflectivity (but limiting the acceptance angle as di scussed
above), The interfaces must moreover be kept scrupulously
clean, posing severe reliability problems in a marine "
environment, even if attempts are made to seal the prism
hermetically in a metal housing. A safer policy therefore

is to sacrifice the total internal reflection and evaporate a
silver coating on each reflecting surface. The reflectivity
drops from unity to about 0,94, resulting in an overall
transmission for the three reflections of (0,94)3 or 0,83.
Another slight loss (4%) occurs at the air-glass interface

at the entrance aperture cue to mismatch reflection.
Antireflection coating is of course possible but is not
likely to survive the frequent cleaning needed in a salt-spray
environment. Thus the overall transmission of the prism will
be about (0,83 x 0,96) or O,8. The effect may seem small

in relation to the uncertainties of, say, atmosphericv
transmission, but there are many such effects and they are
cumulative. Experience has shown that good agreement between
‘theory and practice requires careful attention to such detail.

. The effect of finite transmission is easily accounted for.

Let the prism transmission factor be 0,8. Its effect is to

multiply directly the righthand sides of equations 3.3 and 3.4.
Thus 2.6 becomes | ' ‘ ‘
7.

1% = It.Ap.IO. (Watts) 3.8

r
In summary, the great majority of applications for the
proposed instrument will be served by a cluster of 50rmm
prisms as shown. The performance of such an array is
conservatively described by equation 3.5 where (A /IY ) is
about 2 x 10° mz/sr with an optical transmission factor

of 0,8.
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CHOICE OF BEAMWIDTH

In order to produce the near-parallel beam required, two
elements are necessary - a source of radiation and collimation
optics.  The purpose of the latter is to concéntrate the -
radiation into a near-parallel beam, An important parameter
of the system is the angular divergence, or beamwidth of the
transmitted beam.

Required beamwidth _
Beamwidth has been a rather controversial aspect of the design

of electro-optical survey instruments. Virtually all the
first generation of instruments based on the luminescent
diode had beamwidths on the order of a quarter of a degree,

-or 15 arc minutes (28). However the quest for greater range

led progressively to the use of physically smaller sources,
with an attendent reduction in beamwidth, culminating in an
instrument by Hewlett Packard with a beamwidth of about 2

arc minutes (18). Some of the commercial laser-based
instruments, such as the Spectra-Physics Geodolite and the
AGA Geodometer model 8, employ a beamwidth of 0,1 milliradian

or 20 arc seconds.

One of the penalties of narrow beamwidth is a significantly
greater difficulty in pointing the instrument for signal
acquisition, particularly if the target cannot be clearly
seen, as is frequently the case for distances in excess of a
kilometre. Experience in the field shows that the difficulty
escalates fairly rapidly for beamwidth less than 5 -~ 10

arc minutes. This however does not apply to the instrument
under consideration, in which the target will be a vessel
clearly silhoutted against the skyline or sea background.

ot

Indeed the angular measurcment requires that the instrument
be pointed within about 20 arc seconds of the vessei's position
when a measurement is taken. Provided that boresight
collimation between the telescope and emerging beam can be
maintained within 20 seconds (a fairly easy requirement to
meet) it might be agreed that there would be no operational
disadvantage in a beam as narrow as, say, 40 arc seconds.
There are however other considerations which point to the
desirability of a wider beam. These relate to the effect of
atmospheric '"scintillation' which, since the topic is

controversial, will be discussed below.
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The effect of atmospitevic scintillation

A beam of light propagating in the atmosphere undergoes an

. increase of beamwidth on the order of several seconds of

arc on account of wavefront breakup due to turbulance-induced
refractive index gradients. These effects have been
investigated in detail by a number of workers. (29-31).

The effect depends on the nature of the terrain and estimates
differ widely, but informal observations with a. theodolite
over grass—covered terrain support the order-of-magnitude cited.
The fluctuation of arrival angle can have frequency components
as high as several hundred hertz but the magnitude is too

small to have much significance in the system under discussion.
A more significant effect is beam-wander due to path curvature.
This is caused by the vertical refractive index gradient due

to pressure and temperature variation with altitude.

Variaticns in the typical temperature lapse rate of -6°C /xm
can give rise to a diurnal variation of about BQUrad/km, or

6 arc seconds/km (32) but tests with a laser beam 1 - 2m above
the ground showed that much greater beam-wander occurred.

Again there are many variables and rigcrous experimentation

in this area is notoriously difficult and time consuming,

but observations of a laser beam over a lkm path suggested
that fluctuations of up to 300n rad peak (or 1 arc minute)
occur with a frequency centred about 1 - 5Hz. The effect

of this on the received signal is to produce multiplicative
noise (or deep-fade characteristics) with serious effects

on signal-to-noise ratio. , To avoid this, a beamwidth at

least greater than 2 arc minutes is indicated.

This was verified, again rather qualitatively, by the
apparatus shown. A beam was formed by collimating radiation
from the enlarged real image of a gallium arsenide diode,
formed by an auxiliary optical system. In the plane of the
real image, a set of calibrated pinholes, ranging from 50um

to 500um defined the size of the effective source (and hence
the beamwidth) without affecting irradiance. The focal length
of the collimator wvias 200mm therefore the achievable range of
beamwidths was 0,86 arc minutes to 8,6‘arc minutes. The
results are shown. ~ At short range, or in 'quiet' atmospheric
conditions the returned signal hardly depends on the
beamwidth, but under conditions of high scintillation

RET N
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the returned signal drops off significantly for beamwidths
of less than about 4 minutes of arc.

It has been erroneously argued that transmitted beamwidth'
cannot ‘be importan: since the performance will be dominated
by the much smaller divergence of the reflected beam. Thi's
overlooks the fact that atmospheric variations are slow, so
that the atmospheric path is stationary in terms of the
transit time of a light signal. Therefore all ray-paths are
reversible and any rays (from any part of the transmitted
bundle) which are intercepted by the reflector -will be
returned to the instrument (see diagram). Thus the
performance is dominated by the transmitted beamwidth.

There is no objection in principle to a greetef beamwidth ,
except that it implies opties of lower numerical aperture

(and hence greater cost) and/or a waste of power (and thus
excessive battery consumption).  The optimum beamwidth

would appear to be about 5 arc minutes (1,5 milliradian).

It is interesting to note that this represents. about the medi:a
value adopted in~commerciel~instruments.

BEAM IRRADIANCE

Equation 3.5 shows that the irradiance of the transmitted

beam It is one of the factors which determines the operational
range of an electro-optic link.  The purpose of this section
is to relate It to the properties of the radiant source. It

is necessary to distinguish two cases: if the radiation

is available from a coherent ('dimensionless') source such as a
laser, the transmitted irradiance can be directly calculated

as the ratio of the available powef and the solid angle
occupied by the beam. If however an incoherent {extended)
source such as a gallium-arsenide spontaneous emitter is'ﬁsed,
this approach, though still formally valid, ceases to be
fruitful. This is because of a hidden relationship between
power and source area (and hence beamwidth). A parameter

of the collimation optics - the area A. - also enters directly
into the determination of It’ '
In the case of the coherent source,only the diameter of the
Cransmitting optics determines the beamwidth (due to
diffraction).
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Case I. The cohereat source
Let ghe total beamwidth be 8 radians
the transmitted power be Wt watts

We can see immediately that

= e (watts/sterradian) 3.9
7o o
To get a feel for magnitude let us calculate the beam .
irradiance obtained if we concentrate the power from a
typical 1lmW helium-neon laser (for which A = O,63pm) into
the previously calculated 1,5mrad beam. Then,

I 4 x 1073
t -
T x (1,5 x 1073)%
= 5,6 x 102 W/sr.

The emergent beam diameter which would give rise to 1,5
milliradian beam spread is shown by equation 3.3 to be

2.4 x0,63x10°° = 1mm.

1,5 x 1073 -

This is about the exit diameter of the beam of a typical
laser which does indeed have a beam divergence on the order
of a milliradian. The laser could therefore be used in this
application without ancillary optics. It Vs 0 is plotted
from equation 3.9 with Wt as a parameter. It can be seen
that very high beam irradiance can be achieved for narrow
beamwidths, permitting very. long-range operation in
conditions of low scintillation.

Case II. The extended source

Now we envisage a beam projected by situating a source of
area As (m2) and irradiance IS (W/sr) at the focal noint
of a lens of effective area At (m2) and focal length f (m).
The analysis which follows is approximate but adequate for
our purposes. A more rigorous treatment is given in

Appendix 3.1.
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The power transmitted W, is given by the product of the
effective source irradiance and the solid angle subtended
by the lens at the source. It is necessary that IS be an
average value determined over this complete solid angle.

Wy = I_ St (watts) 3.10

£2

. The small-angle approximation implicit‘in taking At/f2 as
the solid angle subtended by the lens is well justified for
numerical apertures 'slower' than f/2, for which the error
would be only a few percent, '

The angular divergence of the beam in the far-field will be
represented by a solid angle equal to that subtended by the
source at the focal length of the lens

n, = A
12¢ —% (sterradian) .,
f

Therefore the transmitted irradiance is given by

= IS KE (watts/Sterradian). 3.11

v s

- One helpful way of interpreting this is to note that for an
observer in the far field on the optical axis, the entire
transmitting aperture appears to be as bright as the source,

and the irradiance of the source is effectively multiplied by the
ratio of the area of the transmitting aperture to that of

the source. |

Alternatively, we can write

It = N.At (watts/Sterradian) 3.12

where N is a parameter characterising the source and equal

. to IS/AS, or the power emitted into unit solid angle per unit
source area. N is called the radiance of the source and it
is traditionally quected in the units watts per centimetre
squared - sterradian. »
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It is not always realised that, in situations where the
beamwidth is unimportant, the radiance'(and not the power)
of the scurce is the property which determines the range.
The area of the source however (along with the focal length
of the lens) determines the beamwidth.  For the same

reason there is no advantage in terms of range in using an
expensive optical system of low numerical aperture (f -
number) in order to capture more of the flux from the nearly
igsotropically radiating source, More power will indeed be
radiated in the beam but the beamwidth will be increased and
the flux iliuminating the target is unaltered.

For the purpose of comparison with the laser, we can calculate
the irradiance produced by a typical modern gallium arsenide
source having a radiance N_ of 5W/cm®sr, eollimated'by a lens
of 50mm -diameter. h

I, = 5% 10%x 27 X (50 X 10~ )2 (watts/Sr)

10°'Wsrl(i.e. only about 1/60 that due
_ to'laser§

In order to tacilitate intercomparison between coherent and

extended sources in electro-optic links, I is plotted vs

N with diameter of the collimating lens as a parameter.

This analysis does not unfortunately exhaust the interplay of
parzmeters since there is also a correletion between source
area and radiance for electroluminescant diodes (33; 34).

"This topic, and the choice of an optlmum source will be

treated below. oo

CHOICE OF A RADIATION SOURCE

Although the gallium-arsenide luminescent diode seems an
obvious choice, its performance is somewhat marginal in respect
nf range, and a higher performance source would permit
economies to be effected in other parts of the instrument

(or alternatively could be traded off for greater range and
incrzased Versatility for the instrument). It was therefore
considered that a systematic study should be undertaken of
other possible approaches. First however it is necessary to

make some assumption regarding the frequency at which the

source must be capable of being modulated. This topic is
considered in detail in a later chapter but experience

suggests that, for the order of precision sought, a frequency



33.

in the hundreds of kilohertz is appropriate. This feeling

-is confirmed by a plot of claimed or attained accuracy vs

modulation frequency for a variety of commercial electro-

: optic instruments. Certainly a modulation frequency of

"~ 1IMHz would be more than adequate.

(a)

Conventional sources with external modulation

Considerations of atmospheric transparency (see diagram),
eye~safety and availability of suitable detectors of high
quantum effiriency suggest that a source in the visible or
near-infra-red portion of the spectrum would be most suitable.
The possibility exists of using any one of a number of high-
radiance sources (zicronium compact-arc, high pressure
mercury vapour, quartz-halogen incandescent or even helium-
neon laser) followed by an external modulator. The
hundreds-of-kilohertz region is unfortunately beyond the
range of direct mechanical modulators (spinning wheel or
piezo-electric tunirg-fork choppers). There exists, however,
a number of non-inertial devices such as the acousto-optic
(Bragg effect), magneto-optic (YIG) and electro-optic (KDP
and PLZT) moduiators all of which are easily capable of modulat-
ing lizht at several tens of megahertz. All of them,
however, require either high modulation power or high
modulation voltages. Both of these are undesirable in a
portable instrument and lead to severe (crosstalk) problems

in phase-comparison di stance-measuring equipment (see

Chapter &). Moreover, being of smail physical and/or low

numerical aperture, they require auxiliary optical systems

to shape the input light beam. Yet another problem relates

to spatial phase variations across their aperture which will

be discussed below in the context of the gallium~arsenide diode.
The most promising of the devices mentioned appears to be the
relatively new 'ceramic' PLZT modulator, and experiments were
carried out on a sample device supplied by‘the Allen Clarke
Research Centre of the Plessey Company.

A

On balance, it was decided early on that the use of indirect
modulation, although attractive in ‘some ways, would inevitably
lead to significant increases in bulk, cost and complexity of
the instrument, It was therefore decided to limit the

study to directly modulatable sources.
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Direct modulation of conventional sources

Incandescent sources are excluded due to thermal inertia.
Low pressure rare gas discharge tubes cannot be modulated
much in excess of a hundred kilohertz due to de-ionisation
time, and moreover are very low radiance sources. High
pressure vapour tubes have high radiance and again, an upper
limit of modulation frequency not greatly in ex:ess of 100kHz.
Moreover Karplus, in a comprehensive review (35), points out
that they tend to exhibit spatial wander and extreme non-
homogeneity of modulation depth and phase. Karplus
reccmmends the use of Z-modulation of a high intensity, low
persistence cathode ray tube but this is hardly a practical
approach for a portable instrument, on account of size,
fragility and high voltage requirement. Spark sources have
been considered but short electrode life, time jitter and
generation of electromagnetic interference make them
unsuitable in the intended application.

CW Gas lasers

The obvious choice would be the helium-neon laser since this is
the only small laser mass-produced at low cost. A series of
tests on lasers purchased from Metrologic and Spectra~Physics
showed that the light output is proportional to discharge
current up to a frequency of 100 — 200 kHz, above which the
moduletion depth fell off rapidly, presumably on account of

de-ionisation time.

It was noted that a commercial interferometer produced by
Hewlett Packard (36) employed a laser in which the output of

a specially designed laser was frequency-shifted by Zeeman
splitting. It was conjectured that mode interaction between
the Zeeman components would give rise to polarisation modulaticn
which could be converted to amplitude modulation by means of a
linear polavising filter, and it was decided to conduct an
experiment to determine whether a standard commercially
available laser could be modulated in this manner.

A Spectra-Physics 23% laser was subjected to an axial magnetic
field of about 6 x 1072
stabilised »y a thermal feedback loop. It was found that
modulation could be achieved at frequencies in the range of
1 kHz to 2 MHz, when the laser activity Q began to limit the
modulation depth, and it was possible to phése—lock the
amplitude oscillations to an external crystal-controlled

Tesla, while its cavity length was
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oscillator by controlling the intensity of the magnetic field.
Arising out of this work, the present writer formulated a

- proposal for a new type of precise distance-measuring
instrument which subsequently became the subject of a pateﬁt
application, '

It can be concluded that it is indeed possible to modulate a
laser up to at least 1MHz in a reasonably simple and reliable
manner, Moreover it is possible to do this in a way which"
avoids the presence of any high-level electrical signal
~synchronous with the modulation, a fact which has important
implications for distance measuring in that it avoids the
'crosstalk' error mode discussed in the following chapter.

It is felt that further work should be done to explore the
potential of this mode of operation of a laser both in

di stance measurement and as a source for interferometry.

Despite the promising results attained it was decided not to
pursue this approach for the present instrument, if a semi-
conductor source proved to be adequate. Compared with the'
latter, the laser solution is complex and rather expensive,
and the laser is relatively fragile, has a limited operating
life and is inefficient, drawing typically 20mA at 800V (or 16W)
of excitation power to produce 1 milliwatt of output (placing
a heavy load on the battery operating the instrument). One-
other contra-indication should be mentioﬁed, although its
mechanism is not fully understood. It appeared from field
observations that the laser beam was very much more susceptible
to poor signal—to—noisé'ratio due to asmospheric scintillation
than was a beam produced by an extended non-coherent source,
even when the beamwidths were the same, It is conjectured
that the effect is related to the coherence of the laser beam,
being caused by microfmulti-path~propagation in the beam
resulting in a continuously moving pattern of interference
nulls. If this conjecture is correct the effect can be
compared with two well known analogous phenomena; one is
the‘speckle pattern observed when a laser beam impinges on

a diffuse reflector, and the other is the‘way in which stars
'twinkle' much more than planets on account of their spatial

coherence.
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There are applications in large-écale metrology for which

the continuous gas laser is uniquely sﬁited, and it has proved
to be a most valuable component of electro-optic systems.
However its disadvantages in terms of bulk, cost, fragility
and power requirements lead us to prefer a solid-state
alternative, should its performance be adequate. It was
therefore decided at this point to investigate in more detail
the suitability of gallium-arsenide electroluminescent devices.

(d) Semiconductor luminescent devices, coherent and non-coherent

These fall into two classes - non-coherent sources in which
radtation takes place through spontaneous radiative recombin-
‘ation of holes and electrons in a semiconductor junction -
device, and coherent sources or semiconductor lasers in which
the junction is part of an optical cavity and stimulated
emission takes place. An intermediate class - the 'super-
radiant' diode has also been reported in the literature but
it offers no special advantage and has not been commercially
exploited. Non-coherent emitters have been fabricated from
a wide variety of compound semiconductors, emitting radiation
of various wavelengths, but gallium-arsenide devices emitting
in the near infra-red between 850 and 950nm have exhibited
the greatest efficiency, and highest radiance and stimulated
emission has been obtained only with gallium-arsenide. We
shall therefore consider only GaAs devices. , ,

The typical power radiated by a non-coherent GaAs source is

in the range 0,3 ~ 3mW whereas semiconductor lasers produce
continuous power in the range 1 - 50mW, but it is not here
that the significant difference lies. The lasing diode is a
source of vastly greater radiance, emitting the radiation

from a much smaller area and into a much smailer solid angle.
The radiance of a semiconductor laser may exceed that of a
non-lasing device by up to six orders of magnitude, but this
cannot be fully exploited in a beamwidth-limited situation since
the very small emitting area would result in an unacceptably
narrow beamwidth. Any attempt to magnify thz eifective area
by optical means will rapidly reduce the effective radiance.
An estimate of the relative advantagz in an electro-optic link
of a lasing device can be obtained by assuming that all the
power from a medium-size 10mW device is concentrated uniformly
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in the optimuﬁ_beamwidth which we have determined to be 1,5
‘milliradian or 5 arc minutes. This gives a transmitted
irradiance I, of 5600W/sr (from equation 3.9). Comparing
this with the situation considered in section 3.4 where a
SW/cm2
with I, =100 W/sr, the gain is 5,6 times. This is
significant, but not spectacular - it would be matched, for

sr source was collimated by a 50mm diameter lens

example, by an increase in lens diesmeter, in the case of the
incoherent source, of ngg-or nearly 2,4 times although this
would be an expensive solution if, as is likely, a lens of
low numerical aperture and good resciution were required.
The problem of shaping the beam to the required divergence
when using a laser can be solved by coupling the radiation
from the laser into an optical fibre and using the free end
of the fibre as a source, which is placed at the focal point
of the collimating optics. It w1l be seen in Chapter 4
‘that the use of a short length of light-guide or optical .
fibre in this way also has important advantages in distance
measuring instruments in that measuring errors associated
with phase variations across the emitting source are greatly
reduced. Lasing diodes - rather surprisingly - are not
immune to this source of error (37). :

It is in coupling power into the light-guide that the lasing
diode proves to be dramatically superior to the spontaneous
emitter. The small physical size and narrow angular concen-
tration of the former device yields coupling efficiencies of
up to 60% in contrast with the few percent attainable using
non-lasing sources (38-40). At the time that this phase of
the work was being experimentally investigated it proved
impossible to obtain suitable (hetero-junction) lasers capable
- of continuous room temperature operation, and there were

(and to a much lesser extent still aré) unan swered questions
regarding their reliability and probable commercial cost.
Accordingly all experimental work was carried out using
non-lasing sources ahd these proved adequate,'if-only
marginally so. The use of a semi-conductor laser offers
improvements in I_ of at least an order of magnitude with

a welcome increase in safety margins.
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The state-of-the-art in semiconductor lasers and their
couplirig to optical fibres has advanced considerably in
recent years due to intensive research activity directed
toward the development of fibre-optic communication links,
and a room:Egmperature continuous laser coupled to a short
tength of fibre can almost be regarded as a commercial
compbnent. Accordingly experimental work in this area was
not considered a necessary part of this thesis. This is.
fortunate, since such devices are still remarkably difficult
to acquire for development purposes if one does not have
suitable industry contacts. - Given the fact that non-lasing
sources proved adequate, and the fluid situation regarding
suitable lasing devices, this thesis will confine itself

to a short paper study on the latter approach.

- The non-coherent electroluminescert diode

It has been shown that, for all but the smallest diodes, the
relevant parametexr in an electro-optic link is radiance
(the radiometric equivalent of the photometric term brightness

which is sometimes used). This parameter is rarely quoted
by manufacturers and it was necessary to devise suitable
techniqﬁes for its measurement; These are detailed in
Appendix 3.2. These methods were used to investigate a
wide range of commercially available devices (Monsanto MV50,
Fairchild FD100, General Electric SL1, Texas TIL27,

- Hewlett Packard 4400, Plessey GALl etc) with generally
disappointing results. Values of radiance ranged from 0,02
and 0,3 W/cmzsr. Peruéal’of the literature showed that,

at least in the laboratory, values two orders of magni tude
higher than this could be achieved (33). One promising
commercial device was the Texas Instruments TIXL12. This is
a high-power emitter actually intended for high-speed
illumination, and has a power output of about 35mW which is
unusually high. It achieves this by means of a hemispherical
dome of gallium arsenide mounted on the junction. - This

- frustrates the total internal reflection at the gallium
arsenide/air interface which would otherwise allow only rays
within 4° of the normal to pass. Since the dome operates
mainly by magnifying the source area and increasihg the angle
of emission, its effect on the radiance is small. Neverthe-
less several samples evaluated showed an impressive IOJIZVLkmfsn
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This is presumably due to the fact that it is silicon doped.
Doping gallium arsenide with siliccn has the effect of
shifting the emission wavelength to 935nm, well away from
the bulk absorption band (41;42). Most of the experimental
work to follow was carried out with a TIXL1l2 measured at

N = 12W/cm®sr.  The characteristics of the device are
detailed opposite. Note that it is exceptional in that, due
to its nearly hemispherical polar diagram, the average
radiance as seen over large solid angles is v1rtually equal
to the on-axis radiance.

An glternative and highly promising structure for high radi-
ance devices is the Burrus-type gallium-aluminium~arsenide
diode (43). The plot of N vs source diameter in section 3.4
follows a publication by Burrus in 1972 (33) and shows the
strong negative correlation between source size and radiance.
Included on the graph are some experimental values measur~d
using samples of GaAlAs zinc~doped diodes supplied by the
Allen Clarke Research Centre (44).

The modulation capability for these two types'of diodes
differs markedly. It has been shown that zinc-doped devices=
can typically be modulated at rates in the hundreds of mega-
hertz (41;44). In the case of silicon-doped devices recom-
bination time for spontaneous emission limits modulation rates
to a few hundred kilohertz, with a possible 70% modulation
depth at 1Mhz. This is adequate in the present appiication.

Fibre-optic sources

The desirability of using the free end of a short length of
optical fibre as a source has been mentioned and will be
discussed in the following chapter. Some simple experiments
were carried out along these lines with disappointing results:

for example the radiance measured at the free end of a 10Cmm
length of O,5mm guide butt-jointed to the dome of a TIXL12
was less than 1 W/cmzsr, represencing a loss of an order of
megni tude. Subsequently, however, experiments carried out
at the Allen Clarke Research Centre of the Plessey Company
(44) showed that a loss factor of only 2-3 in radiance was
possible if a 100mm fibre was butt-jointed against the
emitting area of a Burrus-type device. A further improvement
could be effected by interposing between the emitting area
and the fibre a sphere of high-~refractive-index
(chalcongenide) glass. Samples were provided with
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N=3 W/cmzsr at the end of a 100mm fibre.

Extensive work has since been carried out on launching
optical power into fibres. This has been well-documented
(38-40) and it is possible to make a reasonably reliable
prediction of the effective radiance that can be achieved.

Consider a 100mm multimode step-index fibre with An

(difference between core and cladding refractive index)
~of 1%. Using a high radiance Burrus-type diode it is

possible to laurnich a power of abou: 0,5mW into such a fibre.
With a double hetero junction laser as a source this might
be increased to perhaps >mW (45), using a 'selfoc' (46) or
cylindrical lens to facilitate coupling. Light-emitting

‘diodes and semiconductor lasers integrally coupled to

short lengths of fibre-optic guide are now becoming available
as a component in communication systems and their ready
commercial availability cannot be far off. Let us estimate
the radiance of the free end:

" Since only a short length of fibre is needed (perhaps O,lm)

absorption losses are completely negligible. The numerical
aperture of the fibre is given by~/§§§ZFf or 0,21 and

the maximum angle that a meridional ray can make with the
axis of the guide is arc sin (0,21/1,5) or 8°. On leaving

"the guide, the semi-angle of the emerging cone of radiation
will be arc sin (1,5 sin 80) or 12°. Provided the numerical

aperture of the collimator optics is lower than (2 tan 120)_l
or 2,3 substantially all the power launched into the fibre will

. be collimated into the beam.

" Now suppose we employ a 30mm diameter collimating lens.

For a 1,5 milliradian beam the focal length must be about
67mm. if we let the focal length be 70mm we have a numerical
aperture for the lens of £/2,33 and, as we have seen above,
substantially all the power is collimated in a 1,5 milliradian

beam. Therefore we have approximately, (from 3.9),
4 x (5 x 1073
Ty 23,2 -
mx (1,5 x 10 )
- 3
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Thus we see that the semiconductor laser, even when coupled.
via a fibre-optic guide, offers a potential advantage in
terms of transmitted irradiance of between one and two
orders of magni tude over incoherent light-emitting diodes
radiating directly. At the. same time the use of the 1ight
guide offers freedom from source-associated errors and '
flexibility in tailoring beamwidth. The only factors
inhibiting its adoption are commercial availability and,
possibly, cost, and it is likely that we shall soou see
improvements in both. '

COLLIMATION OPTICS

One of the merits of a directly‘modulatablé source is the
simplicity of the optical system required; in many cases

a single refracting or reflecting element sufficing to
collimat= the radiation into a rnarrow beam. However we have
seen that It is proportional to the area of the optics Ay .
Also we have seen that high radiance indicates the use of a
small source and this, corbined with a minimum required beam-
width, leads to a requirement for good resolution and low
numerical aperture optics. The cost of a large-aperture,
high resolution, low numerical-:perture optical system can
contribute significantly to that of the whole instrument,

and it is worthwhile to seek out cost-effective solutions.

We can easily show the relation between source size, optical
aperture and beamwidth., If the diameter of the source is

dS and that of the lens d;, and the focal length of the lens
is £, the optical beamwidth is

© . ds (radians) - , (i'. . 3.13

» f . .
The numerical aperture (or f/number) of the lens is. ,
g = £ - ds 1 ;  3.14

d, de o ' o

For a 50um source and a 50mm lens diameter, the predetermined

beamwidth of 1,5 milliradian requires optics of numerical

aperture
: , ’ -6 :
¢ = 29_5419:3 X 1 — =0,67.
50 x 10 1,5 x 10

The numerical aperture required as a function'of optical

_aperture is shown with source size as a parameter. The
beanwidth is assumed to be the optimum 1,5 milliradian or

. 5 minutes determined in section 3.3.

}
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Optical resolution

The 1,5 milliradian beamwidth requirement implies that
diffraction effects can be ignored, and geometrical consider-
ations suffice in describing optical resolution. Moreover
the optical system is required only to image radiation

from an on-axis source, eliminating the need to consider off-axis
parameters such as coma and field curvature, and the source
is monochromatic, making chromatic aberration irrelevant.

The only important parameters of the lens are therefore
aperture, optical transmission and sphericél aberration.

The effect of spherical aberration is best described by the
geometrical circle of confusion, which is the diameter of

the smallest disc into which parallel-incident radiation can
be focused. We will make the conservative assumption that
energy density within the circle of confusion is uniform.

The relationship between aperture, numerical aperture and
diameter of circle of confusion & , is treated in Appendix 3
and summarised in a diagram for a single lens element optimally
configured and for a spherical mirror. Although a mirror

has about 4 times less spherical aberration than a simple 1ens,
1t is less convenient to use and aperture-blocking and 3
mechanical complications arise from the inevitable path

folding required. It is a useful element as part of a
co~-axial optical system and will be so considered in

connection with the collection optics. A particularly cost-
effective solution for high resolution low numerical aperture
on-axis monochronatic collimation is the Mangin mirror. This
is a rear-silvered mirror with non-concentric spherical
surfaces, <in which the spherical aberration of the mirror is

highly compensated by refraction.

More complex optical systems yield vastly greater resolution.
If a lens is split into n optimally configured elements, the
reduction in the diameter of the circle of confusion is of the
order of n2. Several simple multi-element systems were
designed and fabricated using 50mm spectacle blanks. (One

of these designs, believed to be novel, exploits the freedom
from on-axis aberration exhibited by the aplanatic points of

a lens.) The purpose of this work was not to carry out
systematic investigation in the specialised field of optical
design, but to acquire insight into the cost/performance trade-
- off factors peculiar to this limited appiication of monochro-
matic on-axis collimation, and to acquire, within a limited
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budget, suitable optical systems for experimentation,

The simple optical test methods devised are outlined in
Appendix 4. It was found readily possible to make simple
optical systems with numerical aperture of 2 or greater and

a resolution (measured as the disc encircling 90% of the
energy) down to about 10Oum. Beyond these limits tolerance
on fabrication (particularly centering) became rather critical.
Readily available mass-produced optical components were also
evaluated, inclﬁding binocular objectives, and photograbhic,

and enlarger lenses.

Optical transmission losses _

Because the path through the bulk material of the optical
system is short, absorption losses can be totally neglected.
There will however be a reflection mismatch loss at each

air/glaczz or glass/air interface. If the glass is uncoated
this will amount to

{gi%}z i.e. 4% when n = 1,5.
Coating the surfaces with 517/4 layer of n = 1,22 will reduce
this loss tc negligible proportions. In practice it was
found that the standard coating optimised for A= 0,55um
reduced the loss to 2%. Typically the optical path will
contain 4 such interfaces and the 2 uncoated surfaces of
the plane window on the electroluminescent device. The

resulting transmission factor T, given by

T =0,98% x 0,962 = 0,8

Prototype systems

The beam irradiance I_ due to several simple low-cost systems
is shown opposite. Each lens is matched to an appropriate
source. I, was calculated from the measured radiance of

the source and the lens area and estimated transmission, and
measured directly using a large area photodetector at a
distance greater than 100 times the focal length. Agreement

was within 10% in each case.

