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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 requiremr,nts for such an 
instrument are stated and a detailed design specification 
evolved. A system study sh~ws 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 proposed, followed by detailed desigr and the presentation 
of experimental results. It is shown that the various sub­
systems togtther realise the required specification. Finally 
it is pointed out that some of the subsystems developed 
have potentially wider applicati~jn, 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 validated solutions. The principal contri­
bution of the thesis is the conception of a new integrated 
and economical 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. 

j 



1.1 INTRODUCTION 

• 
CHAPTER 1 

THE PRO PO SAL 

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) m:::.ri time survey. Such a need _is strongly evidenced 
by frequent accounts of the novel use to which ex.i sting 
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 example, are extremely awkward 
and tiring to use in conju~ction 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 thei~ 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. 

1. 2 THE DETAILED REQUIREMENT 

The instrument should be capable of determining the three­
dimensional position of a rPference point on a vessel relative 
to a co-ordinate system defined in relation to the shore. 
Reference to current marine survey practice suggests tha~ 
while metre precision is often adequate in respect of­
horizontal positioning (13), there are potential economic 
advantages in aiming at a significantly higher preci sion of 
vertical fixing (11), and the two aspects will be considered 
separately. 
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Positional infonnation should be updated sufficiently rapidly 
to a~commodate the vessel's motion without prejudicing 
accuracy, and should be available in the fonn of visual. 
readout or printout either on shore or aboard the vessel 
or in the fonn of digital input to an on-line computing 

system. 

The operational range over which the inst'rument shru ld be 
capable of operating is detennined.by the size of typical 
estuaries and harbours and the desirability of covering 
reasonably large areas without relocating shore-based 
st.ations or refere11.ce points with the attendant difficulties 
of cross-referencing co-ordinate systems. There is 
inevitably a tradeoff oetween range and cost and it is likely 
that the fonner will also be dependent on local weather 
conditions. In the discussions cited a consensus seemed 
to emerge that, in order for the instrument to be really 
useful, it should have a range of at least lkm. Preferabl~ 

it should be possible to detennine 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 
since the kind of survey operations 
likely to be carried out "blind". 

range is acceptable, 
envisaged are not 
It was decided to 

settle for a 2kn~ operational range when the visual r.:~nge 

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 ~ Sm 
for a single determination of distance anywhere in the 
operating area seems a reasonable specification. Thus 
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, 
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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 cy~lic and part proportional. Moreover the requirement -

of the central limit theorem that errors be uncorrelated 

and of contparable magnitude may not apply. Error 

mechanisms are considered in detail in subsequent chapters. 
For the p\:1rpose of setting an initial deviation, with an 

additional constraint that in a large and representative 
population of measurements, fewer than 1% 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 vertic<."l..l 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 ellipsoid bounded by a horizontal circle of lm 

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 f~equently 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 persor~s as possible, spend 
time observing the kind of activities to which this 
instrument will be applied, and in Lhe 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. 

1. 3 POTENTIAL APPLICATIONS AND ECONOMIC CONSIDERATIONS 

It is frequently found that a new instrumeut 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 ir.strument 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 ana 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, espl~cially in the 
vicinity of large conducting masses such as ships and cranes. 

At the other end of the scale, pos~tioning systems using 
shore-based theodolites are inexpen~ive 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 
commitment of: highly-skilled operators. 

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

medium scale commercial manufacture, no mo~e than three 
thousand rand and requiring only a single semi-skilled 
operator. 

1.4 SUMMARY OF SYSTEM REQUIREMENTS 

The proposal is for a low-cost instrument which can be used 
by a single semi-skilled operator to determine the position 
of a vessel in three dimensi~ns. 

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, Sm vli th a "tvorst­
case peak-error limit of l,Sm (99% confidence level). 

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

whole operational range. 
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The following chapter will take a general look at the 
techniques available for realising this performance. 
Compatibility of the various possible subsystems will be 
considered, and a target specification for each of them 
evolved. Subsequent chapters will attend to the spec~fic 
problems and the detailed design of each of the subsystems. 
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CHAPTER 2. 

SYSTEM S1UDY 

2.1 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 hmv 

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 priced source 

of modulated light or infra-red radiation in the form of 

the gallium arsenide light-emitting diode (L~D) has resulted 

in ~ wide range of compact lightweight distance measuring 

instruments. All of them, however, h ve 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 

possi hili ties exist t-Jhereby 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 He-.vlett­

Packard 3810 (16) for example contains a vertical tilt sensor 

which gives it a capability of crude trigonometric levelling, 

and a number of laser-based horizontal daturri systems exist, 

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

recently, a fully automatic system has become availab1.e 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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2.2 IMPLICATIONS OF THE CHOICE OF AN ELECTRO-OPTIC SYSTEM. 

Beamwidth 
In order to achieve a given 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 govel"Iling range and beam i rradiance 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 requi.rement 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 0,1° - 0,5° 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 importcn t 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 

r-.... 
analogous cases suggests that such a solution is impractical 
on grounds of cost and complexity. 

In fact it seems there are no serious disadrantages, and some 
possible operational advantages, in a shore-based station, 
l-1hich enables the operator to perform his fairly exacting 
t~sk in comfort in an uncluttered and stable environment. 
The fact that information is not available aboard the vessel 
concerning its position is of relatively minor significance 
since a simple telemetry link (ele~tro-optic or radio) 
capable of operating over 2km will add little to the cost and 
complexity of the overall system. 

Weather dependen~e 
A further implication of the choice of an electro-optic system 
is a strong dependence on atmosphe~ic conditions. 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). 

2.3 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 sepa~~<:ely. 

Approaches to determining two dimensional positions 
Consider a point P constrained to move on ;:_ plane OXY. The 
position of P is classically represented in either rectangular 
or polar co-ordinates as either (X ; -~) or (R.; 9) • 

There e:dsts in general no. simple way of directly measuring 
the orthogonal distances of the point P from the axes' OX ·and 
OY. 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 0, and 
the reference azimuthal direction as OX (or OY) and compute 
the rectangular co-ordinates. 

(a) Direct approach - R, 9 
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 repo:cts of this technique having been adapted 
directly for inshore hydrographic survey, but instr.1ments 
designed ~;~m: landbased use he.ve 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 fo~ 

·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 Skm range at the expense of drastically 
reduced beamwidth. Such an instrument is far from 
ideal for maritime use and its cost is excessive for 

many users as a part of the overall system. 

ii. Tile resolution of the instrument is unnecessarily great. 
This results in a number of trade-offs leading to high 
cost, inconvenient operation, slow speed and limited 
dynamic tracking capability. 

iii. Tile theodolite is an awkward and inconvenient instrument 
for use with a moving target, requiring a high degree 
of Loth 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. Ihe sextant is much mor'Z 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 
posltion 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. 

(b) Indirect systems 
To appreciate the advantages of the range-azimuth approach 
it is necessary to review briefly some of the conventional 
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 tne 
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 
stati'ons 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 
necessary to establish position with respect to another set 

of confocal hyperbolae, and for this purpose ~ third base 
station is required. The location of the three base 

stations relative to the operation.:tl area is subject to 
severe constraints if the accuracy nought is to be comparable 
to that of the time-difference measurement, du~ 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 ::amilies of hyperbolae. 

Hyperbolic systems are convenient in that they are inherently 
multi-user, and only reception of signals ~s required aboard 
the vessel, but the limited accuracy and base station posit­
ional constraints rule out this apprnach in many cases. 
In the case of an electro-optic system with high directivity, 
the thr~e stations would have to pe 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 
merits 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 tw@ fixed base stations have many charac­

teristics in common with.hyperbolic systems - in fact a hyper­
bolic system with widely separated very short baselines 
degenerates to the azimuth. A version of this sysl-em 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. 

i 
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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. 

2.4 INSTRUMENTAL PRECISION REQUIRED 

Horizontal position 
Let the r.m.s. error of position ~t (i.e. half the major axis 
of the error ellipse) at the extreme range be O,Sm. Let 
the angular error ·be cr9 radians, the distance error be (JR and 
the maximum distance be R. Since the partial errors are 
independent we have: 

cr = { crR 2 + (Rcra>2 t 
No·w we require (j = cr,sm 

when R = 3 x 103m 

Dividing the allowable error equally between range and angle, 

' crR Rcr 8 
0,5 

' J = = 
12 

cre = 0,35 raciian 3000 . 

• 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. '!he standard deviation of vertical angle 
determination is then 

= 2oo x lo- 3 

radians or 20 arc seconds 
~ .. 2 x 1o- 3 · 

Clearly when aiming for prec~s~on of.this order it is 
necessary to make some as-sumptions 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 dete1~ination with a recording 
vertical accelerometer 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 secor.d, 

a precision of 20 arc seconds at lkm distance requires that 
the vessel should ·.1ot have moved laterally more than 0, lm. 
This would impose a maximum speed of 3km/hour or-l~knot~ 
Since the vessel's horizontal motion is highly predictable, 
the operator can aim the instrument slightly ahead of the 
vessel and operate a "read" button as it crosses the tel<::~:cope 
reticle. 

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

= 0,3 metre 

= 20 arc seconds 

with less than 1% error probability at the 3rr level. 

2.5 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: 

. 
(a) 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 ac~uracy of: 

0,3 X 2 seconds 

2 X seconds 

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

(b) 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 hlgh frequency and the 
transit time inferred from the phase delay between the 
modulation envelo?es 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. 

2. 6 ANGLE MEASURING TECHNIQUE 

Electro-optic systems capable of automatically. tracklng the" 
angular position of aircraft and missiles with 20 second 

accuracy have been reported (19,27). Typically they employ 
las~r illumination and image-dissector tubes with follow-up . 
servos. In this case such an approach is judged prohibitively 
expensive and unnecessarily complex. For a slow-moving 
target such as a ship the most straightforward approach seems 
to be a telescope system, with cross-hairs projected 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, hmvever, 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 
perfonnance specification and which moreover has the advant­
age of an intennediate output in terms of the phase aPgle 
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 simplification 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 corrnnent : 

0 - 360° unambiguous 

10 arc seconds ( r Jns) 

2 arc seconds 

0,3 sec 

phase displacement proportional to angle 

The design of the transducer should aim at 
minimising cost, bulk and power consumption. 
It should if possible .improve on existing 
commercially available units in respect of 
cost and size~ 



15. 

Another aspect which must be considered is the requirement in 
respect of range of possible vertical angles. The surface of 
a body of water over an area of 2km square 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 greate·c freedom of 
positioning the instrument in what is often a cluttered 
harbour environment. An elevated s~ore 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 lOOm, 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 
+ 0 . 
- 10 seems to cater for all contingencies, ~but in the interests 
of flexibility of application it might be desirable to ~xtend 

+ 0 . this to say - 30 , as it appears that :-his can easily be 
achieved. 

2.7 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 
system. 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 o'!:"dinary sensitive bubble may be used and it is the 
operator's task to ensure that the instrument is kept levelled. 
Most theodolites of recent design, however, incorporate some 
form of mechanically operated automatic compensation device 
which is capable, over a cert.ain limited range (say 10 
minutes of ~rc), of coping with instrument dislevelment. 
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The proposed instrument will be used continuously for 
prc·tracted periods, and will thus be prone to inadvertent 
disturbance of level due to tripod subsidence.-

lvtoreover 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 deterrnination.has been shown to be about 24 arc seconds 

(section 2.4) and that of the vertical angle 20 arc seconds. 
The telescope/reticle system is of course common to both and 
there would seem to be a priori a. case, in· the interests of 
standardisation, simplicity and c;conomy, 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 :::-eference 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 system 

of :1:5 arc sees. 

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 circular bubble. Concerning tripod 
stability, some simple tests and discussions with surveyors 
suggest that 20 arc seconds tilt is a reasonable maximum. 

Therefore assuming 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. 
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TASL'C: 1. 

SUM!-lARIS£0 ACCUf-:ACY SPEClFIC:\TION !'OR ~~1mS'f.';'TIJ1S. 

RANGI: SUBSYSTD1: 
.. 

Standarx:l deviation for a s:ir1gle distance determ.iJlation ... 0,3m 
Peak error dt 99% confidence J evel ........ , .......•..•... ·o; 9m 
Unillnbiguous range . . . . . . . . . . . . . . • . . . . . . . . . . . • . . . . . . . . •. . . . . 2km 

PJ-iGLE SUBSYSTJ11S: 

Standaro deviation of single angle de"tenrrl.nal:ion 
(aziJnuth or elevation) ....•.•.............•.•. ~ ....•. 
Peak e.rcor at 99% confidence level ......•..•.•••.•..• 
Un&nbiguous range .•.•.•••.•.•••••..•.•......•••••.•.. 

20 arc seconds 
1 arc minute 

360° (azimuth) 
. . 0 
> ± 10 ·(elevation) 

VERTICAL ANGLE REFERENCE: 

Ra!~ge .. . . . . . . . . . . • . • . • . . . . • • • . • • . . • . • • . . . • . . . • • • • . • . . • ~ 50 arc setonds 
Linea.;o:•i ty ......•..•..•....•••..••..••...•.•..•.••.. ,. better than 10% 
-PC9-k error .••.•.•••••.••••••••.•••••.••••••••••••••• , · 5 arc seconds 

·'-

POSITION UPDATE TIME: 

Each subsystem (ignor-ing oper-a'tor obser\';a'L!.on "t;L'"Jle) shall be 
···capable of proch.Jclng a mecsm•e,--nenl: in 0,3 seconas w:i.th a complete 

update on the vessel1 s posil:ion being available once per second. 

. L~,----------------:--------

' ' .. 
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2. 8 EFFECT OF TRANSVERSE TILT ON MEASURED HORIZOtJTAL 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 di slevelment) i·s 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 horizontal plane. 

Suppose we are observing a distant point Pat elevation oc_, 
The projection of ~)p onto the horizontal plane XOY makes an 
angle 9 with an arbitrary reference direction~in the plane. 
Elementary trigonometry shows that if the nominally horizontal 

. . . 
axis is inclined a small angle y , th~ observed azimuth angle 
will be i.n error by.b where: 

·., 

= arc tan (tan y tan a) 

We can certainly invoke the-small-angle 

and 6 , gi vi?g 
approximations for ~~ 

.• 
• Y tan a 

.. 

' .. 
For observations near the zenith the error increases rapidly; 
in this instrumE-nt we are concerned only with near-htlrj zontal 
observations. When oC. = o0 ·there is no error- o~ this account. 
For c::l..= 10°, the maximum expected dislevelment of 50" yields~ 
a 10" error for b At the peak value envisaged, e;;_ = 30°, 
tve have Smax = 26". \-J'e shall see in Chapter 7 that, 

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

2.9 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 ~ngle-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 th~ target specification 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 metLes, 
azimuth angle relative to a datum arbitrarily chosen by the 
operator and absolute angle of elevation. The output inform­
atiJn can be manually read and recorded ~y 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 angle 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 

3.1 INTRODUCTION : THE NEED FOR A RETROREFLECTIVE LINK 

It 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 rt~.diated by the other at 
a pre-arranged time. For m~tre-accuracy this presupposes 
the existence of clocks at A and B s::,>nchronised to v1ithin 
about 3 x l0-9s. Although such systems are beginning to be 
feasible (using rJbidium clocks) for navigation, they are 
obviously excluded for the present 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 determina~ion. 

This restriction leaves two basic approaches open - the 
signal radiated from the shore station may 'be received and 
re~?adiated from the vessel or it may simply be returned 
directly by reflection. In the case c.f precise microwave 
position-fixing systems; the relatively long wavelength 
precludes the narrow beamwidth and target dominance required 
to define accurately the effective poin.t of reflection. The 
technique of effective re-radi~tion 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 all:vays 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 preclud2d 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 
(as, for obvious reasons, in the case of military rangefinders) 
we have a LIDAR system) the optical equivalent of radar. 
Very large trensmitted.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 

/ 
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systems. If however a retroreflective (or high gain) target 
is installed on the vessel it is possible to achieve adequate 
retu1~ed power over kilometre ranges with only milliwatts of 
radiated power. Phase comparison distance measuring instruments 
(other than the extremely short range version used for 
a~tomatic 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. 

3. 2 THE REFLEC'IOR SYSTEM 

If a beam of radiation strikes a scattering target very little 
radiation is returned to the tranf:.m:i.tter. The situation is 
dramatically improved if the target is replaced by a specular 
r~flector - 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 (sucl:-.: 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 appear~d 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 linl{· with such a reflector will exhibit an inverse­
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 accompanyh1g diagram, the opticel path can be 
'unfo·lded' and t:he reflector considered as an aperture 
through which the beam travels unhindered. It is assumed 
that the geometry of the optics is such that dll rays 
passing through the virtual aperture are collected by the 
receiver aperture. 
If we let Ap be the effective area of the rP.~lector aperture 

d the distance from tzansmitter to reflector 
Il .. the solid angle of the reflected beam 

.. r 

the ragiant intensity of the transmitted 
beam .{Wi sr) _ 

' The solid angle of the returning radiationnr is equal to 
that subtended by the prism aperture •. 

n 
r = 

The power intercepted by the pri~sm is 

= 

3.1 

3.2 

The radiant intensity of the reflected beam Ir is given by 

w 
I 

r 
= 

= 

= 

The imoerfect retroreflector 

_E 

nr 

It X A p 
d2 

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, 9d, between the 
first pair of nulls of the diffraction pattern for a circular 
aperture. 

= 2 A. -
,4 -d 

p 3.3 
.... . ..... ~- -

where dp is the diameter of the aperture, and 
,\ is the wavelength of the radiation 
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For the typical values i\ = 0,5pn andd ;:c 50mm this gives a 
main-lobe width of 2,4 x 10-5 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 also 
be seen that a focusing effect is possible whereby at agiven 
distance the retur.1ed radiation can be concentrated to yield 
i}.1:creased irradiance over that due to an ideal reflector, 
~hereby partially compensating beam divergence due to 
diffraction and scintillation. Negotiations by the writer 
with a firm of optical manufactu~ers (25) showed that it ls, 
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 manufacturing 
tolerances are written. This possibility does not seem to 
have been discussed in the literature. The effect is small 
but significant and will not be taken explicitly into account 
·in the range predictions to follow, in the interests of allow­
ing standard reflector prisms to be used. If it is exploited 
it cah be consiriered to yield an extra safety margin 0f a few 
decibels. 

