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NOTES ON THE ORGANIZATION OF NDRCG

The duties of the National Defense Research Committee
were (1) to rccommend to the Director of OSRD suit-
able projects and research programs on the instru-
mentalities of warfare, together with contract facilities
for carrying out these projects and programs, and (2)
to administer the technical and scientific work of the
contracts. More specifically, NDRC functioned by initi-
ating research projects on requests from the Army or
the Navy, or on requests from an allied government
transmitted through the Liaison Office of OSRD, or on
its own considered initiative as a result of the ecxpe-
rience of its members, Proposals prepared by the Divi-
sion, Panel, or Committee for research contracts for
performance of the work involved in such projects were
first reviewed by NDRC, and if approved, recommended
to the Director of OSRD. Upon approval of a proposal
by the Director, a contract permitting maximum flexi-
bility of scientific effort was arranged. The business
aspeets of the contract, including such matters as mate-
rials, clearances, vouchers, patents, priorities, legal
matters, and administration of patent matters were
handled by the Executive Scerctary of OSRD.
Originally NTDRC administered its work through five
divigions, each headed by one of the NDRC members.
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Division A—Armor and Ordnance

Division B—Bombs, Fucls, Gases, & Chemical Problems
Divigion C—Communication and Transportation
Division D—Detection, Controls, and Instruments
Division T—Patents and Inventions

In a reorganization in the fall of 1942, twenty-three
administrative divisions, panels, or committees were
created, cach with a chief sclected on the basis of his
outstanding work in the particular field. The NDRC
members then became a reviewing and advisory group
to the Director of OSRD. The final organization was as
follows:

Division 1—Ballistic Research
Division 2—Effects of Impact and Explosion
Division 3-—Rocket Ordnance

Division 4—Ordnance Accessories
Division 5—New Missiles
Division 6—Sub-Surface Warfare
Division 7—Fire Control

Division 8-—Explosives

Division 9—Chemistry

Division 10—Absorbents and Aerosols
Division 11—Chemieal Engineering
Division 12—Transportation

Division 13—Electrical Communication
Divigion 14—Radar
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NDRC FOREWORD

8 EVENTS of the years preceding 1940 re-
A_ vealed more and more clearly the serious-
ness of the world situation, many scientists in
this country came to realize the need of organ-
izing scientific research for service in a national
emergency. Recommendations which they made
to the White House were given careful and
sympathetic attention, and as a result the Na-
tional Defense Research Committee [NDRC]
was formed by Executive Order of the Presi-
dent in the summer of 1940. The members of
NDRC, appointed by the President, were in-
structed to supplement the work of the Army
and the Navy in the development of the instru-
mentalities of war. A year later, upon the estab-
lishment of the Office of Scientific Research and
Development [OSRD], NDRC became one of
its units.

The Summary Technical Report of NDRC is
a conscientious effort on the part of NDRC to
summarize and evaluate its work and to present
it in a useful and permanent form. It com-
prises some seventy volumes broken into groups
corresponding to the NDRC Divisions, Panels,
and Committees.

The Summary Technical Report of each Di-
vigion, Panel, or Committee is an integral sur-
vey of the work of that group. The report of
each group contains a summary of the report,
stating the problems presented and the philos-
ophy of attacking them, and summarizing the
results of the research, development, and train-
ing activities undertaken. Some volumes may be
“state of the art” treatises covering subjects to
which various research groups have contrib-
uted information. Others may contain descrip-
tions of devices developed in the laboratories. A
master index of all these divisional, panel, and
committee reports which together constitute the
Summary Technical Report of NDRC is con-
tained in a separate volume, which also includes
the index of a microfilm record of pertinent
technical laboratory reports and reference ma-
terial.

Some of the NDRC-sponsored researches
which had been declassified by the end of 1945
were of sufficient popular interest that it was
found desirable to report them in the form of
monographs, such as the series on radar by
Division 14 and the monograph on sampling in-
spection by the Applied Mathematics Panel.
Since the material treated in them is not dupli-
cated in the Summary Technical Report of
NDRC, the monographs are an important part

of the story of these aspects of NDRC research.