Of the systems tested, the largest (and also the least

expensive) was clearly the most effective despite its poor
resolution, and the consequent need for a relatively large~
area source. The simple binoculsr objective lens was used

- for subsequent work. It was found, however, and verified
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~experimentally, that a useful shortening of focal length

could be achieved with negligible loss of performance by

-compounding it with a near —aplanatically-configured
‘meniscus lens, which is available at negligible cost as

a spectacle-lens blank. The lower f/number that results
is no disadvantage withk the wide emitting-angle of the
TIXL12, and the instrument gains markedly in compactness.

ATMOSPHERIC PROPAGATION

We have already considered the wavefront-breakup and beam-
wander due to local variations in atmospheric refractive
index. Now we must consider the attenuation of a beam of

' 1ight propagating in the atmosphere. The attenuation is

due to two effects - Mie scattering by aerosol particles,
and absorption. In the near infra-red the latter is almost
evclusively. due to water vapour (47).

In a uniform atmosphere the fractional power loss from the
beam in unit path length is constant. If dW is the power
loss from a beam of power W in path length dx we have

~-dW = Wodx : ' 3.15
where o may be referred to as the extihction coefficient
(48). : ' |
Integrating 3.15 we get

W =W, e %% (watts) . 3.16

wheré Wt is the initial transmitted power (watts) and R
is the total length of the atmospheric path (km). o then
has dimensionality km-l. Clearly we can divide 3.16 by
the solid angle of the beam‘.Qt to obtain the relation
between the transmitted beam irradiance and the irradiance
after a transmission over a path R:

I(R) = Ite’-c’R ' (h&@r) 3.17

The extinction coefficient o'may be split into two parts,

~one ('og) due to scattering and the other ( 0;) due to

absorption (48).

g = (0_ + O
s a

therefore ~R(cg?0oa)

%%AI(R.) = Lo

= IIt Ts Ty | (W/sr) 3,18
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where T and Ta are dimensionless coefficients representing
attenuation factors due to scattering and absorption
respectively. For lkm of path length, o and T are

lated by .
_ 1 i
and g = -plog, T.

Qur task now is to relate T and T to measurable and

predlctable parameters of the atmosphere.'

Scattering

T may be calculated in terms of the effective visual range
V which is the accepted measure of atmospherlc clarity.

v may be expressed rather loosely as the distance at which

a large dark object silhouetted against the daytime horizon
can just be perceived, or more formally as ''the horizontal

di stance for which the contrast transmission of the
atmosphere in daylight (CR/CO) is 2% where Co is the inherent
contrast of an object against the horizon sky, and Cr is

the apparent or perceived contrast at distance R". V may
also be related to generally accepted verbal descriptions

of weather conditions, as shown. It can be seen that V = 4ku
corresponds to an atmosphere free from fog or heavy haze.

The relationship between T and V is given by

T, = e p{ 3, 9(0 53)‘1} SR . 3.19

wWhere q = 1,6 in conditions of exceptionally good visibility
1,3 in reasonably good visibility conditions, and
0,6 V when V=6km (49-51). ‘

- - »

T, has been plotted from 3.19 as a function of V for visible
light (0,55pm) and near infra-red (O,9pm). It can be seen
that, for the latter, when V = 4km,'TS = 0,5 per km., This
is the limiting condition for which the 2 km operational
range is required, and pre-supposes the absence of fog or
heavy haze. The worst case transmission factor for the

return path will of course be TS4 or 0,06,

To facilitate ccmparison with other estimates given in the
literature (52;53) it is interesting to note that this
corresponds to an attenuation of zbout 5,6dB/km, or an overall

power loss of 22,8dB. This is approximately equal to the
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attenuation quoted by Ekberg (53) for "excessive rain'

and medium snowfall. Most. of. the treatments in the
literature of electro-optic links have limited their
attention to rather clearer paths than this, typically
assuming, for this type of instrument, an attenuation of no
more than 2,5dB/km. '

Absorption |
Many of the range predictions in the literature ignore

absorption by water vapour (54) but it can be significant,
especially in a situation where humidity is likely to be

high. A straightforward treatment has been given by HYlscher -
(51), following Lange et al.

The value of T, can be related to the number of precipitable
millimetres of water, H, in the path length, ‘according to a
set of empirical equations developed by Lange. A plot

of Ta vs H is given, adapting HYlscher. Lange also gives

a means of computing H from readings of temperature and
humidity. It can be seen that for t = 25°C and 100%RH,

a 2km path will contain 50mm of precipitablewater, correspond-
ing to an overall transmission factor T, of 0,8. This is

in agreement with data taken from other sources (55).

COLLECTION OPTICS _ )

The flux returned by the retroreflector must be collected
by an optical- system and focused onto the relatively small

“area photodetector. In order to determine the efficiency with
~which the radiation is collected it is necessary to consider

the geometrical arrangement of the collimation (transmit) and

‘collection (receive) apertures and the way in which the flux

returned by the reflector is spatially distributed.

Returning to the simple model of retroreflector behaviour

as that of an aperture (see diagram in 3,.2), we see that the
distribution of flux at the instrument due to a point radiator
would be a uniformly illuminated disc with a diametexr twice
that of the reflector aperture. The radiating aperture of
tke collimator can be considered to be a continuous array

of such point radiators. The neit flux distribution is
therefore given by the superposition of the discs due to the
array of virtual point sources, This two-dimensional

function is a disc having a diameter (d, *+ 2dp) where d and dp
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‘are the diameters of the transmit aperture and reflecting
prism respectively. The form of the distribution is

roughly conical, being given by the two dimensional
convolution of the transmit and reflector aperture functions.
Obviously, at close range the reflector aperture should be

as large. as possible and the collector aperture as near as
possible to that of the collimator for good coupling efficiency.
The optimum arrangement is a coaxial optical system. The
collection optics can take the form of a folded optical

system using, say, a Mangin mirror (see illustration). This
configuration is particularly effective in that the inevitable
apertﬁre blocking associated with folded 6ptica1 systems need
not, in this case, occasion any additional loss. Obviously
since the direction of each light ray is reveréible, the

roles of the lens and mirror (transmission and cOlLection) can
be interchanged. | ’ |

The:chief drawback of the coaxial optical system is its
- cost. The cost of optical elements is a strong function of
this aperture and additional expenditure is involved in the
" mechanical complexity occasioned by the folded path. A much
cheaper and simpler system (and .one adopted in a number of
commercial survey instruments such as the AGAl2, Wild DK@,
Tellurometer CD6 etc) is to use identical lenses for
collimation and ccllection in a side-by-side binocular-iike
arrangement. This is less than optimum from the point of
view of coupling and the usﬁal,remedy is to use an effectively
larger reflector prism. " The increased apeéturé is only
- required in the horizontal dimension (assuming that the
transmitter and receiver are horizontally adjaceht) and to
save cost and reduce the bulk and weight of the prism it is
“suitably truncated. Nevertheless the use of these
'rectangular'prisms incurs an appreciable cost penalty.

In practice the problem hardly arises in the present instance.
At chort range the loss of signal due to poor coupling is no
problem - it can be an advantage, reducing somewhat the dynamic
range with which the instrument has to cope. At long range

the additional spread of the returning beam due to prism
imperfections gives rise to a fairly; uniform flux distribution.
At distances in excess of 1 km it was found unnecessary to

take accournit of coupling losses.
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It was decided therefore to use the cheapest and simplest
system possible for experimental and prototyping purposes,
in the form of two 60mm diameter binocular objectives

mounted side by side. The effective collection aperture

was therefore

Ap= T (60x1073)% = 2,8 x 10" 3(m?)
The design problem posed by the collection optics is similar
tc that of the collimation optics and most of the points
made in 3.6 apply here also. In one respect however an
importaht‘constraint is released. In the case of the source,
nigh radiance could be achieved at the expense of small size,
and good resolution was required of the collimating optics.
In the case of the receiver, little is gained by going to a
very small area photodeteétor. The field of view is

restricted and as a result the background radiation reduced

~ but as we shall see in the following chapter, the noise

advantage is not very great. Snmall area photodetectors have
less capacitance but this is not critical where, as here,
modulation frequencies are low. Moreover, for detectors of
less than 0,5 - lmm diameter, the capacitance is dominated

by amplifier input capacitance and circﬁit,strays. Finally,
the problem of maintaining 'boresight' collimation of the
transmit and receive optical systems is greatly eased if the
receiver field of view is appreciably wider than the
transmitted beam, and the dominance of the latter in determ-
ining pointing effectively precludes the possibility of error
due to spatial variations in photodetector speed of response
{see Chapter 4). It can therefore be assumed that the photo-
detector will have a diameter of at least O0,5mm and the
resolution of the collection optics need be no greater than,

say, 0,3mm for 90% encircled energy.

PREDICTED PERFORMANCE

We are now in a position to predict the worst-case returned
power for our prototype setup, which consists of a source:
having N = lZW/cmzsr collimated by a lens of 60mm diameter

and 0,8 optical transmission.
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Therefore
It = N At
- 12 x 10% xg (60 x 10°3)2
= 340 (W/sr). |

Modifying'3.6 to account for transmission loss, we have,
at a range of 2km when V = 4km, a returned power Wgp where

~

..7 ’
W =1,2x 1077 I_Apx T
when T = Ts Ta Tp T0
= 0,06 x 0,8 x 0,8 x 0,8
= 0,03
W =1,2x 107/ x 340 x 2,8 x 1072 x 0,03
=3,4x10°W | 3.20

In the following chapter we shall consider whether a returned
optical power of 3,4nW is sufficient to permit the measure-

mant of phase to the required accuracy.

3.10 EXPERIMENTAL VERIFICATION

The foregoing range prediction clearly is based on a rather
long chain of reasoning involving many assumptions. Although
doubtful points were checked experimentally (e.g. diode
radiance, reflector performance) or by means of numerous
intercomparisons of published data (atmosphericvtransmission),
it was judged prudent to carry out an experiment modelling

as closely as possible the proposed system over the actual
terrain envisaged. Although it would not be possible to
verify the theoretical model with a high degree of precision
(due chiefly to the variability of, and difficulty of specify-
ing, atmospheric conditions), gross errors could be discovered
by such an experimental setup, and the practical viability

of the system convincingly demonstrated.

Experimental apparatus

The experimental work was carried out using the apparatus

shown in the accompanying diagrams. A silicon doped (domed)
GaAs source (TIXL12) with a measured radiance of 12W/cmzsr

was square-wave modulated at a frequency of 1lkHz -~ sufficiently.
high to avoid atmosphere scintillation noise (e.g. sunlight
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glinting off a choppy sea) and 1/f noise. Radiation was
collimated by a 60mm diameter cemented doublet lens at f/4,
yielding a beamwidth of 7 arc minutes, slightly in excess of the
optimal 5 minutes. Reflection was accomplished by a 60mm
diameter tested prism having a nominal 3 arc second deviation.
Returning radiaticn was focused by a 60mm doublet identical to
that in the transmission path, onto the sensitive area of a
lmm diameter silicon PIN detector.  The resulting photo-
current was amplified by a FET operational amplifier in
transresistance mode (current-to-voltage converter) aﬁd the
output of the latter was synchronously detected by means of a
shunt CMOS switch {56). The output of the synchronous
detector was further amplified to drive a meter.

Calibration

The measurement of beam radiant intensity I, has already reen
-dealt with. It remained to determine the sensitivity and
galn of the receive channel. o

Manufacturers' data for the photodlode used - the HP4207 -
quotes a responsivity of 0,33A/W at a wavelength of O,9%um.

A direct comparison of a number of such diodes with a
bolometer-type radiometer (57) showed respcnsivities ranglng
from 0,3 to 0,4A/W. The device used in the experimental
setup was close to the nominal 0,33A/W. The peak~to-peak
photocurrent for square-wave mddulated flux WR (wattz) is
therefore 0,353Wg (amps).

The trans simpedance amplifier used an LF356 FET operatlonal
4ampL1f1er with a feedback resistor of 10MA . The output
of this amplifier was therefore a square wave of amplitude
3,3 x 10° Wy (volts).

Because of the wide bandwidth at this point, the square-wave,
for weak but perfectly usable signals, is completely buried

in noise. In order to ease the iinearity and dynamic range
requirements of the synchronous detector switch, the trans-
resistance amplifier was followed by a low~-Q multiple-feed-
back active filter tuned to the fundamental of the square-wave
dr‘ve to the light emitting diode (lkH)., Limiting the Q of
this filter to 3 minimises the livelihood of the synchronous

detection sensitivity being altered due to phase-shift.
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The effect of rejecting the harmonics of the received
signal modifies the gain of the channel so that
_4 % 3,3 x 10° W (volts)

'V =AX L X
24/2 v . ,
= 2,7 x 10’ Wy (volts) 3,21
where @~ V = rms voltage at output of filter
A = filter voltage gain = -2Q% = -18 .
For the limiting case derived in 3.20,
Wy = 3,4 x 1077 wacts

A rough check on the functioning of the instrument was
obtained by using the source without collimating optics,
facing the photodiode, also without optics, at a distance
d (metres). The irradiance of the source can be calculated
from the source radiance N and source diameter dg (0, 5mm).
I, =N 7 (d)%
=12 x 1Q4 X ‘%
-3

x (0,5 x 103)2
= 23,5 x 10 W/sr ,

This agrees reasonably well with a mcasured 20mW/sr.

The solid angle N subtended by a lmm photodiode is given by

4 : d2

and the flux impinging on the photodiode is

WR = 2 x IO | ‘
= wx10%xL x2 x 1073
4 d
= 1,6 x 10”8 watts .

Equating with 3.20, we find the distance d which, w1th no
- optics, v1e1ds the designed minimum power,

AV/ 6 x 10 ¢
d = 4 x 10~ = 2,2m,

When the transmitter and receiver were set up facing one

another without optics and care was taken to eliminate stray
reflections, the received signal resulted in an output from
the active filter of O,lSVrmS, within 167% of the predicted

value, Given the indirectness of the calculation and the
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- number of assumptions involved, this is held to be an
acceptable order of agreement.

For subsequent tests the receiver was calibrated in terms

of a bolometer radiometer standard. The ﬁost—detection
gain was set to give a d.c. output of exactly 0,1V per
nanowatt incident on the photodiode, using the inverse
square law of distance to cross refer the two systems over
the wide dynamic range involved. 'The calibration procedure
is self explanatory. The Validity of the use of inverse
square law (provided adequate baffling is used to eliminate
reflections) is shown by the logarithmic plot of power vs

distance.

Experimental results
The instrument was reassembled with its optics and carefully

collimated at a range of lkm. The signal received over 2km
range was recorded over various types of terrain (including
water) and in various weather conditions.  As expected, the
received power varied over a wide range =~ from <1 to.12nW,
However under reasonably clear conditions (free from heavy
haze or fog), when the visual range was judged to be at
least 4km, the returned signal was never less than O,annS,
which corresponds to 4nW (eqn 3.21)(cf 3,4 nW; eqn 3.20).
Conclusion _ _

- The agreement between the predicted and measured performance
of the electro-optic link, using a low cost and readily

available system, was judged entirely satisfactory. The
prototype optical system, though perhaps not optimum, was
shown to achieve the reQuired performance. There is no doubt
that the performance can be further improved if fibre-coupled

lasing sourcesg are used,
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CHAPTER 4

INTRODUCTION

This section deals with the theory and design of an electro-
optic phase-comparison distance measuring system utilising

a passive co-operative reflector and having an output 'in

the form of the phase angle between a pair of low-frequency
signals. A treatment of the historical development,
principles of operation and parameters determing the perform-
ance of such instruments will be followed by design informa-

tion for a unit to meet the present requirement.

The operating principles of such instruments are now well-
established and it is easily possible to design and build

an instrument meeting the requirement in respect of range
and accuracy with a high degree of confidence that it will
meet its target specification. The problem lies in doing so
within the constraint of low cost. The operating constraiuts
of such instruments tend to lead to relatively expensive

components, fabrication and adjustment prc:edures, a fact

which is borne out by observing the high cost of commercial
electro-optic distance measuring instruments. The situation
is cohsiderably eased in the case of the present instrument
as a result of the significantly.reduced accuracy requirement.
On the other hand, it is exacerbated by the more stringent
demands in terms of operational range and operating conditions.
The writer's experience with the design of comparable
commercial equipment suggests that, in order to meet the
present requirement of low cost, a careful study of critical
error sources and cost-effective techniques for their
elimination is required.

The evolution of instrumental technique for electro-optic

- phase-comparison distance measuring instruments follows a

remarkably coherent pattern of development over many decades,
each advance being characterised by increased phase resolution
and /for immunity from systematic error. It is helpful to

place the present state-of-the-art in perspective by a brief
historically-based review (58-60). Articles based on the
foliowing section have been published by the writer. Similar
reviews have been published (61) but this appears to be the
first to take cognizance of both Western and Soviet streams

of development.
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ELECTRO-OPTIC INSTRUMENTS - EVOLUTION OF EXPERIMENTAL TECHNIQUE

The development of electro-optic instruments for the determin-
ation of distance can be thought of as a continuous process
beginning with a series of experiments by Karolus in the
years 1925-1940 to determine the terrestrial velocity of
light (62). Karolus and Mittelstaedt began by adapting the
classical method of Fizeau, substituting for the toothed
wheel an electro-optic modulator capable of modulating the
intensity >f the light at frequencies up to 10 MHz. As

in the case of the toothed wheel the modulator functioned
also as a synchronous shutter or phase-sensitive detector
of the returning radiation, and the modulating frequency was
varied to achieve a visual null. Subsequent workers
improved the precision of the null detection by substituting
a photodetector for the visual observation, and in 1935
Karolus proposed that, instead of using an electro-optic
modulator to gate the returning radiation, the gain of the
photodetector be modulated synchronously at the modulation

‘frequency. In the case of a photomultiplier this can be

achieved by «oplying a fraction of the alternating voltage

” across the modulator to the dynode structure of the photo-

multiplier.

A shortcoming of simple null schemes is that, at the critical
null point, the signal disappears "into the noise",

resulting in a rather broad and ill-defined null point, and
better results can frequently be obtained in such a situation
if a differential measurement can be substituted in which

the amplitudes of two nearly equal signals can be compared,
often by using synchronous or phase~sensitive detection. Such
a refinement was proposed by Karolus in 1938 (35), and |
consists of a system in which the phase of the alternating
voltage applied to the photomultiplier is periodically
reversed by 180° at a low rate (say 50 Hz). In this case the
mean photocurrent is unaffected by the reversal if and only

if the light modulation envelope and the alternating voltage
applied to the photomultiplier are in mutual phase quadrature.
Thus the quadrature condition is sharply indicated by the

disappearance of a photocurrent varying at the phase reversal
rate.
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This led directly to the development, in the years 1940-1949,
of the first effective portable electro-optic instrument

- designed specifically for geodetic distance measurement by
E. Bergstrand (63), who was responsible for many notable
advances in the state of the art. His instrument, which
later became commercially available as the AGA Geodimeter
used essentially the scheme proposed by Karolus in 1938, but
the 180° piiase reversal was elegantly accomplished by a
periodic alteration of the bias voltage of the modulator,
utilising its quadratic characteristic. Moreover the
modulation frequency was fixed at 8 MHz, the measurement

of arbitrary distance being accomplished by a calibrated
variable delay line ingerted between the modulation generator

.and the photodetector.

Despite Bergstrands major contribution to the art of electro-
optic distance measurement, and the fact that his was
undoubtedly the first successful instrument commercially
produced for the purpose, its claim to priority is not
absolute. According to a comprehensive review by Andrianova
et al (64), such an instrument was in existence at the

Soviet State Optical Institute as early as 1936 but the review
cites no source prior to 1956. The past and present extent
of Russian involvement in electro-optic distance measurement
is frequently overlooked in the West. Conversely, western
sources are rarely cited in the extensive Russian literature
on the subject, The first explicit disclosure of an electro-
optic distance measuring instrument occurs in a United States
patent granted to I. Woolf, an employee of RCA, in 1940,
Woolf's instrument, which does not seem to have found

~ commercial exploitetion, anticipates many of the features of
later instruments, such as phase detection in an electronic
multiplier following photodetection, as well as fixed-
frequency modulation together w1th Bergstrand's callbrated
phase delay for the measurement of arbitrary dlstances.

All the above may be described as homodyne techniques in that
returning light signal is multiplicatively mixed, whether

in an electro-optic modulator, photomultiplier or electronic
multiplier, with a signal at the same frequency, resulting in
a zero-frequency output which is nulled by an adjustment of the
- mutual phase of the two signals. This technique reached a

o - e = ——— . [P
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peak in 1967 with the introduction by Froome and Bradsell
of the National Physical Laboratory, of the very accurate
Mekometer (65), which represents a highly ingenious and
elegant adaptation of the basic method of Karolus and

- Bergstrand. In the Mekometer, the light source is a
pulsed Xenon flash tube, elliptically modulated by means
of a cfystal cavity. After traversing the distant path,
the feturning light passes through a variable light path,
and is de-modulated by means of a second identical crystal
mounted in the same cavity. The variable light path is
adjusted for a null condition, permitting distance deter-
mination with sub-millimetre precision.

Heterodyne methods

The success of the Mekometer notw1thstand1ng, the mainstream
development which was to lead to the current widespread ucse
of electro-optic distance measuring instruments did not
involve the homodyne apbroach, chiefly on account of the
difficulty of generating precisely known phase delays in

the megahertz range. In the Mekometer this problem was
circumvented by the use of a'very high modulation frequency
which permitted the use of an optical delay line (variable
light path) of reasonable size.

In 1954, A. Bjerhammer, at the Royal Institute of Technology,
Stockholm, intrcduced a technique (66) which was adopted

by all successive instruments with the exception of the
Mekometer, and the Russian GD314. Confronted by the problem
of measuring the phase difference of high frequency signals
representing the outgoing and returning light modulation,

his solution was to mix the signals multiplicatively with

a local oscillator, and to select the lower sideband, or
difference frequency, which results, The process preserves
the phase difference between the signals in the form of an
identical phase angle between their low frequency counter-
parts. In effect, this amounts to a time expansion which
greatly increases the achievable resolution.
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HY1lscher, in 1965, introduced a new technique which
permitted electronic amplification of the returned signal
before mixing down to the lower frequency at which phase

is measured (67). The problem to be overcome involved

the introduction of errors due to spurious phase delays

in the. high frequency amplifier following the photodetector.
Delays due to this source would be indistinguishable from
those due to the transit time of light. HYlscher solved
the problem by including a fixed light path internal to

the instrument, and time-multiplexing the signals resulting
from the internal and external light paths through a common
electrical channel. The phase lag due to the transit time
then appears differentially. Electronic delays appeér-as
a common mode term, and error on this account is eliminated.

In 1968, the present writer was engaged in engineering

‘H¥lscher's instrument for commercial production and decided

to take his multiplexing technique one stage further.

In order to eliminate the possibility of phase drift due

to the use of two photodetectors in tuned amplifiers, an
electromagnetically-operated optical switch was used to
direct light from the internal and external paths alternately
on a single photodetector, thus eliminating phase errors

due to the detector itself. This approach is now almost
universally adopted in the commercial electro-optic <istance
measuring instruments which have proliferated in the past
decade, Much of this chapter draws on well-established
techniques. The writer's contribution is also now an
accepted part of the.state-of—the—art.

RESOLUTION OF AMBIGUITIES

If we regard the modulated light beam as creating a set of
fixed (equi—phase)'reference points in space, it will be

seen that the phase measurement serves the purpose of
interpolating linearly between these points. If, however,
the distance to be measured exceeds half the modulation wave-
length , resolution of the total distance requires the
determination of the number of complete cycles of phase angle
along the path. Several strategics exist for determining

this figure, but all of them involve changing the modulation

frequency £ in some way.
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(It would, of course, be possible to determine the total

"distance by means of some independent method such as a pulse

time-of-flight measurement, -and to use the phase method to

improve the precision of this '"coarse'" determination. Such

an approach would however be somewhat inelegant, requiring

extra circuitry due to the non-compatability of pulse and

phase techniques.)

There are three principal approaches to ambiguity wresolution:

1.

Low-frequency modulation °

We may measure phase with a low modulation frequency
chosen such that the unambiguous range exceeds the
desired maximum range of the instrument.

Differential modulation frequencies

We may measure phase at two slightly differing modulation
frequencies. The result of subtracting the two phase
delays corresponds to the phase delay which would have
resulted had we modulated at a frequency equal to the
difference between the two modulation frequencies.

That is, it can be shown that if ¢, and ¢, are the phase
angles obtained when measuring with modulation
frequencies f1 and f2 respectively, (¢, - ¢, )is the

‘phase lag which would be obtained if the modulation

frequency were (f1 - f2).

The practical significance of this technique is that

the effect cf very low modulation frequencies, and hence
long unambiguous range, can be obtaincd without incurring
the circuit complications involved in handling widely-
spaced modulation frequencies.

Frequency modulation of the modulating frequency.

While methods 1 and 2 are uaiversally used in di stance
measuring equipment and are eminently suited to
situations where the ratio between unambiguous range
and instrumental resolution is large (typically 105),
another possible method.suggests itself where the
ratio is smaller (e.g. 3 x 102 as in the present case).
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We can see from 2 that deviation of the modulating
frequency gives rise to a phase shift which is proportional
to the amount of the frequency deviation and the total
~distance. Thus if the modulating frequency is itself
frequency modulated by a known amount, the phase

modulation of thne feturning signal will be a measure

of the total distance.

The concepts discussed qualitatively above will be treated
more formally in the following section.

Principles of dperation
Let: '

be the distance to be measured
the velocity of light in wvacuo
the atmospheric refractive index
the time delay corresponding to the return path

=

the modulation period =
m

L

c

n

t

f, the modulating frequency
Tn

¢ the phase lag between the modulation envelope of

the outgoing and returning radiation B
v the atmospheric velocity of light

= &£

V.7 n 4.1

s o= .g_I‘_'

- v
= 2Ln 4.2

e
= Lt
’ ¢ = 217
c o '

It can be seen that the phase increaces linearly with L.
'However since ¢/ is indistinguishable from ¢4-2Tpn, it

can be seen that there will be a certain distance L'

after which the phase will effectively jump from 271 to O
and recycle. L' is the unambiguous range and is given by:



whence LM = 3= - 4ol
m . .
, = c o
or | fm | T°n . o 4.5
Resolution:
from 4.3 and 4.4: _
¢ -omp A
or L =1 5% - A
~and dg = %;Y
dL
d = 2wk ] 4.8
Ambiguity resolution:
Let fm successively be f1 and f2 and let the corresponding
- phase lags L= ¢1 and ¢2.
?rom 4.3: : ,
_ .. 4mrn
in the limit,
g = AMR ge g . 4.10
or L = Z%Fh g% . - 4.11

From 4.9 it can be seen that the effect of modulating with

a low frequency can be cbtained by differencing the phase
delay obtained from two closely-spaced modulation frequencies.
As was previously mentioned, this offers practical advantages
in terms of circuit simplicity, and has been widely used. ‘It
appears superior to the use of direct modulation frequencies
in the present instrument and would probably be adopted, but
for the existence of an even simpler method which exploits
the fact that, in the present case, an unusually small ratio

between modulation frequencies is required.
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The method depends on 4.11 from which it can be seen that

gg is a monotonic (and hence unambiguous) function of the
df : '
total range L. Thus, if the modulating frequency is period-

“ically perturbed a fixed amount (i.e. frequency modulated),

the total range can be inferred by examining the amplitude of
the resulting periodic phase deviation in the returning signal.
The method can be thought of as a crude implementation of the
difference-frequency methods in which the modulation frequency

- is rapidly and repetitively switched between the two relevant

frequencies. Since the required difference effect is

measured directly, a simple and crude determination will

suffice, and the method offers further simplification and

reduction of measuring time.

CHOICE OF MODULATION FREQUENCY

"Two conflicting requirements dictate the choice of a

modulation frequency: unambiguous range and resolution
or accuracy. These respectively set upper and lower bounds
oni the frequency, and normally, in a-general-purpose distance
measuring instrument, the demaﬁds thsy make are incompatible,
leading to the multiple-frequency arrangements discussed
above. In the case of the present instrument, accuracy

‘demands are moderate and it is worth considering whether a

single-frequency instrument is a possibility.
Unambiguous range of 2km implies (from eqn 4.4) a modulation
frequency no higher than 75kHz. Equation 4.8 shows that then,

to achieve 0,3m accuracy, we would require a precision of -

phase measurement of at least 1,5 parts in 104. In the
laboratory (we shall see in Chapter 6) there is no great
difficulty in achieving it, but this order of precision

is by no means eaéy to achieve in a distance measuring link
in which the signal is subject to deep fading and wide dynamic
range variations. The diffi-ulties enc¢ountered in seeking
very high phase resolution in distance measuring ecuipment

are considered in detail in 4.7, but the fact that commercial

instruments rarely expect (or achieve) a phase resolution
precision better than 1 part in 3 X 103 is enough t» make

us cautioiis.
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To achieve the required precision of 0,3m with 1 part in

3 x 103 phase resolution, we need a modulation frequency

of 166,ékHz. For convenience we would choose 150kHz,
giving a modulation wavelength of 1lkm., Ambiguity resolution
is’' then a trivial problem with a fine/coarse frequency-
ratio of only 2. Indeed for many purposes the coarse
frequency could be dispensed with, since it would not be
unreasonable to assume in the user an a priori knowledge

of whether the vessel were, say, 100 or 1100m distant. Thus
a single-nodulation-frequency 150kHz instrument, although
not strictly meeting the ambiguity requirement, ‘is
attractive in its simplicity.

It is by no means obvious that thisArepresents the best
design strategy - the problem of achieving the required
accuracy would be greatly eased by adopting two modulation
frequencies at, say, 75kHz and 7ZO0kHz. This could best
be realised in the form of difference frequencies at (to
yield exact metre increments) the following frequencies:

fine frequency 749 925Hz
coarse irequency 674 932,5Hz
difference 74 992,5Hz

At a modulation frequency of around 750kHz the phase
accuracy requirement becomes an easy 1,5 parts in 103, very
comfortably within normal commercial practice.

Although this design approach would have many advantages in
commercial manufacture, due to its non-critical demands,

it was not the approach adopted in the experimental work for
~this thesis, for a number of reasons. The writer had
considerable experience with existing commercial instruments
in this category. and the design of yet another similar one
offered little in the way of challenge or potential new
information. Nor was experimental work really required for
a design so comfortably within the state-of-the art. On the
other hand, it was felt that experimental work was required
to settle a number of uncertainties. It was decided to

see whether the specification could be met (except in
respect of unambiguous range) by an instrument operating

at a single modulation frequency of 150kHz. This would
provide a searching test of the theoretical models employed

and of the ultimate achievable accuracy. To have any
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expectation of meeting the accuracy specification, compre-
hensive exploitation of error-cancelling techniques would
be needed. Such a technique (affecting the modulation
frequencies) is dealt with in the next section.