Early experimentation on the range of electro-optic links 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 propage.ti0n, the major 
source of the trouble was retroreflector imperfections, 
frequently in excess~of the specified limits state~ by the 
manufacturer. Efforts were therefore made to find a way of 
... 
·testing prisms. Discussions with manufacturers did not prove 
fruitful- the standard test~p~ocedures 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. In 

essence a 160mm catadioptric astr~nomical telescope was used . ... ' 

to observe the image of an illuminated 5qpm pinhole reflected 
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in the prism at a distance of lOrn. The angular size of the 
image was tnerefore 5 micro-radians or 1,03 arc seconds. 
Angular error in the prism caused the image to split into up 

- .,._ # -- ...... ~ ., --

to six separate image.3. · At a magnification of 1205c the 
separation could be clearly perceived and estimated in. 
relation to the size of·each image, thus giving a direct 
measure of the deviation. This technique proved ~ery 
satisfactory and several nominally perfect prisms (deviation 
less than 1 second) were chosen for initial range-tests. 
This led tG consistent and repeatable results and permitted 
the knmm 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 reasonable _approxi:nation found in practice to be 

- . 
somewhat conservative is simply to use their sum. This 
gives 9 = 8 arc se~onds. The solid angle is given to a 
good approximination by: J1p = : e2 or approximately l0-9sr. 

TheoEY of the imperfect retroreflector 
The bundle of rays intercepted by a reflector is contained in 
the solid angle Ap/d 2• At short range where this is much 
grec>.~er than .np the effect of prism diff:r("action and d viation 
can be neglected and the inverse squa-::-e 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 angleD~. 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 c.ase 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 equatiHg Ap/d 2 and np. 

This yields d = (AP/n'P )~ = l,Jkm. 
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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 neglecting atmospheric losses). 

A Power intercepted by reflector Wp = It • ~ (watts) 
d2 

This is re-radiated into the. solid angle n;. -Therefore the 
reflected beam irradiance is 

= It • Ap 

d 2 n' p 

(watt: per· st.erradian) 3.4 

If we assume the r~flected beam returned to the instrument is 
larger than the receiver collection area Ar square metres, the 
received power Wr is given by 

= 

This has the form.of the radar equation, modified by a gai.n 
term (Ap/!>.. 1p) characterising the reflector. For a single 
prism as discussed above 

--: 1i (50 

4 

3.5 

TI1erefore at the maximum range (neglecting atmospheric losses) 
of 2 km we .have 

= 3.6 

Sensitivity to orientation . 
If a retroreflective prism· is rocated ·relative to the 
incident beam, the energy reflected i_s reduced. The effective 
aperture of the prism A (9) is plotted as a function of 9 . p 
(following references 26 and 27). To verify this behaviour 
a prism was mounted_on a turntable so as to rotate ahout its 
centroid and t~e returned energy mea'sured ty a large-area . . 
ph::>tocell. To 'improve· signal-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 o~ 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 A (9) is very nearly symmetrical with respect to e. . p 

In order to provide reasonable latitude for the vessel being 
surveyed to manoeuvre, there should b~ negligible reduction 
in A (9) over some angular range 9 ,which should be at least p m 
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 
permissable peak-to-peak variation in Ap(9). 

Since we are dealing with incoherent. radiation, the energy 
returned by each prism in a cluster can simply be adcied. 
The effective area of a retroreflective cluster, therefore, 
of n prisms singularly staggered by angle 9f . is given by 

= 
n 
I: A ( e - n<P.~ r=O p ·. 

·,. 3.7 

A~(9) is ~ketched vs. 9 for various values of ¢ It can 
be seen that to cover 360° with an effective area no less 
than Ap (or that of a single prism on-axis) requires a cluster 
of 8 prisms. · · · 

If we are prepared to accept a SO% reduction in Ap (representing 
a SO% 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 elevation (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 
1 

takes place at the glass/air interfaces, obviating the need 

for reflective coating, ·and yielding virtually perfect 

reflectivity (but limiting the acceptance angle as discussed 

above). The interfaces must moreover be kept scrupulously 

clean, posing severe reliability problems in a mnrine 

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 fr0m 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 C.'.le to mismatch reflection. 

Antireflection coating is of coq.rse possible but is not 

likely to s1.1rvive 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 0,8. The effect may seem small 

in relation to the uncertainties of, say, atmospheric 

transmission, but there are many such effects and th(::y 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,~. Its effect is to 
/ 

multiply directly the righthand sides of equations 3.3 and 3.4. 

Thus 2.6 becomes 

In summary, the great majority of applications for the 

proposed instrument will be served by a cluster of 50I!l!ll 

prisms as shown. The performance of such an array is 

conservatively described by equation 3. 5 where (A;/ .0' p) is 
abcut 2 x 106 m2/sr with an optical transmission factor 

of 0, 8. 

3.8 
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3.3 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 concentrate 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 controy~rsial aspect of the design 
of electro-optical survey instrument.s. Virtually all the 
first generation of instruments based on the luminescent 
diode had beamv7idths 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 ,':ffi 

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 bea~width 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 cistances in excess of a 
kilometre. Experience in the field shows that the difficulty 
escalates fairly rapidly for be~width 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. 
Indeed the angular mea~Jrement reqJires that the instr~uent 
be pointed within about 20 arc seconds of the vessel~ position 
when a measurement is taken. Provided that boresight 
collimation between the telescope and emerging beam cen 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. 
Tnere are however other considerations which point to the 
desirability of a wider beam. Tnese relate to the effect of 
atmo.spheric "scintillation" which, since the topic is 
controversial, will be discussed below. 
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The effect of atmospi1eric 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 cau ~ave 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/1Jn 

can give rise to a diurnal variation of about 3gprad/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 ri_gorous· experimentation 
in this area is notoriously difficult and time consuming, 
but obsE:rvations of a laser beam over a lkm" path suggested 
that fluctuations of up to 30gu 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 plan~ of the 
real image, a set of calibrate_d pinholes, ranging from S_Opm 
to sogum defined the size of the effective source (m~d hence 
the be~~width) without affecting irradiance. The focal length 
of the collimator "t-;as 200mm therefore the achievable range of 

beamwidths was 0 '86 arc minutes to 8' 6 arc minutes. The 
results ·a;~e shown. - At snort range·, or i.n'· 'quiet' atmospheric 

conditi~ns the returned signal hardly depends on the 
beamwidth, but under conditions of high scintillation 
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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 tr&~smitted 
bundle) whi~h 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 greater beamwidt!-,:, 
except that it implies optics 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~~-.1 
value adopted in commercial -instruments. 

3.4 BEAM IRRADIANCE 

Equation 3.5 shows that the irradiance of the transmi~ted 
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 power and the solid angle 
occupied by the beam. If however an incoherent (extended) 
source such as a gallium-arsenide spontaneous emitter is used, 
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 At - also enters directly 
into the determination of It. 

In the case of the coherent source,only the diameter of the 
transmitting optics c1etennines the beamwidth (due to 
diffraction). 
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Case I. lhe coherEnt source 

Let the total beamwidth be 9 radians 
the transmitted power be wt 

We can see immediately that 

I . = 
t 

wt 
n.· .. t. 

watts 

·· 4W 
= t (watts/sterradian) 

n e ~ 
To get a feel for magnitude let us calculate the beam 
irradiance obtained if we concentrate the power from a 
typical lmW helium-neon laser (for which A= 0,6~m) into 
the previously calculated 1,5mrad beam. Then, 

It = 4 X 
10_ 3. 

1'1x (1,5 X 10-3) 2 

- 5,6 X 10 2 W/sr. 

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

-6 
2~4 X 0,63 X 10 

1,5 X 10-3 · 
= lmm. 

3.9 

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 e is plotted 
from equation 3.9 with Wt as a parameter. ·It can be seen 
that very high beau irradiance C&1 be achieved for narrow 
beamwidths, permitting very long-range operation in 
conditions of low scintillation. 

Case II. The extended source 
Now we envisage a bean projected by situating a source of 
area A (m 2) and irradiance I (W/sr) at the focal noint s s . 
of a lens of effective area At (m 2) and focal length f (m). 
The analysis whi.ch follows is approximate but adequate for 
our purposes. 
Appendix 3.1. 

A more rigorous treatment is given in 
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The power transmitted wt is 
effective source irradiance 
by the lens at the source. 

given by the product of the 
and the solid angle subtended 

It is necessary that I be an s 
average value determined over this complete solid angle. 

I s (watts) 

The small-angle approximation implicit in taking At/f 2 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 

= A s 
f2 

( sterradian) . 

Therefore the transmitted irradiance is givc~'1. by 

I At sr 
s 

(watts/Sterradian). 

3.10 

3.11 

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 

(Watts/Sterradian) 3.12 

Where N is a parameter characterising the source and equal 
to I /A , or the power emitted into unit solid angle per unit s s 
source area. N is called the radiance of the source and it 
is traditionally quoted in the units watts per centimetre 
squared - st.:e:t·radian. 
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It is not always realised that, in situations where the 

bearn:t~idth is unimportant, the radiance (and not the power) 
of the source 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 
iGotropically radiating source. More power will indeed be 
radiated in the beam but the beamwidth will be increased and 
the flux illuminating 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 SW/cm2sr, collimated by a lens s 
of SOmm diameter. 

4 ~ 3 2 - 5 'x 10 x z; x (50 x 10- ) (watts/Sr) 

= ldWsr-1(i.e. only about 1/60 that due 
to laser). 

In order to facilitate intercomparison between coherent and 

extended sources i~ electro-optic links, It is plotted vs 
N with diameter of the collimating lens as a parameter. 
This analysis does not unfortunately exhaust the interplay of 
par::;neters since there is also a correlecion between source 
area and radiance for electroluminescGnt diodes (33; 34). 

·This topic, and the choice of an optimum source will be 
treated below. 

3.5 CHOICE OF A RADIATION SOURCE 

Although the gallium-arsenide luminescent diode seems a~ 
obvious choice, its performance is somewhat marginal in respect 
of 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 
inc1:eased 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 
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in the hundreds of kilohertz is appropriat~ 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 

lMHz would be more than adequate. 

(a) Conventional sources with external modulation 

Consideratious of atmospheric transparency (see diagram), 

eye-safety and availability of suitable detectors of high 

quantum effi:--.iency 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 tunir.g-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) moduLators all of which are easily capable of modulat­

ing li6ht 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 distance-measuring equipment (see 

Chapter 4). Moreover, being of small 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. 

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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(b) 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 wa~der and extreme non­
homogeneity of modulation depth and phase. Karplus 
recommends the use of Z-mo0ulation of a high intensit~ 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 electrorle life, time jitter and 
generation of electromagnetic interference make them 
unsuitable in the intended application. 

(c) CW Gas lasers 
The obvious choice would be the helium-neon laser since this is 
the only small laser mass-produced at ~ow 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 
modulation depth fell o.ff rapirlly, 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 conjec~Jred that mode interaction between 
the Zeeman components would give rise to polarisation modulation 
which could be converted to amplitude modulation by means of a 
linear pola~ising 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 239 la~er was subjected to an axial magnetic 
field of about 6 x 10-2 Tesla, while its cavity length was 
stabilised 1Jy 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 phase-lock the 
amplitude oscillations to an exten1al crystal-controlled 
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oscillator by control:ing 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 patent 
application. 

It can be concluded that it is indeed possible to modulate a 
laser up to at least lMHz in a reasonably simpl~ and reliable 
manner. Moreover it is possible to do this in a way which 
avoids the presence of any high-leve: 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 
distance measu·.r.ement and as a source for interferometry. 

Despite the promising results attained it was decided not to 
pursue this approach for the present instrume.nt, if a semi­
conductor source proved to be adequate. Compared with the 

latter, the laser solution is complex an<:~ rather expensive, 
and. the laser is relatively fragile, hu.s 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 ins,trument). One· 
other contra-indication should b~ mentioned, 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-noise ratio due to asmospheric scintillation 
than ~·las a bearn 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 bea~, 

being caused by micro~multi-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 analogou's 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-scale m.etrology for which 

the continuous gas laser is uniquely suited, 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 i~vestigate 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 
~-, rad:tation 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 wd_de 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 - SOmW, 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 smaller 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 bea~width-limited situation since 
the very small emitting area would result in an unacceptably 

narrow beamwidth. Any attempt to magnify th2 effective area 
by optical means will rapidly reduce -the effective radiance. 
An estimate of the relative advantage in an electro-optic link 

of a lasing device can be obtained by assuming that all the 
power from a medium-size lOmW device is concentrated unifonnly 
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in the optimum beamwidth which we have determined to be 1,5 

·mill~radian or 5 arc minutes. This gives a transmitted 

irradiance It of 5600W/sr (from equation 3.9). Comparing 
this with the situation considered in section 3.4 where a 

SW/cm2sr source was collimated by a SOmm diameter lens 

with It = 100 W/sr, the gain is 5,6 times. This is 
significant 3 but not spectacular - it would be matched, for 

example, by an increase in lens dieilleter, in the case of the 
incoherent source, of {5;6 or nearly 2,4 times although this 
would be ,an expensive solution if, as is likely, a lens of 
low numerical aperture and good resolutian 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 ~he focal point 
of the collimating optics. It ~~r·.11 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 
m·easuring instruments in that measuring errors as3ociated 

with phase variations across the emitting source are greatly 
reduced. Lasing diodes - rather su"!:·prisingly - 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 physica: size and narrow angular concen­
t·ration 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 phaseof 
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 are) unanswered questions 

' . 
regarding their reliability and probable commercial cost. 
Accordingly all experimental work was carried out u~ing 
non-lasing sources and these proved adequate, if only 
marginally so. The use of a semi-conductor laser offers 
improvements in It 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 developTient of fibre-optic communication links, 
~---, 

and a room~temperature continuous laser coupled to a short 

length of fibre can almost be regarded as a commercial 

component. Accordingly experimental work in tld s 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 electroluminescer·t diode 

It has been shown that, for all but the smallest diodes, the 

relevant parameter in an electro-optic link is radiance 
(the radiometric equivalent of the photometric term brightness 

which is sometimes used). This paramPter is rarely quoted 

by manufacturers and it was necessary to devise suitable 

technique£: for its mE:asurement. These are detailed in 

Appendix 3. 2. These methods were used to investigate a 
wide range of commercially available devices (Monsanto MVSO, 

Fairchild_ FDlOO, General Elect~ic SLl, Texas TIL27, 

Hewlett Packard 4400, Plessey GALl etc) with generally 
disappointing results. Values of radiance ranged from 0,02 
and 0,3 W/cm2sr. Perusal,of the literature showed that, 
at least in the laboratory, values two orders of magnitude 
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 35mH which is 
unusually high. It achieves this by means of a hemisrherical 
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 increasing th_e angle 

of emission, its effect on the radiance is small. Neverthe­

less several samples evaluated showed an impressive 10·-12 Wjcm"sr. 
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This is presumably due to the fact that it is silicon doped. 
Doping gallium arsenide with silicon 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 TIXL12 measured at 

N = 12W/cm2sr. 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 virtually equal 
to the on-axis radiance. 

An alternative and highly promising structure for high radi­
ance devices is tt-.e 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 device~ 
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 lMhz. This is adequate in the present application. 

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 lOOmm 
length of O,Smm guide butt-jointed to the dome of a TIXL12 
was less than 1 W/cm2sr, represencing a loss of an order of 
m~gnitude. 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 lOOmm 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) gla~s. Samples were provided with 
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N = 3 W/cm2sr at the end of a lOOmm 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 lOOmm 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 laun·~h a power of abou:: 0, 5mW into such a fibre. 
·with a double heterojunction laser as a source this might 

be increased to perhaps ~mW (45), using a 'selfo.:' (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 S]stems and 
commercial availability cannot be far off. 
the radiance of the free end: 

their ready 
Let us estimate 

Since only a short length of fibre is needed (perhaps O,lm) 
absorption losses are completely neg~igible. The numerical 
aperture of the fibre is given by~n26n or 0,21 and 
the maxi.mum 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 8°) or 12°. Provided the numerical 
aperture of the collimator optics is lower than (2. tan 12°)-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 ·70rrm we have a numerical 
aperture for the lens of f/2,33 a.nd, 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 10-3 ) 

rrx (1,5 X 10-3) 2 

2,8 x 10 3 W/sr 
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Thus we see that the semiconductor laser, even when coupled 
via ~ fibre-optic guide, offers a potential advantage in 
terms of transmitted irradiance of between one and two 

orders of magnitude over incoherent light-emitting diodes 

radiating directly. At the. same time the use of the light 
guide offers freedom from source-associated errors and 

flexibility in tailoring beamwidth. The only factors 
inhibiting its adoption are commer~ial availability and, 
possibly, cost, and it is likely that we shall soon see 
improvements in both. 

3.6 COLLIMATION OPTIC~ 

' 

One of the merits of a directly modulatable 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 r.arrow beam •. However we have 
seen that It is proportional to the area of the optics At. 
Also we have seen that high radiance indicates the use of a 
small source and this, cor..·bined with a minimum required beam­
width, leads to a requirement for good resolution and low 

'J numerical aperture optics. The cost of a large-aperture_. 
high resolution, low numerical-ttperture optical system can 
contribute significantly to that of the whole instrument, 
and it is worthwhile to seek out cost-effective solutions. 

We can easil~; show the relation between source size, optical 
aperture and beamwidth. If the diameter of the source is 
ds and that of the lens dt' and the focal length of the lens 
is f, the optical beamwidth is 

g !... ds (radians) 3.13 • r 
The numerical aperture 

f = 

crt 

(or f/number) of the lens is. 
ds 1 = • 

~ 
3.14 

For a 5qum source and a 50mm lens diameter, the predetermined 
beamwidth of 1,5 milliradian requires optics of numerical 
aperture 

= 
50 X· 10-6 

50 X 10- 3 X 

1, 5 X 10- 3 
1 = 0,67. 

The numerical-aperture required as a function'of optical 

_aperture is shown with sou;-c,e size as a parameter. The 
be~awidth 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 bea'1lwidth 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 monochrom~tic, making chromatic aberration irrelevant. 

The only important parameters of the lens are therefore 

aperture, op~ical transmission and spherical aberration. 

The effect of spherical aberration is best describ~d by the 

geometrical circle of confusion, which is th~ 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 b , is treated in Appendix 3 

and summarised in a diagram for a single lens element optimally 

configured and for a spherical mirror. Although a f11irror 

has about 4 ti.r.1es less spherical aberra~ion than a simple 

it is less convenient to use and aperture-blocking and 

mechanical complications arise from the inevitable path 

folding required. It is a useful element as part of a 

co-axi~l optical system and will be so considered in 

lens,. 

connection with the collection optics. A particularly cost­

effective solution for high resolution low numerical aperture 

on-axis monochro~atic 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 n 2 • Several simple multi-element systems were 

design~d and fabricated using SOmm 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 application of monochro­
matic on-axis collimation, and to acqutre, 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 lOqum. Beyond thes2 limits tolerance 

on fabrication (particularly centering) became rather critical. 

Readily available mass-produced optical components were also 

evaluated, including binocular objectives, and photographic . 

and enlarger lenses • 

. Optical transmission losses 

Because the path through the bulk material of the optical 

system is short, absorption losses can be totally neglecte.d. 