In contrast to the information on radar,
which is of widespread interest and much of
which is released to the public, the research on
subsurface warfare is largely classified and is
of general interest to a more restricted group.
As a consequence, the report of Division 6 is
found almost entirely in its Summary Technical
Report, which runs to over twenty volumes. The
extent of the work of a Division cannot there-
fore be judged solely by the number of volumes
devoted to it in the Summary Technical Report
of NDRC; account must be taken of the mono-
graphs and available reports published else-
where,

The program of Division 4 in the field of elec-
tronic ordnance provides an excellent example
of the manner in which research and develop-
ment work by a civilian technical group can
complement and supplement work done by the
Armed Services. The greatest responsibility of
Division 4, under the leadership of Alexander
Ellett, was to undertake the development of
proximity fuzes for nonrotating or fin-stabilized
missiles, such as bombs, rockets, and mortar
shells.

Early work on fuzes of various types indi-
cated that those operating through the use of
electromagnetic waves offered the most promise;
the eventual device depended on the doppler
effect, combining the transmitted and received
signals to create a low frequency beat which
triggered an electronic switch. During the last
phases of the war against Japan, approximately
one-third of all the bomb fuzes used by carrier-
based aircraft were proximity fuzes. For im-
proving the accuracy of bombing operations,
the Division developed the toss bombing tech-
nique, by which the effect of gravity on the
flight path of the missile is estimated and
allowed for. The success of this technique is
demonstrated by its combat use, when a circle
of probable error as low as 150 feet was
obtained. ,

The Summary Technical Report of Divigion
4 was prepared under the direction of the Di-
vigion Chief and has been authorized by him for
publication. We wish to pay tribute to the enter-
prise and energy of the members of the Di-
vision, who worked so devotedly for its success.

VANNEVAR BUsH, Director
Office of Scientific Research and Development
J. B. CONANT, Chairman
National Defense Research Commitiee
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FOREWORD

HE PRIMARY program of Division 4, NDRC,

wag development of proximity fuzes for
bombs, rockets, and trench mortar projectiles.
The National Bureau of Standards [NBS] pro-
vided facilities and personnel for the Division’s
Central Laboratory and the Division (or its
predecessor, Section E of Division A) served
as the principal liaison between NDRC and
NBS. In large measure the developments pre-
sented in thig Division 4 STR must be credited
to the National Bureau of Standards. Credit
also is due the Ordnance Department of the
Army for excellent cooperation. The main-
tenance of effective liaison was due largely to
Colonel H. S, Morton, whose enthusiagsm for
the program coupled with intelligent criticism
and suggestions based on sound technical
knowledge contributed much of value.

The present volume summarizes the Divi-
sion’s development of radio proximity fuzes.
The technical direction of this development was
throughout in the able hands of Harry Dia-
mond, leader of the little radio fuze group
organized at the Bureau of Standards in De-
cember 1940, and finally Chief of the Bureau’s
Ordnance Development Division. Throughout
the program, he received invaluable technical
assistance from W. 8. Hinman, Jr., Chief
Engineer of the aforementioned NBS division.
The excellent presentation found here is due
to the editor of these three volumes, A. V,
Astin, Assistant Chief of the Ordnance De-
velopment Division, NBS.

Other Division 4 contractors made valuable
contributions to particular projects on which
they were engaged. Deserving of special men-
tion are the University of Florida for work on
trench mortar fuzes, the Globe-Union Com-
pany of Milwaukee for work on safety and
arming devices and ceramic circuits, and the
University of Iowa for improved recovery de-
vices and a smooth working proof organization.
The development of generator power supplies
was largely carried out by the Westinghouse .
Company in Baltimore and by the Zenith Radio
Corporation.