The use of 'megative patterns'

In the.case of a microwave distance measuring instrument, an
active transponding instrument is used and there is no poss-
ibility of introducing the 'reference path' so easily
provided in the case of an electro-optic instrument on acccunt
of the co-location of transmitter and receiver. As a result
of this, phase-shift in thz low-pass amplifiers following
the heterodyne operation contributes directly to the measured
phase shift, and instabilities in the electronic delay are a
potential source of error. Wadley, in his "Tellurometer"
instrument proposed an ingenious way of elihinating this
source of error by the introduction of what he termed a
"nmegative pattern'" (68). In order to understand this termin-
ology it is necessary to know that the '"patterns' in the
Tellurometer system are simply the set of equiphase points
in space caused by the modulation frequencies. Normally the
patterns are '"'positive'. That is to say, the system is |
configured so that increasing distance results in an increase
of measured phase shift. It is easily shown (see appendix
4.2) that for this to be the case, all that is requiied is that
the reference (heterodyne) oscillator be below the modulation
frequency, in which case the phase shift ¢ between the
incoming frequencies will be reproduced as an identical phase
shift ¢ at the low (or intermediate) frequency. If, on the
other hand, the reference oscillator be located above the
modulation frequency, the output phase shift corresponding
to an input phase shift of ¢, is —@.
If we subtract the phase-shift measured with the reference
oscillator located beiow the modulation frequency from that
obtained with the oscillator above the modulation frequency
we shall obtain a result

¢ - (-¢), or 2¢
Thus the resolution is doubled. "But this is not the most
important result. Suppose that the low-pass filtering and
amplification in the two channels, following the mixing oper-
ation, introduce a differential phase shift. Without the use
of a negative pattern the measurement would be perturbed by



64'

6 yielding a measured phase-shift ¢f’where

¢ = ¢+ |
However § is a constant, unaffected by the location of the
reference oscillator above or below the modulation frequency.
Therefore, using a negative pattern and computing the
difference for the positive and negative patterns we arrive
at a measured phase shift ¢'"' where

g =@ +46) - (-¢ +§)

= 2¢. ’

The use of a negative pattern therecfore results in a doubling
of resolution and a cancellation of error due to low-frequency
circuit delays. “ o

While negative patterns are invariably employed in microwave
distance measuring instruments, this has not been the case

for electro-optic instruments. In fact the only commercial
instrument exploiting the technique appears to be the HYlscher/
Greene Tellurometer MAIOO (67). It is worth considering why

so powerful (and simple) a technique has been overlooked.

It has been argued that low frequency phase delays § in the
electro-optic case are common to the internal measured phase-
shift ¢i and the external measured phase-shift ¢e and hence
are removed by the subtraction

@, +8) - (@, +§) =¢_ - ¢, |
obviating the need for a negative pattern. It is argued that
subtraction of the negative pattern yields no extra informa-
tion and is equivalent to simply doubling the phase shift
measured using the positive pattern. This argument overlooks
an important fact and its conclusions are erroneous. |

The main purpose of the internal/external subtraction is to
remove high-frequency delays. Since the high frequency
circuitry is linear it is a tenable assumption that the delay
is the same for the external and internal measurements. The
low-frequency signal-processing however includes phase-detec-
- tion which necessarily involves a non-linear operation. As

a result it is amplitude-sensitive and the low-frequency delay
is a function of signal-level (in some instruments this effect
is the dominant error source, necessitating careful balancing
of signal amplitudes). Now in general (and certainly in the
proposed instrument which demands a minimum of operator inter-
vention), while the amplitude of the signal transmitted over

the internal path is constant, that trangmitted over the
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external path varies over a wide dynamic range. Hence it
is necessary to postulate two different values of low-

frequency delay, §. and §i -
Now the external internal subtraction yields

(Gg+8g) = 0y +8;) = (9o =6y) + (8, =8;) .

leaving an uncompensated differential error ( 53—-3{). This

~differential error is however independent of the reference

oscillator situation, Therefore, remeasuring with a
negative pattern and subtracting, we get ¢'" where

o' = (¢e'_¢i) + (§e"61) - {_ (¢e-¢i)+n(6e-'6i)}
and even the differential error is eliminated. |

In order to verify this theory and investigate its
significance, the writer examined the records of a large
number of distance determinations carried out with a proto-
type Tellurometer MAlOO. The overall erior determined in
the normal mode of operation (i.e; using a negative pattern)
was compared with the error using only the positive pattern
(and doubling the result). The results showed a standard
deviation of error in the second case 1,8 times that obtained
in the first case (3,8mm vs 2,lmm). This validates the
conclusion reached above and shows that, for that particular
instrument, low-frequency amplitude-c:2pendent phase-shift is
a significant, if not dominant, portion of the overall error
mechani sm. The inclusion of a negative pattern is therecfore
fully justified for the present instrument. As a critical
test of the technique and the achievable precision it was
decided to carry out tests at half the above calculated pattern
frequency - viz., 149 985 Hz to see whether the gpecificaticon
could be met. A practical advantage of this decision was
that test equipment operating in this frequency range (phase
measuring equipment, for example) was available.

AN EXPERIMENTAL PROTOTYPE SYSTEM

A block diagram of the experimental set up is illustrated
opposite. A crystal-controlled oscillater at 149 985 Hz drives

. a modulator circuit which in turn drives a TIXL12 diode which

is biased at an average current of 300mA. The low
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modulation-frequehcy enables a high modulation depth (in
excess of 90%) to be obtained. The radiation is collimated
and the returning radiation collected by 60mm lenses as
outlined in the previous chapter. The returning radiation
is focused onto the sensitive area of a photodetector and
the resulting photocurrent is turned into a signal voltage
which is amplified. The amplified signal is mixed with a
crystal-controlled reference oscillator at 149 985 Hz or
150 985 Hz. The lower-sideband signal is selected in each
case by means of a bandpass filter centred at 1lkHz and the
resulting 1kHz signal is further amplified.

A sample of the outgoing radiation is obtained by means of

a 100mm length of O,5mm light-fibre positioned so that its

end is illuminated by means of the 'wasted'" radiation

emerging from the luminescence-diode. The free end of tke
light guide is butted up against the window of a second
photodetector, and the photocurrent from this detector is
processed in the same manner as that of the main photodetector,
resulting in a second lkHz (reference) signal.

This method of deriving the reference channel (i.e. via an
optical 1link) though it may seem unnecessarily extravagant,
has two important advantages. One relates to the superior
isolation and freedom from spurious coupling or cross-talk
between channels which results, It will be seen below that
this is one cf the most critical sources of error in this
type of equipment and its elimination by shielding and de-
coupling is one of the expensive areas in instrument fabric-
ation {(not to mention the special and critical testing required
" to ensure its absence). The second advantage is that it
eliminates the phase instabilities first reported by HYlscher
(51) between drive current and envelope of radiated power in

the emitting diode.

To clarify this, consider an earlier experimental arrangement
in which the transmit diode drive current was sampled by means
of a current transformer (see diagram). It was soon discovered
that when the instrument was switched on a rapid phase drift
(several electrical degrees per second) was monitored. Need-
less to say, during this period the internal/external sampling
period was far too long to negate the effect of the drift and

gross error resulted. After a few minutes, as thermal
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equilibrium is approached, the rate of phase drift is
considerably reduced, but one is left with random fluctuations
which, though small (typically 0,2°rms) are sufficiently

large to affect overall accuracy. When an optically

 derived reference signal is used these phase fluctuations

are common to both channels and do not in any way affect the

final result.

At this stage in the investigation no attempt was made to
construct a phase-measuring system. The two 1lkHz signals
were simply fed into a commercial (Krohn-Hite) digital

phase meter with a resolution of 0,1°. This gives a
theoretical range resolution at 150kHz of O, 3m. Ideally
one would prefer somewhat better resolution but this figure
was judged more than sufficient tovpermit an exploration and,
hopefully, elimination of the dominant errors in the system.’

Aspects of the detailed design of the elements of the system
will be discussed below in the context of jyprojected and
mcasured performance, and the elimination of systematic errors.

RESULT OF INITIAL TESTING

Test range

A set of retroreflective prisms was set up at distances of
about 100,.200, 500, 1000 and 2000 metres and their distances
determined within a few centimetres using a Tellurometer CD6.
In order to determine the distance of the lkm and 2km stations
with the CD6, the prism had to be augmented with a cluster of

three and six prisms respectively. Reflector distances

were determined (with a 3¢ uncertainty of less than 0,06m) as

110,243 205,179; 485,600; 1007,101 and 1973,990 metres.

~ g Py

For future reference these stations will be henceforth reférred
to as S1(110,243m) through S5(1993,990m) respectively., SO
will refer to the station occupied by the instrumenc.

Returned signal

The instrument was carefully focused and collimated for maximum
returned signal using the reflector at S4. This was chosen
because it is safely in the far-field region (at 104 focal
lengths) while the returned signal is ‘sufficiently strong

to dominate the residual noise and facilitate the maximisation

process.
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The gain of the receive channel was then set so that it

was just short of saturation on the signal returned from S1,
with a signal level of 1 Vons® Under clear conditions,

a signal of about 0,5 Vrms was then obtained from the
reflector at S5. This is a dynamic range of 66dB, but it
should-be noted that it represents a dynamic range of only
33dB in the received power levels. This apparent anomaly
causes a great deal of confusion tc engineers who are unused
to dealing with electro-optic systems (69). It is'due'to the
fact that a photodiode is a square-law device whose (current) -
output is linearly related to optical input power.

A fundamental index of system performance is provided by

the signal-to-noise ratio at the output of .the receive channel.

This is of course only meaningful if measured within a known
bandwidth. It was decided to measure the noise in a 100Hz
bandwidcth. It is well known that for a simple two-pole ‘
resonant system the noise bandwidth By is related to the 3dB
bandwidth Af by the relation

J

|

1’ BN = ™ f3dB

A Sallen-and-Key bandpass filter with f; = lkHz and

Af = 100 g’ = 78,5Hz.(i.e. Q = 12,7) was therefore used at

the output of the receive channel, followed by a sensitive

true-rms voltmeter. For the reflector at S5 the signal-to-

noise ratio was measured (under clear conditions) at 32dB.

It was found that this signal-to-noise ratio was insufficient

to permit a steady phase reading accurate to better than about

1° unlegs the readings were averaged over several seconds.

Thus at maximum range the system failed to meet the specif-

ication in terms of combined accuracy and update time.

Nevertheless it was decided to proceed with the evaluation

of the instrument for a number of reasons.

(i) The system as developed exhibited an attractive simplic-
ity and seemed to be worth studying in detail. _

' (ii) By means of various small modifications it should be

possible to meet the specification.’ If, for example

the detection sensitivity could be increased by a

factor of about 5 by the use of an avalanche photo-
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detector and interference filter to limit background

. power, the target might be met.
in section 4.8).

- (This is digcussed

An even simpler variant which would

certainly suffice would be to replace the light-emitting

diode by a semiconductor laser as discussed in section

3.5.
at the timel)

(iii) The apparatus, which appearéd to be functioning

(Such a device was not commercially available

correctly, afforded a valuable opportunity to investigate

systematically the various possible sources of error.

(iv)

The possibility of validating theoretical models would

yield a sound basis for the paper-design of future

versions.

Up to this point it had been rather naively assumed, on the

basis of nrevious experience with similar instruments, that

>nW would be an adequate level of returned optical power.

This however failed to take. account of the phase resolution

demanded and the short measuring period (0,35 ) specified.

A rather belated analysis, to be presented subsequently,

confirmed thc¢ order of magnitude of the discrepancy alluded:

to above,

Di stance measurements

A set of measurements was carried out between SO and S1 through

S4, with the following results:

Station s1 S3 S4
¢, - ;" 39,6° 74,1° 175,1° 2,9°
Computed distance »
1000, N .
222@, - 9,) @) 110,0 205,7" | 486,4 1008, 1
True distance (m) 110,243 | 205,179 | 485,600 | '1007,101
Error (m) - 0,2 + 0,5 + 0,8 + 1,0
Standard deviation _ *
of scatter (m) 0,3 0,7 1,8 2,6
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The results are computed from a mean of ten determinations
for each station, and for each station the standard deviation
was computed. The average standard deviation of 1,4m is
considerably in excess of the target specification, and the

results clearly showed excessive random and systematic

~components of errox. There does not seem to be any evidence

of scale error, although too few points were involved for

this to be said with much confidence.

There was no sign of gross malfunctioning in the instrument
and it was decided to prcceed with a detailed theoretical and
experimental exploration of the possible sources of error.

- CATEGORIES OF ERROR IN DISTANCE MEASURING INSTRUMENTS

It was found helpful, in attempting to disentangle the-various
error sources, to submit them to an analysis in terms of
logical categories. The major subdivision is between random,
or statistical, error and repeating or systematic error.

The former may in principle be reduced by computing the

averagé of a number of separate measurements of the same
distance (or by increasing the observation time, which amount,
to the same thing ). If the errors are normally distributed
we would expect the mean of n readings to have a variance
reduced by a factor n, or a standard deviation reduced by ./m.
Systematic errors, on the other hand, are not reduced by -aver-

aging but since they bear a definite functional relationship

- to, say, the measured distance, it is always possible in

principle to eliminate them by means of an appropriately
devised observational or calibrating procedure. We shall

treat these first.

Systematic errors may be subdivided into scale errorg or errorg

proportional to the distance measured, zero errors or errors

independent of the distance measured (but systematically
derendent on some other variable, such as instrument pointing
or signal level) and cyclic errors, or errors which repeat
periodically with distance measured. The most likely period
is of course that of the effective measuring wavelength, or lkm
in the case of the prototype (500m after subtracting the
negative pattern).
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(a) Scale error

Scale error (or proportional error) arises when there is a
discrepancy between the actual and intended effective measur-
ing wavelengths. . There appear to be only two possible
causes, one instrumental and one environmental. The
instrumental cause is drift in the modulating fequency, and
the environmental cause is a discrepancy between the actual

and expected values of atmospheric refractive index. In
cadastral survey instruments the refractive index is computed
from local measurements of atmospheric pressure and temperature
and the writer has shown (70) that a precision of 1lmBar and

1°K suffices for a refractive index precision of 10-6.

In the case of the present instrument, the required precision
of O0,3m at a maximum range of 2km implies a precision of
atmospheric index determination of 1,5 parts in 104, and
compensation based on meteorological observations is hardly
required. The chosen pattern frequency is based on 15°C at
sea level (lO0OOmB) given a refractive index cf 1,000274.

At cther temperatures and pressures the refractive index will
be given by (See Appendlx 4.1):

n o= 1+ {791 ——[m—Ba—ﬂ} 107% .

T [°K]
Let us consider a fairly extreme case, where T = -50 C.
then we have n = 1 + 79,1 1(2’2‘3 1076 = 1,000354. This

represents a variation of only 8 parts in 107, Pressure
variations are even 1ess-significant, justifying the

‘contention that envirommentally related changes of scale are not
significant. By the same token, drift in the modulation
frequency is not a factor of any importance. Even an indiff-
erently designed crystal oscillator is unlikely to drift by
more than a part in 104 in the most extreme conditions of

temperature.

Scale factor is therefore not a critical area in the present
design and it is not surprising that proportional error is not
in evidence in the initial test results for the prototype.

v Cléarly, if the instrument were intended for use consistently
in arctic or tropical conditions or at hlgh altitude it would
be only sensible to take this into account in setting the

modulation frequency.
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(b) Zero error .
Again the present instrument differs from the cadastral

version, for which an important source of zero error is
centering, or positioning the instrument vertically'above

the point, and variations in the effective plane of reflection
of the retroreflective prisms relative to their mechanical
mounting. Clearly these factors are of no significance
whatever when we are considering resolutions of a substantial

fraction of a metre.

- Variation in electrical phase shift as a potentiai source of
zero error is almcst entirely removed by the external /internal
subtraction. What little remains due to level-dependent |
phase shift acting on the difference between internal and
external signal levels is effectively dealt with by the
differencing of positive and negative patterns as seen in
Section 4.4, It was therefore thought that the instrument
would be free from zero drift, but it was soon discovered

that a rather subtle and elusive source of zero error remains:

Poihting—dependent Z€ro error

The time delay between the drive current to the.gallium
arsenide light-emitting diode and the resultihg envelope
modulation of the emitted radiation is not constant for the
various elementel areas of the emitting junction. ~ Since the
instrumental beamwidth is, at all but the shortest ranges,
considerably greater than the angle subtended by the reflector,
the latter is illuminated by only a small bart of the beam's
cross~sectiocn. The radiation illuminating the reflector
therefore comes from only a small part of the emitting area of
the diode. Precisely which area contributes the radiation

vig-a-vig the reflector, and a "pointing-dependent'" zero error
is introduced.

Curiously, this effect seems to have had no mention in the
Western literature (other than a brief reference in papers

by the présent writer) (59;70) and only a perfunctory discussion
ir the Soviet literature (71), and it was judged necessary to
investigate it in some detail as ¢ major factor limiting the
accuracy of electro-optic distance-measuring instruments.
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Originally (72) it was thought to be a result of a transmission
line type of transit delay of charge carriers in the semi-
~conductor junction (see Appendix 4.3) and there is little
doubt that, when the diode is being modulated near its high
frequency limit, this is the dominant mechanism. It was
therefore thought that the effect (being virtually a pure
‘time delay) would be insignificant at low modulation
Afrequeﬁcies and in an instrument where only a moderate
resolution in terms of absolute distance was being sought.
However the mechanism turned out to be more complex than this,
one puzzling (and still unexplained) anomaly being that
physically small junctions tended to exhibit as great an error
as large ones. Moreover large errors were unexpectedly
found at the low modulation frequency of 150kHz. Rather
than a pure time delay, the error appeared to be irtermed:ate
in character between a pure time delay (which would yield
constant distance error irrespective of mociulation frequency)
ard pure phase delay (which would lead to increased distance
error at low frequencies). It was ~onjectured on this basis
that at least two different error mechanisms were simultane-
ously present: a phase delay along the lines discussed in
the appendix and a tendency for certain areas of the emitting
junction to "turn on' (begin emitting radiation) at specific
threshold levels of drive current. Conceivably this could
occur due to areas being''biased" off due to a combination of
current-crowding and spreading resistance. It is not
difficult to imagine that this effect could be frequency
dependent, leading to a very complex interaction. Clearly
this is an area that deserves further exploration but it

was not felt to be germane to the present thesis, which is
concerned with developing an accurate instrument using
commercially available sources. Attention was therefore
focused (with considerable success) on a series of palliatives
to reduce the error.

Effect on accuracy
The effect of source-related phase error was dramatically in

evidence ‘n the prototype, resulting in ¢pparent changes of
measured distance of up to 1,5m for small angular changes
(0-5 arc minutes) of instrument pointing, and it was found

that this had accounted for a great deal of the spread in
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the initial series of measurements. Improving the consistency
- of pointing by fitting a 20 power gunsight telescope to the
instrument and exercising considerable care in pointing

reduced the average standard deviation for a given point by

a factor of three. Similar results could be obtained by
pointing very carefully for maximum returned signal.

It was suspected at this point that some position-sensitive
phase~-shift was also occasioned by the photodetectcr. This
was subsequently found to be the case, an error of about 1lng
(corresponding to 0,3m in the return path) arising when the
relturning radiation was focused onto the edge of the photo-
detector. Discussions with the supplier of the diode

(the Hewlett Packard Company) revealed that the effect was
probably due to the anomalously deep penetration of the
photons impinging on the device near the junction edge.

It was eliminated by fitting the lmm junction of the photo-
detector with a mask having a 0,5mm aperture. »

in order to separate emitter and photodetector contributions
to "pointing'" error, as it came to be called, and to permit

a systematic investigation including the plotting of phase
contours for the diodes, a simple test rig was developed.

The instrument was mounted on an optical bench and a l-dioptre
lens formed an enlarged image of the emitter diode, 2,5mm in
diameter, This image was scanned by means of the free end
of a piece of 50mm diameter light guide mounted on a micrometer-
controlled XY translation stage. The other end of the light
guide re-radiated the sampled radiation to another 1l-dioptre
lens which c¢ollimated it and returned it to the receiver.

By inverting the instrument in the test rig the image of the
photodetector rather than the photoemitter could be scanned.
Using this setup the phase contours for the TIXL1l2 diode were
plotted. Later the test-rig was used to investigate a number
of other sources, as well as to determine the effectiveness

of the palliative devices described below.

Approaches to ''phase scrambling' .

Several approaches were considered to attempt to make the
source appear more homogeneous in respect of phase.
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i. Defocusing.  This seemed an obvious first attempt.
.1t was hoped that a moderate degree of defocusing
would impair the resolution (i.e. blur) of the source
without exacting too gfeat a penalty in increased
beamwidth‘and loss of effective source radiance.

This was not successful. Scrambling of a sort does
occur, but it is on a micro rather than a macro scale.
Each point on the source is effectively mapped into

a disc in the image, with a roughly gaussian density
profiile, but contribution from, sagian edge of the
_diode is still overwhelmingly dominant in the image.
Unacceptable loss of beam irradiance cccurs before
there is appreciable homogenisation of the source.

ii, Integrating sphere. The integréting sphere performs
the task of scrambling almost perfectly, but at the cost
of an unacceptable loss of radiance. Consider a 2mm
diameter sphere (about the smallest feasible)mounted
directly on a O,5mm diameter junction. Neglecting
absorption loss in the sphere and re-absorption by the
juncticn we can calculate the loss of radiance approx-.
imately by noting that the radiation from the junction

“area /4 (5 x 10-4)2m2 is spread over the surface area
of the sphere 4 17 x 10°% m2.  Even if we assume
(optimistically) that the radiatior from the integrating
sphere emerges with the same solid angle as that from
the unmodified junction there will be a loss factor
of the ratio of areas, or 64 times! The reality is
worse than this, for a variety of reasons. Much of
the radiation tends to become trapped in a lossy
"whispering gallery'" mode, although this can be
frustrated by using an irregular cavity (e.g. crumpled
aluminium foil) rather than a smooth sphere. Clearly
however the integrating sphere is not a viable solution
to the problemn.

iii, Field lens. An approach is suggested by the well known
' solution to an anologous problem in astronomy. The

task of measuring the radiance of a star by means of a
- photomultiplier located at the focal plane of a telescope
.1s complicated by local variations in responsivity over

the photocathode. = The standard solution is to provide

an auxiliary lens which images the photocathode.dnto
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the main telescope aperture. Clearly all rays passing
‘through the aperture will impinge on the photocathode
but light fays from any given direction reaching
the field lens will be distributed over the entire
photocathode surface and transit of the star through
the telescope field of view will not result in any
movement of its image over the photocathode. This is
exactly equivalent to the phase problem where we want
radiation having the averaged phase of all the photo-
emissive elements to be sent out along all directions
contained in the transmitted beam. The problem is a
practical one of obtaining a suitable lens, In order
to image a 0,5mm source onto a 60mm aperture at f/3,4
we need a field lens with a focal length of épproximately
200 x 0,5 = 1,70m .

60
The numerical aperture of the field lens should be at

least equal to that of the main optical system, leading
to a 1lmm diameter lens., It was not possible to obtain

a lens meeting these requirements exactly, the nearest
approach being a 10x microscope objective lens. Tests
were also carried out with a variety of home-made lenses
made from droplets of molten glass and epoxy resin and
turned from perspex rod and polished by exposure to

heat ("fire-polished") or to the fumes of a solvent such
as ether. It was reasoned that the optical quality

of such a lens should be relatively uncritical due to
its proximity to the source but in fact none of these
home-made lenses was good enough.

Tests showed that the field lens effected a marked
improvement in phase homogeneity, but this proved

rather critically dependent on correct optical adjustment.
When the field lens was correctly positioned (using the
microscope objective and collimator lens set up on an
optical bench) the phése error was reduced by a factor
of 12, with a loss in radiance of only some 20%. How-
ever distance determinations carried out with the field
lens installed in the instrument revealed an unantici-
pated increase in random error at short-range and a
marked sensitivity of the distance reading to the
orientation of the retroreflector. It was then
realised that by imaging the source onto the collimation
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aperture, the field lens exchanges angularly related
phase shifts in the outgoing beam (pointing error)

for spatially related phase error across the collimation
aperture ('"aperture error'"). Although the instrument
is now insensitive to the location of the reflector in
the transmitted beam, it becomes critically sensitive
to the optical coupling from transmit aperture to

- receive aperture via the refiector.  For example,
suppose a small reflector were used, such that its
aperture were smaller than that of the collimator lens.
At short range the distribution of energy from the
reflector would be such that only the inner adjacent
edges of the lenses would be coupled and only half

the emitting area of the source would contribute to

a measurement, At longer ranges, prism deviation
would cause coupling of the entire apertures. Thus if
there happened to be a nett phase difference between
the two halves of the emitting area this could appear
as a systematic variation of instrument zevo between

short and long range measurements.

The light-guide scrambler. ' If radiation from the
‘source is coupled into a short length of multi-mode
optical fibre and the free end of the fibre used as

a reconstituted source, a reduction in phase error will
~ be effected by the muitiple incernal paths in the fibre.
Clearly if the fibre is sufficiently long and the number
of modes sufficiently high, any point on the free end
will receive contributions from all elements of the
source and effective phase averaging will occur.  All
the radiation coupled from the source onto the guide
emerges at the far end withcout any increase in
divergence, since at each internal reflector the angle
of incidence is eqﬁal to the angle of reflection. Thﬁs,
if the numerical aperture of the fibre is at least

as great as that of the collimator lens and coupling
between source and fibre is optimised,there should be
little loss of radiance. Attenuation loss is ,
negligible due to the short length of fibre involved.
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In order to obtain a feel for the 'scrambling' process,
an optical model was set up, using a length cf 10mm
diameter perspex rod with polished ends. Test targets
using patterns of primary colours exhibiting various
kinds of spatial symmetry were imaged onto one end of
.the rod. Light emerging from the free end was
collimated by a 60mm diameter £/3,4 lens. The
resulting beam of light was-focused‘by a l-dioptre
lens to give a 50mm magnified image of the end of

the rod on a screen. Scrambling was observed in the
form of loss of definition in the image on the screen
and it was found, using various lengths of rod, that
very. effective scrambling occurred for rod aspect
rating (length divided by diameter) of 100 or greater.

On the basis of this finding, a 50mm length of O,5mm
fibre was butted against the source and the free end
mounted at the focal point of the collimator lens. With

this rather crude arrangement the radiance of the free
2

end of fibre was measured to be about 1,5 W/cm“sr, or .
about 8 x down on the source. This is not fundamental
however, but rather reflects the crude facilities

for optical fabrication available to the writer. As
mentioned in the previous chapter, the subject of
coupling radiation from semiconductor sources into
light~fibre has recently been the subject of intensive
research to meet the needs of the telecommunication
industry and many published results have shown a

high coupling efficiency to be possible (38-40).

A phase scan carried out on the free end of the fibre
showed - that the phase variations had been reduced
about an order of magni tude. Despite the loss of
radiance, the signal-to-noise ratio at lkm was stili
adequate provided random variations were averaged cut
by taking multiple phase readings., The distances SO
to Sl through S4 were re-observed, repointing (without
using the telescope or taking any special care) 10
times on each reflector. o '
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Station | s1 $2 s3 S4

. error (m) - +0,4 + 0,9 + 0,1 - 0,5
standard . ] _ . ‘
deviation (m)l 0,3 0,3 0,2 0,4

"It can be seen that the variance on each station distance
is greatly reduced, the mean standard deviation being
a mcre acceptable 0,3m, and the dominant residual
error is clearly systematic and functionally dependent
on distance. It can be concluded that the pointing
error problem can be satisfactorily solved by means of
the light~fibre approach. Taking this finding in
conjunction with the results of Chapter 3 and the need
for extra range it is clear that a gallium-arsenide
laser launching radiation into a short length of fibre
(of abouﬁ 200pm diesmeter) constitutes an ideal source
for the projected instrument.

(¢c) Cyclic error

Obviously any gross error associated with a malfunctioning

of the phase¢-measuring circuitry will give rise to an error
which, like phase itself, is cyclic in character. Such

errors however are readily detected. The dominant  source

of cyclic error in electro-optic distance measuring instruments
is zrosstalk between transmit and receive channels. For
historical reasons this has sometimes been referred to in the
1i terature as '"contamination" (70). The problem is well

known and has been widely discussed in the literature. Only

a brief treatment need be given here,

The signal current in the photodetector will be a replica of
the modulating current in the emitting diode, delayed in phase
by ¢. It will also be considerably smaller in amplitude - a
ainimum usable signal of say 10nW will give rise to a photo-
current of about 3 x lO~lOA, about 170dB down on the rms
transmit diode current of 100mA! Although often quoted this
way, the figure expressed in dB is somewhat misleading since
the impedance levels of photodetector and emitting diodes are
very different, Nevertheless it remains true that the ratio
of amplitudes of the two currents is 3,3 x 108. Clearly a
very small degree cf spurious electromagnetic coupling between
the transmit and receive channels will suffice to perturb the

phase of the returned signal.
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The worse case is when the spurious signal is in quadrature
with the received signal. If their amplitudes are
respectively A and A_ the angular error that will result
is 5 . max.

_ : A, _
(d, max = arc tanv K; e

when the two signals are in phase or 180° out of phase éc
will be zevo. '

To see how the error varies with distance consider some
distance for which the contaminating siénal happens to be

in phase with the returned signal. (Clearly in this case no
phase error results. Now as the phase of the returned signal
changes by 6 (that of the contaminating signal remaining
constant) the resultant of the two phasors is perturbed by an
angle § . If for simplicity we allow the frame of reference
to rotate so as to fix the orientation of Ar we have the
simp1¢ expregsion ' Ac cin © | o

5 = ayctan LA 4+ A cos ©
, r. c

If the gystem is to be usable, A, will be very much smaller
than Ar’ SO we can write ' P

§ = arctan (fg sin 90) .
Ar
~ For the same reason $ must be small and we can invoke the -
- smail-angle approximation tan§ = § . Thus the error §
in degrees is given by )
§' ; 180 fg sin ©

m AR

For a peak error of less than O,3°.we require A < (5 x IO-B)Ar.

It should now be clear why the suppression of crosstalk is one
of the most critical areas in the design of phase-comparison
distance measuring equipment. It should be noted that
subtraction of the internal signal does not remove this error,
‘nor need we consider the effect of crosstalk on the internal

signal itself, since its phase is constant.

Error reduction by phase reversal: In 1965 HYlscher (51)
proposed a simple and effective technique for dramatically
reducing the effect of crosstalk. Curiously, it does not
seem to have been adopted in any of the commercial instruments

(including the MAlOO engineered by the present writer!).
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The technique consists in inverting (adding< to) the phase

of the received signal at the photodetector. The inversion
‘must take place prior to any electromagnetic crosstalk

- entering the channel, so that the phase of the crosstalk éignal
is unaffected by the component. 4 |

If the error in the signal was § , after inversion it will be
(approximately) -§ . Adding the original phase 6 + 6 |
and that of the inverted signal (6 + W +48 ), and subtracting TY
it can be seen that & is eliminated. o

(8+8) + (B+m=-§) -1 = 28
Again, as in the case of the negative pattern, error is
eliminated by subtraction with an effective doubling of
resolution. Actually the treatment above is exact only for
® a multiple of /2. A more careful analysis (Appendix 4.4),
in the general case yields a residual error §’, given by
~ sin2e

A_\2
(XB) - cos?g -

whlch has a peak Value &’ max when © =h450, where

o + ()

If § = 17 the residual error is reduced from O, 6 to 0,34

5 =

- arc minutes.