There will however be a reflection mismatch loss at each 

air/glas2 or glass/air interface. If the glass is uncoR_ted 

this will amount to 

{~~i}?.. i.e. 4% when n = 1, 5 • 

Coating the surfaces with a T'r /4 layer of n = 1, 22 will reduce 

this loss to negligible 

found that the standard 

reduced the loss to 2%. 

proportions. In practice it was 

coating optimised for A.= 0, SSprn 

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 
' 0 ' 

4 2 T
0 

= 0,98 x 0,96 . 0,8. 

Prototype systems 

The beam irradiance It due to several simple low-cost systems 

is shown opposite. Each lens is matched to an appropriate 

source. It 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 g!eater than 100 times the focal length. Agreement 

was -:..;i thin 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 binocular 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 .:1.vailable at negligible cost as 
a spectacle-lens blank. The lower f/number that results 
is no disadvantage with the .wide emitting-angle of the 
TIXL12, and the instrument gains markedly in compactness. 

3.7 ATMOSPHERIC PROPAGATION 

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

' light 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 
eY.clusively 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 =, Wadx 3. 1S 

where a may be referred to as the extinction coefficient 
(48). 
Integrating 3.15 we get 

W = W e-oR (watts) 
t 

where Wt is the initial transmitted pmver (watts) and R 
is the to tal length of • the atmospheric path (km). c:r then 
has dimensionality km -l. Clearly 'tve can divide 3.16 by 
the solid angle of the beamnt to obtain the relation 
between the transmitted beam irradiance and the irradiance 
after a transmission over a path R: 

.. 

3.16 

I(R) = Ite-crR ~\V/sr) 3.17 
' 

The extinction coefficient ~may be split into two parts, 
one ( (js) due to scattering and the other ( O"a) due to 
absorption (48). 

cr = cr + cr s a 
therefore -R ( ·· ~:-cr ) 

I (R) = I e --s a 
t 

= It T T (W/sr) s a, 3.18 
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where T and T are dimensionless coefficients representing s a 
attenuation factors due to scattering and absorption 
respectively. For lkm of path length, ~ and T are 

related by· --Rcr 
T = e 

and a = -~ loge T . 

Our task now is to relate T and T to measurable and s a 
predictable parameters of the atmosphere. 

Scattering 
T may be calculated in terms of the effective visual range s 
V, which is the accepted measure of atmospheric 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 
distance for which the contrast transmission of the 
atmosphere in daylight (CR/c0 ) is 2% where c0 is the inherent 

contras~ 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 = 4krit 
corresponds to an atmosphere free from fog or heavy haze. 

1be relationship 

T s 

between T and V is given by s 

-- {-3,9(0,53\ql 
exp --.;r ->.-) J 3.19 

where 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 
a 

light (0,55prn) and near infra-red (O,~m). It can be seen 
that, for the latter, when V = 4km, T = 0,5 per km. This - s 
is the limiting condition for which the 2 km operational 
range is required, and pre-supposes the absence of fog or 
he,:lvy haze. The worst case transmission factor for the 

4 return path will of course be Ts or 0,06. 

To facilitate comparison with other estimates given in the 
literature (52;53) it is interesting to note that this 
corresponds to an attenuation of .::bout 5 ~ 6dB/krn, or an overall 
power loss of 22,8dB. This is approximately equal to th~ 
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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/~. 

Absorption 
Many of the range predictions in the literature ignore 
absorption by water vapour (54) but it-can -b~ significant, 
especially in a situation where humidity is likely to be 
high. A straightforward treatment has been givf~n by Hl:Jlscher -
(51), following Lange et al. 

The value of T can be related to the number of precipitable 
a 

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 H81scher. 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 Ta of 0,8. This is 
in agreement with data taken from other sources (55). 

3.8 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 diagrain in 3. 2), we see that the 
di3tribution of flux at the instrument due to a point radiator 
would be a uniformly illuminated disc with a diamete~ twice 
that of the reflector aperture. The radiating aperture of 
the collimator can be considered to be a continuous array 
of such point radiators. The ne~t 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 (dt + 2dp) where dtand 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 b~ 

as large.as possiblP. 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 m~rror (see illustration). This 

configuration is particularly effective in that the inevitablt 
apertUre blocking a~soci..ated with folded optical systems need 
not, in this· case, occasion any additional loss. Obviously 
since the direction of each light ray is reversible, 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 AGA12, Wild DK9, 
Tellurometer CD6 etc) is to use identical lenses for · 

collimation and cc.llection in a side-by-side binocular·-like 
arrangement. This is less than optimum from the point of 
view of coupling _and the usual.remedy is to use an effectively . . . 

larger reflector prism. The increased aperture is only 
required in the horizontal d~mension (assuming that the 
transmitter and receiver are horizontally adjacent) and to 
save cost and reduce the bulk and weight of the prism it is 

·suitably tL~ncated. Nevertheless the use of these 
'rectangular'prisms incurs an appreciable cost penalty. 

In practice the problem hardly arises in the present instance. 
At short 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 fairl::,· t..miform flux distribution. 
At distances in excess of 1 km it was found unnecessary to 

take account 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 

A = n (60xl0- 3) 2 = 2,8 x l0- 3 (m 2) • 
R 4 

The design problem posed by the collection optics is similar 

to that of the collimation optics and most of the points 

made in 3.6 apply here also. In one respect however an 

important constraint is released. In the case of the source, 

high radiance could be e.chieved at the exp(~nse 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 photodetector. The field of view is 

restricted and as a result the background radiation reduced 

but as we shall see in the following chapte~ the noise 

advantage is not very great. Small area photodetectors have 

less capacitance but this is not critical where) as here, 

modulation frequencies are low. Moreover, for detectors of 

less than 0, J - lmm diameter, the ce~.paci tance is dominated 

by amplifier input capacitance and circuit strays. Finally, 

the problem of maintaining 'boresight' collimation of the 

transmit and receive optical systems is greatly eased if the 

rec(~iver 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 ~·Jill have a diameter of at least 0, Smm and the 

resolution of the collection optics need be no greater than, 

sa~ 0,3mrn for 90% encircled energy. 

3. 9 PREDICTED PERFOR~CE 

We are now in a position to predict the worst-case returned 

power for our prototype setup, which consists of a source 

having N = l2W/cm 2sr collimated by a lens of 60mm diameter 

and 0,8 optical transmission. 
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N At 

12 x; 104 x;·r (60 x; 10-3) 2 

340 (W/sr). 

account for transmission loss, we have, 
2km when v = 4km, a returned pm11er WR where 

- 1,2 X 10-7 
It AR x T 

- T T Tp To s a 
= 0,06 X 0,8 X 0,8 X 0,8 
= 0,03 

= 1,2 X 10-7 
X 340 X 2,8 X 10-3 X 0,03 

= 3,4 X 10-9 w 3.20 

In the following chapter we shall consider whether a returned 
optical power of 3,4nW is sufficient to pe~mit the measure­
m<mt 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 (atmospheric transmission), 
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 sour~e (TIXL12) with a measured radiance of 12W/cm2sr 
was square-wave modulated at a frequency of 1kHz - sufficiently 
high to avoid atmosphere scintillation noise (e.g. ~~nlight 



-tSY 

tl5v 

rd'e.r<o'\(( 
i~pl.ll 

-l'YC\t\.S(e Sll;\O.A(..e 

C\ vr.e\1 (\a 

<;,~nt..hronou') 
V'c.cl,f,·~. 

X 



so. 

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) and 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 It has already 1-.een 
dealt with. It remained to determine the sensitivity and 
gain of the receive channel. 

Hanufacturers' data for tl:.e photodiode used - the HP4207 -
.quotes a responsivity of 0,33A/W at a wavelength of 0)9prn. 

A direct comparison of a number of such diodes with a 
bolometer-type radiometer (57) E"howed respcnsivities ranging 

·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 modulated flux WR (wattq) is 

therefore 0, :J3~R (amps). 

The transimpedance amplifier used an LF356 FET operational 
amplifier with a feedback resistor of lOM.n • The. output 
of this·amplifier was therefore a square wave of amplitude 

6 3,3 x 10 WR (volts). 

Because of the wide bandwidth at this point, the square-wave, 
for weak but perfectly usable signals, is completely buriP.d 
in noise.- In order to ease the linearity 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 t:o the light emitting diode (lkH). Limiting the Q of 
this filter to 3 minimises the li~:..elihood of the synchronous 
detection sensitivity being altered due to phase-shift. 
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The effect of rejecting the 
signal modifies the gain of 

harmonics of the received 
the channel so that 

where 

. v =A X 

= 2,7 

1 X~ X 3,3 X 

2"./2 rr 
x 107 WR (vofts) 

106 WR (volts) 

V - rms voltage at output of filter 
A - filter voltage gain - -2Q2 = -18 

For the limiting case derived in 3.20, 
-9 WR = 3,4 x 10 wa~ts 

A rough chec~ 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 ~ource diameter d (0,5mm)_ s 

Io = N rr (d ) 2 4. s 

12 X 104 
X 

iT 
X (0,5 X 10-3) 2 - 4 

= 23,5 X 10-3 W/sr. 

This agrees reasonably well with a m2asured 20mW/sr. 

The solid angle_n subtended by a lmm photodiode is given by 

and the flux 

.n = Tr • 10-6 
4 

impinging on the 

WR = n X Io 

= '\T X 10-6 
4 

X 

photodiode is 

1 
X 

d2 
X 20 X 10- 3 

= 'L&_ X 10-8 watts . 
d2 

Equating with 3.20, we find the distance d which, with no 
· optics, yields the designed minimum power, 

1
2
6 X 10-8_ 

3,4 X 10-9 = 2,2m .. d 

·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,l5V , within 16% of the predicted rms 
value. Given the indirectness of the ~alculation 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 
of a bolometer radiometer standard. 

gain was set to give a d.c. output of 

calibrated in terms 
The post-detection 
exactly O,lV 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 validi t:r of the use of inverse 
square law (provided adequate baffling is used to eliminate 
reflections) is showll by the logarithrriic plot of pouer vs 

distance. 

Experimental results 
The instrument was reassembled with its optics and carefully 
collimated at a range of lkm. T~1e 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.l2nW. 
However under reasonably clear conditions (free from heavy 
haze or fog), when the visual range \vas judged to be at 
least 4km, the returned signal was never less than O,lVrms' 
which corresponds to 4nW (eqn 3.2l)(cf 3,4 nW; eqn 3.20). 

Conclusion 
The agreement between the predicted at1d 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 

la c::; na co11 ,_..Ce·" a,..,e uc-o~ -- 0 ~ -- ~ ~ u--• 
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CHAPTER 4 

4.1 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 presenr requirement. 

The operating principles of such in&truments 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 constraints 
of such instruments tend to lead to relatively expensive 
components, fabrication and adjustment pro-:edures, a fact 
which is borne out by observing the high cost of commercial 
electro-optic distance measuring. ins!:ruments. The situation 
is considerably eased in the case of the present instrument 
as a re3ult 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. 
lhe 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/or immunity from systematic error. It is helpf,;l to 
place the present state-of-the-art in perspective by a brief 
historically-based review (58-60). Articles based on the 
following section have been publi-shed by the writer. Similar 
reviews h·1ve 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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4.2 ELECTRO-OPTIC INSTRLT,MENTS - EVOLUTION OF EXPERIMENtAL TECHN~QUE 

The d'evelopment 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 wethod 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 c'::~plying a fraction of the alternating voltage 
across the modulator to the dynode structure of the photo­

multiplier. 

A sh0rtcoming 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 syste11 in which the phase of the alternating 
voltage <Jpplied 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 1940-194~ 
of t~e first effective portable electro-optic instrument 

designed specifically for geodetfc distance measurement by 
E. Bergstrand (63), w~o was responsible for many notable 

advances in the state of_ the art. His instrument, which 

later ~ecame comme~cially available as the AGA Geodimeter 
used essentially the scheme proposed by Karolus in 1938, but 
the 180° phase 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 inserted between the modulation generator 
.and the photodetector. 

Despite Bergstrands major contribution to the art of electro­
optic distance measurements 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), .::;uch an instrument was in existence at the 
Soviet State Optical Institute as early as 1936 but the revie'tv 
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 exten3ive 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 ~ot see~ to have found 
com~ercial exploitation, anticipates many of the_features of 
later instruments, such as phase detection in an electronic 
multiplier following photodetection, as well as fixed­
fre~~ency modulation together with Bergstrand's calibrated 
phase delay for the measurcillent of arbitrary distances. 

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 
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peak in 1967 with the introduction by Froome and Bradsell 

of t~e 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 crystal cavity. After traversing the distant path, 
the returning light passes through.?- 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-~illimetre precision. 

Heterodyne methods 
The success of the Mekometer notwithstanding, the mainstream 
development which was to lead to the current widespread u~e 
of electro-optic distance measut:ing instruments did not 
involve the homodyne approach, 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, intruduced a technique (66) which was ado~ted 
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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H8lscher, in 1965, introduced a new technique ~.vhich 
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 freque~cy amplifier following the photodetector. 

Delays due to this source would be indistinguishable from 
those due to the transit time of light. H8lscher 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 appear as 
a common mode term, and error on this account is eliminated. 

In 1968, the present writer was engaged in engineering 

Helscher·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 ador•ted in the commercial electro-optic rli stance 
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. 

4.3 RESOLUTION OF AMBIGUITIES 

If we regard the modulated light beam as creating a set of 
fixed (equi-phase) reference points in space, it \-7ill 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 
de~ermination of the number of complete cycles of phase angle 
along the path. Several strategi~s exist for determining 

this figure, but all of them involve changing the modulation 

frequency fm 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 du~ to the non-compatability of pulse and 
phase techniques'.) 

There are three principal approaches to ambiguity ·resolution: 

1. Low-frequency modulation · 

We may measure phase t-7i th a low modulation frequency 
chosen such that the unambiguous range exceeds the 
desired maximum range of the instrument. 

2. Differential modulation frequencies 

We may measure phase at two slightly differing modul~tion 
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 ~e are the phase 
angles obtained when measu1:·ing with modulation 
frequencies £1 and f 2 respectively, (f1t - C/Ji. )is the 
-phase lag Kilich would be obtained if the modulation 

frequency were (£1 - f 2). 

1he practical significance of this technique is that 
the effect of very low modulation frequencie~and hence 
long una~bigJous range, can be obtained without incurring 
the circuit complications involved in handling widely­
spaced modulation frequencies. 

3. Frequency modulation of the modulating frequency. 

While methods 1 and 2 are u:c1iversally used in distance 
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 10 2 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 the returning signal will be a measure 
of the total distance. 

The concepts discussed qualitatively above will be treated 
more formally in the fo·llowing section. 

Principles of operation 
L~t: 

L be the distance to be measured 
c the velocity of light in vacuo 
n the atmospheric refractiveindex 
t the time delay corresponding to the return path 

fm the modulating frequency 
Tm the modulation period = 1 

fm 
~ the phase lag between the modulation envelope of 

v 

the outgoing and returning radiation 
the aLmospheric velocity of light 

v = c 
n 

... 2L ,_ - v 

- 2Ln 
c 

~ 2yr 
t 

= 
T 

- 4 iC.n f L 
c m 

It can be seen that the phase increa~es linearly with L. 
·However since r;' is indistinguishable from CJ+2.11.n, it 
can be seen that there will be a certain distance L' 
_after which the phase will effectively jump from 2f1' to 0 

and recycle. L' ~s the unambiguous range and is given by: 

4.1 

4.2 

4.3 
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whence L' c - 2f n m 

or fm 
c - 2L'n 

Resolution: 

from 4.3 and 4.4: 

CJ 
L = 2TT L'. 

or L = L' _C)_ 
2tr 

and ~ 
2\1 - [."'" 

• 
2T1' ~~ d(j = • • 

Ambiguity resolution: 

Let fm successively be f 1 and.f
2 

and let the corresponding 
phase lags t:=; CJ1 and CJ 2• 

From 4.3: 

(CJl - CJ2) 

in the limit~ 
d(J 

or L 

= 

= 

= 

41'Tn --c 

41'1'n --c 

c 
4n n 

df L 

• 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 

4.10 

4.11 

From 4.9 it can be seen that the effect of modulating with 
a low fre~~ency ca~ be obtained 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 

~ 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 whi~h the modulation frequency 

is rapidly and repetitively switched between the two relevant 

frequencies. Since the required ciifference effect is 

_measured directly, a simple and cruce determination will 

suffice, and the method offers further simplification and 
reduction of measuring time. 

4.4 CHOICE OF MODULATION FREQUENCY 

·Two conflicting requirements dictate the choice of a 

modulation frequency: unambiguous range and resolution 

or accuracy. These respectively set uppe~ and lower bounds 
O!i the frequency, and normally, in a-general-purpose distance 

measuring instrument, the demands th•.'y 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 easy to achieve in a distance measuring link 

in which the signal is subject to deep fading and wide dynamic 
range var~ations. The diffi-:ulties encountered in seeking 
very high phase resolution in distance measuring eq,.lipment 

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 to make 

us cautio:1s. 



(. 2. 

To achieve the required prec1s1on of 0,3m with 1 part in 
3 x 10 3 phase resolution, we need a modulation_frequency 
of 166,6kHz. For convenience we would choose 150kHz, 
giving a modulation wavelength of lkm. 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 assurr.e in the user an a priori knowledge 
of whether the vessel were, say, 100 or llOOm distant. Thus 
a single-rrndulation-frequency 150kHz instrument, although 
not strictly meeting the ambiguity requirement, 'is 
attractive in its simplicity. 

It is by no means obvious that this represents the best 
design strategy - the problem of achieving the required 
accuracy would be greatly eased by adopting two modulation 
frequencies at, say, 75kHz and 7.:0kHz. This could best 
be realised in the form of difference frequencies at (to 
yield exact metre increments) the following frequencies: 

fine frequency 
coarse frequency 
difference 

749 925Hz 
674 932,5Hz 

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 pra~tice. 

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 f:>r 
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

hens~ve 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 "negative 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 accc~Jnt 
of the co-location of transmitter and receiver. As a result 
of this, phase-shift in th2 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 eliminating this 
source o£ error by the introduction of what he termed a 
"negative 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 requi1:ed is that 
the reference (heterodyne) oscillator be below the modulation 
frequency, in which case the phase shift Q between the 
incoming frequencies will be reproduced as an identical phase 
shift Q 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 below the modulation frequency from that 
obtained with the oscillator above the modulation frequency 
we shall obtain a result 

CJ - ( -CJ) , or 2Q 

Thus the resolution is doubled. But this is not the most 
important result .• Suppose that th~ 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 
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6 yielding a measured phase-shift ~'where 

CJ' = CJ + 0 
Hov.~ever 0. 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 

CJ" = ( CJ + c5 ) - ( -CJ + 0 ) 
= 2CJ. 