" Practical details

The implementation of the scheme is straightforward. The
tuned circuit which forms the load for the photodetector is
provided with a bifilar-centre-tapped secondary winding, and

——————— =27

a diode switch earths either of the ends of the secondary,
thus providing the fequired phase inversion. It is crucial
to note, howéver,.that contéminating signéls induced by stray
flux in the input tuned circuit will also have their phase
reversea and will not be eliminated. The screening of this
transformer is therefore a critical‘design problem. In the
first prototype a multiple screen was used with a permalloy
layer. A totally closed screen of conducting material such
as copper (acting as a '"'shorted turn'" against alternating
magnetic fields) is not sufficient at the low frequency of
150kHz on account of the large skin depth
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Cancellation by phase inversion depends upon the assumption
that ‘the level of crosstalk is small to begin with - say 1%
of the weakest usable signal. This demands a level of
spuriously induced input current in the photodetector load
which is about 3 x 10lO
transmiitting diode only some 100mm away. Accordingly the

times less than the current in the

instrument makes the most stringent demands onr design and
practice in respect of shielding and'decoupling. It was
found that; based on fairly extensive previous experience
in this area, the required order of performance could be
achieved by ordinary good practice - thick (2mm) copper
shielding boxes with soldered lids, single point earthing
for each box, double~shielded coaxial interconnections and
heavy supply decoupling with multiple ¥ -section filters
optimised fox maximum transmission loss around 150kHz. Scme
areas however are particularly vuinerable and require special
attention,

(i) Radiated fields from the transmitter :
In order to facilitate matching the 1-200 resistance

of the emitting diode, to conuerve batter power and to

improve the envelope waveform of the modulated radiation,

it is desirable to use a resonant circuit in the
collector of the modulating transistor. This causes

the problem of leakage flux which tends to couple into

the receive channel resonant circuits. The problem is

exacerbated by the fact that circulating currents, Q
times as great as the diode current, flow in the
‘tuned civcuit. The only solution appears to be to

minimise leakage flux by the use of high-permeability

toroidal cores and to resort to nested high-permeability

shields. In the prototype these were improvised using

tape from a permalloy wound-tape core.

The problem of transmitter supply decoupling is greatly

eased by adopting "a balanced configuration which
minimises the modulation-frequency component flowing

into the supply. This costs a factor of two in supply

current, but is amply repaid by crosstalk reduction.
The circuit diagram shows the configuration finally
adopted for the transmitter.
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Conducted crosstalk at the receiver front end:

In addition to the'supply line, which can be heavily
decoupled, two other conductors lead directly to the
most sensitive part of the instrument, the photodetector
preamplifier. One of these is the photoconductor bias

line, but it was soon discovered that, at low

modulating frequencies such as 150kHz there is no merit
in providing a special high-voltage supply for a PN
photodiode. The separate line was retained so that an
avalanche photodetector, which requires about 150V

bias potential, could be tried. The other is the
switching line for the phase inversion. It is very
important that these be adequately decoupled, and
multi-section filters were used, housed in compartmented
shields, The instrumentation described in the next
section was used to veriiy the attenuation factor of
these filters as being greater than 150dB.

Measured results:
The level of crosstalk can be reliably inferred by measuring

a series of known distances spanning a spatial wavelength or
pattern distance. This was done with the results shown.
In order to preserve the sinusoidal shape of the perturbations,

it is necessary to maintain a reasonably constant signal
amplitude, since the magnitude of the error is inversely
proportional to received signal strength. This was done by
using a cluster of three reflector prisms to minimise random
scatter at the longer distances. For shorter distances the
signal level was maintained constant by interposing a series of
optical attenuators between the lens and the emitter diode.

The results were plotted with and without phase-inversion, show-

ing that, by means of the latter, crosstalk at this level of

~£

signal strength is reduced to insignificant proportions. Some
- residual periodicity can be discerned in excess of that
predicted by the theory. This is almost certainly due to
spurious signals induced in the input tuned circuit, probably
due to flux leaked from the transmitter tank circuit, and
inverted along with the signal. The nett result was
encouraging, especialiy when it is noted that the increased
radiation anticipated with a lasing source gives rise to
increased signal levels without increased crosstalk (or

possibly with a reduction in crosstalk, if drive-current
levels are lower) and hence offers contamination-free gain.
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Although the method of detecting crosstalk outlined above

is the ultimate criterion of its presence, it is not a
convenient method during development and it provides no
feedback of information when one is attempting to reduce
crosstalk by piecemeal modification of circuitry or
construction techniques. A better method is to measure
directly the level of spurious signal present at the output
of the receive channel when ‘no opticesl input signal is
present. The problem is that it is necessary tc measure a
signal in the presence of perhaps 10CdB of noise (depending
on the bandwidth at that perint) and this is sufficient to tax
the linearity and dynamic reserve even of commercial lock-in
detectors. Furthermore these do not normally operate at
frequencies higher than 50 or 100kHz, precluding the
possibility of investigating the presence of 150kHz spurious
signals at the output of the receiver amplifier prior to the
mixing operation. It was therefore decided to develop an
instrument capable of detecting the presence of a coherent
high frequency signal in more than 100dB of noise. The
instrument was not designed only to assist in the development
of the present instrument but as a universal piece of test
equipment for phase comparison distance measuring equipment.
Versions have subsequently been in use in research and
development and production testing by the Tellurometer division

of the Plessey Company.

The principle of the crosstalk detection instrument has been
described elsewhere (see Appendix 4.5). Briefly, an input
signal (consisting mainly of noise plus a small amount of
coherent signal) is mixed with a crystal-controlled local
oscillator at the frequency of the coherent component. Prior
to the mixing cperation, the phase of the local oscillator is
progressively stepped through increments of 120° at a rate of 33
steps per sccond. The mixer output contains a 3-step sampled
approximation to a sinusoidal signal at 11lHz. This is £iltered
by a three stage n-path filter with O,1Hz bandwidth. The
output of this filter, which uses reed switches for maximum
linearity and switching signal isolation, is further bhandpass
filtered and precision rectified to yield a DC signal propor-
tional to the coherent portion of the input signal and - unlike
the case of a conventional synchronous detector - independent

of the phase relation between it and the local oscillator.

Thus an effective bandwidth of O,1Hz is obtained without the
need for a coherent reference signal.
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This circuit arrangement was originally suggested by the
"Synchrohet" lock-in detector marketed by the Princeton

Applied Research Corpdration (73). It differs however in
several important respects, including that of phase-insen-
sitivity and is believed to be novel.: It has proved
invaluable in the development of distance measuring instruments.
With the aid of this instrumentation, periodic error due to
crosstalk was reduced to negligible proportions -~ that is

to say it disappeared into the noise even at the lowest usable
signal levels. A plot of error vs distance then shows that
‘the error is dominated by random scatter which decreases with
the square root of the number of readings averaged. Systematic
error has therefore been effectively eliminated and it

remains to consider noise and its effect in producing errors

that are random in character.

d. Rancom error
The effect of finite signal-to-noise ratio in the received
signal on the precision with which phase can be measured
is discussed in Appendix 4.6. It is shown that the phase
perturbation of the signal can be expressed by a standard
deviation c¢f error given by
180

| /S/N VB.t m
In section 4.6 we saw that a signal-to-noise ratio of 32dB
measured in a nouise bandwidth of 100Hz resulted in & phase
scatter of about 1° (or roughly an order or magnitude

§ =

larger than desired). The averaging time of the digital

phase detector used was 0,1 seconds, and the signal-to-noise

ratio of 32dB‘corresponds to a signal-to-noise ampiitude ratio
A”S/N  of 40. Thus the above expression yields a predicted

 standard deviation of phase determination of §° where

57 = 180 _ O,SO

40xvV/10xm
which is in good agreement with the informal observation of

atout 1° scatter.
We see therefore that in order to achieve a standard deviation
of 0,1O we would require a signal-to-noise ratio of '

5 x 40 = 200, or 46dB

measured in a 100Hz bandwidth. Because of the linear relation
between optical power and photccurrent this implies an

increase in the received optical power (or reduction in the
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overall transmission attenuation) of only 5 times, or 7dB.
This would be readily achieved by the pro jected order-of-

magnitude increase in effective source radiance implied

by the use of a fibre-coupled coherent radiation source as

discussed in chapter 3.

The anticipated linear relationship between rec.iprocal signal
amplitﬁde and standard deviation of phase scatter was verified
by attenuating the signal, observing for each attenuator
setting a series of phase readings, and computing the standard
deviation, It was concluded that the assumption of the prev-
ious paragraph, that the instrumental specification in terms
of random error and measuring time would be met given the
availability of a suitable source, was fully justified.

‘Measuring time: We have assumed above a measuring time of 0,3s.
However it might be objected that in seeking to eliminate
systematic error, we have segmented this period into a number
of shorter periods - periods of positive and negative patterns
to eliminate low ffequency level dependence and of direct and
inverted phase to reduce the effect of crosstalk - and the
random error will therefore be increased. However it is
easily shown that this effect is cancelled when the partial
results are combined, and only the overall measuring period is
significant in determining randomness. If the measuring
time t is segmented into N parts, the effective measuring
bandwidth associated with each partiai measurement will be
increased by N, as will the effective noise power. The
random error of each partial measurement will therefore
increase by ;fﬁ; But the effect of averaging N statistically
with statistically independent errors is to reduce the variance
by N or the standard deviation by Jﬁ. Thus in the averaged
result we are ieft with the same random variation that would
have obtained had the overall measuring period not been

segmented.

We have hitherto neglected the time required for the "internal"
mode phase measurement., This is because the internal signal
may be up to 60cB stronger than the weakest usable external
signal. Accordingly, even if only 10% of the available time
is used for measuring the internal phase (i.e. 30ms) the
contribution to the random phase error from the internal

signal will be only 1% and can be totally neglected. The

overall measuring cycle could be apportioned thus:
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Internal " External
g Positive Pattern Negative pattern
Normal Inverted Normal Inverted
20ms 70ms$ 70ms_ 70ms 70ms

To eliminate any possibility of phase drift between the time
of the internal and external measurements, it might be
better to distribute the measurement:

External _ Interncl External

Positive R | Negative
Normal Inverted _ Normal Inverted
70ms 70ms 20m.s 70m s 70ms

It is important to ensure that the nature of the phase
measurement is such that the internal phase can be measured
in 20ms (i.e. only 20 cycles of the comparison frequency)
without round-off error.

Recriver noise considerations , . )
Combining the results of sections 3.9 <nd 4.6 it can be seen
that a power level of about 5nW incident on the photodetector:

results in a measured 51gna1 to-noise ratio of 32dB in a noise
bandwidth of 100Hz at the receiver output. To provide a

basis of comparison with compavable designs in the literature,

to permlt a comparison of achieved and theoretically predicted
receiver sensitivity and to study the implications of receiver
design, it is desirable to refer this noise to the photodetector.
This will give us the noise equivalent power (NEP) or level

of incident radiation at the photodetector that yields an

rms value of photocurrent equal in magnitude to the noise in

1Hz bandwidth. The NEP can be calculated f from the received
power Wr and the signal-to-noise ratio §/MN measured in a noise
bandwidth B from

' WR ‘ ° -
NEP = ————— watts/vHz2
V/S/Nx/B

5x107° -11 /
= S = x10 Hz
A0x10 1,2 W/V
Laboratory measurement
To confirm this result in the laboratory the following
experiment was undertaken. The transmitter and receiver were
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removed from the instrument and placed facing one another on

the laboratory bench; a variable distance apért. The photo-
detector was illuminated only by a direct ray from the

source diode, reflected multipath rays being frustrated by

- the use of suitably placed baffles. The modulated component '
of on-axis irradiance was»meésured directly at 16mW/sterradian
using a lérge area photodetector calibrated against a bolometer,
as described previously. From the known area of the photo-
diode in the receiver, the incident power could then be |
calculated as a function of distance between transmitter and
receiver, At the output of the receiver the signal—to-ﬁoise
ratio was measured by means of the previously described
combination of active filter and true-rms voltmeter. The

noise bandwidth was 100Hz The photodiode was 31multaneous1y
illuminated by means of an incandescent lamp, in order to
simulate the effect of background radiation. The level was
adjusted to provide a steady photocurrent of about 10pA.

‘The incident signal power on the O,5mm dianeter photodetector

‘at. a distance r is clearly

W o= (16 x 107°) x ¥ (0,5 x 1073)2

/r2 (watts)

= (3,1 x 107°) /r? (watts).

If the effective noise power at the photodetector is W  in
a 100Hz bandwidth and the signal-to-nnise amplitude ratio at
the output is 4/S7N we have

5 _ 3,1 x107°
n -9
‘ W= 3,1 x 10 *°
VR . o
The NEP is simply the input noise in unit bandwidth =‘VT%B
- a1 1010 |
. o NEP = 3,1 x 10

r2 ,/S
A 32db (\/— 40) 31gna1 -to-noise ratio was measured for a
transmitter /receiver separation of 0,9m, giving

~10
3,1 % 10 = 9,5 x 10712 w Vi
(0,93 x 40 ' : :

NEP =
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Again we get a figure for NEP of about 10™11 W/ AMz. The
apparent discrepancy between the 0,9 metre separation for 32dB
signal-to-noise ratio and the 2,1lm separation for the

roughly equivalent 3,4nW received signal in section 3.9 is
accounted for by the differing photodetector areas. The
unmodified photodiode used in Chapter 3 had a lmm diameter
sensitive area. In the work described in this section it

had been replaced by a device fitted with a O0,5mm mask or aper-
ture in order to avoid phase delayc (see section 4.7b). The 4:1
difference in areas accounts for the approximately 2:1
difference in distance for the same subtended solid angle.

If the signal + noise at the output of the receiver channel

is plotted versus r on log-log graph paper a line is obtained
with a negative slope corresponding to the inverse square law.
At distances in excess of a few mctres the signal contribution
is negligible and the output tends to a fixed value (somewhat
dependent on ambient illumination) corresponding to an input
power of the photodetector of 4B x NEP or rVlO"]‘O-w. If the

"ambient illumination producing the 10 pA photocurrent was

removed, the noise level dropped to ~-0,2 X 10-10, indicating
the dominance of the photodiode shot noise component, and the
near optimality of the receiver preamplifier.

RECEIVE CHANNEL DESIGN

The design of the receive channel is dominated by the need to
achieve adequate sensitivity, or a sufficiently low noise-
effective-power (NEP). This section discusses the factors
influencing the design, and shows that the theoretically
predicted NEP for a simple photodetector, agrees closely
with the figure of about 10711
in the preceeding section,

W/ 4/Hz determined experimentally

Photodetactor noise

The topic of photodetector NEP has been very extensively
treated in the literature (74-76) particularly in recent years
on account of the resurgence of interest in electro-optic

communications (77). Many of the treatments are very complex,
being based on photon statistical treatments. This complexity
is quite unnecessary for the present purposes and it will be
seen that a very simple model suffices and agrees well with
the experimental results,
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Photodetector requirements for distance measurement differ in
two important ways from those for optical communication:

(1) Although high-frequency modulated light may have to be
: detected, in the case of distance measurement there is
no wide bandwidth requirement as there necessarily is

when information is being transmitted (the rate of
information transfer in the case of a static distance
determination is strictly infinitesimal). Thus a
resonant load can be used for distance measurement ana
the capacity of the detector and input circuitry 'tuned
out'. The limitation of required bandwidth allows

the use of relatively high photodetector load impedances.

(ii) In the case of a fibre-optic data link the noise limit
is set either by the shot noise associated with the
detector leakage or dark-current, or ultimately by the
quantum fluctuations of the light-signal itself. This
cannot be achieved in a distance measuring application,
where the optical link is an open atmospheric one, and
the noise limit ié'set by the shot noise associated
with the photocurrent due to background radiation -
particularly scattered sunlight.

A combination of (i) and (ii) implies that we are almost
inevitably in a background limited noise situation in fhe case

of distance meagsurement. The high load impedance and high
background radiation together ensure that shot noise dominates
both Johnson and excess receiver noise (the latter is minimised
in any event by the relativity hiéh modulation frequency
involved). The situation can be modified somewhat by using

an optidal filter to decrease the photocurrent due to background
radiation reaching the detector. The minimum filter bandwidth
that can be used is dictated by the linewidth - and more
significantly wavelength vs temperature - of the source.
Reference to the literature (78)lindi¢ated that this was O,4pm.
Since this is about one tenth the half-power spectral bandwidth
of the detector alone, one would expect a reduction in back-
~-grounrd radiation and resulting photocurrent of about an order
of magnitude. A simple measurement with a commercial Bausch
and Lomb 400 Angstrom filter confirmed that this was the case,
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background photocurrent falling from a typical BPA to a
typical 0,3pA with the filter in front of the photodetector.
The signal was attenuated some 107% or 1dB.

Avalanche photodetection

. It was thought that the use of a narrow-band interference
filter might make it possible to exploit the relativity:
noise-free current gain available from the use of an avalanche
photodetector (79), which is the solid-state equivalent of

a photomultiplier, and a series of experiments‘was carried

out using a Texas Instruments TIXL56 avalanche photodiode.
Further details are given in Appendix 4.7 and here we will
give the conclusion and point out some features of interest.

1)

The main conclusion is that the use of avalanche
photodetection is only of marginal utility (a) if the
bandwidth requirement is less than many magahertz'

(b) if an appreciable part of the noise at the receiver
input is due to shot noise resulting from photodetector
dark current or ambient illumination. This is

basically because such noise is amplified along with

the signal by the avalanche multiplication process.

This is borne out by results presented in the

literature (80). The result of the'expefimental work
was to show that, with an optimum 400 Angstrom fiiter,

in average conditions of ambient illumination (moderately
bright sunlight scattered off a choppy sea) the
improvement in signal-to-noise ratio resulting from
avalanche detection of 150kHz modulated light was about
3dB. This represents an increase of range of some 407
in conditions of near perfect visibility and considerably
less (perhaps 10%) in more typical conditions, Such

a marginal improvement is certainly outweighed by the
attendant complications and disadvantages of the
avalanche device. This would not necessarily apply

in the case of an instrument designed for high resolution
distance measurement and employing modulation frequencies
in the tens-of-megahertz region, or in the case of an
instrument for which considerably exterded night-time

" range was an cperational advantage.
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In order to achieve the required uniformity over
.the junction and avoid excess noise due to micro-
avalanching, avalanche photodetectors invariably

have small photosensitive areas. The TIXL56 has a
0,25mm diameter sensitive area. This is not necessarily
a disadvantage but it does make the requirements on
optical performance and mechanical alignment more
stringent, The device showed the same kind of spatiel
variation of phase delay between the modulation envelope
of the radiation and the resulting photocurrent as thec
PIN junction photodiode. Due to the small junctioﬁ
area and rather awkward construction it was not possible
- to fit a mask to improve the situation. It seems that

a custom-made device with a mask fitted by the '
‘manufacturers might be needed for accurate distance

measurement,

A problem in using the avalanche photodetector is that it
requires a large, critical, -temperature~dependent bias
potential of around 150V. The problem of making this
potential vary with temperature in the required manner
is usually solved by fabricating two identical diodes
on a common silicon chip and using one of them
exclusively as a reference for the bias voltage. This
works well, but the dual device is prohibitively
expensive, and commitment to its use further restricts
the already limited choice of possible devices. A
better method was suggested by a proposal in the
literature (81). It depends on the fact that, for a
wide range of conditions, optimum signal-to-noise ratio
is obtained for a definite value of avalanche current
‘multiplication factor - typically about 1C0C. To set
the bias potential at a value that will yield this
value, a control loop is used. The magnitude of noise
(which is also magnified by the avalanche gain) in a
band of frequencies adjacent to the modulation frequency
is monitored and the bias potential is automatically
increased until the noise contributed by the photo-
detector just exceeds the circuit noise contributed

by the preamplifier to which the detector is coupled.
This is the operating point which yields nearly the
optimum signal-to-noise ratio. Moreover the system



93.

is fullyvadaptive; compensating both for varying
‘temperature and varying background illumination.

The method is closely analogous to, but not identical
with, that proposed by Raines et al (81). It worked
extremely well and seems to be a very promising
technique for use generally in electre-optic distance

measuring instruments,

The voltage dependent gain of the avalanche photodetector
permits its use as a combined amplifier/mixer. This
opens up new circuit possibilities. If the bias
potential is modulated by the super-iniposition of a

- small alternating voltage from a local oscillator,

the photocurrent will contain the mixing prodﬁcts of
the input signal and the local oscillator waveform,

- anZ the photodetector can in effect be tuned over a
wide range simply by varying the local oscillator
frequency. The effect has been discussed in the
literature (82) and adopted in practice for at least
one commercial instrument (16). The mode of operation
is adva::tageous when several different high modulation
frequencies have to be accommodated, as in high resclu-
tion distance measuring instruments. Among other
‘things, it avoids the complication of having multiple
or switched resonant circuits as the photodetector

load impedance - a critical point in the circuit
especially vulnerable to induced crosstalk.

Thus it can be seen that, although avalanche photo-
detection is highly advantageous in some forms of
distance measuring equipment, it is at best marginally
so in the present instrument and any argument there may
be for its adoption is outweighed on grounds of cost,
circuit complexity and additional phase error. - Similar
considerations apply to the case for incorporating
an interference filter in front of a PIN detector. As
we shall see, the signal-to-noise improvement is small,
and the cost is considerable. Simple filters such as
the Kodak gelatin filter "Wratten 87C" (which is
optimised for GaAs wavelengths) are inexpensive and
~ perhaps worth including but the signal-to-noise
~improvement is very small. Typically anbient photo-
current is reduced by a factor 2-3 and a signal loss of
30% is experienced.
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Intrinsic PIN photodetector performance

Responsivity:

The PIN photodetector is a PN junction in which the depletion
layer capacitance has been reduced by including a region of
compensated intrinsic semiconductor between the P and the N
regions. This is significant only at frequencies in excess
of a few hundred megahertz (83). For our purposes it may

be consideied identical to a simple PN junction. Incident
photons create electron-hole pairs‘and the charge carriers
are swept “ut by the high field in the depletion region. The
fraction of photons which actually creates electron-hole pafrs
is fairly constant at about 0,6. Responsivity R in amps

'oﬁ photocurrent per watt incident on the detector can be

calculated from

R o DAG e |
- R=p5 AN
where A = radiation waveleﬁgth (0,9 x 1070 m)
h = Planck's constant (6,6 x 10_34fJ s)
-'q = electronic charge (1,6 x 10-16.0)
¢ = velocity of light (3 x 10° m/s)
giving R =0,6x0,9x10°%x10% =

6,6 x 10-34 x 3 x 10°

= . 0,446 AM.

Due to surface reflection losses the actual responsivity is
slightly less than. this. For the diode used (HP4207) the
manufacturer quotes a responsivity of 0,35A/W. An experiment
was carried out in which the diode was illuminated by a GaAs
diode and the photocurrent measured using a 1MQ load and
synchronous detector. A calibrated bolometer was then
substituted for the detector and the incident radiation
measured directly, yielding the following result:

Phctodetector area = (TT/Q)(O,leO_B)2 =2 X 10-7 m2

Power incident on bolometer (100mm2 =1,3 x 107% w
' S _area) ] | 7_-

Power incident on photodetector =2,6 x10 "W

Voltage developed across 1MQ load = 1,0V

-resistor
P 6
. « Photocurrent = 1,0 xv10 A

.". Responsivity | | 3,8 A/

N
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Shot noise v
The rms noise associated with a photocurrent I_ in a bandwidth

B is given by

“

I, = VZthB (A)

or, in 1Hz bandwidth,
5,6 x 1070 T @)

The photocurrent I, is made up of the steady component of
modulated radiation (completely negligible for weak signals,
which is the case that concerns us here), photodetector dark
current, which is extremely small for the HP4207 (2 x 10-9A)
and can also be neglected, and photocurrent due to background

radiation.

The literature abounds in vague and often contradictory
measures of typical background radiation (84-86). In most
cases figures are quoted for the visible range and simply
extrapolated without explicit justification into the infra-red
region, It was thought advisable to investigate the matter
of background radiation experimentally. The instrument was
~ pointed at a wide variety of targets (including a choppy and
foaming sea surface in conditions of bright sunlight) and the
resulting photocurrent measured. The current ranged from

2 to 8pA corresponding to incident radiant power of about

6 to 23uW.  Thus we have fcr the worst case shot noise

I max = 1,6pA -

At frequencies above a few kilohertz, excess noise is
negligible so we have for the photodiode alone, an effective
NEP'given by that incident power which would yield a photo-
current equal in magnitude to the shot noise in 1Hz bandwidth

i.e. NEP = 1,6 x 1012 x 3,8 = 6 x 10712 w/4/Hz .

Although this is the true NEP for the detector itself, the NEP
which we would infer from S/N measurements at the ontput of the
receiver channel (post mixing) would be twice as great. This
is because the receive channel is a heterodyne system, with
0dB image rejection since desired and image response are only
2kHz apart and both are well within the input bandpass range.
We therefore have an excellent correlation between predicted
and measured NEP (10-11 W/ AHz). It may seem rather
surprising that all the noise is contributed by the photodiode,
and the receiver preamplifier appears to have a OdB noise
‘figure. It is however quite reasonable, on account of the
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high background radiation level, causing shot noise which
swampslall other noise sources. If we were to operate in

an environment with less background radiation, or incorporate
~a narrowband optical filter, we should begin to see the
effects of receiver noise.

The assertion that photodiode shot noise dominates the total
noise contribution is demonstrated in the next section.

Circuit considerations

Two approaches have been followed in the design of photo-
detector.amplifiérs forbelectrq-optic communications. In an
approach advocated by Personick at Bell Telephone Laboratories
(87) the load for the photodetector is the very high input
impedance presented by a field-effect transistor (FET) (88).
Frequency distortion due to the capacitive component of the
load is compensated subsequently by equalisation. The
traditional (and more widely émployed) approach is to minimise
the effect of capacitancé by coupling the photodetector current
into the virtual-earth point of a transresistance amplifier.
Both approaches yield simiiar signal-to-noise ratio performanc«.

In ‘the case of distance measuring instruments the usual

approach has been the former version, as load cépacitance can be
tuned out, exploiting the high-frequency narrowband nature of
the signal. If the total load capacitance is C and the allow-
. able Q-factor cf the input tuned circuit is Q, the realisable
.load resistance will be |

R |
R'Load oM £ C X

Input tuned-circuit coupling offers certain other advantages.

A low D.C. bias source resistance is presented to the diode,
avoiding large changes in bias potential as ambient illumination
varies, and phase-inversion for crosstalk error cancellation

is readily achieved by means of a bifilar secondary winding.

A major disadvantage is the vulnerability to induced
contaminating signal by stray flux coupling.

A tuned preamplifier

In the early stages of development, when emphasis was on
crosstalk error rather than NEP, it was thought essential
to use a resonant input circuit, and the measurements recounted

in section 4.6 were carried out with such a receiver.
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. It was:later realised however that the receiver performance was
far from optimum. The reason is that it is not possible to
realise a high Q factor simultaneously with a tuning capac1tance
of say 10pF, on account of the stray capacitance associated
with the rather large inductor required. In fact the best
achieved was a Q of about 10 with 20pf capac1tance. This
represents a load resistance of '

Ry, 10 ' (obms)
' 21T x 150 x 102 x 20 x 10~2

= 0,3MO .

The noise current contributed by a FET of’transconductance 8n
for a 1MQ source resistance is given approximately by (88):

| KT 0,7
L= V& gt (aws)
Taking gm_equal to at least 1mS we have.
fox4ax107 0,7 =2,3x1071%24.
In s 6 ° -3 '
10 10

 Thus the FET roise current exceeds that of the photodiode shot
noise, even when the photocurrent is 8pA (2,3 pA vs 1,6pA).

The Johnson noise in 1Hz bandwidth associated with the 3MQN
resistor is negligible: -

= AR (amps)

NJT v .
- AV/4 x 4 x 1021 A
0,5 x 10°
= 1,8 x 10713 A .
The noise figure of the preamplifier is given by
2.3%+ 1.6 "
N = dB
F 20 log -L—tg—’—-
o= 20 log 2,4

= 7,7 dB

and the effective NEP is degraded to 2,4 x 10711 W/ AHz. To
this would have to be added the referred noise from subsequent

 stages.
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A transresistance preamplifier ’

. For a modulation frequency as low as 150kHz the transresistance
approach offers effective competition.to a tuned stage. 1If

we assume that the capacitance of the photodetector, amplifier
input and circuit strays total 1OpF we can calculate the
maximum effective resistance that must be presented to the
photodiode as ‘ '

R . = L
2r. £f. C

== 1 : _ (phms)

3 x lo-ll '

2 x 150 x 10
= 10 kO . |

If an amplifier is used with a gain/bandwidth product of
15)Hz the gain at 150kHz will be approximately 100/90° = j100.

Let the feedback resistor be RF. The impedance from the

- virtual earth point to ground will be approximately
R = -~ R
JIN S
j100
= - jRF/100 . _
The input is therefore inductive with a magnitude RF/lOO. The
maximum allowable value of Rp is therefore 1 M. . The noise

current associated with feedback resistor'RF
- - [4&T (A/ ~Hz)
= ' ;\/Z x & x 10°2%
166 .

= 1,3 x 10713 A/ Wiz

while the noise input current for a typical FET input operation-
al amplifier, say the LF 356 is about 10"14A/ VHz. Thus we
“would expect the shot current noise to be dominant and indeed
this proves to be the case. This was the configuration for
which an effective NEP of 10 11w/ VHZ was measured in

section 4.7.
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Comparative evaluation
It can be seen that, in terms of noise performance, the

transresistance amplifier has an advantage over the tuned
amplifier. Lacking an input resonant circuit, it is also

less vulnerable to inductively radiated crosstalk and seems

in many ways the superior choice. The variation of bias
potential.with ambient illumination can be overcome by providing
a decoupled D.C. feedback path, but a major problem is how

to incorporate the signal inversion feature. It might be

argued that the elimination of an input tuned circuit

greatly reduces the problem of crosstalk and the direct/inverted
measurement procedure might not be necessary in this case, but
it still seems desirable to incorporate so powerful an error-

- cancelling feature if at all possible. It is, of course,
possible to effect phase inversion by coupling the photodiode
via a DPDT reversing .switch to the amplifier input. The

switch can be realised using diode or CMOS switches. It is
however necessary to couple capacitiVely between the photo-
diode and amplifier when using the switch, and we encounter

the problem of providing a D.C. bias path to the photodetector
without shunting the signal path with a resistor which will
impair the signal-to-noise ratio.

The problem can be solved by providing a transistor in a
feedback loop which sinks the direct photocurrent provided

by the photodetector while presenfing a very high A.C. impedance
to the photodetector. The circuit can also be considered as

a simulated inductor, which presents a low D.C. and high A.C.
load impedance. The circuit was breadboarded and performed
well, the only drawback being an additional source of noise
current, which was measured at about 1,4pA in 1Hz bandwidth.
Thus the receiver noise figure is impaired some 3dB.

Conclusion

Three viable approaches to the design of the photodetector
preanuplifier have been presented. Two of them offer good
performance with a noise penalty on the order of 3dB (i.e.

the tuned load and the system described immediately above).

- A third slternative ~ a straight transresistance amplifier
with a decoupled feedback path for I'.C. - offers superior
noise performance but does not offer the possibility of signal
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inversion. The purpose of this thesis is not to present a
completed design but to study the possibilities and-demonstrate
the viability of the proposed system. Thus it is not felt
hecessary to make a final choice between the competing systems.
Given the availability of the fibre-coupled lasing device
discussed in Chapter 3, any of these approaches would perform
well with a more than adequate margin of safety. In all cases
satisfactory agreement was obtained between predicted and
measured quantities and sufficient‘daté lhas been amassed ani
interpreted to enable a paper design of a distance measuring
instrument to be unidertaken with confidence.
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CHAPTER 5 |
THE AZIMUTH-ANGLE MEASURING SUBSYSTEM

INTRODUCTION

The measurement of angle differs in a fundamental way from
that of length, in that angle is dimensioniess, being defined
in terms of the subdivision of the circle, rather than an
arbitrary standard of reference. It will be seen in this
section that this fact makes possible the use of some
particulariy elegant and powerful techniques for its measure-
ment leading to a simple and easily made angle transducer

capable of a very high accuracy.

Traditionally, the measurement of anglevin land survey has
been accomplished by means of the transit, or the more
accurate theodolite, which is an opto-mechanical instrument

containing an optically divided glass circle. The resolution
and accuracy attainable is of the order of one arc second,

or somewhat bette:r than one part per millioh, which greatly
exceeds the accuracy of most electrical-output angie
transducers »f comparable size. '

In view of the importance of angle measurement in fields
ranging from metrology to automatic industrial control and

the aerospace industry, there has been a long history of
developmeﬁt of electrical angle transducers, variously referred
to as resolvers, shaft position indicators, encoders, rotary
transducers, shaft digitisers and synchros. Attempts have
been made to adapt these devices to survey applications in
order to provide for the theodolite the considerable advantage
of an automatic digital readout. These attempts however have
thus far failed to produce an electronic theodolite which can
compete in terms of accuracy, size or cost with the classical
theodoli te. ' '

A survey of the literature and of commercially available
transducers disclosed that, while transducers of single second
accuracy do exist, their very high cost and large size preclude
their use in survey instruments except in very special
circumstances. Even in the 10-20 arc second accuracy category
the cost and bulk of available transducers is such as to render
them far from ideal for the proposed instrument, and it was
decided to develop a suitable transducer, having if possible
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ban output in the form of the phase of an electrical signal.

This would render it compatible with the distance~measuring
sub-system and make possible a éharing of much of the
signal processing and readout circuitry of the latter, with
consequent minimisation of component count and power
consumption, in addition to the obvious saving of both cost

and space. _ .

PRESENT REQUIREMENT

Accuracy

The overall azimuth-angle-measuring subsystem consists of a

manually-aimed telescope and angle transducer. Field

experience and a study of the performance of gﬁnsight
telescopes suggest that a reasonable compromise between

angular resolution and angular fiecld-of-view (for rapid target
acquisition) is afforded by an optical system with a
magnification between 10 and 20. ‘The precision with which
such a telescope can rapidly be pointed at a well-defined
aiming point was determined to be about SOmm,standard deviation
at lkm distance, which corresponds tc a standard deviation of
angle of 10 arc seconds. Assuming that angular error due to
pointing is uncorrelated with that due to the transducer, the
precision required of the latter (to meet the overall specific-
ation of 20 arc seconds) is about

2 2

V 20 - 10 arc seconds

= 17 arc seconds.

However, since at least part of the error due to the transducer
is likely to be periodic rather than random, it is probably
safer to aim at a root-mean-square error for the transducer

of better than 10 arc seconds.

To facilitate automatic recording and minimise the likelihood
of gross error it is desirable that the azimuth angle
transducer should have a complete 360° unambiguous range.

It is worth noting that if an identical transducer system
were to be adopted for the vertical angle determination,.
rather greater precision would be desirable to allow for error
in the vertical reference system. To compensate for this,
however, only a limited range (say ¥ 30°) would be required.
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Speed of response ,
Since the target speéification calls for a complete update at
least once per second, and the phase-measuring and readout
circuitry will be shared by the distance measuring subsystem
and the azimuth and vertical angle-measuring subsystems, it is
reasonable to divide the available time evenly and call for

a 0,3 second response time from each subsystem. This leaves

0,1 sec for system housekeeping and computation.

Form of oufput : , -

To achieve compatibility with the distance measuring sub-
system, the output should be in the form of the mutual phase
displacement between two periodic signals,.having a frequency
of about 1kHz. = The phase displacement should be a linear
function of the angular input to the transducer.

SURVEY OF ANGULAR DISPLACEMENT TRANSDUCERS

~

Scope of the survey
Many of the devices described in manufacturers’ catalogues and
in the literature are no more than indicators of small angular
displacement; for example the differential interferometer,
the optical lever, the auto-collimator, and the rotary
differential transformer. Others again are low-resolution
indicators of angular position based on devices such as the

strain-gauge and the rotary potentiometer, Such devices have
no relevance to the present requiremeut and are disregarded in
the survey which follows. The survey attempts an orderly
exposition of all transducers described in the literature
which have a potential accuracy commensurate with the present
requirement, in order to facilitate and justify the approach
taken,

Previous surveys

No truly comprehensive review of angle transducers seems to

have been published in the past twenty years, although many

techniques are discussed in standard texts on metrology and

electronic instrumentation, A paper published by Brewer in
1963 (89) covers some of the techniques but a more complete

treatment is given by Sydennham (90). Instrument technology

in the USSR (91) differs significantly from Western practice

in several ways, and two papers by Yeliseyev (92;93) are of
considerable interest. '



104.

Much of the material that follows was gleaned from the
primary sources cited in these papers and from manufacturers'
literature.

Categories of angle transducer

The survey will discuss primary or static transducers, which
contain no moving parts other than the shaft representing

the angular input, and secondary or dynamic transducers which
contain a uniformly rotating element. The primary transducers
will be subdivided into analogue ard digital. High resolution
transducers typically produce an ambiguous output (i.e. an
output which cycles through its range for an angular input
less than 360°). This is.not a serious limitation, however,
since the ambiguity can easily be removed by réferring to a
simple visual scale (a protractor) or automatically by
incorporating a low resolution trahsducer on a common shaft
and logically combining the outputs of the two transducers.

{

Primary transducers (analogue)

Tr.e Resolver

One of the oldest and best known ang’a transducers is the
resolver or two-phase synchro. This is really a precisely
constructed two-phase wound-rotor induction motor operated
under locked rotor conditions, The orthogonal stator windings
are driven in mutual time quadrature, giving rise to a
spatially rotating magnetic field. The e.m.f. induced in

the rotor by this field has a phase relationship to the drive
waveform which is a linear function of the angular position

of the rotor. |

The resolver merits special consideration as an angle
transducer in the present application since its output is
precisely in the form required. In its conventional form,
however, it is deficient in accuracy. Most commercial
resolvers have an accuracy of about one thousandth of a
rotation or 20 arc minutes, The most accurate resolvers
achieve an accuracy of from 3-6 arc minutes. The accuracy
seems to be limited by mechanical imperfections such as
bearing eccentricity and by the difficulty of achieving the
accurately sinusoidal spatial distribution of gap flux which
is required for a pure harmonic-free rotating field. The
cost of resolvers accordingly rises steeply with demanded

accuracy.



It should be noted that even in the case of a perfect two-phase
resolver (i.e. one free of error), the one-to-one
correspondence between angular rotation and phase angle would
demand of the phase measuring circuitry an accuracy of better
than 10/(360 x 360C) or about 1 part in 13 x 10%. It

will be shown that, contrary to general opinion, this order

of precisicn can actually be achieved, but it cerﬁainly
represents a considerable challenge, and a transducer which
made less stringent demands on the phase-measuring system

would be preferable. '

Modifications to improve accuracy -~ the Multipole Resolver

The variation of phase output with angular rotation may of
course be increased by increasing the spatial frequency of the
rotating field by increasing the number of pole-pairs, and
multipole resolvers having up to 24 poles have been made,
However, while increasing the resolution of the system, this
approach does not necessarily improve the accuracy - in fact
multipole synchros tend to have larger errors than the two-
phase resolv.r. An indirect approach whereby a highly
accurate multipole resolver can be made, is however possible.

The Vernier Resolver
In 1963, Kronecker (94) described a synchro-resolver having
one more pole on the rotor than on the stator, and employing

an interference effect analogous to the operation of a

vernier scale to obtain enhanced resolution. Moreover the
accuracy was improved by spatial averaging to a reported 10 arc
seconds. This approach was seriously considered, but
eventually rejected for two reasons: '

i) The signal processing required precise analogue circuitry
involving accurate amplitude comparisons and

ii) The transducer required accurate machining and it was
felt that the mechanical fabrication on a one-off
basis would present great difficulties.

For these reasons, and the non-compatibility of output, this
otherwise promising approach was not pursued further, but it
should be noted that in view of the paucity of precise and
economic angle transducers and the frequent requirement

for them, the lack of exploitation of Kroneckers' elegant
solution is surprising. |
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The Capacitive Multipole Resolver

The task of fabricéting a precise multipole resolver is
greatly eased if the device is based on capaciti&e, rather
than magnetic, principles. Highly accurate patterns can be
produced on glass discs using photo-lithographic techniques.
A pair . of such sinusoidal tracks in mutual space quadrature is
adjacent to an output track.  The sinusoidal tracks are
driven in time quadrature and electrostatically coupled

to the outbut track by a set of radial cectors whose angule-
position represents input to the sensor. It is easily

shown that the output phase will be a linear function of the
input angle © '

g = no
where n is the number of complete cycles around the circle.

This transducer exploits a powerful principle of spatial
averaging. Since the angle about a point is always precisely
2, it follows that the algebraic sum of the location errors
of circular graduation marks must always be zero. Thus, in
so far as the signal contributions from various parts of the
disc are evenly weighted, position errors in the patterns do
not lead to gross output non-linearity. It is necessary to
add the qualification '"gross" because within a single period

360° the linearity will of course depend on the accuracy of the
n _
sinusoidal pattern, as well as second order effects such as

fringing fields.

This transducer was first described by Radenbush in 1958 (95).
A precision of about 6 arc seconds was claimed for the proto-
type, but nc details of size were given, Careful consideration
was given to this approach and a model system constructed for
evaluation but it was felt that the difficulties of manufacture
to the required mechanical precision were too great. It
should be noted that the transducer is today widely used in
numerically controlled machines and the cost of a single-
second version is several thousand rand. More recently a
similar transducer using inductive coupling between photo-
lithographically-produced discs has been developed and

marketed under the name "Inductosyn''.
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Other Analogue Transducers ,
Two other devices of high accuracy deserve mention. Both

employ spatial averaging techniques:

A complex optical angle transducer employing épatiél'
averaging was described by Belyy and Ivanov in the Soviet
Journal of Optical Technology in 1973 (96). The method is
ingenious and an accuracy of 0,2" is claimed. The transducer
is however extremely bulky (650mm diameter) and obviously
very difficult to manufacture. It seemg clear that it has no
application in a portable survey instrument and is included
here only for completeness and as another instance of the
power of spatial avéraging techniques.

Another device employing spatial averaging is a precision
rotary capacitor transducer developed in Canada by Makov et al
(97). The method depends on the precise measurement of
differential capacitance (to a precision of 10-7pF). Again
the technique is bulky and incompatible with the present
requirement but the fact that a rotary capacitor can be
constructed so as to yield single-second accuracy yields

some insight into the powerful error-cancelling mechanisms
that can be invoked in the case of angle measurement and is
eloquent testimony to the power of symmetry.

Primary Transducers (Digital)

Optical digital encoders are frequently used for high resolution
angle determination.  The principles of operation are well
known and will not be treated here. Most small encoders

(up to 50mm diameter By 50mm long) have an accuracy of no

better than 20 arc minutes. Gray-coded discs having a
) 16

resolution of 1 in 2 are made, corresponding to a least

count of about 20 arc seconds. However, 2-16 resolution
requires 65 536 divisions and necessitates a large disc
(typically 20cm diameter) if the divisions are to be large
enough to pass a reasonable amount of light. Some improvement
and a moderate degree of interpolation between divisions may be
obtained at the expense of increased cost and complexity by
resorting to multiple optical sensor arrays and Moiré techniques.
An ingenious interpolation technicue has been developed by

the Hewlett-Packard Company (98) but it is very complex and
depends on extremely precise manufacture. Extreme mechanical

precision is also required to prevent eccentricity errors due

to bearing imperfections.
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Digital transducers were rejected for the present application
on grounds of high cost, large size and non-compatibility of
output, It is worth noting however that in recent years
’digital transducers with analogue interpolation have

appeared with 22 bit resolution (Itek, Digisec, Zeiss) and
genuing single second accuracy. They are all of large
diameter (typically greater than 250mm) and cost around

R10 000.

-

Secondary Transducers
The static angle transducers described above may be con31derﬁd

as primary transducers in that angle is converted directly

to electrlcal output, whether analogue or dlgltal There
exists in addition. a class of secondary transducers in which
time is involved as an intermediate variable, a continuously
rotating element within the transducer permitting time-domain
irnterpolation between circle divisions. This important class
of transducers has received scant attention in the technical
literature and little in the way of commercial exploitation.

Two forms of the transducer may be distinguished:

The Chronometric measurement of angle: .
In 1964, Yeliseyev (93) discussed the possibility of an angle
measuring system in which the spatial graduation marks on a

fixed circle were replaced by time-marks generated by the
transition of a singlelmark on a uniformly rotating disc past

a suitable sensor. The time displacement between the sensor's
output pulses, and those of a fixed reference sensor is a
function of the angular displacement of the two sensors around
the spin axis of the disc, and speed of rotation. If the disc
rotates at a rate of w radians per'second the time for a
complete rotation will be 217 /w . The time delay T between
the pulses produced by the two sensors when they are separated
by an angle © will be given by T = 6/w . Yeliseyev states
that accuracy down to a single arc second should be possible,
but gives no indication of size, and makes extremely stringent
demands on constancy of speed of rotation. His error analysis
is incomplete, and no experimental results are given. -
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The Duagl Modulator Angle Transducer
Angle‘measuring systems which have, in common with the chrono-

metric transducer, the provision of a continuously rotating
element have been described by De Bey and Webb (99) and
Sydenham (100). These transducers for which Sydenham has -
coined the name "dual-modulator' transducers consist basically
of two independent a.c. generatdrs having their rotors driven
at a constant rate. The phase displacement between the
electrical outputs of the generators is a linear function of
the relative angular displacement of the stators. Clearly
if the generators each produce, say, 360 cycles of output for
each rotation, a mutual phase‘displacement of 1° between
stators will produce 360° of electrical phase shift. Such

a device will in itself be incapable of determining the
number of integral degrees of displacement (this must be
accomplished by a coarse backing system) but it can be seen
that a quite modest phase resolution of 1 part in 3600 will
suffice to yield an angular resolution of 1'".

Versions des-ribed in the literature:

The first transducer to use time-domain interpolation obtained
by means of a rotating element was that described by de Ley and
Webb in 1958 (99). The transducer consists of a toothed rotor
spinning inside a pair of similarly toothed stators, one of
whicit is fixed and the other free to rotate about the spin
axis. A fixed bias potential is applied between the rotors
and stator, and an alternating potential is produced on
rotation by the capacitance variation.

The device reported by Sydenham eight years later (100) is
similar, but uses radial optical gratings to produce the
alternating signals. The gratings are illuminated by a
diffuse light source and the light passing through the
grating detected by .a set of large area photodetectors
positioned behind a fixed matching grating.

Brief mention has also been made in Sydenham's review article
of a magnetic variable reluctance version, embodying in
addition Kronecker's vernier principle. This device was
marketed under the trade name Vernisyn but seems to be obsclete
and no account appears-in the open literature.
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Critical evaluation

The chronometric and dual-modulator transducers share the -
feature of interpolation in the time domain. They differ .
in that the output of the former is in the form of & time

" interval between unique events, whereas the dual-modulator

transducers employ both spatial and time averaging, having.

~an output in the form of the mean phase delay of a signal

which is produced by the integrated contributions of a large
number of elements distributed around\the circumference of =

the input stator. These differences, as will be seen below,

lead te impoitant differences in performance, design

constraints and sources of error.:

Conclusion o A
The high potential accuracy, inherent error-cancelling

properties leading to non-critical fabrication constraintu,

.and the output in terms of phase, constitute a very stromng

a-priori case in favour of some form of dual modulator
transdicer in the present requirement. - Accordingly a fairly
extensive theoretical and experimental investigation of such

~ devices was vdertaken. This work is summarised in the

appendiées'and in the sections which follow.

STUDY OF DUAL MODULATOR. TRANSDUCERS

- In ovder to gain physical insight into the error mechanism of

this class of transducer, and in order to provide hardware

againgt which theoretical models could be verified, it was

 decided to build capacitive, magnetic (variable reluctance)

and electro-optic versions. - Mechanical work was minimised by
designing compatible systems which could fit interchangeably
on a basic mechanical test-bed which congisted of a base '

containing a small d.c. motor and bearing~supported shaft, and
an alidade mounted on a precision bearing system and free to

Trotate concentrically with the motor driven shaft, - Special

methods were developed to test the quality of the bearing
system and it was determined that a bearing concentricity
(peak radial runout) of 10pm and peak-to-peak tilt of about

‘5 arc seconds was achieved. Later in the course of the

development .a more comprehensive mechanical test-bed became
available, having provision for independent adjustment of

tilt and eccentricity in addition tc concentric rotation,
but the design of this ingtrument was carried out with the-

~help of a mechanical engineering colleague and does not form
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part of this thesis.,

Details of experimental systems
Some of the hardware is shown in the accompanying diagrams.

The magnetic system used a 90~tooth mild steel gear wheel of
70mm diameter running inside a mild steel drum furnished with
90 radial slots. The transducer was completed by a 1000
turn solenoid and ceramic magnet. Relative rctation of gear
and drum produced reluctance variations with a resultant
change in flux linking the coil and, therefore, prdduced

an electrical output,

The capacitive system used a matching internal and external
gear of 80 teeth machined to leave a 150pm gap. Provision
was made for attaching one stator to the base and the other
to the alidade (normal operation) or alternatively for
mounting both stators in fixed relative orientation on the
alidade. This '"locked stator' test proved to be a very
powerfui and important one. Clearly under these conditions
the phase displacement between the signals from the two
stators should have a relative phase displacement which is
fixed and unaffected by rotation of the alidade as well as by
small tilts and lateral translations. . Deviations from this
condition of phase invariance are a sensitive indicator of
error, permitting the transducer to be evaluated for absolute
phase accuracy without recourse to any external standard or
angle-measuring instrument of known high accuracy. This is
another example of invoking the unique self-checking
properties of angle transducers mentioned in the opening

paragraph of this chapter.

The electrb-optic versions are closely patterned on Sydenham's
version, except that attempts were made to devise a more
‘efficient illuminating system.

Results of initial experimentation

The aim of this early work was familiarisation witli the
potential and limitations of the technique and the evaluation
of a theoretical model which would permit the rational design
of a transducer. Several possible error sources which are
not discussed in the literature immediately came to light:




1)

ii)
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Crosstalk: The effect of crosstalk, or spurious

.electrical coupling between outputs, is to superimpose

a sinusoidal perturbation upon the intended linear
relationship between angle and phase. The effect is
particularly pronounced in the magnetic and capacitive
versions due to the difficulty of preventing coupling
through stray and fringing fields. The effect is
discussed in Appendix 4.4, where it is shown that a

- high degree of cancellation is possible if the phase

of a signal can be inverted by 180° without inverting

the phase of the spurious component. This could

readily be done in the case of the capacitive version

by changing the polarity of the stator bias potential.

The mean phase measured with the stator biased alternately
positive and negative would be relatively free of cross-
talk error. '

An alternative approach to eliminating this source of
error is to use a hybrid system, deriving the two
signals by different methods (e.g. capacitive/magnetic,
mmagnetic/electro-optic, etc.). It was soon realised
that the reference sensor, being fixed relative to the
spin rotor, is entirely uncritical and the simplest
electro-optic system will suffice, whereas the require-
ments for the moving sen:sor system, which is subject

to second-order tilts and displacements as the alidade
rotates, are much more stringent. The adoption of
this hybrid approach unfortunately aggravates the effect
discussed in the next paragraph.

Frequency dependent phase shift: If the source
impedance of the sensor systems is compléx, there will be
a phase shift of the sensor output which is dependent

on the speed of the rotor. The effect is discussed
further in Appendix 5.2. It will be seen that if the
transfer functions of the two sensor systems are matched,
rotor speed variation will not result in any relative
(differential) phase shift. Clearly it is considerably
easier to achieve such a match if the two systems are
identical. This is a contra-indication in respect of
the hybrid system mentioned above. The problem is

not a particularly serious one, however, since rotor
speed can be closely controlled, if required, by means
of a pulse-tachometer feedback Servo, or the use of a
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small synchronous motor.

Phase offset ,
If long term absolute stability is required of the transducer

(i.e."if it is required to reproduce a given phase displacement
for a given direction cof the alidade relative to the base), it
is possible that slowly varying parameters of the transfer
function of the sensor systems will cause a drift in the
relation between angular displacement and phase difference.

| P = ko +48
It was realised that an elegant and simple techniqué exists
which eliminates this error completely, as well as doubling
the resolution of the system. If the direction of rotation
of the motor be reversed, clearly the sense of phase displace-~
ment with respect to alidade rotation is reversed, while *he
pnase error § is unchanged. Thus we have:

P =-ko+d

On subtracting we have an expression from which the error

has been eliminated: : ,
?- g’ = 2k0

“Thus the mean of two readings with motor reversed is free of
phase offset error. This is potentially a powerful technique,
but care must be taken that the rotor speed isidentical in

both directions and that the transducer is not disturbed by

the reaction torque on motor reversal. The technique is
particularly relevant in respect of an angular transducer for
the determination of vertical angle, since in this case the
determination is an absolute one, the reference direction being
the local gravitational gradient, Drift in the apparent
reference direction due to electrical phase shift is completely
eliminated. It is also worth noting the effective doubling

of resolution, This technique does not seem to have been

described previously in the literature.

Eccentricity

The effect of alidade bearing eccentricity is a complex function
of sensor properties and transducer geometry and is discussed
in greater detail in Appendix 5. 3. Their significance can
best be summarised, and design of the transducer facilitated,

by drawing attention to the fact that there exists a number

of binary choices:
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‘Disc or drum: The geometry of the transducer may be planar

or cylindrical. It is shown in Appendix 5.3 that the
cylindrical configuration has some advantages in respect
of eccentricity tolerance.

Proximity or intersection sensing: An important distinction

in terms of performance and sources of error relates to the
mode of action of the sensor. Capacitive sensors generate
their peak output at the instant of nearest approach to the
rotor index mark, whereas an electro-optic sensor has a
definite "line-of-action'".and the significant event in this
case is the crossing of this line by the index mark. Proximity
type sensors have the limitation that their output amplitude
is a function of distance and is therefore affected by alidade
'bearing eccentricity. Intersection type sensors yield an
output which is not a function of lateral displacements. If,
however, the line-of-action is not radial with respect to the
rotor, phase errors will be generated by eccentric movement
and tilt,

Discrete point or integrating sensors: The two limiting cases

" here are the =zlectro-optic sensors on the one hand, and the
capacitative sensor with ring-geometry stator on the other.
It can be seen from Appendix 5.3 that complete cancellation
of errors arising from alidade eccentricity can be achieved
by averaging the output of a diametrally-disposed pair
of sensors. If the averaging is performed by simple analogue
summing of the sensor output, however, the cancellation depends
upon precise amplitude balance. In the capacitive integrating
case one is critically dependent on the balance of the output
of proximity-type sensors, and hence on accuracy of gap width.

In practice, sevére problems due to eccentricity were experienced
with the integrating capacitive device. This was eracerbated

by the small gap width necessary to obtain appreciable output,

on account of fringing effects. The variable reluctance device
was somewhat more tolerant in respect of gap width, but here,
too, eccentricity oroblems were experienced. In addition,
spurious phase shifts were experienced due to permanent

magnetism and external magnetic fields, and the inherently
reactive source impedance led to a stringent requirement in

respect of motor speed constancy.
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_ Comment on published versions

. In the light of the analysis -and experimentation, it was evident
that neither de Bey and Webb nior Sydenham had fully exploited
the potential of the dual modulator transducer. In terms of
the analysis presented above, de Bey and Webb's device can be
_described as having cylindrical geometry and integrating
pfoximity-type sensing. Aecordingly it requires accurate
machining and alignment. Sydenham's version is a compromise.
It uses large area photodetectors and a diffuse light source.
‘Accordingly it is partly integrating, and the sensors have
properties intermediate between proximity and intersection
type devices. Unfortunately it inherits the weaknesses of
both. The amplitude is fairly strongly a function of the
spacings between the discs, and the phase of the signal
generated depends upon directionality in the illuminating source.
It is very difficult to achieve truly diffuse illumination and
this is no doubt the reason for Sydenham's use of a multiplic-
ity of incandescent bulbs in a diffusing cavity - an arrange-
ment wasteful of both space and power. '

In view of these considerations, it was felt that an optimum
dual modulator for the present application would have cylind-
rical geometry and discrete electro-optic sensors. Early
experiments showed that, even in this case, amplitude balance
was excessively critical, and it was decided to measurs the
phase displacement of each .diametrally-opposed sensor
separately with respect to the fixed reference sensor and
-average the results numerically, using for the tests an
on-line minicomputer. This strategy proved highly successful,
resulting in complete cancellation of the primary eccentricity
error, and is the subject of a patent application. It should
be emphasised that the principle involved here is the averaging
of the outputs of discrete sensors in a way which is not
sensitive to their output amplitude. There are many ways of
doing this, and the approach is not restricted to digital
numerical averaging, which is merely one such method,
particularly well suited to the early experimental phase of

the work in that it is a versatile and highly transparent
method, permitting comprehensive evaluation of sources of error.

It was therefore decided to proceed with the experimental
design and testing of the transducer along these lines.
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DESIGN OF A NEW ANGULAR DISPLACEMENT TRANSDUCER

Description of the proposed transducer

The transducer consists of a cylindrical rotor carrying an
equi-spaced set of graduations or index marks, which rotates
with a constant angular volocity w radians/sec. The index
marks consist of elternately transparent and 0paque'bersv
parallel to the axis about which the rotor spins (called the
"spin axis'). An electrical signal having the form of a
trapezoidal wave 1is generated by the bars as they pass
between a fixed sensor (the "reference sensor') consisting
of an infra-red-emitting diode and phototransistor. The
line joining the centroid of the emitting area to that of the
photosensitive region of the phototransistor is called the
"line~of-action'" of the seﬁéor, and it is radial with respect
to the rotor - that is to say the line~of-action when
prcduced passes through the spin axis.

A pair of identical sensors A and B arranged on a diameter of
the rotor is free to rotate about an axis which is nominally
collinear with the spin axis. This axis is called the "input
axis" and rotation of the sensor system about this axis
constitutes the angular input to the transducer. Tc provide
error checking capability a further set of sensors C and D

" was arranged on a diameter orthogonal to AB. .

Principle of operation

Consider a single input sensor and assume that the angular
displacement of this sensor about the spin axis, relative
to the reference seneor, is 9.

The reference and input sensors will each produce a periodie
electrical output signal of frequency:

= nw
| | £ 7T Hz,
where n is the number of rotor divisions. -
Thz signals will have a relative time displacement T where
r = & (seconds).
w

We may write this as a phase delay ¢ where
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Thus the output phase angle is linearly related to the
angular displacement between the two sensors, and the
constant of proportionality (or magnification factor) is
simply n, the number of rotor divisions. Since ¢ is
periodic in 21 , the output will be unambiguous for input
angles . which are a multiple of (21 /n).

Practical Implementation
The rotor was made by attaching a suitably divided film strip

with 200 civisions to a metal drum of 50mm diameter. This
was spun at about 2000 rpm by a small permanent magnet d.c.
motor, yielding output frequencies in -the wicinity of 1000 Hz.

The drum and sensors were mounted on the mechanical test bed
assembly described above. Two orthogonal sets of input
sensors were used. The infra-red emitting diodes were biased
at 50mA and spaced 10mm from the phototransistors, yielding

a peak photocurrent of about 1mA.

The signals were pLrocessed by a Krohn-hite digital phase meter,
and later, by a specially developed microprocessor-based
phase-measuring system. The processing aspects are discussed
in more detail in Chapter §.

Difficulties were at first experienced with erratic speed
variations in the motor, which was intended for use in a tape
recorder. These were due to the action of the governor, which
was removed and replaced by a feedback control system, using
a pulse-counting tachometer actuated by the signal from the
reference sensor. '

The signals from the sensors were about 1vrms when the rotor
was stationary, or the light path blocked. Noise was about
100pv. The resulting signal-to-noise ratio of 80db was
adequate for a phase measurement to 0,0060. In practice,
rotor eccentricity and graduation error gave rise to a periodic
phase perturbation of about 1°. However, by gating the phase
measuring system so that measurements were averaged over an
integral number of rotor revolutions, this error was completely
eliminated. One of the problems inherent in the fabrication

of a drum-type transducer is in the discontinuity which results
from the inevitable discrepancy between the length of the film
strip and the circumference of the supporting drum., This
results in a phase discontinuity in each rotation of the drum.
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Experiments were carried out on the possibility of providing a

" resilient element with'provision_for adjusting the effective
~diameter of the drum. All this, however, proved unnecessary.

By taking reasonable care in manufacture, and allowing for

‘the thickness of the film strip when turning the supporting

drum, the error was reduced to negligible proportions. In

 full scale production it is unlikely that film strip would

be used. The graduated cylinder would most likely be
produced directly on a sensitized giass or perspex drum using
en indexing mechanism and photographﬂc methods,; and so the

problem would not arxise.

In any event the effect of the phase-jump (provided it is

less than half a modulation period)'is merely to complicate
somewhat the signal processing. No error in angle determination
results 2s long as the phase measurement.isiaveraged over an

integral number of drum rotations.

" Initial Evaluation ‘ T ;-_ ‘? S

Resolution and repealtability

Initially, digital phase readings on che Krohn-hite phase-meter’
were wildly erratic. To establish the cause; the analogue
output of the phase-meter was examined using an oscilloscope.

It was found that the phase angle between the reference signal
Vg and any'dne of the csignal sensors exhibited a peak periodic
swing of about 50, suggesting a rotor eccentricity £. given

by , . .
| .= (25 %1073 x tan (35" = 10 i
Eccentr1c1ty of this order is hardly surprlslng - lndeed it is
remarkably. small given the method of manufacture. This
explanation was confirmed by noting that the peak value of the
sinusoidal éwing was itself a cosinusoidal function of the

angular orientation between sensors.