The use of a negative pattern thert;fore results in a doubling 

of resolution and a cancellation of error due to low-frequency 
circuit delays. 

While negative patterns are invariably employed in microwave 
distance ~easuring instruments, this has not been the case 
for electro-optic instruments. In fact the only commercial 

instrument exploiting the technique appears to be the H81 scher / 
Greene Tellurometer MAlOO (67). It is worth considering why 
so powerful (and simple) a technique has been overlooked. 

It has been argued that low frequency phase delays h in the 

electro-optic case are common to the internal measured phase­
shift ~. and the external measured phase-shift ~ and hence 

~ e 
are remcJVed by the subtraction 

<~e +6)- (~i +h)= ~e- ~i 
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 dou~ling 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-fresuency signal-processing however includes phase-detec­
tion which necessarily involves a non-linear operat.i_on. As 
a result it is amplitude-sensitive and the low-frequency delay 
is a function of s~.gnal-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 transmitted 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, 8e and lJ i.. •. 

Now the external internal subtraction yields 

leaving an uncompensated differential error ( ~e- ~L). This 
differential error is however independent of the reference 

oscillator situation. Therefore, remeasuring with a 

negative pattern and subtracting, we get C/J ~ '' where 
···-· ,• 

<!>"' = C<l> -<f>.) +(a -a.) - {- C<P - <f>.) +_<oe- o~>} e 1 e 1 e 1 ~ 

and even the differential error is eliminated. 

In order to -.~erify 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 err;;r determined in 
the nonnal mode of operation (i.e. using a negative pattern) 
was compared with the error using on1y 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 ampli tude-cL~pendent phase-shift is 
a significant, if not dominant, portion of the overall error 
mechanism. The inclusion of a negative pattern is therefore 
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 
fre~Jency - viz. 149 985 Hz to see whether the specification 
could be met. A practical advantage of this decision was 
that te~t equipment operating in this frequency range (phase 
measuring equipment, for example) was available. 

4. 5 AN EXPERIMENTAL PROTOTYPE SYSTEM 

A block diagram of the experimental set up is illus~rated 
opposite. A crystal-controlled oscillator 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-frequency enables a high modulatiun depth (in 

excess of 90%) to be obtained. The radiation is collimated 

and th~ 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 photvcurrent 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 1kHz and the 

resulting 1kHz signal is further amplified. 

A sample of the outgoing radiation is obtained by means of 

a lOOmm length of O,Smm light-fibre positioned so that its 

end is illuminated by means of the "wasted" radiation 

emerging from the luminescence-diode. The free end of t!"-.e 

li.ght 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 1kHz_ (reference) signal. 

This method of deriving the reference channel (i.e. via an 

optical link) 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 bel'"'¥7 ti1at 

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 H6lscher 

(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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equi~ibrium 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 su'fficiently 

large to affect overall accuracy. When an optically 

derive4 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 1kHz 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 0,3m. Ideally 
one would prefer somewhat better resolution but this figure 
was judged more than sufficient to permit an exploration and, 
hopefully, elimination of the dominant errors in tP.e system.· 

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

4. 6 RESULT OF INITIAL TESTING 

Test ran~ 
A set of retroreflective prisms was set up at distances of 
about 100,.200, sao, 1000 an~ 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~ 

For future reference these stations will be henceforth referred 
to as Sl(ll0,243m) 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 chos~n 
because i~ 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 Sl, 

with a signal level of 1 V • Under clear conditions, rms 
a signal of about 0,5 V was then obtained from the · rms 
reflector at SS. 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 t~ 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 optic&l input power. 

A fundamental index of system performance is provided by 

the signal-to-noise ratio at the output of .the receive channe_l. · 
This is of 
bandwidth. 
bandwidth. 

course only meaningful if measured within a known 

It was decided to measure the noise in a 100Hz 
It is well known that for a simple two-pole 

resonant system the noise bandwidth BN is related to the 3dB 
bandwidth Af by the relatio~ 

4 
BN .= 7T f3dB 

A Sallen-and-Key bandpass filter with f 0 = 1kHz and 

Af = 100 Z = 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 SS 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° unless 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 ny a 

fac't.or 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. (This is discussed 
in section 4.8). An even simpler variant which would 
certainly suffi~e would be to replace the light-emitting 
diode by a semiconductor laser as discussed in section 

~.5. (Such a device was not commercially available 
at the time'.) 

(iii) The apparatus, which appeared to be functioning 
correctly, afforded a valuable opp?rtunity 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 thi_s point it had been rather naively assumed, on the 
basis of nrevious experience with similar instruments, that 
5nW would be an adequate le:vel of returned optical power. 
This however failed to take. account of the phase resolution 
demanded and the s.hort measuring period (0, 3s ) specified. 
A rather belated analysis, to be presented subsequently, 
confirmed thL order of magnitude of the discrepancy alluded· 
to above. 

Distance measurements 

A set of measurement.s was carried out between SO and Sl through 
S4, ·~·7ith the following results: 

Station Sl ! S2 S3 S4 

CJe - cJ: ' 
~ 

39,6° 74,1° 175,1° 2,9° 

Computed distance 

l~~g(Qe - ~i)(m) 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 systemat~c 

components of erro-:::-. 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 proceed with a detailed theoretical anc 

experimental exploration of the possible sources of error. 

4.7 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 syste~atic error. 

The former may in principle be reduced by computing the 

average of a number of separate measurements of the sa~e 

distance (or by increasing the observation time, which amount~ 

to the same thing ). If the errors are no~ally distributed 

we would expect the mean of n readings to have a variance 

reduced by a factor n, or a standard deviation reduced by~ 

Systematic errors, on the other hand, are not reduce0 by ·ave~­

aging but sir.ce they bear a definite functional relationship 

to, say, th~ measured distance, it _is always possible in 

principle to eliminate them by means of an appropriately 

devised observational or calibrating procedure. 

treat these first. 

We shall 

Systematic errors may be subdivided into scale errors or errors 

proportional to the distance measured, zero errors or errors 

independent of the distance measured (but systematically 

de~endent on some other variable, such as instrJment pointing 

or signal level) and cyclic errors, or errors which repeat 

periodically 'vi th distance measured. The most likely period 

is of course that of the effective measuring wavelength, or lkm 

in the case of the prototype (SOOm 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 vravelengths. There appear to be only two possible 

causes, one instrumental and one environmental. The 

instrumental cause is drift in the modulating fequency, and 

the ~nvironmental cause is a discrepancy between the actual 

and expected values of atmospheric re..Cractive index. In 

cadastral survey instruments the refr:1ctive index is computed .. 
from local measurements Jf atmospheric pressure and temperature 

and the writer has shown (70) that a precision of lmBar and 

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

In the case of the present instrument, the required precision 

of 0,3m at a maximum range of 2km implies a precision of 

atmospheric index determination of ~., 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 (1000mB) given a refractive index cf 1,000274. 

At other temperatures and pressures the refractive index will 

be given by (See Appendix 4.1): 

= 1 + { 79,1 P · tmBarll • 10-6 
T l0 k] J 

0 case, where T = __ -50 c. 
-6 ' 

10 = 1,000354. This 

Let us consider a fairly extreme 
1000 then we have n = 1 + 79,1 

223 
8 parts in 105 Pressure represents a variation of only 

variations are even less significant, justifying the 

contention that environmentally 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 10~ in the most extreme conditions of 

temper a ture. 

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. 

Clearly, if the instrument were intended £or use consistently 

in arctic or tropical conditions or at high altitude it would 

be only sensible to take this into account in setting the 

modulation frequency. 



72. 

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

version, for which an important source of zero error is 

centering, or posi~ioning 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 gubstantial 

fraction of a metre. 

Variation in electrical phase shift as a potenti?.l source of 

zero error is almcst entirely removed by the external/internal 

subtraction. What little remains due 170 level-dependent 

phase shift acting on the difference between internal and 

external signal levels is effectively dealt with by the 

differencing of positive and ner.stive patterns as seen in 

Se~tion 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 Alusive source of zero error remains: 

Pointing-dependent zero error 

The time dElay between the drive current to the gallium 

arsenide light-emitting diode ar!d the resulting envelope 

modulation of the emitted radiation is not constant for the 

various element~l 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 part of the beam's 

cross-section. The radiation illu..11inating the reflector 
therefore comes from only a small part of the emitting area of 
the diode. Precisely which area contributes the radiation 
depends critically on the orientation of the instru..'llent 

vis-a-vis the reflector, and a "pointing-dependent" zero error 

is introduced. 

C'-'.d.ously, this effect seems to have had no mention in the 
Western literature (other than a brief reference in papers 

by the present \Jriter) (59;70) and only a r.rerfunctory discussion 

ir. the Soviet literature (71), and it ·was judged necessary to 

investigate it in some detail as n 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 virn~ally a pure 

time delay) would be insignificant at low modulation 

frequencies and in an instrument WP~re 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 ir.termed:ta.te 

in character between a pure time del&y (which would yield 
constant distance error irrespective of moc..1ulation frequency) 

ar.d pure phase delay (which would lead to increased distance 

error at low frequencies). It was .;;:Jnjectured 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 germ3ne to the present thesis, which is 
concerned with developing an accurate instrument using 
commercia1.ly 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 epparent changes of 

measured d:!. stance of up to 1, Sm 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 P?sition-sensitive 
phase-shift was also occasioned by the photodetectcr. This 
was subsequently found to be the case, an error of about lm;;.. 
(corresponding to 0, 3m in the return path) arising when the 
relurning 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 O,Smm aperture. 

ln order to separate emitter and photodetector contributions 
to "pointing" error, as it came to be called, and to penni t 
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 1-dioptre 
lens formed an enlarged image of the emitte! 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 l~dioptre 
lens which. collimated it and returned it to--·tfie 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 TIXL12 diode were 
plotted. Later the test-rig was ~sed to investigate a number 
of other .sources, as well as to determine the effectiveness 
of the palliative devices described b~low. 

Approaches to "phase scrambling" 
Sev~ral approaches were considered to attempt to make the 
source appear more homogeneous in respect of phase. 
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i. Defocusing. Th~s seemed an obvious first attempt. 

·It was hoped that a moderate degree of defocusing 

would impair the resolution (i.e. blur) of the source 

without exacting too great a penalty in increased 

beamwidth and loss of effective source radiance. 

This was not successful. Scrambling of a sort does 
occur, but it i~ 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 
profile, ~Jt contribution from, sa~ an edge of the 

_ diode is still overwhelmingly dominant in the image. 
Unacceptable loss of beam irradiance.occurs before 

there is appreciable homogenisation of the source. 

ii. Integrating sphere. The integrating sphere performs 

the task of scrambling almost perfectly, but at the cost 
of an unacceptable loss of radiance. Consider a 2rum 

diameter sphere (about the smallest feasible)mounted 
directly on ~ O,Smm diameter junction. Neglecting 
absorption loss in the sphere and re-absorption by the 
junctir.n we can calculate the loss of radiance approx­
imately by noting that the radiation from the junction 

. area ri /4 (5 x l0-4) 2m2 is spread over the surface area 
of the sphere 4 'i'T x 10-6 m2• Even if we assume 

(optimistically) that the radiatio~ 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. M~ch of 
the radiation tends to become trapped in a lossy 
"whispering gallery" tnode, 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 problem. 

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 

. is complicated by local variations in responsivity over 

the photocathode. The standard solution is to provide 

an ~uxiliary lens which images the photocathode onto 
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the main telescope aperture. Clearly all rays passing 

·through the aperture will impinge on the photocathode 

but light rays 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 !!£.!, 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 pro~lem is a 

practical one of obtaining a suitable lens. In order 

to image a O,Smm source onto a 60mm aperture at f/3,4 

we need a field lens with a focal length of approximately 

200 x 0 , 5 - 1 , 7mm . 
60 

The numerical aperture of the field lens should be at 

least equal to that of the main optical system, leading 

to a lmm diameter lens. It was not possible to obtain 

a lens meeting· these requirements exactly, the nearest 

approac.h being a lOx 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 ~olvent 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 tens was correctly positioned (using the 

microscope objective and collimator lens set up on an 

optical bench) the phase 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 retroreflec tor. It was then 

realised that by imaging the source onto the collimation 
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aperture,the field lens exchanges anbularly 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 reflector.. For example, 
suppose a small reflector were used, such that its 
aperture \vere smaller than that of the collimator lens. 
At short range the distribution of energy from the 
reflector would be such that only the inn8r 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 
l<Tould cause coupling of th~ 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 ze~o between 
short and long range measurements. 

iv 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 muJ.tiple in.:ernal paths in the fibre. 
Clearly if the fibre is suffi·ciently 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 without any increase in 
divergence, since at each internal reflector the angle 
of incidence is equal to the angle of reflection. Thus, 
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 of lOmm 
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 f/3,4 lens. The 
rest.•.lting beam of light was focused. by a 1-dioptre 
lens to give a SOmm 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 SOmm length of O,Smm 
fibre was butted against the source and the free end 
mounted at the focal point of the collimator lens. With 
this ratheT crude arrangement the radiance of the free 
end of fibre was measured tq be about 1,5 W/cm2sr, 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 semicondU'..:tor sources into 
light~fibre has recently been ·!:he 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 magnibJde. Despite the loss of 
radiance, the signal-to-noise ratio.at lkrn was still 
adequate provided random variations were averaged out 
by taking multiple phase readings. The distances SO 
to Sl through S4 were re-observed, repainting (without 
using the telescope 9r ta~ing any special care) 10 
times on each reflector. 
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Station 
I 

Sl S2 S3 S4 

(m) - + 0,4 + 0,9 + 0,1 - 0,5 error 

standard 
deviation (m) 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 more acceptable 0,3m, and the dominant residual 
error is clearly systematic and f'!nctionally dependent 
on distance. It can be concluded that the pointing 

erro·.c problem can be satisfactorily solved hy 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 abouJ: 200pm die,m2ter) constitutes an ideal source 
for the projected instrument. 

(c) Cyclic error 
Obviously any gross error associat.ed 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 (.::rosstalk between transmit and receive.:! channels. For 
historical reasons this has sometimes been referred to in the 
literature 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 
minimum usable signal of say lOnW will give rise to a phot0-
current of about 3 x l0-10A, about 170dB down on the rms 
transmit diode current of lOOmA! 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 

8 of amplitu.dcs of the two currents is 3,3 x 10 • Clearly a 
very small degree of 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 
with the received signal. 
respectively A and A . the 

spurious signal is in quadrature 
If their amplitudes are 

c r angular error that will result 
is lJ max. c 

Ac 
' ~ c max - arc tan -

Ar 

when the two signals are in phase or 180° 

will be ze .. ~o. 
out of phase &c 

To see how the error varies with distance consider some 
distance for which the contaminating signal 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 e (that of the contaminating signal remaining 
constant) the resu~tant of the two phasors is perturbed by an 
angle b . If for simplicity we allow the frame of reference 
to rotat8 so as to fix the orientation of Ar we have the 
simple expression Ac sin 9 

= a::o:-ctan 
Ar + Ac cos 9 

If the system is to be usable, Ac will be very much smaller 
·than Ar' so we can write 

= arctan (Ac 
. Ar 

sin 9) 

For the same reason ·S must be small and -r_.;1e can invoke the . 
sma.Ll-angle approximation tan 5 ~ [, . Thus the error f; 

in degrees is given by 

For a peak 

' 1ao Ac o = --- -- sin 8 
7T AR 

error of less than 0,3° we require A < (5 x I0-3)A • c r 

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 
sigrtal itself, since its phase is constant. 

Error reduction by phase reversal: In 1965 Htllscher (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 signal 
is unaffected by the component. 

If the error in the signal was 6 , after inversion it will be 

(approximately) - lJ Adding the original phase 9 + 6 

and that of the inverted signal (9 + 1i +!; ) , and subtracting 11 

it can be seen that h is eliminat£:d. 

<e+o> + ce+TI-a)- 1r = 2a 

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 

e a multiple of 'iT /2. A more careful analysis (Appendix 4. 4), 
in the general case yields a residual error(/ , given by 

h _ sin 28 

- (AR)2 
\Ac - cos

2 e · 

which has a peak value s'~ax when e 45°, where 

o' • (Acy 
max • AR) 

If S = 1% the residual error is reduced from 0,6° to 0,34 
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 
a diode switch earths either of the ends of the secondary, 
thus providing the required phase inversion. It is crucial 

. . 
to note, however, that contaminating signals induced by stray 
flux in the input tuned circuit vJill 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 alter·aating 
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 1010 times less than the current in the 
transmitting diode only some lOOmm away. Accordingly the 
instrument makes the most stringent demands OP. 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. Some 
areas however are particularly vulnerable and requfre spel!ial 
attention. 

(i) Radiated fields from the transmitter : 

In order to facilitate matching the 1-2J1 resistance 
of the emitting diode, to con~.:erve 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 ci.rculating currents, Q 

times as great as the diode current, flow in the 
tuned circuit. 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 ~ransmitter 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. 
Th~ circuit diagram shows the configuration finally 
adopted for the transmitter. 
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(ii) 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, whi·:h requires about 150V 
bias potential, could be tri€·d. 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 
~ection was used to verify the attenuation factor 0f 
these filters as being greater than 150dB. 

Measured results: 

TI~e 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 magnitune 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 maintai~ed constant by interposing ~ series of 
optical attenuators bet,veen 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 ~.c 

VJ.. 

Some signal strength is reduced to insignificant proportions. 
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, especially 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 crosst~lk, 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 t:o 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 opticc:·l input signal is 
present. The problem is that it is necessary tc measure a 
signal in the presence of perhaps lOOdB of noise (depending 
on the bandwidth at that pnint) and tbis 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 receiv~~r amplifier prior to th~ 
mixing operation. It was therefore decided to develop an 
instrument capable of detecting the presence of a coherent 
high frequency signal in more than lOOdB of noise. The 
instrument was not designed only to assist in the development 
of the present instrument but as a univ~rsal piece of test 
equipment for phase comparison distance measuring equipment. 
Versions have subsequently been in use in research and 
development and production ~esting 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 operation, the phase of the local oscillator is 
progressively stepped through increments of 120° at a rate of 33 
steps per s8cond. The mixer output contains a 3-step sampled 
approximation to a sinusoidal signal at 11Hz. This ~s filtered 
by a three stage n-path filter with O,lHz bandwidth. The 
output of this filter, \A7hich uses reed s\'litches for maximum 
linearity and switching signal isolation, is further bandpass 
filtered and precision rectified to yield e. 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 0, 1Hz _is obtained wi. thout tho=; 
need for a coherent reference signal. 
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This circuit arrangement was originally suggP.sted by the 

"Synchrohet" lock-in detector marketed by the Princeton 

Applied Research Corporation (73). It differs however in 

several important respects, including that of phase-insen­

sitivity and is believed to be novel. It has proved 

invalu~ble 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 thc.!t 

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. Random 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 of error given by 
180 

0 ~- ------
IS/N IB.t TI 

In section 4.6 we saw that a signal-to-noise ratio of 32dB 

measured in a nui se bandwidth of 100Hz resulted in a p~ase 

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 amplitude ratio 

~ of 40. Thus the above expression yields a predicted 

standard deviation of phase determination of b/ where 

6 , = 18o = o,so 
40xii6xn : 

which is in good agreement with the informal observation of 

about 1° scatter. 