It is shown in Appendix 5.3 that provided the phase measurement
is averaged over an integral number of rotor revolutions, no
error results from this eccentricity. Initially, averaging
was carried out simply by low-pass filtering the output of the
Krohn-hite phase-meter. For later work the averaging was
accomplished digitally, measuring phase over an even integral

number of rotor revolutions.
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This resulted in a repeatability»of O,OSO, corresponding to

a mechanical displacement of about 1 arc second. It was clear
that random variations of this order were caused, not by
signal-to-noise ratio but by phase-meter resolution, and,,v

in the case of the digital system, numerical truncation
errors.  The error from this cause was, in ény event, well
within the specified limits,

Input axis eccentricity
Eccentricity between input and spin axes, on the other hand,

.is an important potential source of error (see Appendix 5.3)
and although bearing runouts had been determined as less than
10pm, it was felt appropriate to perform an in_ situ measurement

of”input/spin axis eccentricity.

A straightfofward method is shown in the accompanying figure.
In the event of perfect concentricity the angle AOC or DOB
remains constant (close to 90°) as the sensor system is
rotated. Eccentricity gives rise to a sinusoidal perturbation
of this angle, as plotted. The geometry of the situation is
analysed, and it can be seen that an eccentricity of greater
than {Sum exi sts. Such a degree of eccentricity leads to an
error;'for a single sensor, of 2’ and, although theoretically,
perfect error cancellation exists between opposing sensors,
there is the possibility of significant second order errors
arising due to sensor imperfections.

It was therefore thought desirable to minimise the eccentricity
'error, and this was accomplished by mechanical adjustments.

The test was then repeated, with the results shown. It can

be seen that the error is greatly diminished and that the
errors for the two angles appear in antiphase, as might'be
expected. ‘

The antiphase variation of APAC and APpp 1egds one to expect
that the mean % (‘BPAC +—APBD) would be relatively constant.
This angle is shown plotted to a greatly expanded scale.

The residual peak error of 6'" is an informal guide to the order
of accuracy which can be expected of the transducer.

On the basis of this rather hopeful outcome, it seemed justified

to proceed with more complete testing.
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Overall testing ' , _ v
The transducer was tested by the methods outlined in Appendix

5.4, The test setup is as shown. It can be seen from both
incremental and global tests that peak error is less than 15".
Root-mean-~square error or standard deviation is less than 10

arc seconds.

Reference to manufacturer's literature and an intercomparison

‘between three available T2 theodolites suggested that the

instrument had a standard error of at least 2". Repeatability

- of observations did not however justify any attempt to

disentangle transducer and theodolite errors by the methods
referred to in Appendix 5.4 and references {101 and 102).

Clearly the performance of the transducer readily meets the
specified requirement. A study of the nature of the errors,
however, suggested that the design had in some ways been

- excessively conservative, and it was decided to design and

test a MkII version.

In particular, it was considered that there were two modifi-
cations which were worth making leading to (possibly) reduced
but still adequate performance in respect of accuracy, with
attendant advantages such as smaller size and simpler
manufacture. o

DESiGN GF MKII PROTOTYPE TRANSDUCER

The design followed the same lines as that of the MkI version,
with certain simplifications and a reduction in size.

(a) It was found on the MkI prototype that the error pattern
of sensors C and D was virtually identical to that of A and B.
This was not surprising - indeed the extra sensors were
originally-incorporated only as a check. Accordingly a
production model transducer need incorporate only two sensors.
It should be noted however that the redundancy implied by the
provision of two orthogonal sensor pairs gives a very powerful
self-checking capacity to the transducer and it seems that
this feature should not be lightly dispensed with.
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(b) The diameter of the rotor (50mm) was considered
excessive, leading to a somewhat bulky transducer of

about 120mm diameter. Eccentricity-related errors are
inversely proportional to rotor diameter, and study of the
relative magnitudes of periodic and random error suggested
that little if any accuracy would be sacrificed by a 407
reduction in rotor diameter, Further reduction would still
be possible in terms of the required specification, but
would lead to a device in which fabrication, adjustments and
maintenance became somewhat difficult. It was therefore
decided that the rotor should have a diameter of 30mm.

(c) The provision of 200 index marks on the rotor leads to
an unambiguous range of only 1,80. This in turn leads to

a rather severe requirement in respect of the coarse 'back-up'
~system, and unnecessarily so, since the performance of the
transducer if far from limited by the available precision of
phase measurement. Moreover the marks are already, of
necessity, rather small, demanding correspondingly small
apertures in the electro-cptic sensors. This situation would
be exacerbated by the proposed reduction in rotor diameter.

To meet these objections and yet retain sufficient precision,
it was decided to set the number of divisions at 32, giving
an unambiguous range of 11,250.' 32 was chosen rather than, -
say 30 or 36 (which would have given a 12° or 10° rauge
rather than the somewhat odd-looking 11,250), to facilitate
binary numerical operations when a microprocessor is used,
for example, to fit together coarse and fine determinations.

~In order to provide information for ambiguity resolution an
additional pair of sensors (one stationary, one moving) was
provided to monitor the transit of a single index mark. The
relative timing of the pulse received from these two sensors
provides ''coarse' information on angular displacement without
any ambiguity over the complete 360°, This was observed

to cperate correctly.‘ The accuracy requirement on the
coarse .determination of angle in order to avoid an ambiguity
error of 11,259 is that the error should be less than half
the period of the fine measurement, i.e. 5,6250. In praétice
~a precision of say 2° affords an adequate safety margin and
this of course presents no problems. There is no need even
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for a pair of sensors since the expected eccentricity error
with a single moving sensor is less than

arc tan (30 x 10°%/15 x 1073) or 0,11°.

Fitting together the coarse and fine measurements to produce
an overall fesult is a trivial operation in modu:lar arithmetic
which can be performed by a simple digital system, Due to
extensive prior experience with such Systems it was judged
unnecessary actually to construct one. In any event the
complete instrument would probably be under microprocessor
control, and the requisite operations could readily be |
carried out numerically by means of a simp’e algorithm.

Evaluation

Testing followed the same sequence as that adopted in the case
of the MkI prototype. Eccentricity determination was

carried cut by measuring the phase between signals from

ad jacent sensors. This transducer had no means provided

for adjusting the relative concentricity of spin and input
axes, and reasonably careful machining resulted in a net
eccentricity of no more than 50pm. |

‘An internal consistency check was carried out in the following.
manner. Refer to diagram. The phase of V,, VB;VC and Vp
was measured against the reference signal V,. o
Let the result be ¢A9-¢B’ ¢C’ ¢D.. Now the average phases
%(GA + ¢g) and % (@, + ¢p) were computed. Let these be
¢ . and ¢ __.

AB CD ) _
As .shown in Appendix 5.3, ¢ __ and ¢__ are free from
v S-S : p.p. ’ “_.AB. QCD- ] .
eccentricity error.
Hence (¢__ - ¢__) should be constant within the accuracy of

A Cbh

the transducer.

This is a necessary but not sufficient requirement. ‘It is
however a valuable first cneck on transducer performance.

The results are shown.

Finally, the transducer was tested against a T2 theodolite.
The results, as can be seen, are well within the required

specification.



123.

CONCLUSION

The transducer which was finally developed easily meets the
requirement for a small, precise angle transducer requiring
no very critical fabrication. It is able to achieve this,
and to outperform previously published versions based on
similar principles because of careful attention to detail
based on a new and comprehensive error analysis. Its
principal novel (and patentable) feature is the use of a
multiplicity of discrete sensors with digital (or other’
amplitude-insensitive) averaging. The principle could be

extended to transducers of much greater (sub-second) precision
~and it is hoped subsequently to carry out work in this

direction.
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CHYAPTER 6
PHASE MEASUREMENT

INTRODUCTION

The precise measurement of electrical phase angle is crucial

to the measurement of both range andvangle using the subsystems
described in previous chapters. This chapter will consider the
| performance required of the phase measuring system by each

of the subsystems, review phase instrumentation teehniques,
analyse sources of error, propose a design for a suitable
system and present experimental evidence of the performance

of the proposed design. '

A note on the definition of phase:

Strictly, relative phase is defined in electrical engineering
only for twc sinusoidal signals o: the same frequency. For
example the phase angle between two signals A sinwt and’

A sin (Wt + @) is giVen by the angle ¢. Clearly ¢ + 2nTY¥

is indistinguishable from ¢§ therefore phase is periodic in 277
radian intervals. It is, however, possible to generalise

the concept to cover the case of any periodic signal under-
going pure transport lag (linear phase shift).

Consider any repetitive function of time with period T,

i.e. f(t) = £(t + T). Consider the signal f(t) delayed by
time T .- If the signals are identical in all respects
other than their mutual translation by time T we may say that
they have a mutual phase displacement ¢ where:

-

| ¢ = ewT o
Clearly when f(t) = A sinwt, phase as defined above has the
normal meaning . It we determine phase in relation to the

instants of zero-crossing (as is conventional) we may still

speak of nhase 2TT:T-. when the signals differ in amplitude.

The only limitation is that the waveforms be identical so
that the instant of zero-crossing is consistently defined for
the two waveforms. Thus it is always possible to ascribe a
meaningful phase shift to any waveform which undergoes pure
translation in time. Such phase shift may be measured by
successive comparison with any arbitrary waveform of the same
zero-crossing rate,
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arc seconds requires a phase precision of 1 part in 4 x 10

125.

In much of what follows, particularly that relating to angle
measurement, it is the broader interpretation of ""phase'" which
is iﬁtended, and we are not limited to sinusoidal signals. In
the case of distance mneasurement, waveform is not invariant and
we are restricted to the more usual interpretation of phase
shift - i.e. as that of the fundamental Fourier component

of a signal.‘ -

PiIASE MEASUREMENT REQUIREMENTS

Range measurement

"In the section on the choice of modulatlon frequency, it was

assumed that a precision of phase measuremént of 1 part in

3 x 103 was attained. This amounts to 0,1°. . The measurement
should be complete in 0,3 seconds. A further requirement
which must be considered is that of dynamic range, since the
returned signal is a strong function of distance. Experience
suggests that a dynamic range of 60dB might be needed, but this
may readily be recuced to, say 20db by AGC methods (see

Section 6.6). ’

Angle measur-ment

"For the case considered (32 drum divisions),'a precision of 10

30
However since the signals are internally generated there is
no dynamic range problem, and it is found that the phase

measuring requirements of the angle measuring system are trivial
in comparison with those of the range measuring subsystem. It
is the latter which actually dominates the design of the phase
megsuring circuitry, although the former dictates the precision

demanded.

TECHNIQUES OF PHASE MEASUREMENT

Analogue methods

An obvious starting point is the classical phase detector,
which usually takes one of two forms - differential quadrature
vector addition or analogue multiplication. Both have the
advantage (unlike methods depending on zero-crossing detection)
of using all the information contained in the input waveform,
and are capable of great sensitivity, The output is now,
however, a linear function of phase angle, the relationship

usually being co-sinusoidal. The output is, moreover,
critically dependent on input signal amplitudes. Recently,

- analogue techniques of considerable sophistication and
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precision have been developed (103~105) but they are not
really ideal in an instrument requiring a digital readout.

Compensation, or null methods

In order to achieve linearity and insensitivity to amplitude,
an analogue detector may be used in a null system (see diagram).
Some méans is then required for phase shifting one of the
input signals by a precisely known amount..  Frequently the
phase shifting element is a two-phase induction generator
operating under locked rotor conditions; and known as a
"resolver", This approach has frequently been used in the
past in ranging instrumentation, but precision is usually
limited to about 1 or 2 parts in 103. Another approach is to
use a shift register, counter or analogue delay line to

effect the compensating delay. ’

Duty cycle methods

These methods are now widely used where linear conversion of
phase is required. The signals are squared, or hard-limited,
to define the instant of zero-crossing, and the linited
signals differentiated and caused to set and reset respectively
a two-state aevice such as a RS flip-flop. The duty cycle.

T /T of the waveform appearing at the output of the flip-flop
is then linearly related to the phase‘angle.¢, by

- T
o | ¢ = 2TT=F
The output waveform may be voltage limited and low-pass filtered
to yield an analogue voltage output which may subsequently be
digitised by normal A to D conversion, or a direct conversion

into the digital domain may be achieved by-gating and ratio-
computing operations.

Since a linear, digital output was required in the present
instance, the duty cycle method is appropriate, and the
direct digital conversion method was chosen,

Phase meters based on the above principles have been described
in the literature by a number of workers (l106-111), and a
comprehensive review of digitisation methods has been presented
by Kuznetskii and Chmykh (112). It is of interest to note
that Soviet approaches to this problem differ significantly
from Western practice, and are little known in the West.
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For the range of freguencies and dynamic range specified

in the present requirement, the accuracy claimed is usually
about 0,10 (or 3 x 10_4) but recently rather complex and
expensive instruments have become commercially available
having an accuracy of 0,050. - The most accurate phasemeter
reported in the literature has a stated precision of 0,010
(110). Thus it can be seen that the specified requirement

- is not unreasonable and the development effort, drawing on

all the available published material, was aimed at producing
a simple, economical and reliable system,

SOURCES OF ERROR - AN OVERVIEW

Errors may be grouped into analogue and numerical categories.
Analogue errors are associated with the squaring or hard-
limiting operation, and numerical errors with truncation and
roundoff errors in the digital and numerical prbcessing.
Experience has shown that, even where the specified requirement
is not very stringent, reliable and economical production of
iristruments based on phase measurement depends on a compre-
hensive error analysis and choice of methods insensitive to

the known error sources.

Analogue errors are those affecting the accuracy with which

the relative times of zero-crossing of the input waveforms are
transformed into the duty cy~le of a pulse train. They are

‘caused by finite signal-to-noise ratio in the input waveforms,

the presence of harmonics and drift in the threshold level of
the comparator or signum operation which defines the instant of
zero-crossing. These errors contribute a static offset which
can normally be calibrated out of the system but, more
significantly, they give rise to an apparent phase shift which
is level-dependent. This can be reduced to acceptable levels
by careful circuit design, by pre-processing with a low
phase-shift automatic gain control (AGC) amplifier and by
adopting certain error cancelling techniques making use of
information contained in both leading and trailing edges of

the input waveform. These will be considered in greater detail
below. A theoretical analysis of these sources of error is
contained in Appendix 6.1. '
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Other sources of analcgue error are electrical crosstalk, -
"which causes a sinusoidal perturbation of the measured phase,
and differential phase-shift in the two signal-processing.
channels, which givesrise to sensitivity of tlie measured
phase to frequency shift, Straightforward techniques,
based on signal inversion, exist whereby these effects can
be cancelled almost completely.  The theory has already been
dealt with in sections 4.7(c) and 5.4. ‘ :

The dependénce of error on signal—to-noiée ratio, cfosstalk,
harmonié distortion and comparator drift is summarised in the
accompanying figures. Assuming that these effects are all
uncorrelated, and dividing the error equally among them, we
can see that an error of about 0,045° or {25 X 10™% can be
tolerated in each case. The ordinate corresponding to this
degree of precision is indicated, and it can be seen that

the following levels are tolerable:

vS/N - ~220
- Crosstalk 8§x 1074
Distortion 0,1 74

Drift < 1mV

Digital exrrors

The remedy for errors produced by numerical truncation is

- obviously the provision of more bits. There is one source of
digital error however which does not fall in this category.

It relates to the conversion of the mark—spaée ratio bearing
the phase information into a digital number. There are

many ways of doing this but they all amount to determining

" the ratio of the number of clock pulges occuring during a
"mark' to the total number of clock pulses in a complete cycle
of the incoming signal. Suppose M clock pulses are produced
in a complete cycle at the comparison frequency, and N pulses
are gated during a 'mark' period. In order for the ratio
N/M to reflect the phase-shift with a precision l:p we

clearly need at least p or p/2 clock pulses per comparison
frequency period (depending on whether or not the clock
frequency is ¢onstrained by a feedback loop to produce

exactly M pulses per period. If this is the case, the
truncation will occur oniy for N.) Since partial gated clock
pulses are counted as clock pulses if they exceed the resPOnse
time of the counting circuitry (say 1Ons for TTL), the error
has a rectangular probability density function with an average
" value or bias of cne-half clock pulse.
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Techniques to improve accuracy

There is a fairly extensive literature of phase measurement,
and many ingenious systems have been proposed. These include
techniques to improve resolution using the phase of high order
harmonics of a pulse train (113) - a technique which appears

in manj forms in the Russian literature, and hardly at all

in the West - and those achieving an effective multiplication
of phase-shift by successive stages of frequency multiplication
and frequency translation by heterodyning (114). In many

ways the us= of such techniques is equivalent to increasing
modulation frequencies in distance measuring instruments,
increasing as it does the resolution while reducing unambiguous
range. Their applicability is however limited by the non-
linear elements which are an inevitable concomitant of frequency
multiplication, The presence of these nonlinear elements
greatly increases the likelihood of phase error due to the
level variations which are also invariably present. It is
conceivable however that with a very "stiff'" automatic gain
control (AGC) system in the receiver they could be used with
profit, especially since the use of a 'megative pattern'
greatly reduces susceptibility to level-dependent phase shift.
In the case of angle measurement the signal levels are

constant and frequency multiplication can be used without

any serious problems, but here we are noct really resolution-
limited and there is considerably less need for the technique.

It should be borne in mind that we have alreédy exploited
one such technique - that of heterodyning. By translating
signals from fl to f2 while preserving phase—shift we
effectively realise a time expansion equal to fl/fZ'

METHODS OF TESTING PHASEMETERS

Several accounts of phasemeter test methods have been
published, especially in tlie Russian literature (115-117).
For the present purposes, however, two simple techniques were
evolved.

Direct comparison
If a reference phasemeter is available, the system under test
can be calibrated directly. A signal undergoes an adjustable

phase-shift in a second-order all-pass network and the pair
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of phase-shifted signals at the output and input to the net-
work is simultaneously measured by the system under test and

the reference system,

An important point to note is that the all-pass circuit

does not have a linear-phase characteristic and does not
preserve. the signal waveform as would a transport lag, and

the two systems being compared will in general :respond
differently to the variously-phase-shifted harmonic components
in the signal, unless it is a pure sinusoid. .= Even then great
care must be taken that harmonic components are not introduced
by nonlinear distortion in the all-pass network.

Phase generator method

A technique found more generally useful in development work was
a digital instrument capable of generating a pair of identical
waveforms with arbitrary relative time-shift. The circuit
embodiment of such a system can take many forms and the logic
and circuit details are of no special interest. It can also

be emulated in software using a microprocessor driving a

pair of A/D converters and low-pass filters, an approach which
offers considerable flexibility.

One of the merits of this approach is that waveform is totally
independent of epoch, and delay generated by the system

exactly simulates pure transport-lag. The nature of the
simulated signal is therefore identical with that of the actual
signals produced in the angle transducer. In order to
simulate the signals obtained in range-measurement, quasi-
sinusoidal signals can be generated and further improved

by post-bandpass filtering. The amplitude of the signals can
also easily be varied.

Simple logic circuitry using TTL can be designed to exhibit
clock-skew and other timing errors on the order of 10-85. If
the signals are being simulated at a frequency of 1kHz, this
represents a phase error of 1 part in lO5 which is weil

within the precision required in this thesis. However it
seems worth recounting in slightly greater detail a very

simple system which offers practically unlimited accuracy =

for example signals having a mutual phase relationship accurate
to within 1 part per million at frequencies of several megahertz
can readily be generated. The writer has not come across
any comparably accurate technique in the literature, despite
a fairly extensive search.
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If two counters modulo M are driven from a clock at rate f

and the last stage of each counter is a symmetrical binary
divider, we shall have at the outputs to the dividers two
square waves which can take up in relation to one another

M distinct phase states. For clarity suppose M = 10.

If we add a pulse to (or delete one from) one of the counters
we shall cause their mutual phase relationship to change by
36° exactly. The word exactly may seem imprecise but if we
assume no coupling between the counters it is difficult to see
how the phase steps can be anything but exact. In so far

as we are free from any spurious coupling between the counters,
so are we free from systematic error, and precision is

limited only by random and periodic phase jitter. These

are caused respectively by finite signal-to-noise ratio and
timing errors, and both of them average to zero over a
sufficiently long time.

Two such phase-~shift generators were constructed and compared.
Opto-isolator coupiing was used to control spurious cross-
coupling. The phase shift of the two units agreed to a
standard dev. ation of better than 2 parté in 10_6, at which
point the measurement precision was limited by random

scatter, The technique is a powerful one somewhat analogous
to the angle-testing procedures of Chapter 5. In the opinion
of the writer it deserves to be better ki.own.

DESIGN OF A PHASE-MEASURING SUBSYSTEM

The basic structure of the phase-measuring subsystem chosen

is shown as a block diagram. The incoming signals are
compressed in dynamic range by means of an automatic gain
control (AGC) circuit. The signals are then applied to
AC-coupled zero-crossing detectors. The outputs of these are
in turn differentiated and used to set and reset a two-state
element (i.e. an R-S flip-flop). The output from the flip-flop
is a rectangular wave containing, in the form of a duty cycle
(T/1), information about the relative phase displacement ¢

of the original signals. In order for the relationship

between ( T /T) and ¢ to be linear within the required 1 part in
3000, it is necessary to give close attention to the design

of the analogue signal-processing section, and this is where
the bulk of activity was directed. |
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There are many approaches to producing a numerical output

from ( T/T), and the subject is discussed in Appendix 6.2.
This section of the work was overtaken by events. Early experi-
ments were carried out with a simple stochastic system
implemented in MSI TTL. It worked extremely well but was

not ideally suited to the very rapid determination ideally
requiréd, especially for the internal signal where there is no
noise problem and hence no need for temporal averaging. Later
a microprocessor-based data-acquisition system became
available and this was used to compute the ratio ( T/T)
directly. All that was required in addition was a pair of
highspeed counters resident on the ﬁicroprocessor bus to
accumulate the gated and ungated clock pulse streams over

the measurement period. The microprocessor would then read
the two counters (and reset them) and compute the ratio.

In addition the microprocessor was available to control the
measuring sequence and to scale and average data. The micro-
processor equipment required to do this was already available
from another project (118) and does not form part of this
thesis. Such a system would presumably form part of any new
survey (or other) instrument including the present one.

Its design however is a routine engineering task which does
not fall within the scope of this thesis, which is limited

to a comprehensive design study and presentation of theoretical
and experimentally validatec solutions to specific problems

which arise.

The Automatic Gain Control System

In order to facilitate the zero crossing detection operation
on the heterodyned received signal it is desirable to compress
its 0,5mV- 1V ¢ dynamic range into a more readily handled
compass - say 0,5V-1V. This represents 60dB of automatic

gain control, and it is necessary to accomplish it without

i) introducing level dependent delay or phase-shift greater
than 1 part in 3000 (i.e. 330ns in the 1kHz signral).

i1) introducing an unacceptable level of distortion.

Several approaches were tried: a fast gating technique
analogous to the pulse-width multiplier was reasonably
successful but was complex and introduced noise due to
switching signal breakthrough. Controllable potential
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dividers using light-dependent resistors and field effect:
trans istors caused appreciable distortion even when feedback
.compensation was attempted. Two methods which appeared
promising were an attenuator based on the photor1-ccup1ed'FET
(119) and one based on a balanced pair of FET's in a new
analogue-multiplier configuration'(lZO)., these were not
however pursded once it was discovered that an adaptation

of a simple two-stage amplifier using emitter-coupled pair
stages with tuned collector loads originally developed for
another purpose (121), performed more than adequately -
better, in fact, than any of the other circuits investigated.

AGC range was in excess of 70dB with less than 1 part in 5000
(i.e. 0,07°) differential phase shift. Excess phase shift
for very strong ihput signals was found to be due to capacitive
base/coliector coupling competing with the drastically
reduced transconductance of the transistors for these input
levels. If an even wider dynami¢ range were required it
could probably be achieved by replacing the individual
transistors by cascode pairs. It is interesting to note that
this circuit also performed well (and with little phase shift)
as ¢ signal compressor acting directly at 15CkHz. At this
frequency it far outperformed the competing versions.

Zero~crossing detéction

A scraightforward approach to determining the instants of
zero crossing is to apply the gain-compressed signal to a
- zero~referenced high gain comparator. There are two

principal sources of error:

i) Saturation of successiVeIStagés in the cohparator causes
a delay between zero crossing at the input and output
ievel transition, which is a function of input level.
Normally the delay ''saturates'" or tends to a constant
value for a specified value of input level or "overdrive
factor'" and the provision of AGC makes it easy to realise
this, Although it is not required in the present context
it is worth noting that delay variation due to the
progressive saturation of successive stages can be
effectively controlled by using low Q bandpass rather than
direct coupling between stages (122).
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1) 1Input voltage drift at the comparator input, or input
| .voltage offset resulting from input offset current and
dc source resistance. This causes the zero-crossing
‘time to be replaced by the time at which the signal
crosses some arbitrary non-zero level., If however we

detect both the positive~ and negative~ going zero
crossings their mean will be free from error on this
account (110, An additional advantage of this scheme
is that error due to even harmonic distortion is also
removed. )

Other ingenious systems for minimisihg zero-crossing errors
have been proposed (108;109), but in fact the earlier gain
compression circuit used here is so effective that the input

to the comparator hardly varies, and a simple approach is
adequate. A BIFET operational amplifier serves as the
comparator, and its reference input is derived from the

average dc level of the input signal via a low-pass filter.

It is easily shown that a signal formed from the difference

of a direct and a low-passed input signal is equivalent to

a high phasc version of that signal. The low-pass filter .
has a long time constant (~1 sec) and the signal is effectively
Iimited, output transitions occuring within a few millivolts
(due to amplifief voltage offset) of the input zero crossings.

To eliminate the effect of the offset, the comparator output,
which slews at about 1O7V/s, is leading edge- and trailing
edge- differentiated in two separate differentiators; one

a common-emitter and the other a common-base stage. A

zero transition produces a 30nS pdlse which sets or resets
-a RS flip-flop formed by cross coupling a pair of TIL
Schottky NAND gates.

Two such flip-flops are used, one set from the pulses occurring
on positive, and the other from pulses occurring on negative,
zero-crossings of the input waveform. The output from both
flip-flops is processed as outlined above to produce a digital
numerical version of their duty cycles, and the mean of the
separate outputs is free of error due to comparator drift.



135,

Experimental results

Outputs from the digital phase generator (which had prev10us1y been
shown to be free of systematic error down to 1 part in 10 ) were

used to drive the inputs of the system described. The outputs of the-
flip-flops gate 1OMHz pulses from a crystal oscillator into one

of two parallel 24-bit counter chains. The contents of the

counter can be loaded into the microprocessor data acquisition

system mentioned earlier. A simple program was written to control
the count sequence and compute the quotient of the contents of the
counters. The microprocessor scaled the result by multlplylng by

360 and presented the result directly:

Phase _ '
incre-~ 0 36 72 108 144 180 216 252 288 324 360
ment: (degrees)

Error: 40, Ol —0 02 -0,02 -0,01 40, Ol 0,02 O 40,01 40,01 -0,01 -0,02
v (degrees)

Peak error is 0,02°.or 1 part in 18000 .

A check was also carried cut, using a precision attenuator, on the
sensitivity of phase to level: '

Signal level ImV 10mv 100mvV v -3V
error . 40,05 -0,02° -0,01° 0 o

The peak error at lmV level is 1 part in 7200.

Clearly the phase measuring system performs more than adequately,
and the initial assumption of 'a phase resolution of 1 part in 3000
‘can be seen to have been conservative, especially when we take into
account the fact that, due to the use of negative patterns,

- cancellation will reduce even the small amount of level dependence

present.
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CHAPTER 7

THE VERTICAL REFERENCE SENSOR

~ INTRODUCTION

'We have seen the feasibility of developing a simple, low-cost

transducer capable of a standard deviation of error substan-
tially less than 10 arc seconds. This transducer was inteunded

- to measure the angular displacement of the alidade of the

instrument relative to an arbitrary datum in the horizontal

“plane. There is no reason why a similar (or identical)

transducer should ot be used to measure the vertical deflec-
tion of the telescope, and hence determine the elevation of
the vessel. This dual use of a major sub—system element -
can be expected to save both development and productlon costs.

.In the case of a vertical angle measurement, however, a new
-element is required. Vertical angles in survey practice are:

determined not in relation to an arbitrary datum, but with
respect to the local vertical, or direction of the gradient
of the earth's gravitational field. A sensor is therefore
required to determine this direction in space.

Accuracy required

The precision of vertical angle f1x1ng demandcd (see 2.4)

is 20 arc seconds - hardly different from that in respect of a
horizontal angle, Several sources of error and uncertainty
exist external to the transducer itself, however, and in

order to achieve the required accuracy it is necessary to

.tighten. somewhat the vertical transducer _accuracy spec1t-
ication and set a suitable limit on the errors of the reference

device to be discussed in this chapter.

In the first place, the path followed by a ray of light from
vessel to instrument will not follow a straight line. The
effect of the earth's curvature and refraction by the resulting’
curved strata of the atmosphere is to cause the ray omn ‘
average to follow a péth having a radius 7 times that of the
earth (132 ), Its effect therefore is merely that of a
small reduction (14%) in the apparent vertical displacement
of the vessel due to the earth's curvature itself. This
amounts to D2/4R when R is the earth's radius, 6370km, or
rather less than y@ 2% a metre for D = 2knm. These effects
are tota ly negligible. We have seen however in 3.3 that
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variations in the temperature lapse rate close to the surface
of the sea can cause a more significant - and unpredictable =~
diurnal beam~-wander of up to about 6 arc seconds.

Secondly, we have stated that there is a probable standard
deviation of telescope pointing of some 10 arc seconds. This
assumes calm conditions, in which the short-term vertical
motion of the vessel does not exceed, say, O,lm. The combined
ur.certainty of pointing on account of v15ua1 and optical
effects may then be estimated as (10 + 6 )2 or about 12 »
arc seconds. This leaves, for the combined error due to the
transducer and the vertical reference, an error of

(20% - 12 )2 or 16 arc seconds. Since we can readily

achieve a standard deviation of 10 -arc seconds for the
transducer, the precision of the vertical reference should be
(in term:z of standard deviation) no worse than (102 62\2

or 8 arc seconds. Actually this is not a sufficiently string-
ent requirement, since the error of the vertical reference may
be a systematic zero drift rather than a randomly distributed
variable. We shall rather arbitrarily but conservatively
specify a peck absolute error for the vertical reference mo
greater than 5 arc seconds.

As we have seen in 2.4, the range of the vertlcal reference
device should be such as to be able to cope with dislevelment
of the instrument over at least 50 arc seconde. The required
linearity over the working range is thus 10%.

Classical survey practice

Classical practice is reoresented in the well-known theodolite.
The instrument is set up by the operator so that the alidade

- rotates about a truly vertical axis, using a conventional
spirit-level type bubble as reference. The disadvantages of
such a manual system are obvious and there is a clear trend,
even in modern 10 arc second engineering theodolites, to
incorporate some automatic .form of compensation for instrument
dislevelment. The case for doing so in the present instrument
is thought very strong, as was argued in 2.7.