We see therefore that in order to achieve a standard deviation 

of 0,1° 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 pho tocurrent this implies an 

increase in thP. 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 projected 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 
amplitude and standard deviation of phase scatter was verified 
by attenuating the sign~l, observing for each attenuator 
setting a series of phase readings, and computing the stand~rd 
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 ~ime of 0,3s. 
However it might be objected that in seeking to eliminate 
systematic error, we have segmeuted this period into a number 
of shorter periods - periods of positive and negative patterns 
to eliminate low frequency 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 show~ 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 
timet is segmented-into N part~ the effective measu~ing 
bandwidth asr.ociated with each partial measurement will be 
increased by N, as will the effective noise power. The 
random error of each partial measurement will therefore 
increase by JN. But the effect of averaging N statistically 
with statistically independent errors is to reduce the variance 
by N or the standard deviation by {N. Thus in the averaged 
result we· are left with the same random variation that would 
have obtained had the overall measuring period not been 
segmented. 

t-!e: 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 
siJnal. 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 

20m:5 

Positive Pattern 

Normal 
7Qm..S 

Inverted 

70m~. 

Negative pattern 

Normal 

70m.s 

Inverted 

70m.s 

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

External 

Positive 

Normal Inverted 

70ms 70m.s 

Intern2.l 

20m,s 

External 

Negative 

Normal Inverted 

70ms 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. 

Rec~iver noise considerations 
Combining the results of sections 3.9 r<nd 4.6 it can be seen 
that a power level of about 5nW incident on the photodetector 
results in a measured signal-to-noise ratio of 32dB in a noise 
bandwidth of 100Hz. at the receiver output. To provide a 
basis of comparison with comparable designs in the literature, . . 

to permit 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 from the received 
power w and the signal-to-noise ratio s~ measured in a noise 

r 
bandwidth B from 

WR 
NEP = ---­

{SjNx/B 
watts/1HZ 

= Sxlo-g = 1,2xlo-ll N/v'HZ 
40xlO 

Laboratory ~.easurement 
To confirm this result in the laboratory the following 

expe:riment was undertaken. The transmitter and receiver were 
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removed from the instrument and placed facing one another on 
the l.aboratory bench, a variable distance apart. 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 measured directly at 16mW/sterradian 
using a large 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 distanc~ between transmitter and 
receiver. At the output of the rec~iver the signal-to-noise 
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 simultaneously 
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 lQpA. 
The incident signal power on the 0, 5rmn diati.eter photo detector 
·at a distance r is clearly 

-3) rr ( ~ -3)2 1 2 ( ) . w = (16 x 10 x 4 0, 5 x ~.o r watts 

= (3,1 x 10-9 ) /r2 (wa~ts). 

If the effective noise power at the photodetector is Wn in 
alOOHz bandwidth and the signal-to-n0ise amplitude ratio at 
the output is _{SIN we have -·· rs _ 3,1 x 10-9 

'V'N - . 2 -
r wn 

• w· _,-- 3,1' x 10-
9

, 
• • n r2 . Is 

'\IN 
W;., 

The NEP is simply the input noise in unit bandwidth - --
4If50 

• 3,1 X 10-lO 
NEP = -

• • r2 {f 
A 32db ( ~ = 40) signal-to-noise ratio was measured for a 
transmitter /receive.r separation of 0, 9m, giving 

-10 . 
NEP = 3,l ~ lO = 9,5 x lO-l 2 W~4HZ. 

(0,9) X 40 
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Again we get a figure .for NEP of aoout 10-ll WI '\!Hz~ The 

apparent discrepancy between the 0,9 metre separation for 32dB 
signal-to-noise ratio and the 2,lm 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 O,Smm mask or aper­
tu~e in order to avoid phase delay~ (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 mf!tres 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 ~lo-10w. If the 
ambient illumination producing the 10 pA photocurrent was 
remov'ed, the noise level dropped to .. ,_. 0, 2 x 10-lO, indicating 

the dominance of the photodiode shot noise component, and the 
near optimality of the receiver preamplifier.· 

4.8 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 

-11 ;H"; wi ttJ. the figure of aoout 10 w I 1r Hz determined experimentally 
in the preceeding section. 

Photodet~ctor noise 
The topic of photo detector NEP has been very ex tens!. -.rely 
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 vc::.ry complex, 
being bas~d 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: 

(i) 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). Til.US 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 _lin~< is an open atmospheric one, and 
the noise limit is ·set by the shot noise. associ a ted 
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 the case 
of distance measurement. 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 high modulation frequency 
involved). The situation can be modified somewhat by using 

an optical 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) .indicated that this was 0, 4J.lm. 
Since this is about one tenth the half-power spectral b.:1ndwidth 
of the detector alone, one would expect a reduction in back-

--g-round radiation and resulting photocurrent of about an order 
of magnitude. A simple measurement (·7ith a commercial Bausch 
and Lomb 400 Angstrom filter confirmed that this was the case, 
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background photocurrent falling from a typical 3pA to a 

typical 0,3pA_with the filter in front of the photodetector. 

The signal was attenuated some 10% or ldB. 

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 experim~nts 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 ambi0nt illumination. This is 
basically because such noise is amplified along with 
the signal by the avalanche mul_tiplication process. 

This is borne out by results presented in the 
literature (80). The result of the· experimental work 
was to show that, with an optimum 400 Angstrom filter, 
in average conditions of ambient illumination (ruoderately 
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. '!his represents an increase of range of some 40% 
in conditions of near perfect visibility and considerably 
less (perhaps 10%) in more typical conditions. ~Jch 

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 extended night-time 

· range was an operational advantage. 
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2) 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 envelop_e 
of the radiation and the resulting photocurrent as the 
PIN junction photodiode. Due to the small junction 
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. 

3) A problem in using the avalanche photodetector is that it 
requires a large, critical, .temperature-dependent bias 
potential of around l50V. 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 m1d using one of them 
exclusively as a reference for the bias voltage. This 
works well:, but the dual device is prohibitivel:-/ 
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 100. To set 
the bias potential at a value that will yield this 
value, a control loop is useci. 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 ci~cuit 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 
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is fully adaptive, 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 electro-optic distance 
measuring instruments. 

4) The voltage dependent gain of the avalanche photodetector 
permits its use as a combined amplifier/mixer. This 
opens t~p new circuit possibilities. If the bias 
potential is modulated by the super-imposition of a 
small alternating voltage from a local oscillator, 
the photocurrent will contain the mixing products of 
the input signal and the local oscillator waveform, 
and 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 tn 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 conside1.:ed identical to a simple PN junction. Incident 
pbotons create electron-hole pairs and the charge carriers 
are swept ·mt by the high field in the depletion region. The 
fraction of photons which actually creates electron-hole pai'rs 
is fairly constant at about 0,6. Responsivity R in amps 
of photocurrent per watt incident on the detector can be 

I 

calculated from 
.. --. '·.J 

R=~ ·A,j't{ 
he 

where x - radiation wavelength (0, 9 X 10-6 m) 

h - Planck's constant (6,6 X 10-34 J 

q - electronic charge (1,6 x lo-16-c) 

velocity of light 8 c - (3 x 10 m/s) 

giving R ' -6 10-19 - 0~6 X 0~9 X 10 X 
' 

X 10-34 
X 3 108 6,6 X 

- 0,44 A/W. 

s) 

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 Ga~s 
diode and the photocurrent measured using a lMQ load and 
synchronous detector. A calibrated bolometer was then 
substituted for the detector and the incident radiation 
measured directly, yielding the following result: 

Photodetector area= (1T /4)(0,5xl0- 3) 2 = 2 x 10-7 m2 

Power incident on bolometer (lOOrnm 2 = 1,3 x 10-4 W 
area) 

Po:Wer incident on photodete.cto~ = 2,6 X 10-7 w 

Vo 1 tage developed aero s s lM.Q load 
· resistor 

= l,OV 

= 1,0 X 10-6 A .. -
• • Photo current 

• • Responsivity = 3,8 A/W • 
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Shot noise 

The rms noise associated with a photocurrent It in a bandwidth 
B is given by 

or, in 1Hz bandwidth, 

5 6 10-lo . r-ri 
' X IIJ .J..t (A) 

lhe photocurrent It is made up of the steady component of 
modulated radiation (completely ne5ligible 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 
point·ed 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 23pW. Thus we have fc.>r the worst case shot noise 

= 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 10-lZ x 3,8 = 6 x 10-lZ W/ ~. 

Although ~his is the true NEP for the detector itself, the NEP 
which we would infer from S/N measurements at the 01.1tput of the 
receiver channel (post mixing) would be twice as great. This 
is because the receive channel is a heterodyne system, with 
OdB 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 (lo-11 lV I "-/Hz). 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 reaf;~nable, on account of the 
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high background radiation level, causing shot noise which . 
swamps all 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 amplifiers for electr<;>-optic conununications. 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 capacicive component of the 
load is compensated subsequently by equalisation. 1he 
traditional (and more widely employed) approach is to minimise 
the effect of capacitance by coupling the photodetector current 
into the virtual-earth point of a transresistance amplifier. 
Both approaches yield sir:nilar signal-to-noise ratio performanct~ .. 

In the case of distance measuring instruments the usual 
approach has been the former version, as load capacitance can be 
tuned out, exploiting the high-frequency narrowband nature of 
the signal. If the total load capacitance is C and t:-1.e allow-

. able Q-factor of the input tuned circuit is Q, the realisable 
load resistance will be 

Rr.oad 
Q 

2 TT f C 

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 cro~stalk 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, ~vhen 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 capacitance 

of say lOpF, on account of the stray capacitance associated 
with the .rather larg~ inductor required. In fact the best 
achieved was a Q of about 10 with 20pf capacitance. This 
represents a load resistance of 

10 tohms) 
2ft' X 150 X 103 

X 20 X 10-2 

1::; 0,3 M.O 

The noise current contributed by a FET of ~ransconductance ~ 
for a lMn source resistance is given approximately by (88): 

I = - 12kT ~ (amps) 
n V R ~ 

Taking ~· equal to at least lmS we have 

I ~ 
0 7 ~ 

-12 = 2, 3 X 10 A. 
n • 10-3 

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

The .. Tohnson noise in 1Hz bandwidth 
resistor is neglig~ble: 

associated with the ~Mll 

·I ·= -~ ~ps) 
WJ "~~~------~~ _ ..j4 X 4 X 10-21 

0 5 106 
' X 

A 

1,8 X 10-l3 A • 

The noise figure of the preamplifier is given by 

NF = 20 log 2 ' 3 + l' 6 .. dB 1,6 
= 20 log 2,4 
- 7 ,·7 dB 

' 

and the effective NEP is degraded to 2,4 x 10-ll W/ ~. 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. If 

we assume that the capacitance of the photodeteci.:or, amplifier 
input and circuit strays total lOpF we can calculate the 
maximum effective resistance that must be presented to the 
pho todiode as 

1 
2fr. f. c 

1 (ohms) 
zrr x 150 X 103 X 10-ll 

10 ttn . 
If an amplifier is used with a gain/bandwidth product of 
151'1Hz the g·ain at 150kHz will be a?proximately 100/90° = jlOO. 

Let the feedback resistor be RF. The impedance from the 
·virtual earth point to ground will be approximately 

R . 
R 

IN 
. F 

jlOO 

- jRF/100 

The input is therefore inductive with a magnitude ~/100. The 
maximum allowable value of RF is therefore 1 M.n . The noise 
current associated with feedback resistor Rf 

= ~ (A/ ,.ffz) 

-..., /4 X 4 X 10-z! rv 106 
= 

= 1,3 X 10-13 A/~ 

while the noise input current for a tvoical FET inout ooeration­
al amplifier, say the LF 356 .is about~io-14A/~.· Thu~ 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 lo-11w I '\1HZ was measured in 
section 4.7. 



y X 

-~ AtT\\ff:. PHoTODIOfX.. \7>1~$ t~L 

(i~Mu\crlu W~L ,;,A"'-~Wc.t.. "\ )() 



99. 

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 circ~it, 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 di.rect/invert~d 
m~asurement 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 ~1hen 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 whic!l sinks the direct photocurrent provfded 
by the photodetector while presenting 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 
prear,tplifier 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 th5_rd alternative - a straight transresistance amplifier 
with a decoupled feedback path for D.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 
necessary 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 ca~:cs 
satisfactory agreement was obtained between predicted and 
measured quantities and sufficient data has been amassed and 
interpreted to enable a paper design of a distance measuring 
instrument to be undertaken with confidence. 
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CHAPTER 5 

THE AZIMUTH-ANGLE MEASURING SUBSYSTEM 

5.1 INTRODUCTION 

The measurement of angle differs in a fundamental way from 
that o~ length, in that angle is dimensionless, being defined 
in terms of the subdivision of the circle, rather than an 
arbitrary ~tandard of reference. It will be seen in this 
section that this fact makes possible t~e use of some 
particularly elegant and powerful techniques for its measure­
m(mt leading to a simple and easily made angle transducer 
capable of a very high accuracy. 

Traditionally, the measurement of angle in land survey has 
been accomplished by means of the transit, or the more 

aceurate theodolite' which is an o'pto-mechanical instrument 
containing an optically divided glass'circle. The resolution 
and accuracy attainable is of the order of one arc second, 
or somewhat bette·.:: than one part per million, which greatly 

exceeds the accuracy of most electrical-output angle 
transducers ·Jf com~arable 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 
dev,:-.lopL.J.ent 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 
theodolite. 

A survey of the literature ~nd 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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an 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 sharing 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 sav:i.ng of both cost 

and space. 

5. 2 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 gunsight 
telescopes suggest that a reasonable compromise between 
angular resolution and angular fi~ld-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 

~202 - 10 2 arc seconds 

= 17 arc seconds. 

Hm·7ever, 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 
Sine~ the target specification calls for a complete update at 
least once per second, and the phase-measuring and readout 
circuitry will be sha~ed by the distance measuring subsystem 
and the azimuth and vertical angle-measuring subsystems, it is 
r~ason~ble 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 ou~ 
To achieve compatibility with the distance measuring sub­
system, the output should be in the form of the mu~ual 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. 

5. 3 SURVEY OF' ANGULAR DISPLAC~1ENT TRANSDUCERS 

Scope·of the surv~ 
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 
str=dn-gauge and the rotary potentiomete::::-. Such devices have 
no relevance to the present requireme·.1t 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 
i~o 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 Sydenham (YO). 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. 
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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 ~rimary transducers 
will be subdivided in to analogue ar.d 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 referring to a 
simple visual scale (a protractor) or automatically by 
incorporating a low resolution tr~nsducer on a common shaft 
and logically combining the outputs of the two transducers. 

Primary transducers (analogue) 

TI-.:e Re so 1 ver 
One of the oldest and best known ang1~ 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 quPdrature, 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 
accuratel7 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. 
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It should be noted that even in the case of a perfect two-phase 
resolver (i!e. one free of error), t}?._e one-to-one 

correspondence betweeD. angular rotation and phase angle would 
demand of the phase measuring circuitry an accuracy of better 

~ 

than 1~/(360 x 3600) or about 1 part in ~3 x 10~. It 
will be shown that, contrary to general opinion, this order 

' 
of precisicn can actually be achieved, but it certainly 
represents a considerable challenge, an~ a transducer which 
made less ~tringent demands on the phase-measuring system 
would be' pr~ferable. 

Modifications to improve accuracy - the Mllltipole 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 
rnultipole 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 ayeraging 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 fabricating a precise multipole resolver is 
greatly eased if the device is based on capacitive, rather 
than magnetic, principles. Highly accurate patterns can be 
produced on glass discs using photo-lithographic techniques. 
A pair ·Of such sir.11soidal tracks in mutual space quadrature is 
adjacent to an output track. The sinusoidal tracks are 
driven in time quadrature and electrostatically coupled 
to the output track by a set of radial sectors whose anguLc.:­
position represents input to the sensor. It i-s easily 
shown that the output phase will be a linear function of the 
input angle 9 

n9 

where n is the number of complete cyc:les around the circle. 

This transducer exploits a powerful principle of spatial 
averaging. Since the angle about a point is always precisely 
211, 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 linearf ty wi 11 of course depend on the accu-...·acy of the 
n 

sinusoidal p~ttern, as well as second order effects such as 
fringing fields. 

This transducer was first described by Radenbush in.l958 (95). 
A precision of about 6 arc seconds was claimed for the proto-
type, but no 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 "Inducto syn11

• 
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Other Analogue Transducers 
1Wo qther devices of high accuracy deserve mention. Both 
employ spatial averaging techniques: 

A complex optical angle transducer employing s~atial 
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 transdu~er 
is however extremely bulky (650mm diameter) and obviously 
very difficult to manufacture. It seems 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 averaging 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 l0-7pF). 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 
r~solution of 1 in 216 are made, corresponding to a least 

-16 count of about 20 arc seconds. However, 2 resolution 
requires 65 536 divisions and necessitates a large disc 
(typically 20cm diameter) if the <livisions are to be large 
en0ugh 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 comple~.ty by 
resorting to multiple optical sensor arrays and Moire techniques. 
An ingenious interpolation technique 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 g~ounds 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 
genuin~ single second accuracy. They are all of large 
diameter (typically gre~ter than 250mm) and cost around 
RlO 000. 

Secondary Transducers 
The static angle transducers described above may be consider~d 
as primary transducers in that angle is converted directly 
to electrical output, whether analogue or digital. 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 
iraterpolation 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 Chronom(:!tric 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 wer~ replaced by time-marks generated by the 
transition of a single mark 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 "tvill be 211' /w • The time delay T between 
the pulses produced by the two sensors when they are separated 
by an angle 9 will be given by T = 9/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 Dual 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 ind~pendent a.~. generators having their rotors driven 
at a constant rate. The phase displacement between the 
electrical outputs of the generators is ~ linear function of 
the relatiV(! angu.lar 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 
stator·s will produce 360° of electrical phase shift. Such 
a device will in itself be incapable of determining the 
number of integral degrees of dis?lacement (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 ney and 
Webb in 1958 (99). The transducer consists of a toothed rotor 
spinning inside a pair of similarly toothed stators, one of 
which 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. 1he 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 prin~iple. This device was 
marketed under the trade name Vernisyn rut seems to be obs::l~te 
and no account appears· in the open literature. 
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Critical evaluation 

The chronometric and dual4nodulator transducers shaTe the 

feature of interpolation in the time domain. They differ . 

in that the output of the former is in the form of a time 

interval between unique events, whereas the dual-modulator 

transduGers employ both spatial and time aYeraging, having 

an output in the form of the mean phase delay of a signal 

which is prcduced by the integrated contributions of a large 

number of elements distributed around the circumference of 

the input scator. These differences, as will be seen below, 

lead to important differences in performance, design 

constraints and sources of error. · 

Conclusion 

The high potential accuracy, inherent error-cancelling 

propertief~ leading to non-critical fabrication constraint~:, 

.and the output in terms of phase, constitute a ve1~-strong 

a-prio'lj;_ case in favour of some form of dual modulator 

transducer in the present requirement. · Accordingly a fairly 

extensive theoretical and experimental investigation of such 

devices was t..···!dertaken. This work is summarised in the 

appendices and in the sections which follovl. 

So4 S'IUDY OF DUAL ]\.IQDULAWR TRANSDUCERS 

In 01:dt!r to gain physical insight into the error mec!lani sm of 

this class of transducer, and in order to provide hardware 

against which theoretical models could be ·verified, it was 

decided to build capacitive, magnetic (variable reluctance) 

and electro-optic versions. Mechanical Hork vlas minimised by 

designing compatible systems which could fit interchangeably 

on a basic mechanical test-bed which consisted of a base 

contahi.ing a small d.c. motor and bearing-supported shaft, and 

an alidade mounted on a precision bearing system and free t:o 

-rotate concentrically with the motor driven shafto Special 

methods were developed to ·test the quality of the bearing 

system and it ,.,as determined that a bearing concent~ici ty 

(peak radial runout) of lOJ.lm and peak-to-peak tilt of aoout 

5 arc seconds was achieved. Later in t.he course of the 

development .a more comprehensive mechanical test~bed bec&."11e 

available, having provision for independent adjustment of 

tilt and eccentricity in addition to concentric rotc.lt.ion, 
but the design of this instrument ~-Jas carried out with the 

help of a mechanical engineering colleague and does not £0rm 
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part of this thesis. 

Detai'ls 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 

70rnrn 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 rG~ation of gear 
and drum produced reluctance variations with a resultant 

.change in flux linking the coil an(·t, therefore, produced 

an electrical output. 

The capacitive system used a matching internal ~~d external 
gear of 80 teeth machined to leave a lSOpm 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 stato-r" test proved to be a very 
powerful and important one. Clearly undr;~ 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 electro-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 wit:·. the 
potential and limitations of the technique and the evaluation 
of a theoretical· model which would pennit the rational design 
of a transducer. Several possible error sources 'lilhich are 
~ot disc't; ssed in the literature immediately came to light: 
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i) Crosstalk: The effect of crosstalk, or spurious 

ii) 

·electrical coupling between outputs, is to superimpose 
a sinusoidal perturbation upon the intended linear 
relationship between angle and phase. 1he 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 he relatively free of cross­
talk error. 

An alternative approach to eliminatin6 this source of 
error is to use a hybrid system, deriving the two 
signals by different methods (e.g. capacitive/magnetic, 
magnetic/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 seesor 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 
impeda..11ce of the sensor systems is complex, there will be 
a phase shift of the sensor output which is dependent 
on tha 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 of 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. 

·.tJ· = k8 ~ 0 
It was realised that an elegant and simple technique exists 
which eliminates this error completely, as well as doubling 
the resolution of the system. If the direction of rotation 
Qf the motor be reversed, clearly the sense of phase displace­
ment with respect to alidade rotation is reversed, while i;he 
p~1.ase error C) is unchanged. 1hus we have: 

¢' == -ke ... o 
On subtracting we ha.ve an expression fromwhich the error 
has been eliminated: 

-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 ~.identi=al 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 clue 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 geomet~v and is discussed 
in greater detail in Appendix 5.3. Their significance can 
best be sum~arised, and design of the transducer facilitated, 
by drawing attention to the fact that there exists a number 
of binary choices: 
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I 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 inters~ctio~ 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. In.tersection type sensors yield an 
output whi~h 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 electro-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, severe problems due to eccentricity were experienced 
with the integrating capacitive device. This was eY.acerbated 
by the small gap width necessary to obtain appreciable output, 
on a·.:count of fringing effects. The variable reluctance device 
was somewhat more tolerant in respect of gap width, but here, 
too, eccentricity ?roblems were experienced. In addition, 
spurJ .. ous phase shifts were experienced due to permanent 
magnetism and external magnetic fieljs, 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 nor 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 

d~scri~e~ as having cylindr~cal geometry and integrating 
proximity-type sensing. Accordingly 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 t~uly 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 measur~ the 
phase displacement of each . d~_~e~r_<:lly-oppo sed 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 ~Jccessful, 
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 aillplitude. 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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5.5 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 velocity w radians/sec. Ihe index 
marks consist of ~lterr.ately transparent and opaque bars 
parallel to the axis about which the rotor spins (called thP. 
"spin axis"). An electrical signal having the form of a 
trapezoidal wave is 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 sensor, and it is radial with respect 
to the rotor - that is to say the line-of-action when 
produced 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. To provide 
error checking capability a further set of sensors C and D 

·was arranged on a diameter orthogon.al 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 sensor, is 9. 

The reference and input,sensors will each produce a periodic 
electrical output signal of frequency: 

f Hz, 

where n is the number of rotor divisions. 

Th-;;, signals will have a relative time displacement 't where 

~ 
9 (seconds). = w 

We may write this as a phase delay CJ where 

CJ = 2 Ti 'I 
T 

= 2rr e ~ 
w 2'tT 

= n9. 
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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 CJ is 
periodic in 2 1T , the output will be unambiguous for input 

angles-which are a multiple of (2·ii /n). 

Practical implementation 
The rotor was made by attaching a suitably divided film strip 
with 200 civisions to a metal drum of SOmm diameter. This 
was spun at about 2000 rpm by a small permanent magnet d.c. 
motor, yielding output frequencies in-the vicinity of 1000Hz. 

The drum and sensors were mounted on the mechanical test bed 
assembly described above. I'wo orthogonal sets of input 
sensors were used. The infra-red emitting diodes were biased 
at SOmA and spaced lOmm from the phototransistors, yielding 
a peak photocurrent of about lmA. 

The signals were 1:roces sed by a Krohn-hi te digital phase meter, 
and later, by a specially developed microprocessor-based 
phase-measur.·i..ng system. The processing aspects are discus.sed 
in more detail in Chapter 6. / 

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 lV when the rotor rms 
was stationary, or the light path blocked. Noise was about 
100)-lV. The resulting signal-to-noise ratio of 80db was 
adequate for a phase measurement to 0,006°. In practice, 
~~tor 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 
res~tient 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 filB strip would 
be used. The graduated cylinder would most likely be 
produced directly on a sensitized r,:iass or perspex drum using 
e.n indexing mechanism and photographic methods,. and so the 
problem would not arise. 

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 dete1~ination 
results ~s long as the phase meaSL'rement is averaged over an 
integral number of drum rotations. 

]nitial Evaluation 

~e solution and repeatability 

Initially, digital p~ase readings on ~he Krohn-hite phase-meter 
were wildly erratic. To establish the cause~ the analogue 
output of the phase-meter was examined using an oscilloscopeo 
It was found that the phase angle between the reference signal 
VR a~d any one of the signal sensors exhibited a peak periodic 
swing of about 5°, suggesting a rotor.eccentricity E.r given 
by 

t = (25 x-io-3) x tan (_2_)
0 = 1o-4m · r WO 

Eccentricity of this order is hardly surprising - indeed it is 
remarkably. small given the method of manufacture. This 
explanation was confirmed by noting that the peak value of the 
sinusoidal swing was itself a co sinusoidal 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 
'Vlas carried out simply by low-pass filte-ring the output of: the 

Krohn-hit~ phase-meter. For later -vmrk 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 0,05°, corresponding to 
a mech~ical 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,. 
in the case of the digital system, numerical truncation 
errors. The error from this cause was, in any 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 
l~m, it was felt appropriate to perform an in situ measurement 
of input/spin axis eccentricity. 

A straightforward 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 15#-!m exists. 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 error·s 
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 ~PAC and 6PBD leads one to expect 
that the mean ~ ( .6P AC + .6PBD) 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, i.t seemed justified 
to proceed with more complete testing. 



reference \heodolite. c.oJHniQ\o~ theocl.o\ite. ltgh~ sourte 

rr--'7-t~--..--.-A ...-----.! 
' ...>.:...~,+~ 

stable support 

1~ 

IS 

ERROR 1o 

( '') .. ~--+---+--......fr.--i--'-:-+--+-~~-r--+--
\ l30° 

-15 
-20 

+to 

'· 

' ' 
' . ' 

E:RROR ••o ·\ 
(II) O 1'=----+~--7-:,..._;:~::---+:"-J--:-~~:-:-+:;-r~ 

01o\ 1,o• ... ,0. 
short~·period. error: 



120. 

Overall testing 
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 glqba:'. tests that peak error is less than 15". 

Root-mean~square error or standard deviation is less than 10 

arc seconds. 

Reference to manufacb1rer's literature and an intercomparison 
between thr~e 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 t~7o 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. 

5. 6·' DESIGN OF Mkii PR01D1YPE 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 (SOrnm) was c0nsidered 

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 mag~itudes of periodic and random error suggested 

that little if any accuracy would be sacrificed by a 40% 
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, adjus'l:ments and 

maintenance became somewhat difficult. lt was therefore 
decided that the rotor should have a diameter of 30mm. · 

(c) The provisio:t of 200 index marks on the rotor leads to 
an unambiguous range of only 1,8°. 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 11,25°. 32 was chosen rather than, 
say 30 or 36 (which would have given a 12° or 10° ra>:1ge 

rather than the somewhat odd-looking 11,25°), 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 a~biguity over the complete 360°. This was observed 
to operate correctly. The accuracy requirement on the 
coarse .determination of angle in order to avoid an ambiguity 
error of 11,25° is that the error should be less than half 
th2 period of the fine measurement, i.e. 5,625°. In practice 

a precision of say 2° affords an a.d0.quate 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 10-6 /15 x 10-3) or 0 , 11° • 

Fitting together the coarse and fine measurements to produce 

an overal,l result is a trivial operation in modular 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 "t-lould probably be-under microprocessor 
control, ani 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 out by measuring the phase between signals from 
adjacent 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 VA' VB~VC and VD 
was measured against the reference signal VR. , . ·· 

Let the result be CIA' CJB' Clc, CJD. Now .::he average phases 
~(CJA + CJB) and ~ <CJc + CJD) were competed. Let these be 

CJ - and' CJ -· 
AB CD 

As ·shown in Appendix 5.3, ~ and CJ __ are free from .. AB CD 
eccentricity error. 

Hence (cp __ - CJ_) should be constant ·Hi thin the accuracy of 
AB CD 

the transducer. 

This is a necessary but not sufficient requirement. It is 
however a valuable first ~neck on transducer performance. 

r. 

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. 
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5.7 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 transd,lcers of much greater (sub-second) precision 
and it is hoped subsequently to carry out work in this 
direction. 
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CHAPTER 6 

PHASE MEASUREMENT 

The precise measurement of electrical phase angle is crucial 
to the.measurement of both range and angle using the subsystems 
described in previous chapters. This chapter will consider the 
perfonnance required of the phase m~asuring system by each 
of the subsystems, review phase in~trumentation techniques, 
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: 

Strictl~ relative phase is defined in electrical engineering 
only for. two sinusoidal signals m: the same frequency. For 
example the phase angle between two signals A sin w t and · 
A sin (wt + CJ) is given by the angle (J. Clearly CJ + 2n'\l' 
is indistinguishable from CJ therefore phase is.periodic in 211 
radian intervals. It is, however, possible to generalise 
the concept to cover the case of any ~eriodic signal under­
going ~1re transport lag (linear phase shift). 

Consider any repetitive function of time with period T, 
i.e. f(t) = f(t + T). Consiner the signal f(t) delayed by 
timeT •· If the signals are identical in all respects 
other than their mutual translation by time ~ we may say that 
they have a mutual phase displacement ~ where: 

rJ = 

Clearly when f(t) =A sinwt, phase as defined above has the 
normal meaning (J. It we detennine phase in relation to the 
instants of zero-crossing (as is conventional) we may still 
speak of ohase 211 y whE:n 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 wavefonns. 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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In much of what follows, particularly that relating to angle 

mea~rement, it is the broader interpretation or "phase" which 
is intended, and we are not limited to sinusoidal signals. In 
the case of distance neasurement, waveform is not invariant and 
we are restricted to the more usual interpretation of phase 
shift - i.e. as that of the fundamental FOt~rier component 
of a signal. 

6. 2 PHASE MEASUREMENT REQUIREMENTS 

Range measurement 
ln the section on the choice of modulation frequency, it was 

assumed that a precision of phase measurement 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 rer:uced to, say 20db by AGC methods (see 
Section 6.6). 

Angle measur..,ment 
For the case considered (32 drum divisions), a prec~s~on of 10 
arc ~econds requires a phase precision of 1 part in 4 x 103• 
However since the signals are internally generated there is 
no riynan1ic 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 
measuring circuitr.f, although the former dictates the precision 
demanded. 

6. 3 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 means is then required for phase shifting one of the 
input sign~ls 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 preci~;ion 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 lini ted 
signals diff~rentiated and caused to set and reset respectively 
a two-state aevice such as a RS flip-flop. The duty cycle 
"C /1' of the waveform appearing at the output of the flip-flop 
is then linearly related to the phase angle ~' by 

d. . "t:' 
'I' = '2.11 T . 

The output waveform may be voltage lb1ited and low-pass filtered 
~o 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 (106-111), and a 
comprehensive review of digitisation methods has been presented 
by Kuzn-etskii and Chmykh 0.12). 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 frequencies and dynamic range specified 

in t~e present requirement, the accuracy claimed is usually 
. 0 -4 about 0,1 (or 3 x 10 ) but recently rather complex and 

expensive instruments have become commercially available 

having an accuracy of 0,05°. The most accurate phasemeter 
report~d in the literature has a stated precision of 0,01° 
(110). Thus it can be seen that the specified requirement 
is not unreasonable and the develoFTient effort, drawing on 

all the available published material, was aimed at producing 
a simple, economical and reliable system. 

6. 4 SOURCES OF ERROR - AN OVERVIEW 

Errors may be grouped into analogue and numerical categories. 
Analogue errors are associated with the squaring or hard­
limiting ope·.:::ation, and numerical errors with truncation and 
roundoff errors in the digital and numerical processing. 
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 qf 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. 'Ihese 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 ir .. Appendix 6.1. 
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Other sources of analogue 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 the measured 

phase to frequency shift. Straightforward techniques, 

based qn signal inversion, exist whereby tl.ese effects can 

be cancelled almost completely. The theory has already been 

dealt with in sections 4.7(c) and 5.4. 

The dependence of error on signal-~o-noise ratio, crosstalk, 

harmonic distortion and comparator drift is &'UIIIITlari sed 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 ·o...,o45° or· i,25 x 10-4 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: 

.fS7N 
Crosstalk 

Distor;tion 

Drift 

Digital errors 

-z2o 
8 x to-4 

0, 1 io 
< lroV 

The remedy for errors produced by numerical truncation is 

obviously the provision of m0re bits. There is one source of 

digital error however which does not fall in this category. 

It relates to the conversion of the mark-space 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 hUmber of clock pulses occuring duritig a 

"mark" to the total number of clock pulses in a complete cycle 

of the incoming signal. Suppose M clock ~Jlses 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:r we 
clearly need at least p or p/2 clock pulses per comparison 
frequency period (depending on whether or not the clock 

frequency is constrained by a feedback loop to produce 

exactly M pulses per period. If this is the case, the 
truncation will occur only for N.) Since partial gated elock 

pulses are counted as clock pulses if they exceed the response 

time of the counting circuitry (say lOns for T1L), the error 

has a rectangular probability density fur.ction tvith an <:!.vera.gc 
value o1.· bi.as of cne···half clock p-.. llse~ 
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Techn.igue s 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 pul:.;e train (113) - a technique '''hich appears 
in many 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 freque:1cy translation by heterodyning (114). In many 
ways the us-~ of such techniques is equivalent to increasing 
modulation frequencies in distance measurir•g 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 t·;hich 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 'negative pattern' 
greatly reduces susceptibility to level-dependent phase 3hift. 
In the case of angle measurement the signal levels are 
constant and frequency multiplicatio·n can be used without 
any serious problems, but here we are not really resolution­
limited and there is considerably less need for the technique. 

It should be borne in mind that we have already exploited 
one such technique - that of heterodyning. By translating 
signals from f 1 to f 2 while preserving phase-shift we 
effectively realise a time expansion equal to f 1 /f2• 

6. 5 METHODS OF TESTING PHASEMETERS 

Seve~al accounts of phasemeter test methods haye been 
published, especially in ti1e Russian literature (115-117). 

For the present purposes, however, two simple techniques were 
evolved. 

Direct comparison 
If a reference phase~eter is available, the system under te5t 

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 i~ 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 ::espond 
differently to the variously-phase-shifted harmonic components 

in the signal, unless it is a pure s5.nu.soid. 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 
wavefonns 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 intere~t. 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 th8 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 ldentical 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 
-8 clock-skew and other timing errors on the o.rder of 10 s. If 

the signals are being simulated at a frequency of 1kHz, this 
represents a phase error of 1 part in 105 which is well 
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 st~ge 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 ~tual phase relationship to change by 
36° exactly. The word exactly may seem imprecise but if we 
assume no ~oupling 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 coupling wa.s used to control spurious cross­
coupling. The phase shift of the two units agreed to a 
standard dev .. ation of better than 2 part~ 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 t:ne writer it deserves to be better k.I.own. 