An ‘alternative approach

An alternative exists to the use of a limited range compernsator
to refer transducer-~determined telescope tilt relative to
the alidade to an absolute vertical reference. This is to

employ a transducer covering the entire tilt range of the
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instrument (i.e. % 10° or £ 30°)and operating directly
with reference to gravity. At least two such transducers
are known to exist: ‘

i) For use in the aerospace industry several manufacturers
(Kearfott, Hamlyn, Singer) have produced horizontal accel-
erometers, in which a pendulum in a forée-balance servo is
automatically returned to a datum position. The output of
the transducer is proportional to the electrodynémic
restoring force, and hence to the horizontal component of
acceleration. Clearly in a static situation tilt is
equivalent to horizontal acceleration.

Clearly, the specification demands of the transducer a

zero stability better than 5 arc seconds, a linearity over
the 10° range of 0,014%. This is a formidable challenge but
it is ackieved by several of the commercial units -~ at
considerable cost (e.g. several thousand rands). There are
other disadvantages to this approach: the output is a
sinusoidal rather than linear function of tilt, and is

in the form of an analogue voltage. Extension to a 30°

tilt range would hardly be possible.

ii) An ingenious transducer developed by the Hewlett-Packard
Company for use in a survey instrument (16) uses a toroidal
cavity fabricated from a machinable ceramic. The cavity is
hali-filled with a conducting liquid, the free surface of
which defines a horizontal plane. As the toroidal cavity
rotates due to tilt of the instrument, electrodes deposited

on the inside of the cavity are covered and uncovered and

the resulting resistor ratio variation is converted into a
voltage in an operational amplifier circuit. A peak error of
10 arc seconds is claimed for this device over a tilt range

of -20° to +50° with enhanced resolution for more limited

ranges.

In many ways this type of transducer is an ideal one for the
instrument under consideration. Its principal drawback is
that it is not commercially available as a component and

the extreme precision and cleanliness required in its
manufacture (16) were far beyond the resources of the writ-=r.
It is rumoured that even the Hewlett-Packard Company had
serious difficulties in achieving reliable operation of this

device. Its critical nature is not surprising when one
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considers that sub-micron accuracy and stability are .
required, and the device depends on reproducible behaviour
at a critical liquid/solid interface. Angle of contact
between a 1iquid and a solid is notoricusly sensitive to
microscopic chemical contamination and temperature variation.
A relatively minor disadvantage is the nature of the output,

~which is incompatible with phase methods and requires precise

analogue signal-processing circuitry.

It was concluded that the direct-tilt transducer approach
was not advantageous, nor indeed viable in the case of the
present instrument, and a limited réhge level sensor should
be used in conjunction with a version of the angle transducer
developed in chapter 5.

SURVEY OF LEVEL SENSORS

In order to become familiar with the possibilities and
limitations of the various approaches, a comprehensive
literature survey was undertaken, as well as some simple
experiments. ' V "

Level sensors of 5 arc second or greater accuracy are used
in a number of applications:-: '

1) Engineering metrology. As a substitute for a simple
~ spirit level, various devices such as the Niveltronic
Level and Tally Level electronic levels are used having
single-second resolution and an electrical output
proportional to tilt over a range of at least several
minutes of arc. These devices normally use a pendulum
transduced by a linear voltage differential transformer.
They meet the accuracy required in the present instrument
but are ruled out on grounds of cost, weight and bulk.

2) Engineering construction monitoring. Devices such as
the Electrolevel consist of a bubble-type element in
which the usual ethanol fluid is replaced by an electro-
lytically conductive one. Electrodes are deposited on
the inside of the phial and movement of the bubble
unbalances a bridge giving an electrical output
proportional to tilt over a limited range (123). The
device is intended for building into large civil

engineering projects such as dams and bridges, to
monitor subsidence. Again the performance is adequate
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for the required application but the device is too
large and too expensive for inclusion in the instru-

» ment,

3) The Aerospace industry. In addition to the pendulous
force-balance transducers described above, a require-
~ment also exists in the aerospace industry for 1limited-
trange tilt sensors for use in the static levelling of
platforms for inertial navigation. They are miniatur-
ised versions of the electrolytic bubble devices
discussed above and are avaitlable at moderate cost

from the Hamlyn Company. Thev are not very compre-
hensively characterised in the manufacturer's litera-
ture, so several units were purchased for evaluation.
They were driven at 400Hz as recommended by the manufac-

- turer to avoid electrolytic migration and polarisation
effects and mounted on a stable platform in an environ-
mental chamber. Unfortunately their zero stability left
much to be desired, some units showing a drift of
zero position .of up to 3 arc seconds per degree celsius.
It was reluctantly concluded that this otherwise
attractive solution did not ofrer adequate accuracy.

4) Special purpose applications. Several highly accurate
level sensors intended for various scientific applic-
ations have been described in the literature. Although
not directly applicable to the present requirement,
they were considered worth studying in the quest for
a reliable, low-cost device.

Electromagnetic levitation

One of the most sensitive tiltmeters or level sensors is
described by Simon et al (124). It consists of a sliver of
pyrolytic graphite diamagnetically levitated in the field of

a permanent magnet. Motian of the graphite as the assembly
tilts is detected by a pair c¢f photocells. The main drawback
is that, owing to the weakness of the diamagnetic eifect, a
massive and bulky magnet is required. Ferromagnetic
levitation would of course be much superior in this respect
but active stabilisation is required and the suspernded particle
is very sensitive to stray magnetic fields. Electrostatic
levitation - perhaps in a dielectric liquid - seems a distinct
possibility but no reference to such a device could be found,

although the electrostatic levitation of gyroscope rotors
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has been reported (125);

Mercury Pool Tiltmeters ' _

Stacey et al (126) have described a sensitive tiltmeter
featuring 140dB dynamic range . " Two mercury cisterns

(of sufficiently large diameter to make meniscus effects
negligible) are interconnected by a tube, the diameter of
which can be selected to provide critical damping for the
system, The mercury forms the moving plate of a differential

capacitor.

This is an attractively simple system but experimental tests
showed that it is a difficult one to adapt to portable use.
Zero stability after gross over-tilting'is impaired

- by the adhesion of minute mercury droplets to the electrode
system, although it is possible that this could be overcome
by a suitable choice of electrode material, scrupulous
cleanliness and the use of an inert or reducing atmosphere.
Although bulk oscillation of the mercury is easily damped,
vibrations can set up standing waves on the mercury surface,

with consequent error.

Expefimental Submerged-eléctrode Versions ‘
Attempt ;s were made to devise analogous systems using conducting
or high dielectric fluids with totally submerged electrode
systems. This completely solves the overload recovery problem,
but other problems proved incractable - notably the effect of
vibration, the attainment of adequate sensitivity and the
variation of sensitivity with temperature, due to expansion

of the liquid/vessel system. The choice of a suitable conduct-
ing fluid is also problematic. At the level of sensitivity
required one is plagued by either polarisation (even at high
drive frequencies) in the case of an electrolyte or by local
inhomogeneity and migration in the case of a colloid.

Free Liquid/Air Interface Systems

‘A newtonian liquid is incapable of sustaining shear force and
its surface therefore defines a gravitational, equipotential
surface. This haz been exploited in the vertical angle
indexing system of the Kern single second theodolite.,  The
vertical index mark is reflected by a free silicone oil surface,
using total internal reflection. Care has to be taken to allow
for the refraction which also occurs, and its variation with
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temperature-induced change in refractive index. A system
free from this complication is used in the Hewlett Packard
"Total Station'" (98). Here an autocollimator observes a
free mercury surface. The mercury is covered with a silicone
oil layer to provide damping and pfevent oxidation of the

surface.

Although these systems clearly can be made to work, they are
not without serious difficulties. Once again, although bulk
motion of the fluid is readily damped,vhigher order ripples
induced by vibration are less easy to suppress, and cause
distortion of optical images. A second difficulty is that
the displacement of the image in a miniature system is
extremely small (say O,lpm per arc second) and it is difficult
to maintain positional stability of optical (and electro-
optical) components to this order over long periods of time.
Light-emitting diodes are particularly bad in this respect.
An attempt was made to magnify>the deflection by multiple
reflection but this system was hopelessly susceptible to

vibration,

Free-liquid =ystems usihg resistive or capacitive sensing
are also possible and were tried, but they are subject to
the limitations discussed above. '

- Although many of these methods appeared promising, none of
- of them performed entirely satisfactorily despite considerable -

‘experimentation,.

Precise pendular systems

A very sensitive and stable device capable of detecting earth
tides has been described by Jones (127). It is remarkably
simple,'consisting of a flexure-supported pendulum, the bob

of which forms the moving element of a differential capacitor.
With this device coupled to simple synchronous detector cir-
cuitry, Jones reports that displacements of the bob of as
little as 10 1%n can be reliably measured, with drift of the
order of 10”7 radians per day. (128).

. A CRITIQUE OF THE TECHNIQUES SURVEYED

Broadly, the methods fall into two classes - thbse which do and
do not employ some form of magnification or mechanical advant-

~age to increase the effect of the very small displacements
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involved in tilts measured in arc seconds. The latter

are best exemplified by the free-liquid interface and

pendular versions. They are inherently accurate and free from
spurious effects but their exceedingly small output places
stringent demands on the signal-processing circuitry, partic-
ularly in respect of drift. Sensors in the former class, on
the other hand, have a large; easily processed output but -

the very mechanism which contributes the magnification
frequently renders them vulnerable to spurious effects - e.g.
surface~-tension effects in the case of a bubble, and vibration
in the case of devices employing multiple internal reflection
from a liquid surface. The sensors with magnification also

"tend to be less tolerant of errors in mechanical fabrication.

This does not however necessarily mean that they will be
prohibitively expensive. A ball-bearing is a component made
to the closest attainabie mechanical tolerances, but it i
inexpensive on account of aﬂvery sophisticated manufacturing
process justified by high volume production.

An analogous situation exists in the precision bubble, which
is inexpensive despite extremely accurate and ultra-clean
fabrication using multiply-distilled fluid (usually ethyl
alcohol)of the highest purity. It was thought that a
possible cost-effective solution to the level sensor problem
would be to modify such a bubble so as to produce from it an
electrical output.

It was decided to experiment with two approaches - one from
each of the catagories discussed above. The first would be

a pendular sensor, capacitively transduced, and essentially
an adaptation of Jones' transducer. The second would be

a standard bubble equipped with electrodes and producing

an electrical output due to change of capacitance in response
to bubble movements.

/

DE5SIGN OF A PENDULAR SENSOR

The vertical compensation system of most theodolites and
automatic levels (Kern being the exception; uses a pendulous
prism in the optical path, and, as was pointed out above, a
pendulum and displacement transducer forms the basis of
electronic levels used in engineering metrology. It was
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decided to investigate whether a simple low cost miniature
version could be designed for use in the present instrument.

" One of the problems encountered is the displacement of the
necessarily lightweight pendulum due to the spurious force

on it caused by the LVDT displacement sensor. It is neceséary
to keep in mind the extremely small forces involved - a

simple pendulum of mass 10g tilted from the vertical through

an angle 10 arc seconds experiences a restoring torque of

only 5 x 107°
both the displacement transducer and the supporting pivot.

Nm. This places very strirgent demands on

In both respects Jones' version (127) is a model of good
design.

The present requirements differ from those faced by Jones,
who was developing an instrument for fixed laboratory
installation. A survey instrument however calls for two
important features related to portability: '

i) small size
ii) excellent zero stability after recovering from severe
mechanical shock and tilt overload. '

It was originally thought that a suitably compliant flexure
éupport might be deficient in respect of shock tolerance, and
alternatives were considered such as a quasi-kinematic
support (129) and a miniature pfecision ball rdce, following
current practice in Japanese theodolites (130). In the

end it was decided that the best approach was a highly
compliant flexyre pivot, and a displacement measuring system
toleraﬁt of lateral compliance.

The proposed design is shown in the accompanying diagram.
To meet the requirements four special features are incorpor-
ated: |

i) The pendulum is fluid damped using silicone oil.

ii} It is made partially bouyant to reduce the effect of
shock. The bouyancy cavity is of course located above
its centroid so that the pendulum retzins a strong dipole
action with respect to the gravitational gradient.

iii) A highly flexible and compiiant flexure support is used
in the form of a coiled tungsten wire (taken from the
filament of an incandescent lamp). This has three
beneficial effects: there is little likelihood of
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éngular deflection of the pendulum due to spurious torque
‘in the support, the restoring spring action is small,
ensuring good sensitivity and the high axial compliance
obviates the possibility of overstressing in the event

of high vertical acceleration or shock.

iv) As a side-effect of (iii), the support offers little
lateral constraint, and lateral shift of a mere fraction
of a micrometre could cause significant error. To
overcome this, the pendulum deflection is measured by a
bridge-configured set of four electrodes. The output
is, to first order, sensitive dnly to angular displacement
of the pendulum relative to the electrode system..

Since the pendulum is free to rotate in two mutualiy orthogonal
planes, an additional orthogoﬁal set of electrodes (driven

at a dififerent, non-commensurate frequency) can be used to
determine cross-axis tilt (see 2.8).

The sensitivity of the transducer can readily be estimated.
Assume a cylindrical pendulum 10mm in diameter and 30mm long,
and electrodes each 5mm x 10mm, with a nominal gap of O,5mm.
The capacitance between an electrode and the pendulum is
roughly 1pF. A tilt of 10 arc seconds causes a change of
differential capacitance at the lower pair of electrodes

of some 3 x lO_BpF.. This is indeed a small capacitance
dhange but it has been conclusively shown by Jones et al
(127) and by Skalski (131) that by using appropriate guarding
techniques and synchronous detection, capééitive changes of
this order can be reliably and stably measured. In the
experience of the present writer this order of precision is

readily achievable.

Although the capacitive pendular transducer appears to offer
‘the best potential for a really accurate and reliable

portable tilt sensor, and would seem to be the obvious choice
if, say, single second performance or better were required
for an electronic theodolite, its fabrication does require
reasonably accurate machining and it would not be particularly
inexpensive. It was therefore decided to proceed first with
the alternative version using a bubble-sensor. In the event,
this latter version proved to be cheap, simple and entirely
adequate and the pendular sensor was not constructed in

final form, although various aspects of its operation were

. experimentally investigated.
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7.5 A CAPACITIVELY TRANSDUCED BUBBLE SENSOR

A conventional bubble sensor consists of a glass vial whose
bore is accurately ground to a barrel-shaped surface of large
radius of curvature along the length of the vial. It is
nearly. . fully filled with ethyl alcohol, which has a relative
permittivity of about 30. When the vial is tilted the liquid
moves under gravity, resulting in motion of the bubble in

the opposite direction along the vial length. The long
radius of curvature affords large mechanical advantage,

and typical sensitivities are 2mm of bubble movement for

40 arc seconds tilt., ' For small displacements the relation
is linear, and 10 arc seconds tilt gives rise to O,5mm
displacement of the bubble.

It was conjectured that because of the large dielectric

constant of the fluid, it might well be possible to obtain

an electrical output signal corresponding to this degree of
movement. Some simple experiments were undertaken to

"establish the viability of the approach and to identify possible
‘problem areas.

A replacement bubble from a builder's level (sensitivity lmm
per 20 arc seconds) was modified by the addition of three
copper foil electrodes, which were simply glued to the vial,
‘as illustrated. The unit was mounted on a pivoted table
which could be tilted by means of a micrometer screw. As a
preliminary test to establish that the bubble would respond
without 'stiction' to very small tilts, the bubble edge was
observed with a microscope (x 300) while the table on which
it was mounted was rocked through an angle of a few arc
seconds. There was no evidence of hysteresis or backlash.

The effect of bubble movement on interelectrode capacitancé
was monitored by connecting two of the electrodes as part of
thc resonant circuit of a 1IMHz transistor oscillator, having
a tuning inductance of 100mH. The oscillator frequency was
plotted vs bubble .displacement. From this it is readily
cslculated that 1lmm of bubble movement produces a capacitance
change of 0,05pF. This is some 17 x greater than the
differential capacity change predicted for the péndular sensor
and is easily measurable. The increased sensitivity is of
course due to the magnification of the bubble movement relative
~ to the movement involved in the tilting.
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A potential problem was thought to be change in sensitivity
due to variation in bubble size with temperature. A simple
experiment (placing the vial in a refrigerator) showed that
bubble length (nominally 6mm) decreases by a factor of
about 2 for 20° fall in temperature. However this was easily
overcome, The unit was driven in push-pull so that the
differential output was a function only of bubble position,
and not of size. This makes the tacit assumption that the
glass wall thickness of the vial is constant. This was
found to be the case within the accuracy required - had
it not been, the electrodes could have been (empirically)
shaped to compensate for the variation. As a last resort,
of course, temperature compensation and/or linearisation
could be applied to the electrical output but in the event
‘this proved unnecessary.

The linearity was within 7% over a 60 second tilt range both
at normal (15°) and elevated (40°C) temperatures. Low
temperature tests are difficult to carry out due to conden-

| sation, but there is no rcason to think the results would
differ appreciably. Zero stability over the 25°C'temperatume
range appeared to be a few arc seconds but it is difficult
to know how much confidence can be placed in this due to the
possibility of spurious tilting of the supposedly stable base

on heating. The zero stability was therefore verified by

mounting two identical units on a common base and comparing
their outputs at normal and elevated temperatures. One of
the units was then rotated through 180° (to obviate masking
due to a fortuitously identical drift in the two units) and
the test repeated. Agreement between the two units was
within 5 arc seconds throughout the test. The problem of
providing a cheap, simple and accurate level sensor can
therefore be considered solved.

Extension of the principle to two-axis tilt-sensing for
cross-tilt compensation (see 2.8) is straightforward. Two
orthogonally mounted units could of course be used but a
better approach might be to use a bubble vial with circular
symmetry and employ two independently driven orthogonal

sets of electrodes. Because of the moderate precision
required, quadrature drive could be used for the two pairs of

~electrodes, but if crosstalk is a problem, different frequencies

< G W e e e e



148.

could be used. Detailed teéts were not carried out on this
mode; since it is Probably not required in most applications,
and a suitable sensitive circular bubble was not available.
The system was however constructed with a low cost bubble
having a sensitivity of lmm for 10 arc mimutes. Apart from
the reduced sensitivity, the system performed satisfactorily,
with less than 37 spurious cross-axis coupling. |

The effectiveness of this simple ard low cost method of level
sensing is a vindication of the strategy of adapting, '
where possible, precision components which are 1nexpensively
available due to the sophisticated manufacturing processes
possible in high-volume production. It is thought that

the system developed may well have wider application.
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CHAPTER 8
CONCLUSION

The purpose of this chapter is briefly to draw together the contents
of the foregoing chapters, show that all the elements required

. for the proposed instrument have been realised, and point out

where it is believed a useful contribution has been made.

The first chapter identified a gap in the range of existing survey
instrumentation, form:lated the operatiomnal requirements of a new
instrument and cast them in the form of a specific target specific-
ation for its design. The second chaptef addressed the problem of
how this specification could best be achieved, arguing in terms of
the logic of the requirement and commercial precedent. It was
concluded that in order to meet the constraint of low cost, an
integrated measuring system was indicated in which as much of

the circuitry as possible was shared between the various functions.
Subsequent studies showed that the two principa?! functions - the
measurement of range and angle - could most easily and economically
be carried out to the required precision using electrical phase-shift
as an intermediate variable, and the basis was laid for an instrument

centred around phase measurement.

Chapter Three dealt with the problem of a reflected electro-optic
atmospheric link, and cloée attention was focused on the practical
behaviour of retro-reflective targets as a frequent source of
anomalous behaviour in such links. Possible sources were investi-
gated, as well as the economical realisation of suitable optics =
potentially an expensive component of the instrument. The propagation
of radiant flux in the system was considered in detail and a model
of atmospheric propagation proposed from a wide range of sources in
the literature. On this basis experimental predictions of the
returned energy were made, and the model was validated by the
presentation of experimental results. The techniques evolved in
this chapter for the testing of retro-reflectors appear Lo correlate
better with the actual performance of the reflectors than those
reported in the literature or generally employed in the industry.

Chapter Four outlines the history, theory and practice of range-
measurement by zslectro-optic phase-comparison. Sources of error and
techniques for their detection and minimisation are extensively

treated - more completely, it is thought, than they have been
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previously in the literature. The development of special test
equipment which should be of general utility in the design of
comparable'instruments is described. The foregoing treatment

'Ls applied to the design of a 150kHz distance-measuring system and
test results are presented showing that, with certain qualifications,
the target specification can be met. Critical aspects of the
circuit design are discussed in some detail.

Chapter Five surveys existing angle transducers and establishes

a case for the development of a new transducer., A comprehensive
literature survey discloses the existence of a powerful but little-
known technique for angle measurement, and an adaptation of the
technique leads to a novel transducer with powerful error-cancelling
properties. Two versions of the transducer are developed and
tested. The second version is shown to meet the requirements of
the present instrument,. The present -requirement however by no
means exhausts the potential of the transducer and it is believed
to have much broader application to metrology generally. Special
procedures are developed for testing angle transducers.

Chapter Six deals with the technique of digital phase measurement,
based on a literature survey and confirmatory experiment. It is
shown that the demands of both the range and angle measuring sub-
systems in terms of phase measurement are readily met by a fairly
simple measuring system. 'A novel and extremely accurate test
method for phasemeters was developed and applied.

Chapter Seven deals with a vertical compensator system which converts
the angle transducer of Chapter 6 into a vertical angle-measuring
system. Commercial and published approaches to. tilt sensing are
extensively reviewed and a cost-effective technique proposed,

based on the adaptation of an inexpensively available component.
Experimental data are presented showing that the required performance

is readily achieved.

The comprehensive engineering of an instrument of this complexity is
an ambitious task which is properly the work of a team of engineers
and technicians over a period of several years, and is beyond the
scope of this thesis. What is presented here is the outcome of
the research-and-development phase whict. must precede production
design., A novel integrated survey instrument based on phase has
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been proposed and the critical design areas identified. In.each
case a solution has been formulated and experimentally validated
and the proposed instrument has been demonstrated to be viable.

A comprehensive document has been produced as a guide to subsequent
engineering design activity. | '

In many instances the subsystems and measurement procedures
developed exhibit a potential accuracy and versatility which far
exceeds the modest requirements of the present instrument. These
techniques could with advantage be appliea to the more stringent
needs of general survey and metrological instrumentation.
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" APPENDIX 3.1

"RANGE OF AN ELECTRO—OPTiC LINK WITH AN EXTENDED SOURCE

1. Source.polar diagram

The irradiance of the source aé a function of angle, I(6) can
be modelled by the relationship (reference 23)

I = Io(cos G)P

where IO is the on-axis irradiarce.

I. If the full beamwidth between half
intensity points is 246, p is given
by

T Souvrece ‘
polar diagram

logy, /2
p = logl‘0 cos A9

In ﬁhe case of a TIXL 12 the polar diagram is virtually hemi-

spherical and for 6 < 180, I(8) T I,. More typically the

source is approximately lambertian, with p = 1.

Ile

2. Transmitted power in a cone of semi-angle eT

Suppose the radiation from a source is collinated by a lens of
with a focal length £ and a transmission factor T.

diameter D
| The power transmitted by the lens

T

-will be
o N v
W, = TII(G) {27 sino6ldo
T (o] )

For a Lambertian radiator

I(g) = I, cos 6 and we have

— s 2
WT = TIé-rrsz.n 6



_ mp [(n/&p2 ]
= TIQLDT2/4+f2 J

; 1 { 1

= TI A ——-G—-—————~) (1)
| °© Te2 \1 4+1/1F

where AT is the lens area and ¢ is the numerical aperture

f/DT.' For the case where Dg

= 60 mm and £ = 200 mm, ¢ = 3,33.
The term in the brackets is therefore very nearly unity (0,98)

oW = TIOAT/fz (2)
Clearly An/f? is very nearly the solid angle subtended by
" the iens.

~

3.

Beamwidth and beam intensity

“In the far—field,;tkk§ize of the source image at a distance

R)is given by DS.R/f, where Ds is the source diameter. o
" Therefore the power density P(W/m?) in the image is given by
P = T

(w/4)Dy*

Wo, 4£?

2 2
WD ? R

(3)
Substituting 2 into 3,

TI AL4f?
P = S

2 - 'y 2 2
£2 17D R

S

OAg R2

where AS is the source area.

It should be noted that IO/As is the source radiance NS(W/mzsr)

. P = TNJAp . g (W/m?).



L

4, Received power

If a receiver lens system of transmittance Tp and area A,
intercepts the beam at distance R, the received power Wp is

given by

W ='ARP'I‘R

_ 1

= TTRNg Bp Bp

If the minimum required received power is WRmin’ the maximum

/T TpNg Ap Ag
R = :
T W .

Rmin

range -is given by




" APPENDIX 3.2

MEASUREMENT OF SOURCE RADIANCE NS

Method 1

N, is calculated from measured values cf irradiance I and

source area As'

-Ns = I/As
A@ dén bé determined by visual inspection, or using an infra-
red viewer to .observe its projected image. Most accurately
it can be determined radiometrically, scanning the imaged
source with a moving photodiode, and plotting the irradiation
profile. Correlated values of mean irradiance and effective

- source area can then readily be obtained.

Method 2

A magnified image of the source is formed by a lens system of
known magnification and transmittance. Radiance can then be
directly determined from the power falling on a small photo-

detector located within the image.

Let A bevthe source area

fs be the lens focal length
PuoTovETCCTOR R be the distance to the
' image
3 :rt—> T;, be the lens transmittance
:L Ap be the photodétector area
|m4; Wp be the power incident on

the photodetector
AL be the lens area

w
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If MKS units are used, N will have the units Wm~2 sr™ .

ConventionallyvN is expresséd as N’ W/cm?sr
16" W_ R?
O Wy R

s T3 A

W/cm?sr

In the experiments, a 60 mm diameter lens was used at an

) image-distance of 1 m. The photédetector had 1 mm diameter,
- and a responsivity of O)4A/W, The lens transmittance was
measured a- 0,8. .

.. loT® ."wp .1

S m/4(60x10"3%)2.1/4(10"%). 0,8

|

5,6 x lO“hsW/ém?sf:‘
In terms of the photocurrent Ip,

N, = 2,2 x 10" I, W/cm?sr.
An advantace of this method is that the mean effective-radiance
over the solid angle subtended by the lens is automatically
obtained. Because it is a focused system photocurrents on

the order of 1 m A are obtained. These can be measured
directly without the need for modulation and synchronous

detection.
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RELATIONSHIP BETWEEN APERTURE, NUMERICAL APERTURE AND CIRCLE
OF CONFUSION

Consider a lens system of aperture (effectiVe diameter) D
and focal length f. It is customary to speak of the numeri-
cal aperture ¢ = £/D.

If the lens is a simple, optimally configured element used to
concentrate incident plane waves at a focal point, spherical
aberration will prevent the radiation from being focused
into the diffraction-limited Airey circle pattern.' The
minimum diameter of the circle into which the radiation
can be concentrated is called the circle of (least) confusion,
and is easily shown by geometrical optics to be
d = 0,079;

f

= o0,07¢. .
Thus for ¢ = 3,33, d/D = 6,3 x 10-3, and a simple lens of
60mm diameter will have d = O,4mm. '

The optimum configuration for this'applicafion (assuming
optical material having a refractive index of 1,5) is a
biconvex lens with a ratio of curvatures of 6:1, with the
more curved surface toward the plane wave., This is very
closely approximated in performance by a plane convex lens.
It can therefore be seen that at ¢ = 3,33 a 60mm plano-
convex lens is just adequate for a O,4mm source size.

If a lower numerical aperture is required, or a smaller circle
of confusion for the same size lens, it is necessary to

employ a more complex optical system. If the lens is split
into n elements, with the power of the lens optimally dis-
tributed (the more strongly convergent lens toward the

focal point) the diameter of the circle of confusion is
reduced by a factor of about n2. The lens configuratiorn
progresses from plane-convex to meniscus in the direction

of the focal point.

A novel approcach to the design of a simple collimator lens
is to use nearest the focal point a iens whose inner surface
is concentric with the focal point of the entire lens system,



Ar

If the curvature of the second surface is appropriately
chosen at 1,66 times that of the inner surface

(for n = 1,5) the source or detector at the fucal point
is magnified 1,5 times without any spherical aberration.

We are here exploiting the freedom from aberration
exhibited by the aplanatic points of a spherical surface.
The process can be repeated in subsequent elements but |
the final one must of course be planc-convex, and in this
element alone (which has a much higher ¢)) we incur spherical
aberration. An experimental desigr along these lines

‘' 1is shown. A simple model using readily available spectacle
blanks was tested, and the principle verified.  The
performance was not quite as good as predicted (d = 200mm -
rather than the predicted value of 120mm) but this is
probably due to the fact that lenses having the exact
calculated values were not available,

The aplanatic design is strictly 1imi ted tc the on-axis
performance required by a collimator, since it exhibits
severe coma and field curvature. F_r the purpose in
hand, however, it represents an effective, economical
and non-critical approach which is believed to be novel.
It is particularly useful if a low numerical aperture
system is required in the incerests of compactness.
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APPENDIX 3.4

SIMPLE OPTICAL TEST METHODS

Subjective visual estimates of the resolution capability of
an optical system show little correlation with its perform-
ance in an electro-optic system. The estimates are invar-
iably 6ptimistic on account of the signal-processing
capacity of the eye-brain System which has a considerable
ability to compensate for lens defects.

A simple radiometric system is thefefore required to
evaluate lenses and the obvious measure of performance is
the circle of least confusion. In reality however, as
opposed to the geometrical idealisation, the image of a
disc formed by a lens will have a fuzzy, rather than a well-
defined boundary. The most appropriate measure is there-
fore the diameter of the disc which encircles a definite
proportion - say 90% of the incident power.

METHOD 1

This relies on an accurate collimator to produce a near
parallel beam of diameter at least e:gual to that of the

test lens.

> / i | PHOTOCELL _
\\ '—- e
Souwee. >- -
' ' TEST LENS  ARRTLRE

»

COLMATOR

The test lens focuses the incident radiation onto an
aperture behind which a large area photodiode collects the
radiation which has passéd through the aperture. Various
precision pinholes form the aperture, ranging from 10pm

to lmm. To test the energy encircled by, say a 100um
diameter circle, the photocurrent is measured with a large
aperture in place. A 100pm aperture is then substituted,
the lens carefully focused for maximum photocurrent and
the photocurrent determined as a fraction of that with a
large aperture. | |



/6 )

METHOD 2

The first method cannot be used unless a suitable collimator
lens is available, having an aperture greater than that of
the test lens and superior performancé,»although its
performance requirement is facilitated by the fact that

it can be of arbitrarily long focal length. It is also
possible to use the test lens in an autocollimator mode :

T

TILTED
FURDOR,.

f
| TEST LENS : ‘
Due to the double passage through the lens the effective

measured circle of confusion is effectively doubled.



APPENDIX 4.1

ATMOSPHERIC REFRACTIVE INDEX

The refractive index of the dry atmosphere at standard
temperature and pressure (0°C and 760mm Hg) i3 given by
the Barrel and Sears (1939) formula adopted by the IAG

in 1963. Strictly this applies only in the visible range,
but the effect of dispersion is slight at the near-infra-
red end of the spectrum, and it seems well justified to
apply the formula at the near-infrared wavelengths used in,
instruments witih a gallium arsenid= source, where

A =0,9 to 0,93um.