6. 6 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), information about the relative phase displacement~ 
of the original signals. In order for the relationship 
between ( -c /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 ( "'C /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 stochast:'.c system 
implemented in HSI TTL. It worked extremely well but was 
not ideally sui ted to the very rapid deterrr,ination ideally 
required, 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 comf'..lte the ratio ( 't /T) 
directly. All that was required in addition was a pair of 
highspeed counters resident on the microprocessor 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 addi~ion the microprocessor waa 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 par·t 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 validate~ soiutions 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 O,SmV- lV dynamic range into a more readily handled rms 
compass - say O,SV-lV. This represents 60dB of automatic 
gain control, and it is necessary to accomplish it without 

i) introducing level depend~nt delay or phase-shift greater 
than 1 part in 3000 (i.e. 330ns in the 1kHz signal). 

ii) 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 

transistors caused appreciable distortion even when feedback 

·compensation was attempted. Two methods which appeared 

promising were an attenuator based on the J)hoton- coupled FET 

(119) and one based on a balanced pair of FET's in a new 

analogue-mul~iplier configuration (120). 'Jhese were not 
however pursued once it was discovered that an adaptation 

of a simple two-stage amplifier using emitter-coupled pair 

stages wi tl:, tuned collector loads originally developed for 

another purpose (121), performed more than adequa.tely -

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°) diff~rential phase shift. Excess phase shift 

" 

for very strong input signals was found to be due to capacitive 

base/col1ector coupling competing with the drastically 
reduced transconductance of the transistors for these input 

levels. If an even wider dynamic 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 e. signal compressor acting directly at 150kHz. At this 

frequency it far outperformed the competing versions. 

Zero-crossing detection 

A scro.ightforward approach to determining the instants of 
zero crossing is to apply the gain-compressed signal to a 

.. zero-referenced high gain compara.tor. There are two 
principal sources of error: 

i) Saturation of successive stages in the comparator causes 
a delay between zero crossing at the input and output 
level 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 "overd!"ive 
factor" and the provis-; .. on 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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ii) Input voltage drift at the comparator input, or input 
,voltage offset resulting from input offset current and 
de 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 negativ2- 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 
remov~d. 

Other ingenious systems for minimising zero-crossing errors 
have been proposed (108;109), but in fact the earlier gain 
compress~on 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 refer~nce input is derived from the 
average de level of the input signal via a low-pass filter. 
It is easily show!~ that. a signal formed from the difference 
of a direct and a low-passed input signal is equiyalent to 
a high phase version of that signal. The low-pass filter 
has a long time constant (-1 sec). and the signal is effectively 
limited, output transitions occuring within a f.ew millivolts 
(due to amplifier voltage offset) of the input zero crossings. 

To :~15.minate the effect of the offset, the comparator output, 
which slews at about 107V/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 pulse which sets or resets 

·a RS flip-flop formed by cross coupling a pair of TTL 
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. 
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Experimental results 

Outputs from the digital phase generator (which had previously been 

shown to be free of systematic error down to 1 part in 106) were 

used to drive the inputs of the system described. The outputs of the 

flip-flops gate lOMHz pulses from a crystal oscillator into one 

of two parallel 24-bit co~nter 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 multiplying by 

360 and presented the result directly: 

Phase 
incre­
ment: 

0 36 72 108 144 180 216 252 288 324 360 
(degrees) 

Error: +0,01 -0,02 -0,02 -0,01 +0,01 +0,02 

Peak error is 0,02° or 1 part in 18000 . 

0 +0 ,01 +0 ,01 -0 ,01. -0,02 
(degre~s) 

A check was also carried cat, using a precision attenuator, on the 

sensitivity of phase to level: 

Signal level 
error 

lmV 

+0,05 

lOmV 
-o ,o2'' 

lOOmV 

-0,01° 
lV 

0 

The peak error at lmV level is 1 part in 7200. 

3V 
0 

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 

7.1 INTRODUCTION 

We hav~ 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 inte11ded 

to measure the angular displacement of the alidade of the ' 

instrument relative to an arbitrary datum in the horizontal 

plane. There is no reason '\vhy a similar (or identical.) 

transducer should not 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 production costs • 

. In the case of a vertical angle measurement, however, a new 

element is reqU.ired. Vertical angles in survey practice are 

determined not in relation to an arbitr~ry 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 

TI1e precision of vertical angle fixing demanded (see 2.4) 

is 20 arc seconds- hardly.di.fferent from that in re~pect of a 

horizontal ar.gle. 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 specif-
·---·- ----- -

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 "\•lill 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 on 

average to follow a path having a radius 7 times that of the 
earth (i~3 ). 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. :fuis 

amounts to n2 /4R when R is the earth's radius, 6370km, or 

rather less than V3 ')f a metre for D = 2kn. ntese effects 
are totally 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 teles~ope 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 visual and optical 

effects may then be estimated as (lo 2-- + 6 2)~ or about 12 

arc seconds. This leaves, for the combined error due to the 

transducer and the vertical reference, an c~rror of 

(20 2 - 12 2 )~ or 16 arc seconds. Since we can readily 

achieve a standard deviation of lO·arc seconds for the 

transducer, the precision of the 

(in term~ of standard deviation) 

or 8 arc seconds. Actually this 

vertical reference should be 
2 2 1-no worse than (10 - 6 ) 2 

is not a sufficiently string-

ent requirement, ~ince 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 pe2k absolute error for the vertical reference no 

greater than 5 arc seconds. 

As we have seen in 2.4, the range of the vertical reference 

device should be such as to be able to cope with di slevelment 

of Lhe instrument over at least 50 arc seconds. The required 

linearity over the working range is thus 10%. 

Classical survey 2ractice 

Classical practice is represented 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 comper.sator 

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. 
are known to exist: 

At least two such transducers 

1) For use in the aerospace industry several manufacturers 
(Kearfott, Hamlyn, Singer) have produced horizontal accel­
erometers, in which a pendulum in a force-balance servo is 
automatically returned to a datum position. Tile output of 
the transducer is proportional to the electrodynamic 
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 acl:ieved 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 W·..;'uld 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 cer~ic. The cavity is 
hal{-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 i.s 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 liquid and a solid is notoriously 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 range level sensor should 
be used in conjunction with a version of the angle transducer 
developed in chapter 5. 

7. 2 . SURVEY OF LEVEL SENSORS 

In order to become familiar with the possibilities and 
limitations of the various approaches, a comprehensive 
literature survey was unde.rtaken, as well as some simple 
experiment s. 

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 l~vel, various devices such as the Niv~ltronic 
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 ~~ 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 
propo.rtional 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 



1\tt ELECTROLYTIC. BVSSI..E. So.lSO~ 



140. 

for the required application but the device is too 
larg~ 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 limited­
range tilt sensors for use in the static levelling of 
platforms for inertial navig&tion. They are miniatur­
ised versions of the electrolytic bubble devices 
discussed above and are available at moderate cost 
from the Hamlyn Company. The:r 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 st~ble 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 eel sius. 
It was reluctantly concluded that this otherwise 
attractive solution did not of=er adequate accuracy. 

4) S9ecial purpose applic~tions. 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. Motion of the graphite as the assembly 
tilts i5 detected by a pair of photocells. The main drawback 
is that, owing to the weakness of the diamagnetic E".::fect, 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 susper.ded 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). 

Mer:cury Pool Til tmeters 

Stacey et al (126) have described a sen.si.tive 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 sui table choice of ele_ctrode 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 mercu~y surface, 
with consequent error. 

Experimental Submerged-electrode Versions 
Attempt.; 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 intractable- 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 has been exploited in the vertical angle 
indexing system of the Kern single second theodolite. The 
vertical _~_ndex 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 prevent 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, ~igher 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 ?articularly 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 using 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 Lhem performed entirely satisfactorily despite considerable 
experimentation. 

Precise pendular systems 
A very s~nsitive 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 aE­

little as lo-14m can be reliably measured, with drift of the 
order of 10-9 radians per day. (128). 

7. 3 A CRITIQUE OF THE TECHNIQUES SURVEYED 

Broadly, the methods fall into two classes - those which d,, 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 attainable mechanical tolerances, but it i~: 

inexpensive on account of a very 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. 

7.4 DESIGN 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 si~ple low cost miniature 
version could be designed for use in the pres~nt 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 necessary 
to keep in mind the extre~ely small forces involved - a 
simple pendulum of mass lOg_tilted from the vertical through 
an angle 10 arc seconds experiences a restoring tor.que of 
only 5 x l0-6Nm. This places very strirgent demands on 
both the displacement transducer and the supporting pivot. 
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 instrum~nt 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 
support might be deficient in respect of shock tolerance, and 
alternatives were considered such as a quasi-kinematic 
support (129) and a·miniature precision ball race, following 
current practice in Japanese theodolites (130). In the 
end it was decided that the best approach was a highly 
compliant fle~Jre pivot, and a displacement measuring system 
tolerant 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 reteins a strong dipole 
action with respect to the gravitational gradient. 

iii) A highly flexible and compli~nt 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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angular 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 ~ 
bridge-configured set of four electrodes. The output 
is, to first order, sensitive only to angular displacement 
of the pendulum relative to the electrode system •. 

Since the pendulum is free to rotate in two mutually orthogonal 
planes, an additional orthogonal set of electrodes (driven 
at a different, 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 lOmm in diameter and 30mm long, 
and electrodes each Smm x lOmm, with a nominal gap of O,Smm. 
The capacitance between an electrode and the pendulum is 
roughly lpF. A tilt of 10 arc.seconds causes a change of 
differential capacitance at the lower pair of electrodes _., 
of some 3 X 10 -'pF. This is indeed a small capaci t·ance 
change but it has been conclusively shown by Jones et al 
(127) and by Skalski (131) that by using appropriate guarding 
techniques and synchronous detection, capacitive 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 FJBBLE 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. !he 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,Smm 
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 
:novement. 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 capacitance 
was monitored by connecting two of the electrodes as part of 
t~G resonant circuit of a lMHz transistor oscillator, having 
a tuning inductanc~ of lOOmH. The oscillator frequency was 
plotted vs bubble.displacement. From this it is readily 
cc-;.lculated that lmm of bubble movement produces a capacitance 
change of O,OSpF. This is some ~7 x greater than the 
differential capacity change predicted for the pendular 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 ~o variation in bubble size with temperature. A simple 
experiment (placing the vial in a refrigerator) showed that 
bubble length (nominally 6wm) decreases by a factor of 

0 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 h~ve 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. 

th.e 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 reason to think the results would 
differ appreciably. Zero stability over the 25°C temperatu1. 'o~ 
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 verifi~d 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 t.he moderate precision 
require4 quadrature drive could be used for the two pairs of 

electrodes, but if crosstalk is a problem, different frequencies 

~--~---..- ------------..- --------·- -~------'"r--·· --------·- ... ----
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could be used. Detailed tests were not carried out on this . 
mode, since it is probably not required in most applications, 
and a suitable sensitive circular bubble was uot available. 
The system was however constructed with a low cost bubble 
having a sensitivity of lrnrn for 10 arc mim:tes. Apart from 
the reduced sensitivity, the system performed satisfactorily, 
with less than 3% spurious cross-axis coupling. 

The effectiveness of this simple aPd low cost method of level 
sensing is a vindication of the strategy of adapting, 
where possible, precision components which are inexpensively 
available due to the sophisticated manufacturing processes 
possible in high-volume production. It is thought that 
the syst~~ 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 proP9sed 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, formulated the operatio~:.al requirements of a new 

instrument and cast them in the form of a specific target specific­
ation for its design. The second chapter 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 me::J.suring system was indicated in which as much of 

the circuitry as possible was shared between the various functions. 
Subsequent studies showed that the two principa1 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 close atten~ion 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 to 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 hi story, theory and practice of range· 
measurement by electro-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 
is 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 develop.11ent of a new transducer. A comprehensive 
literature survey discloses the existence of a powerful but little­
known technique for anglo 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 
procern1res 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 rar~ge 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 de~ls 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 sen sing 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 comr:-Tehensive engineering of an instrument of this complexity is 
an ambitious task which is properly the work of a team of engineers 
and technicians over ~ period of several years, &nd is beyond the 
scope of this thesis. What is presented here is the outcome of 
the research-and-development phase whicr. must precede production 
design. A novel integrated survey instrument based on phase has 
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been propos'ed 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 exhi bi. t a potential accuracy and versatility which far 
exceeds the modest requirements of the present instrument. These 
techniques could with advantage be applie~ 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 as a function of angle, I(8)' can 

be modelled by the relationship (reference 23) 

·.soiJrce 
pola.C"'" dtagr"am 

r = 
p 

I
0 

(cos 8) 

where I
0 

is the on-axis irradiance. 

If th~ full bearnwidth between half 

intensity points is 2~8, p is given 

by 

p = 
log 1 o 1/2 

log~ 
0 

cos 68 

In the case of a TIXL12 the polar diagram is virtually hemi­

spherical and_ for 8 < 18d, I (8) ~ I
0

• More typically the 

source is approximRtely lambertian, with p = 1. 

2. Transmitted power in a c.one of semi-angle eT 

Suppose the radiation from a source is collinated by a lens of 

diameter DT with a focal length f and a transmission factor T. 

The power transmitted by the lens 

will be 

= J
8T 

T I (8) {2'IT sin e}cle 
0 

For a Lambertian radiator 

I (8) = I
0 

cos 8 and we have 

= 



I ' ? 

= 

(1) 

where AT is the lens area and <1> is the numerical aperture 

f/DT. For the case where DT = 60 rom and f = 200 ~~, <1> = 3,33. 

The term in the brackets is therefore very nearly unity (0,98) 

• 
= 

Clearly AT/f 2 is very nearly the solid angle subtended by 

the l.ens. 

3. Beamwidth and beam intensity 

· In the far-field, . Dr (size of the source image at a distance 

R) is given by o
5

.R/f, where Ds is the source diameter. 

Therefore the power density P(W/m2 ) in the image is given .by 

Substituting 2 into 3, 

p = 

= 

.:P = 

WT4f2 

1TD2R2 
. s 

T I A 4 f 2 
o T 

where A is the source area. ·s 

(2) 

(3) 

It should be noted that I /A is the source radiance N5 (W/m2 sr) 
0 s 

p = 



4. Received power 

If a receiver lens sys.tem of transmittance TR and area AR 

intercepts the beam at distance R, the received power WR is 

given by 

• 

If the minimum required received power is WRrnin' the maximum 

range is given by 

R 
= /T TRNS AT AR 

· WRrnin • 



APPENDIX 3.2 

MEASUREMENT OF SOURCE RADIANCE NS 

Method 1 

Ns is calculated from measured values c£ irradiance I and 

source area As. 

= 

A can be determined by visual inspection, or using an infra~ ,S 

red viewer to .observe its projected image. Most accurately 

it can be determined radiometrically, scanniug the imaged 

source with a moving photodiode, and plotting the irradiation 

profile.. Correlated values of mean ir~-:-adiance and effective 

·source area can then readily be obtained. 

Method 2 

A magnified image of the source is formed by a lens system of 

Jsnown magnification and transmittance. Radiance can then be 

directly determined from the power falling on a small photo­

detector located within the image. 

Let As be the source area 

f be the lens focal length 

~O'\'OOE.TCC.T'OR R be the distance to the 

~~ 
image 

~~r---ttl-- TL be the lens trans~ittance 

I A be the photodetector area 

"' 
p 

'~~ Image 
w be the power incident on p the photodetector 

~ be the lens area 



( 

N s As Ar. A-

wP 
R = , .. ----

T. f2 A (R/f) 2 
L s 

= 
Ns Ar. AR TL 

TR2 

,Wp R2 . :,. = . . Ns -· 
,~ AR TL 

If MKS units are used, N will have the units wm- 2 sr -l 

Conventionally N is expressed as N' W/cm 2 sr 

N' s = 
10-~+ W R2 
... p . 

In e,e experiments, a 60 mm diameter lens was used at an 

image distance of 1 m. The photodetec~or had 1 mm diameter, 

and a responsivity of 0,4A/W. The lens transmittance was 

measured a!: 0,8. 

= 

= 

In terms of the photocurrent I , 
p 

N s = 

lo- 4 • w 1 . p • 

An advantas:;e of this method is that the mean effective radiance 

over the solid angle subtended by the lens is automati~ally 

obtained. Because it is a focused system photocurrents on 

the order of 1 m A arP. obtained. These can be measured 

directly without the need for modulation and synchronous 

detection. 



APPENDIX 3.3 
I S 7 

RELATIONSHIP BE'IWEEN APER'IURE, 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 ~ = f/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 

n3 
d - 0,07 2 

f 
-2 = 0,07 ~ D . 

Tirus for CJ = 3,33, d/D = 6,3 x 10-3, and a simple lens of 
60mm diameter will have d = 0,4mm. 

The optimum configuration for this application (~ssuming 
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 therefor~ be seen that at CJ = 3,33 a 60mrn plc.-.no­
convex lens is just adequate for a 0,4mm 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 n 2• The lens configuration 
progresses from plane-convex to meniscus in the direction 
of the focal point. 

A novel approach to the design of a simple collimator lens 
is to use nearest .the focal point a lens whose inner surface 
is concentric with the focal point of the entire lens system. 



If tqe 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 fvcal point 
is magnified 1, 5 times without any spherical aberration. 
We are.here exploiting the freedom from ab~rration 
exhibited by the aplanatic points of a spheri~al surface. 
The process can be repeated in subsequent elements but 
the final one must of course be pl~no-convex, and in this 
element alone (which has a much higher CJ) we incur spherical 
aberration. An experimental desigti along these lines 
is 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 = 200rmn 

rather than the predicted value of 120rnrn) but this is 
probably due to the fact that lenses having the exQct 
calculated values were not available. 

TI1e aplanatic design is strictly limited to the on-axis 
porformance 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 inl:erests of compactness. 

,,.... 





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 optimistic 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 therefore 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•-i~.lal to that of· the 
test lens. 

The test lens focuses the incident radiation onto an 
apercure behind which. a large area photodiode collects the 
radiation which has passed through the aperture. Various 
precision pinholes form the aperture, ranging from lOpm 
to lmm. To test the energy encircled by, say a 10~~ 
diameter circle, the phot~current is measured with a large 
aperture in place. A lOOpm aperture is then substituted, 
the lens carefully focused for maximum photo current: and 
the photocurrent determined as a fraction of that with a 
large aperture. 



METIIOD 2 

The first method cannot be us~d unless a sui table collimator 
lens is available, having an aperture greater than that of 
the test lens and superior performance, 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: 

' 1 

. I .=, 
~ST LEt-IS I 

Tll.:TE£> 
MIR..f~o~. 

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 760min Hg) L; given by 
the Barrel and Sears (1939) formula adopted by the IAG 
in 1963. Strictly this applies only in thr: visible range, 
but the effect of dispersion is slight at the near-infra­
red end of the spectrum, and it se~ms well justified to 
apply the formula at the near-infrared wavelengths used in. 
instruments with a gallium arsenid~ source, where 
A = 0 , 90 to 0 , 9 3p.m. 

The Barrel and Sears formula for phase refractive index gives 
t'l¢ .= 1 + (287 ,6o4 + 1,6288'A~4 • + o,o136,(tt.> lo- 6• . (1) 

However, due to the effect of dispersion, this is not the 
velocity with which a change in light amplitude is propagated. 
Therefo·.ce, for instruments employing modulated light, one 
must use the group refractive index ~g given by, 

. .A. d-n¢ \, (2) 
f'\9 = J 'f - dl. • 

from (1) and (2) 
ng =_1 + {287,604 + (3 x 1,6288)~-2.+ (s x o,ol36)A~4 )1o-G (3) 

This gives, for 
A = o,9Jnn 

1 1 
}.. = 0 ' 9 3 }Art\ 

ng = 1,ooo2937 
tlg = 1,0002933 

It can be seen how slight i~ the effe_ct of dispersion. 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 

and takesN from the above discussion as 293,3 at S.T.P., it 
can be easily shown that 

where 

p 
Ns = los,s {273 + t> 

P is the barometric pressure in mm Hg, and 
t is the atmospheric temperature in °C. 

(4) 



. '. 

Effect 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. This is given by, 

I N· ·' = N.s· + .N 
! 9. 

where 

where 

~-N = -15,02 e 
i . (273 + t) 

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. 

i'1agni tude of N: (sign is negative) 

Dry Bulb Temperature oc -10 0 10 . 20 30 40 

Wet Bulb Depression 
oc 0 o,1 o,3 o,s o,9 1,6 2,6 

10 0 o,2 o,6 1,3 

20 0 o.,4 



APPENDIX 4.2 

POSITIVE AND NEGATIVE PATTERNS 

Consider two signals having the same-frequency f and a relative 

phase angle ¢. We can represent them by 

cos 21T ft and 

cos (21T ft "+ <P> • 

' -

To facili ta-l:e the measurement of <P it is convenient to trans~·-ate 

them in frequency by multiplying each by cos 21T ~' t , . by giving 

cos 21T ft. cos 21T f't, and 

COS (21l"ft + ¢). COS27T f't 

which we can write as 

~ { cos 21T ( f - f ' ) t + cos 2rr ( f + f ' ) t } and 

~ [cos { 21T ( f - f ') t + <P}. + cos 21T { ( f + f') t + <P}] • 

Selecting the lower sideband by low-pass filtering and putting 

f- f' = b.f we are left with 

~ cos 21T 6. ft and 

~ cos (2rr6. ft + ¢) • 

Iff> f', b.f > 0 and the low frequency signals have the same 

relative phase angle <P as the original pair of signals. 

\ 



If f < f' ~f < 0. , 
ment note that 

To see the effect on the phase displace-

cos (-2·rr~ ft+ <f>) 

= COS {- ( 2 TI fl f t - <f> } } 

= cos (27Tl! ft.- <P> • 

Thus the sense of phase displacem~nt is reversed relative to 

that of the original signals. 

r 



APPENDIX 4.4 

CROSSTALK ERROR REDUCTION BY SIGNAL INVERSION 

Clearl~ 6~ ~ 6
2 

and the error cancellatibn is not exact. 

The residual error ~ = o1 - 6 2 is given by 

= 

= 

= 

= 

AC sin 8 

A.R-Ac cos e 
AC sin 8 

AR+Ac cos 8 

2 y2 sin e cos e 
--~----~----~ where y 

2 . 2 1- y .cos e 

sin 2 e 

6 has a peak value of approximately y 2 at 0 = 45° 

It cycles at twice the rate of e with a periodicity of TI. 

If y =. 1%, 6pk ~ lo- 4 which is negligible. 



APPENDIX 4-. 5 

A NE~-1 SYNCHRONOUS DETEC'IOR FOR CROSSTALK DETECTION 

The phase-sensitive detector, or lock-in amplifier, is an 
important tool in both scientific research and engineE!ring 
practice for the detection and measurement of signals deeply 
buried in noise: pr~gressive circu~t refinement has led 
to the commercial availability of instruments permitting the 
recovery of :;fgnals accompanied by wideband noise having an 
amplitude thousands of times as great (134). 

The basic principle of a phase~sensitive detector is simple. 
It depends on the ava~lability 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-tnoise is mixed multiplicatively 
in a switching mixer with the reference signal1 and the DC 

resultant due to the compone~t of the input waveform (i.e. the 
signal) is extracted by means of low-pass filtering. In 

essence the techni~;e amounts to tTanslating the incoming 
signal+noise to the vicinity of zero frequency, wher~ the 
bandwidth can ~e 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. 

~~~~te.k.~ 

-CJ---
t 

Ptii\5E 

Despite the high order of 
(S) performanc~ attained, dynamic 

range is limited at frequencies 
greater than 100kHz, and, of 
course no output is obtained if the 

~~~e~ signal and reference happen to be 
CONVENTIOt.J~l ~'(~C..\-I~OIJOU.S 

OE.T"€-C.\OR ~n 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 ~requency 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 seens to offer an excell­
ent and highly cost-effective solution to the problems of both 
high-frequency performance and sensitivity to phase-shifts. 



Instead of translating the input 
to zero frequency (thereby incurr­
ing problems of 1/f noise and drift) 
we translate it to a band of frequ­
encies centred on, say, 10 Hz. 
This is achieved by sidestepping 
the reference by 10Hz in a SSB 
mo?ulator which, for the single 
reference frequency, is easily 
~mp~emented in the fonn of a prog-
ressively-switched phase-shifter •. 

The output of the mixer is processed in an ultr_a]:inear· narrow­
band tracking filter. At the low frequency of lOBz an almost 
ideal tracking filter can be realised as a commutated or N­
path filte-r 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 dJ..·ive levels,. and the lo~7 frequency and high 
signal levels ensure. that breakthrough from the switching to 

the signal circuit (the most serious limitation of N-path 
filters) is entirely negligible. Note that the phase relation­
ship ~etween 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 work 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). HO\o7ever the underlying principle differs, 

and the PAR instrument does not have the feature of insensi­
tivity to phase-shift. 



~ENDIX 4.6 

ON THE EFFECT OF FINI'l'E SIGNAL-TO-NOISE RATIO ON J.III...EASURED 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. •rhe 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 constant of 

proportionality of unity is a reasonably accurate· assumption. 

Thus the S/N (power) ratio in the measurement bandwidth is simply 

s 
N • Bt 

and the ratio of signal and noise amplitudes is 

One effect of the noise will be to 
perturb the phase of the received 
signal by an angle o. Normalising 
the rms magnitude of the signal to 
unity, the magnitude of the random­
phase noise vector will be 

1 

A well known result gives, gives for the standard deviation of 

o, the value of c given by a quadrature disposition of the signal 

and noise vectors. 



Thus we have 

tan 0 = 

or approximately, 

Q = 

Thus the product 

1 

fl N fo 

180 

f1'ht 

1% TB 

(radians) 

· (degrees) 

7T 

is given by 180 

0 It 7T 

for 0,1° standard deviation in 0,3s measuring time, 

. ... 

therefore in a 100 Hz noise band\-Tidth we would require a 

signal-to-noise amplitude ratio greater than 100. 

) 
) 

J 
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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 - - Rw -~ 
where ~- is the phase co-efficient. 

If (,.) < G/c ~ c "' I c 

For 

• 

(3 - ~.A 2. ~. 

• . v< ~Ji .. . -
G a • 

a gallium arsenide junction, typically we have 

R (resistance per unit length) = 3,3 x 105 
.Q /m 

C (capacitance per unit length)= 4 x 10-6 F/m 
G (shunt conductance pe~ unit length)= 4 x 104 

. 2 -_ > r;:-;;l(F . 
. ~ = 4 X 106 ll 3~5 

2 x 105 m/s 

• • time to travel 1001-fm is = 0, 5n.s. . 
This corresponds to a distance error of ~15cm. 

-1 _n:/m 



APPENDIX 4.7 

AVALANCHE PHO'IODETECTION 

The merits 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>l we have a model for an avalanche 
detector (19 ) • 

where 

(NEP) =· ~ [ 2el0 + ~~~ } 
S = photodetector responsivity (A/W) 
e = electronic charge 

!
0 

= mean photocurrent 
R = load resistance 
m = avalanche multiplication 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 I

0 
but even in total darkness it will rarely 

exceed 100. 

Calculation shows that the advantage to be gained by avalanche 
rnultiplication 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. 



Tests were however carried out in which signal and noise 
levels were plot~ed ES 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 darkriess 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 t~e precision of the transducer~ Even in the 
case of low cost bearings routinely used for domestic and 
industrial machinery the magnitude of thes~ errors is small, 
typically measured in micrometres and seconds pf arc, arid 
measuring them is difficult unless one has access to highly 
specialised and very expensive equipment (such as 'Tallyrond'). 

In the course of developing the angular transducer, it w;:s 
noted that, by suitably processing the outputs from four 
intersection sensors distributed around a spinning disc or 
drum, it is possible to infer eccentric displace~ent 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 give 
difference in electrical phase~ == 2Nfarc . \. 

Since t:, << R we have, approximately f, = 

rise to a 
tan E. /R) x ( 180 /iT ) . 

¢ ttr/180)( R/2N). 

¢• 2N~ 
I (2N "-" ~~1\ ~) • ~~ 



If a drum/type sensor is used and the parallel divisions 
replaced by a trapezoidal or triangular ones, displacement 
of the sensor parallel to the spin axis can b~ inferred from 
the duty cycle or mark-space ratio of the signal from the 

·sensor. The difference of this displacem~nt related output 
from a· diam.etral 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 
configured spinning drum,displaceme~tt 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 0, lpm are easily 

resolved. 

. ., 
···~ .. 



APPENDIX 5.2 

FREQUENCY SENSITIVITY DUE TO MISMATCH OF CHANNEL TRANSFER 
FUNCTIONS 

If the phase/frequency characteristics uf 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 m~~ns of a capacitor across 
the photodetector transresistance ·amplifier feedback resistor) 
to ensure that the cynamic response of both channels is 
determined by a single dominant time constant. If the 
channels are not identical assume the 3dB cutoff frequencies 
are f 1 and kf1 (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 outp~t to the channels given 
by 

\~ arc tan (f/f1 ) - arc tan (f/kf1) 

From this equation ~ can be plotted as a function of k, with 
relative frequency variation as a parameter. A simple 
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->0t. 

Thus the channel time constants should be matched to within 
-1%, 

f'/f 
1 

1 
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APPENDIX 5.3 

ECCENTRICI'IY-RELATED ERROR IN IUAL-MODULAIOR TRANSDUCERS 

1. Rotor eccentricity 
(Non-coincidence b~tween the centroid and the centre-of­
rotation of the rotor). Let this eccentricity be t.r 

Nominal frequency f = 
Instantaneous frequency 

. t... , {. (. 1 
but for r << 1 J "f '. ·'f" 1 + f Co:!> 9 J 

. t =- 1 , t-Jwt 
2rr 

E..r } +- r Cos S . 

This represents a narrow band fm signal, with a peak 
deviation (at 9 = 90°) of £r/r radians. The relative 
amplitude of the sidebands is then ( f.r/21:) 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 
rotations of the rotor. 

2. Input shaft eccentricity ( Ei) 
In the case of a cylindrical rotor the radial distance 

. from the centre of rotation is defined by the spimdng 
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 
~otor, as has been shown by Whitehead (129) for the 
case of an optically-read circle. We will analyse the 
superior cylindrical configuration • 

. There is no loss of generality in aligning the X-axis 
with the direction of eccentric displacement. 

---~v-- s' = e + ~ 
t.~ R 

In ~oso' , = 
s\f\ ~ ~ina" 

X t· 'J 
'6 - Ot'C S1n t ~ !;1n e 

since . f.\<< R ancl 
J 

s\~ e ~ 1. 
write 

£. I 

we can 'lt - ~ ~'~ s . 
For the Mki prototype, taking R = 2Smm, f\= lOpm, 

~pk = 4 x lo-4 radian or 1,4 arc minutes. 



Consider now a system in which t~Q sensors are mounted 

at.opposite ends of 

~1+ 'lf2 -~ 
2 

0 

a dia.."'lleter. 

{ 
E.\. • e R s~n + 

The mean error 

i'- sin (e +\1)) 

· .... 

If however the averaging process i.s carried out in an 
analogue manner, the mean will be weighted by the amplitujes 
A1 and A2 of the sensor outputs. If these are not 
identical there will remain a residual error given by 

E: . \ 
R • 

2.1 Al - A2 

. Al + A2 
• 

If however the phase angle of the signal due to each 
sensor is first converted to a digital number and the 
averaging accomplished digitally or numerically, we 
ar~ independent of sensqr ampl.i bides and the cancellation 
is exact. 

The above assumes that the sensors are located on a 
diameter. It is necessary to consider the case where line 
joining each sensor to the input axis makes an angle 
180°- s where s is typically< 1°, due to mechanical 
tolerances. In the case of a cylindrical rotor, the 
effec.tive circumferential displacement of the sensor 
is 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 
displacement of the line joining the two sensors. · This 
latter effect results in an apparent eccentricity of R 
tan ( b /2), which adds to the input eccentricity t\. . A 
numerical solution of the complete trigonometrir: equation 
relating circumferential displacement to b confirms the 
correctness of this simpler approach, which yields greater 
physical insight into the error mechanism. 

·3. Effect of tilt angle 
The effect of relative tilt in the line of action of the 
sensors is 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, 
Qrt ~an t ~i. \ o. .... 1:0(. ) l/1 -

writing tan X. - X. for x. small, 

1/1 - { l::' _L o(. t· J 0 

R 

If the lines of action of_each of a 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 trigonom-:;trical 
expression. 

If .oe = 1°, fi. = lOpm, then for· R = 25nnn 1fr = 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 available, and known to be 
si~nificantly ~ore accurate (say 10 ti~es) 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 ensu.ring 

collinearity of the shafts without strain, since 
the combined shaft will be overconstrained by 
the redundant bearing system. 

If a large diameter flexible coupling (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. Suitable 
couplings are made down to 1 arc second accuracy by Itek 
Measurement Systems, but they are very expensive. 

An alternative approach which was 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 atten~:ion 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 perfo~, 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 carl take two forms. 

(a) The prec1s1on polygon. This is 
apparatus in optical metrology. 
polygon in quartz or steel, and 

a standard piece of 
It consists of regular 

having from 5 to 12 sides. 
The angles between the faces~ which are accurately plane 
and highly polished, are identical within, typically, 
1, 3 or 10 arc seconds. 

(b) Ultradex (or similar) standard angle· generator. 
This is an ingenious device wherein two discs resembling 
crown gear-whesls engage one another in one of, say, 
100 mutual angular orientations. The wheels have 
accurately shaped triangular teeth and are ground and 
lapped together so that all teeth are in contact 
irre3pective 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 project) 
a simple device was designed and built, exploiting the high 
precision and ready availability at low cost, of lOmm steel 
balls. 

'!he device is constructed as in the diagram. A suitably 
dimensioned groove was machined in a lOmm aluminium-alloy 

+ plate. Steel. balls lOmm - 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 aluminium-alloy disc was provided with three 
accurately drilled holes, into which three pieces of Smm 
silver steel ground stock rod were inserted. 

Exact analysis of the probable angular error of such a 
device is complicated but elementary considerations suggest 
that it will be of the order of 

1 X 10-6 

150 X 10-3 X 
180 x 3600 arc seconds 

211 
or about 1 arc second. 

In fact, direct comparison with a T2 single second 
theodolite gave a standard deviation of comparison 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 applica·tions. 

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 
ind~~xed 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 tangent 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 eccentricity 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 reference 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 f<::>r astronomical use (101) and.is treated 
in several standard works on metrology (10~ ). The 
mathematical theory is fairly complex although its 
implementation amounts to a simple numerical procedure. 
The chief limitation of these tf!Chnique s 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 ~exceedi.ng one arc second. 

The principle is very simple. (See diagram belmv ) • ·A 
ribbed aluminium alloy arm one metre long was pivoted in 
a horizontal plane. The vertical axis system of a· transducer. 
wa~ used as pivot at one end, ensuring true rotation with 
lateral play of less than · 2pm. 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". lpm 

displacement corresponded to an angle of lp rad or 0,2 arc 
second. 
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APPENDIX 6.1 

ZERO CROSSING ERRORS IN PHASE DETECTORS 

The following simplified treat~ent is adapted from a number 

of more comp~ehensive accounts in the literature. (108-110) 

We will consider the measured 'phase-shift (inferred from zero 

crossings) between a perfect sinusoid and one contaminated by 

additive noise, de 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 c~used 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 

where E
1 

is the amplitude of the fundamental. 

Therefore, fer e «E, the phase will be perturbed by 

ll<P e radians = 
El 

Typically if El = lVpk and e = SmV (typical for an untrimmed 

comparator) 

' ll<P . 0 . o, 3 • 

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 met~od 

was adopted in the present instrument. 



Harmonic distortion: 

The amount of displacement of the zero-crossing due to harmonic 

distortion is a complicated function involving the relative 

amplitudes and phases of the various harmonics. McKinney bas 

shown that a (usually pessim.:i_stic) upper bound is given by {110) . 

Paull (108) points out that when both positive- and negative­

going zero crossings are used and the mean computed, the result 

is free from error due to even harm~nics, which tend to con~ 

stitute the dominant distortion at low levels. 

Barnes and Williams (109) carry out a more c.::mplete analysis 

·and show that if both zero crossings are used the ~orst case 

phase errors due to a harmonic En are 

90n 
E 2 

(E~) degrees for and -- n·even, 
1T 

180 (:~) degrees for n odd~ --
1T 

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. 

1. Conversion via the analogue voltage domain 

.t. 

ll 

A precision (e.g. MOS) switch under the control of the signal 
~earing the phase information connects a~ accurately defined 
reference ~~oltage to a low-pass fi1 ter. The average direc~ 
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 0,1° 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 

-5 not exceed 2,8 x 10 Vref , or 1,4 mV when V~ef = SV. 

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. ~~ey 

can however be eliminated if an in t·egrating 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 separately 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 available, matters can be 
contrived so that the divisor (i.e. 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. 

~--·---~1 I I I J· 

. vco 
{ f\o" -f-0 

..----1 ~ ==.___I .__ ______ ~ 
An oscillator can be c~ntrolled in a phase-lock loop to 
produce exactly, say, 104 pulses in period T; The 
content accumulated by the other counter in period t 
then represents the phase-stift as a decimal fraction 
of 360°. This is essentially the method used by 
Barnes and Williams (109). 

ii} A ·stocha~tic method. 

JNPur·-·· . 
MARI(j .. ----. 
Sf'P.t.r. RATIO 

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-~Jlse 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) 

~dditional 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 
ac~eptable 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 accuracy better. 
than 2 parts in 104 (121). 

With measuring times of··ress than 1 second· and measure­
ment frequencies as low as 1kHz asynchronous truncation 

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 compensated 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 1.04 were 
obtained over the frequency range 100Hz - 100kHz. 

All the above approaches were used at var~ous 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 fur~hcr 
work along the~e lines was discontinued. 
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