The Barrel and Sears formula for phase refractlve index glves
 Ng =1+ (287,604 + 1,6288K + 0,0136 N )10- ()
However, due to the effect of dlsperSLOn this is not the
velocity with which a change in light amplitude is propagated
Therefore, for instruments employing modulated light, one’

- must use the group refractive index ﬂg.glven.by? : '

. dn (2)
Ny =1 - G - \-
From (1) and (2)

Tg = 1 + {287,604 + (3 x 1,6288)K™ {5 x 0,0130A74}10™® (3)

Iﬁis gives, for
A =0,9um Ng = 1,0002937
A =0,93pm Ng = 1,0002933

It can be seen how slight ic the effect of dlsperSLOn.v It

is unnecessary to know the exact emission wavelength of the
instrument. The refractive index of the dry atmosphere is
proportional to barometric pressure and inversely proportional
to the absolute temperature. ' ‘

If one writes ng =1+ lO'GNS ,
and takes N from the above discussion as 293,3 at S.T.P., it
can be easily shown that
' P

Ng = 105,5 pwy 537 @)

where
P is the barometric pressure in mm Hg, and

t is the atmospheric temperature in OC_



Effe¢t of Water Vapor

The above analysis refers to the dry atmosphere. The

effect of water vapor is to add a small negative term N

to equation (4) above. Thls is given by,

[ w.? =

i Ny
where

S

L

where

N9 + N
e
-15 ,02 (273““+ 7

e is the partial water vapor pressure in mm Hg, and

t is once again the temperature in °c.

That the effect of N can usually be neglected can be seen

from the following table which relates N to wet and dry bulb

thermometer readings.

Magnitude of N: (sign is negative)

o

-10 0 10

Dry Bulb Temperature c . 20 30 40
Wet Bulb Depression L ., '
- g o o,1 0,3 0,5 0,9 1,6 2,6
10 0 0,2 0,6 1,3
- 20 ' 0 0,4




" APPENDIX 4.2

" POSITIVE AND NEGATIVE PATTERNS

Consider two signals having the same frequency f and & relative

phase angle ¢. We can represent them by'
 cos 2ﬂ.ft and
cos (21 ft '+ ¢) .
To facilita*e the measur;m;nt of ¢ it is convenient to trans:ate
them in frequency by multiplying each by cos éﬂ.i’t,.by giving
cos 2w ft . cos 27 fft, and
'Cos.(ZTrft.+ ¢) .cos2mn £'t
‘which we can write‘as ‘
%tcos Zﬁ(f- f’)t+-c052ﬁ(f-+f’)t} and-

%[costzn(f-f')t-+¢}'+ cos 2n{(£+ £/)t+41}] .

Selecting the lower sideband by low-pass filtering and putting
f-£f' = Af we are left with

- ¥ cos 21 A £t  and
¥ cos (2mA £t +¢) .

If £ > £', Af > 0 and the low frequency signals have the same

relative phase angle ¢ as the original pair of signals.



If £ < £',Af < O. To see the effect on the phase displace-
ment note that

cos (~21A £t + ¢)
= cos {-(2nAft-¢)}

= cos (2nA ft.- ¢)

Thus the sense of phase displacement is reversed relative to

that of the original signals.
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APPENDIX 4.4

CROSSTALK ERROR REDUCTION BY SIGNAL INVERSION

A | |

<A,

Clearly Gi # 62 and the error cancellation is not exact.

Ac
e

—

The residual error A = §, - 62 is given by
A_.sing

A - Ao sin® . c
AR—AC cos ve AR+AC cos 6
_ AC sin 6 [ 1 _ 1 1
A A .
Ap 1l-A cos 0 l+-ECcos GI_
R R
2v%2sin 6 cos 8 Ac
= . where y = z— « 1
1-v2% .cos?9 R
- sin 26
~2 - cos?p
45° .

Y ©

A has a peak value of approximately vy2 at ©
It cycles at twice the rate of 6 with a periodicity of w.

If Y =.1%, Ay, = 10™* which is negligible.



APPENDIX 4.5

A NEW SYNCHRONOUS DETECTOR FOR CROSSTALK DETECTION

The phése-sensitive detector, or lock-in amplifier, is an
important tool in both scientific research and engineering
practice for the detection and measurement of signals deeply
buried in noise: progressive circuit refinement has led

to the commercial availability of instruments permitting the
recovery of signals accompanied by wideband noise having an
amplitude thousands of times as great (134).

The basic principle of a phaéefsensitive detector is simple.
It depends on the availability of a reference signal known
to be coherent with the signal being sought - a condition
that is almost always fulfilled in the case of instrumental
_ work. The incoming signal+noise is mixed multiplicatively
in a switching mixer with the reference signal, and the DC
resultant due to the component of the input waveform (i.e. the
signal) is extracted by means of low-pass filtering. 1In
essence the technique amounts to translating the incoming
signal+noise to the vicinity of zerc frequency, where the.
bandwidth can be arbitrarily restricted by simple R-C -
filtering. Ultimate performance limits are set by DC drift
at the mixer output,- and intermodulation between signal and

noise due to mixer non-linearity.

o Despite the high order of
?ilffi;ﬁ_%jggj_4mfr—[j>-(:) performance attained, dynamic
Qﬂ¥ﬁffﬁ ;E \ range is limited at frequencies

L g greater than 100kHz, and, of
! course no oﬁtpﬁt is cbtained if the

PHASE
SHIFTeR signal and reference happen to be

CONVENTIONAL, SYNCHRONOUS |
DETECTOR in phase quadrature.

The need for a fixed and known phase relationship can be a

- serious problem in narrow-band systems where phase varies
drastically in response to small frequency shifts. The problem
can be solved by the provision of parallel in-phase and quad-
rature channels with vector summation of their outputs, but
there is an alternative approach which seeris to offer an excell-
ent and highly cost-effective solution to the problems of bo th
high-frequency performance and sensitivity to phase-shifts.



1OHL Instead of translating t input
. MixeR LP PLTER ] ansla g the pu

5gﬁﬁ:_“’_{EEZ}_+_4:§§},£+<:> to zero frequency (thereby incurr-
Norse T ing problems of 1/f noise and drift)
1 1 we translate it to a band of frequ-
ReF. -——4——[: ﬁiiuqm, encies centred oun, say, 10 Hz.
This is achieved by sidestepping

- 4 ' "~ the reference by 10Hz in a SSB
‘D¥

Cd

modulator which, for the single

¥

1oL OMUATOR reference frequency, is easily
implemented in the form of a prog-
ressively-switched phase-shifter.
The output of the mixer is processed in an ultrglinéar'narfow—'
band tracking filter. At the low frequency of 10Hz an almost
ideal tracking filter can be realised as a commutated or N-
path filter using reed-relays as switching elements. - The
conflicting requirements in respect of drift and linearity can
now be met due to a separation of functions: linear mixing at
" low level is followed by high-gain low-pass amplification. The
N-path filter provides a highly linear filtering operation,
even at high dcive levels, and the low frequency and high
signal levels ensure. that breakthrough from the switching *o
the signal circuit (the most serious limitation of N-path
filters) is entirely negligible. Note that the phase relation-
ship lhetween the signal and reference is preserved in the form
of a corresponding phase difference between the 10Hz sidestep
frequency and the output of the N-path filter.

A simple version of the proposed
system as shown in the accompany-
. ing diagram has been built and
shown to Wwork well. No attempt
has yet been made to optimise the
design or to determine ultimate

performance limits. It should be

pointed out that in some respects
the proposed system resembles a
commercial instrument developed by
Princeton Applied Research and marketed as their 'Synchrohet
Model 186A' (135). However the underlying principle differs,

and the PAR instrument does not have the feature of insensi-

tivity to phase-shift,



" APPENDIX 4.6

ON THE EFFECT OF FINITE SIGNAL-TO-NOISE RATIO ON MEASURED PHASE

Let S be the signal power .
N be the noise power in bandwidth B

t be the measuring time

The effectiVe-measurement bandwidth will be proportioned to the
-reciprocal of the measuring time t. The constant of proportion-
ality will'depend on the system and the nature of the averaging
process (e.g. first-order averaging by low-pass filtering, or
integration). For a digital phase detector, however, we have
simple numerical averaging over a fixed time and a éonstant of -

proportionality of unity is a reasonably accurate assumption.

Thus the S/N (power) ratioin the measurement bandwidth is simply

s
N ° Bt

and the ratio of signal and noise amplitudes is

) S
N YBt

One effect of the noise will be to
perturb the phase of the received
signal by an angle 8. Normalising
the rms magnitude of the signal to
unity, the magnitude of the random-
phase noise vector will be

1
/3 /e

A well known result gives, gives for the standard deviation of
§, the value of § given by a quadrature disposition of the signal

and noise vectors.



a

Thus we.héve

- 1

(radiéns)
S
/5 /Bt |

tan &
or approximately,

8

= ‘180' " (degrees)
Y s /Bt T -
N
Thus the product /Sy ¥/ B is given by 180

§ Ve

for u,lo standard deviation in 0,3s measuring time,

.‘ ‘Aﬂs/N S5 i o

therefore in a 100 Hz noise bandwidth we would require a
signal-to-noise amplitude ratio greater than 100.



APPENDIX 4.3

ON TRANSMISSION-LINE DELAY IN A GALLIUM ARSENIDE JUNCTION

It is of interest to see whether significant delay is to be
expected due to the distributed resistance and capacitance

- in the LED junction. A highly simplified model is used,
with numerical data supplied by R. Davis of the Allen Clarke
Research Centre.

In a simple RC distributed transmission line the velocity of
propagation v of a signal of angular frequency w is given
by ) - .

W . -
v = B - AV —T—-VW'—
: . ' - R R
where @ ~is the phase co-efficient. i A é |1
If O < 6l «3Te &3 Tc
: _ wC /m '
e = 5/

i

.v é\/g“.-

For a gallium arsenide junction, typically we have
> a/m
C (capacitance per unit length)= 4 x 10-6 F/m

‘ -1
G (shunt conductance per unit length)= 4 x 104 O /m

R (resistance per unit length) = 3,3 x 10

2 "/ 4 x 10
v = T =6 PP
‘ .4 x 10 VvV 3,3 x 10
= 22X 105 m/s

. . time to travel 100um is = O,5ns. .
This corresponds to a distance error of ~15cm.



APPENDIX 4.7

AVALANCHE PHO TODETEC TION

The merlts of avalanche multiplication in a photodetector
have been exhaustively treated in the literature. It is
well-known that avalanche multiplication is advantageous

in a situation where the Johnson noise of the photodetector
load resistor and subsequent amplifier dominates the

system noise. In an atmospheric link, however, the
photodetector is likely to be background-limited. The
dominant noise is then contributed by the shot noise assoc-
iated with the background photocurrent and there is little
advantage in using an avalanche device,

- This can be seen from the expression for the noise-effective
power (NEP) of a generalised photodetector. For m = 1 we
have a non-multiplying photodetector such as a PN junction
photodiode and for m>1 we have a model for an avalanche
detector (79 ). ' |

(NEP) = £ {ZeI + 5’-153}
_ ' , m“R
where 'S = photodetector responsivity (A/W)

= electronic charge
Io = mean photocurrent
- R = load resistance

3

~

= avalanche multiplicatibn coefficient .

The effect of m is to reduce the loadresistor noise contrib-
ution and it has little effect if the first term dominates.
The expression is only approximate and its implication that
m can be increased indefinitely without penalty is an over-
simplification resulting from the neglect of excess noise
due to the multiplication process. The optimum value of

m depends on Io but even in total darkness it will rarely
exceed 100.

Calculation shows that the advantage to be gained by avalanche
multiplication is at best marginal for the background levels
anticipated in the present instrument, especially since the
source optical bandwidth and wavelength shift with temperature
preclude optical filtering narrower than about 400 Angstrom.



Testé were however carried out in which signal and noise
levels were plotted s a function of avalanche bias voltage
and the signal-to-noise ratio calculated for each point.

It can be seen that the improvement in signal-to-noise
ratio is dramatic in conditions of darkness but marginal
(~3dB) in conditions of ambient illumination simulating
the typical operating conditions of the instrument.
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APPENDIX 5.1

A METHOD FOR TESTING BEARINGS FOR ANGLE TRANSDUCERS

The performance of the bearing system suppcrting the input
shaft is crucial in angle transducers since bearing imper-
fections such as radial runout and tilt place an ultimate
limit on the precision of the transducer._ Even in the

case of low cost bearings routinely used for domestic and
industrial méchinery the magnitude of these errors is small,
typically measured in micrometres and seconds of arc, and
measuring them is difficult unless one has access to highly
~specialised and very expensive equipment (such as 'Tallyrond').

In the course of developing the sngular transducer, it was
noted that; by suitably processing the outputs from four
intersection sensors distributed around a spinning disc or
drum, it is possible to infer eccentric digsplacement of the
input axis relative to the spin‘axis as well as angular
rotation. &11 that is required is to compute the difference
in phase of the signals derived from a pair of diametrally
opposed sensors. As can be seen from the diagram, if
the spinning element has a radius R and N circumferential
~ divisions, an eccentric motion € will glve rise to a
~ difference in electrical phase @ = (arc tan ¢ /Rjx (180/Tr).
' Since ¢ <« R we have, approximately' £ = @ (Wig0{R/2N).

N
dwvisions

¢l INX

t{QNmkI\%}- :,;:f-’

\



If a drum/type sensor is used and the parallei divisions
-replaced by a trapezoidal or triangular ones, displacement
of the sensor parallel to the spin axis can be inferred from
the duty cycle or mark-space ratio of the signal from the
‘sensor., The difference of this displacement related output
from a’diametral pair of sensors is a measure of tilt.

The average change for a diametral pair is of course a
measure of end float. Thus, by suitable processing of the
signals from a set of four sensors around a suitably
éonfigured spinning drum,displacement in respect of all six
possible degrees of freedom can be determined. '

Angular displacements down to 0,1 arc second.and linear
displacements in any of.the ax.s of O,lum are easily

resolved.




APPENDIX 5.2

| FREQUENCY SENSITIVITY DUE TO MISMATCH OF CHANNEL TRANSFER
FUNCTIONS '

If the phase/frequency characteristics of the signal and
reference channels in an angle transducer are not identical,
variations in the rotational speed of the rotor will give rise
to differential phase shift and consequent error. |

It is a simple matter (e.g. by means of a capacitor across
the photodetector transresistance ‘amplifier feedback resistor)
to ensure that the dynamic reéponse of both channels is
determined by a single dominant time constant. If the }

- channels are not identical assume the 3dB cutoff frequencies
are f; and kf, (for a 10% mismatch k = 1,1). ‘

If both channels are driven at a frequency f, there will be

a differential phase-shift at the output to the channels givén
by ‘ ' ' '

B = érc tan (f/fl) - arc tan (f/kfi)

From this equation @ can be plotted as a function of k, with
relative frequency variation as a parameter.'-A simple i
tachometer servo will easily keep the motor speed (and

hence frequency) constant to within 1%, and we can see that
for a phase change of 1 part in 104 we require k = 1,0%.

Thus the channel time constants should be matched to within

~1%,

¢013 N

DIFFERENTAL - PHASE  SHIFT FOR 4 % MISPATCH



APPENDIX 5.3

. ECCENTRICITY-RELATED ERROR IN DUAL-MODULATOR TRANSDUCERS

1. Rotor eccentricity

(Non-coincidence between the centroid and the centre-of-~
rotation of the rotor). Let this eccentricity be ¢

r .

V=W Nominal frequency f = ;‘—:"
Instantaneous frequency £r= ;'_‘T‘Q_ L
N onst but for f;—:-'« 1, T'-’.,:'f{‘l + §£cos 9}

. f':'- Nw{l +-§-Cos 9}. 

" This represents a narrow band fm signal, with a peak

- deviation (at & = 90°) of &./r radians. The relative
amplitude of the sidebands is then ( ar/zr) and the
energy loss in the sidebands neglibible. _
We can see from considerations of symmetry that there
will be no nett perturbation of the average phase, provided
this is measured over an integral number of complete

e rotatlons of the rotor. | ‘

2. Input shaft eccentrlc:.l (. )

In the case of a cyllndrlcal rotor the radlal distance
. from the centre of rotation is defined by the spinuing
drum. As we shall see, cancellation of eccentricity
error in the mean output of two diametrally-disposed
sensors is then exact. This is not the case for a planar
rotor, as has been shown by Whitehead (129) for the
case of an optically-read circle. We will analyse the
superior cylindrical configuration;
.There 1is no loss of generality in aligning the X-axis
‘with the direction of eccentric displacement.

Y ' = 6+ v
In AOS0 , ’é—"" = —.R—,
_ swy sin @
X : &
¥ = arc sn { g o 8'}
since CEi<e R and sia o' < i
we can write y == % snO’,

For the MkI prototype, taking R = 25mm, €;= 1Opm,
= 4 x 10~4 radlan or 1,4 arc minutes,



" Consider now a system in which two Sensors are mounted

at .opposite ends of a diameter. The mean error
¥1* T2 =3 {gsine+ gsin (@ +m)])
2 . o

‘.

= 0.

_If however the averaging process is carried out in an

analogue manner, the mean will be weighted by the amplitudes

A, and A, of the sensor outputs. If these are not

1 2
identical there will remain a residual error given by
¥/ = & 20a -4,
R ®

1f however the phase angle of the signal due to each
sensor is first converted to a digital number and the
averaging accomplished digitally or numefically, we

are independent of sensqr amplitudes and the cancellation
is exact. ' o

The above assumes that the sensors are located on a
diameter. It is necesSafy to consider the case where line
joining each sensor to the input axis makes an angle |
180°- §. where § 1is typically < 103 due to mechanical
tolerances. In the case of a cylindrical rotor, the
effective circumferential displacement of the sensor

~1is defined by the point of intersection of the cir-~um-

ference and the sensor line-of-action. Thus the angular
displacement of a single sensor from its intended diametral
location can be resolved into an effective tilt of the line
of action of the sensor through § , and a perpendicular

di splacement of the line joining the two sensors. - This
latter effect results in an apparent eccentricity of R

tan ( &/2), which adds to the input eccentricity ;. A
numerical solution of the complete trigonometri~ equation
relating circumferential displacement to & confirms the
correctness of this simpler approach, which yields greater
physical insight into the error mechanism.

Effect of tilt angle

The effect of relative tilt in the line of action of the
sensors 1s to produce an effective circumferential dis-
placement of the point of intersection in response to
displacement of the input axis along the line joining the

sensors.



APPENDIX 5.3 (Continued)

Clearly,

tll. = art l‘an{.%i\an"‘-}

writing tanx = x for x small,

w' _%{]395"‘}

If the lines of action of each of 2 pair of sensors are
adjusted to parallelism, error due to tilt cancels.

Strictly, exact cancellation depends on the absence of
orthogonal eccentric error but the coupling between these
effects is extremely weak and discrepencies introduced by
' treating them independently are in the second order of
small quantities. This has been confirmed by a numerical
cancellation using the complete trigonomztrical
expression, ‘
If o< = 1°, ¢ = 10pm, then for R = 25mm Y = 1,5 arc

' : : ~seconds.
" In the case of the present instrument therefore, the
demands in terms of precision of manufacture are extremely

modest,



APPENDIX 5.4

TEST METHODS FOR ANGULAR TRANSDUCERS

1, Direct comparison with standard transducer.

If a reference transducer is availéble, and known to be
significantly more accurate (say 10 times) than the
specified requirements of the test transducer, the
transducers may be coupled to a common shaft and the
outputs compared for a sufficient number of input
angles. Even in this straightforward case caution
must be observed: ' |

(a) the input angles chosen must be well distributed
around the circle in such a way as to avoid the
inadvertent suppression‘of high—order.periodic

errors.

(b) difficulty may be experienced in ensuring
‘ collinearity of the shafts without strain, since
the combined shaft will be overconstrained by
the redundant bearing system. '

If a large diameter flexible Cbupling (able to tolerate

lateral and angular shaft misalignment with sufficiently
small angular transmission error) is available, the best
solution is to mount the transducers rigidly and couple

the input shafts using the flexible coupling. Sui table
couplings are made down to 1 arc second accuracy by Itek
Measurement Systems, but they are very expensive.

An alternative approach which wés used successfully during
development work for intercomparing transducers, is to
couple the shafts of the transducers rigidly, and to mount
one of the transducers rigidly, and the other on a flexural
translation device. This is the dual of a gimbal system,
providing high torsional stiffness with high lateral
compliance. Careful attention to symmetry is required in
its design, or lateral deflection may give rise to spurious

torsional deflection,

Although this is the most convenient and rapid of all tests
to perform, it could not be used in the early development
work due to the lack of a suitable reference transducer. Its

use was restricted to transducer inter-comparisons.



2. Direct comparison with angular reference unit.
The reference device can take two forms.

(a) The precision polygon. This is a standard piece of
apparatus in optical metrology. It consists of regular
polygon in quartz or steel, and having from 5 to 12 sides.
The angles between the faces, which are accurately plane
‘and highly polished, are identical within, typigally; ‘

1, 3 or 10 arc seconds. -

(b) Ultradex (or similar) standard angle generator.
This is an ingenious device wherein two discs resembling
crown gear-whezls engage one another in one of, say,
100 mutual aﬁgular orientations. The wheels have
accurately shaped triangular teeth and are ground and
lapped together so that all teeth are in contact
irrespective of angular orientation. Elastic averaging
ensures that the angular displacement between adjacent
positions of engagement is accurate, typically, to
within 0,1 arc second. In some versions a micrometer
tangent screw is provided for interpolation between the
indent-positions.

Since neither of the above devices was available (or
obtainable in time for early development work on the pro ject)
a Simple device was designed and built, exploiting the high
precision an ready availability at low cost, of 10mm steel
balls. ' '

The device is constructed as in the diagram. A suitably
dimensioned groove was machined in a 10mm aluminium-alloy
plate, Steel balls 10mm ¥ lpm were placed on the groove
and forced into it in a hydraulic press. Examination under
a microscope showed that all balls were in contact.



‘Another éluminium-alloy disc was provided with three .
accufately drilled holes, into which three pieces of 5mm
silver steel ground stock rod were inserted.

Exact analysis of the probable angular error of suéh a
device is complicated but elementary cons1deratlons suggest
that it will be of the order of

-6

1 x 10 180 x 3600 arc seconds
- 3 .

150 x 10 27
c¢r about 1 arc second.

In fact, direct comparison with a T2 single second
theodolite gave a standard deviation of cdmparisoﬁ of 4
arc seconds, which was adequate for the early development
work,  The device proved extremely useful. It is
interesting that a device which rivals the accuracy of the
best dividing heads can be built in this manner at
minimal cost. It is felt that there may well be other
potential appllcatlons.

Use of reference device

The referenc. device is mounted as concentrically as
possible with the transducer and a mirror mounted on the
reference device is observed by an autocollimator to
establish a reference direction. The reference device is
indexed and the reference direction restored by rotating
the transducer through an angle which is read off and
compared with the indexing angle.

3. Comparison with theodolite. ,

This method was used extensively. A theodolite (Wild T2
'single second') was mounted on the transducer being tested.
The telescope of the theodolite was aimed at a point at
.virtual infinity provided by another theodolite with
illuminated cross~hairs used as a collimator. The trans-
ducer/theodolite combination was rotated through the required
angle and the theodolite horizontal_tangeﬁt‘screw used to
restore collinearity of lines of collimation of theodolite
and collimator. The angle through which the transducer had
been rotated could then be read from the horizontal circle.
In order to cancel errors due to circle eécentricity it is
necessary to observe on "both faces'" i.e. to observe angles

with the telescope in both the normal and inverted position.



Effect of errors in the referehce device

In all the direct comparison tests the measured errors are

of course a combination of the errors in the reference and
test unit. Provided however the error pattern is sufficiently
repeatable, separation of errors is possible.by indexing

the reference device relative to the test device and

obtaining comparative rotation date at different relative

orientations,

¢

The theory of such error separation techniques has been
exhaustively covered in connection with the calibration

of glass circles for astronomical use (101) and is treated
in several standard works on metrology (ioz). The
mathematical theory is fairly complex although its
implementation amounts to a simple numerical procedure.

The chief limitation of these techniques is that they

are time consuming, in that a very large number of readings

must be taken to ensure validity.,

’

Determination of short-range accuracy _
The transducers developed in this thesis typically have a
non-ambiguous range of only a few degrees. The fine structure

of error within a single unambiguous period can be determined
using the methods outlined above, but this puts a severe
strain on accuracy and resolution requirements on the

part of the reference device. Moreover random errors can
easily swamp the systematic errors under investigation.

Accordingly a method was developed for generating small
angles with a precision on the order of a few arc seconds
and a repeatability ‘exceeding one arc second.

‘The principlé is very simple. (See diagrambelow ). A
ribbed aluminium alloy arm one metre long was pivoted in

a horizontal plane. The vertical axis system of a transducer
was used as pivot at one end, ensuring true rotation with
lateral play of less than - 2um. The weight of the arm
was supported by bifilar wires, and the free end was driven
by a differential micrometer screw and its deflection
monitored by a dial gauge reading directly to lpm. Errors
periodic with the rotation of the screw were obviated by

a short pointed coupling rod known as a "wobble pin'. Ipm
di splacement corresponded to an angle of 1p rad or 0,2 arc
second,
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' APPENDIX 6.1

. ZERO CROSSING ERRORS IN PHASE DETECTORS

The following simplified treatment is adapted from a number

of more comprehensive accounts in the litérature. (108—110)

We will consider the measured‘phasé—shift (inferred from zero
crossihgs) between a perfect sinusoid and one contaminated by

additive noise, dc offset and harmonic distortion.  The case

of random noise has already been covered in Appendix 4.6

Effect of DC offset:

To determine the displacement of the zero crossing czused by
a D.C. offset = volts in the comparator we need only note that
~the zero crossings will be given by the solution of - the equation -

Elsin Qt +e = 0

where B, is the amplitude of the fundamental.
Therefore, fcr e «<E, the phase will be perturbed by
= e .
Ap = -~ T radians .
1
Typically if E, = 1lVpk and e = 5mV (typical for an untrimmed

comparator)

To improve on this figure it would be necessary to trim the
offset. A better way, discussed by various workers (109;110)
is to use the zero crossing of both the positive—. and negative-
going portions of the Waveform. The result is to make the

mean zero crossing instant independent of offset. This metaocd

‘was adopted in the present instrument.



-

Harmonic disgggtion:

The amcunt of displacement of the zero~crossing due to harmonic -
distortion is a compliéated-function involving the relative
amplitudes and phases of the various harmonics.  McKinney has

shown that a (usually pessimistic) upper bound isvgiven by (110).

7B, .

PR
A < T |E
¢ q.:zlq
Paull (108) points out that when both positive- and negative-
geing zero crossings are used and the mean computed, the result
is free from error due to even harmcnics, which tend to con-.

stitute the dominant distorticn at lcw levels.

Barnes and Williams (109) carry out a more ccmplete analysis
‘and show that if both zero crossings are used the worst case
phase errors due to a harmonic E, are

90n

= (—E) degrees for n-even, and

E,

B -
180 (_E) degrees for n odd.
T E,

Data extracted from (109) are used in the text.



APPENDIX 6.2

DIGITAL PHASE MEASUREMENT

Many possibilities exist for producing a digital or numerical
output proportional to the duty cycle of a rectangular pulse
train. B N

1. Conversion via the analogue voltage domain

e d

Uo = Ve
S J_ . Yo A/D converter

A precision (e.g. MOS) switch under the control of the signal
bearing the phase information connects an accurately defined
reference voltage to a low-pass filter. The avefage direct
voltage across the capacitor is proportional to phase shift.
Conversion to the digital form is carried out with a conven-
tional A/D converter or a digital voltmeter. |

The method has the advantage of simplicity but it is difficult
to achieve high accuracy. For O,l0 precision the errors intro-~
duced by variations in the reference voltage, offset due to
~the switch, and A/D converter offset and non-linearity must

not exceed 2,8 x,10‘5'v

ref » °r 1,4 mV when erf = 5V.

Another advantage is that the smoothing of random variations
is easily achieved by the output time constant. Periodic
perturbation of phase such as those caused by rotor eccentri-
city in the angle transducer are less easily dealt with, They
can however be eliminated if an integrating A/D converter '
is used with its integration period synchronised with the
rotation rate. '

2. Conversion by direct ratio count

In principle if a high-speed clock is gated'separatély by
the intervals T and t (see diagram above) into two counters,
the quotient of the contents of the counters represents the
desired phase shift. To measure to 0,1° precision, the
clock frequency should be at least 104 times the frequency
of the incoming signals to prevent gating- and clock-pulse

truncation-error.



APPENDIX 6.2 (Continued)

Given the likely availability of a microprocessor in the final
instrument, the division is a simple software operation and
"the method is attractive in its straightforward simplicity.

If however computing power is not évailable, matters can be
contrivea so that the divisor (i.g. the count accumulated
during the period T) is an exact power of 2 or 10 (depending
on whether the logic is binary~ or BCD- organised). The
division then becomes trivial. Many.methods for achieving
this have been proposed: '

i) Phase-lock loop method.

Counvz

SIGNA -
Il.q____+_-—|a!|—+—
RevTanien. )
3 , o
—— $ o4 [~

An oscillator can be controlled in a phase-lock loop to
produce exactly, say; lO4 pulses in period T. The
content accumulated by the other counter in period t
then represents the phase-shift as a decimal fraction
of 360°. This is essentially the method used by
Barnes and Williams (109). | . -

ii)- A stochastic method.

INPUT
MARK /" ety
SPLL RATID

o | . _covurer
theg}* r__é/ #10° . N
e s BEICANE Sc | H

CONTROL COUNTER

- Here, a finite train of, say,>106 pulses is applied
to an AND gate. The input duty cycle is asynchronously
applied to the other input of the gate. Provided a
satisfactory relationship exists between the measuring
period, the input frequency and the clock~pulse repetition
rate, the number of pulses passing through the gate and
accumulating in a following counter will be a faithful
measure of the duty cycle., In this case there is an



APPENDIX 6.2 (Continued)

additional error to be considered - that of asYnchronous
truncation of the last of the't’ periods. It is necessary
to ensure that the number of periods involved in the
‘measurement is such as to constrain the error within
acceptable limits. The method works best when the
signals are of reasonably high frequency. It has been
employed by the writer with excellent results in the
measurement of phase at 10kHz to an accufacy better.
~than 2 parts in 104 (121).

With measuring times of“less than 1 second and measure-
ment frequencies as low as 1lkHz asynchronous truncatioﬁ
becomes a serious problem with the stochastic method.

In 1974 the writer proposed a modification in which

the pulses missing due to truncation were separately
accumulated. The error can then be compenséted using-

a simple digitally implemented algorithm.. This proposal
was subsequently executed under the writer's supervision
by J. Lusty (132). Accuracies of 1 part in LO4 were
obtained over the frequency range 100Hz - 100kHz.

All the above approaches were used at various stages of the
work recounted in this thesis. As soon as a microprocessor-
based data-acquisition system became available however, direct
ratio computation seemed the obvious approach, and further

work along thece lines was discontinued.
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