Reliability of radio fuzes depends at least as
much on good production methods and tech-
niques as upon good design. In the solution of
production problems outstanding contributions
were made by the Zell Corporation, Baltimore,
and Bowen and Company, Bethesda, Maryland,
who operated pilot lines; and by the Arnold
Engineering Company, the Emerson Radio and
Phonograph Corporation, the General Electric
Company, the Globe-Union Company, the
Phileco Corporation, the Raytheon Manufactur-
ing Company, the Sylvania Electric Products,
Inc., the Westinghouse Electric and Manufae-
turing Company, the Rudolph Wurlitzer Com-
pany, and the Zenith Radio Corporation, who
produced fuzes or fuze components. :

ALEXANDER ELLETT
Chief, Division 4
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PREFACE

HE Summary Technical Report of Division

4 has been prepared in three volumes:
Volume 1, describing the work on radio prox-
imity fuzes, the major work of the division;
Volume 2, discussing bomb, rocket, and torpedo
tossing, a new fire control method for airborne
missiles; and Volume 3, a report on various
miscellaneous projects. An overall summary of
the Division 4 program appears as Chapter 1 in
Volume 3.

The present volume treats the technical prob-
lems relating to the design, production, and use
of radio proximity fuzes for fin-stabilized (non-
rotating) missiles, including bombs, rockets,
and trench mortar shells, For a treatment of
work on fuzes for spin-stabilized projectiles, the
reader is referred to the reports of Section T
of OSRD. For work on other types of proximity
fuzes for fin-stabilized missiles, the reader is
referred to Volume 3 of the Division 4 STR.
The latter reference includes a general survey
of various types of proximity fuzes and a de-
tailed summary of the work done by Division 4
on photoelectric fuzes.

A primary consideration in the preparation
of this volume has been to arrange the material
go that it will be useful for reference purposes.
To fulfill this objective, the various chapters are
reasonably self-contained, and each chapter
may be read separately without too much loss
in meaning. This mode of presentation has, of
course, resulted in some duplication of ma-
terial, but it is believed that the advantages
justify the extra space required. Numerous
cross references between the chapters are in-
cluded to facilitate expansion or clarification of
various items.

For the reader who is interested primarily
in the essential operating characteristics of the
radio proximity fuzes placed in production,
Chapter 5, “Catalogue of Fuze Types,” is the
only part of this volume which need be read.
The cataloguc chapter also includes a desecrip-
tion of the important features of design for
each of the various fuzes.

The introduction to the volume (Chapter 1)
explains the objectives of the development pro-
gram, how radio fuzes operate, and includes a

brief summary of the accomplishments in the
development and production program.

Chapter 2 discusses in detail the basie theory
of operation and shows how the required
operating characteristics of a fuze may be con-
verted into an engineering design problem. The
material of Chapter 2 is fundamental to any
fuze design involving interaction of radio waves
with the target. Because of the great potential
use of this theory in future development work,
the treatment of Chapter 2 is much more
thorough than would appear necessary merely
as a summary of completed work.

The methods by which the electrical design
problems were solved are discussed in Chapter
3. Section 3.4 of Chapter 3 deals with the de-
sign of generator power supplies, one of the
outstanding features of the later fuzes de-
veloped by Division 4. Although this section is
included in the electrical design chapter, it
contains considerable material relating to the
mechanical design of generators. A clear-cut
separation of the mechanical and electrical de-
sign requirements for the generator was not
practicable. Chapters 2 and 3 are quite technical
in nature and will probably be of interest only
to scientists and engineers. These chapters may
be omitted by the nontechnical reader.

Chapter 4 analyzes the problemg of mechan-
ical design and layout and includes a treatment
of the arming and safety features of the
fuzes.

Chapter 6 describes the production methods
and summarizes accomplishment in the produc-
tion program. Since the problems of reducing a
laboratory design of a proximity fuze to a model
which could be built in mass production were
fundamental to the entire program, the story
of this chapter is of basic importance. It should
be of interest to both the technical and the non-
technical reader.

Chapters 7 and 8 describe the methods of
testing proximity fuzes in order that their
quality might be evaluated and their perform-
ance under operational conditions predicted.
The former chapter is concerned with labora-
tory test methods and quality control. A de-
scription of testing apparatus is included. The

B i



X PREFACE

latter chapter deals with field test methods and
proving ground procedures in which opera-
tional conditions were simulated.

Chapter 9 gives a somewhat more detailed
analysis of the operating characteristics of the
fuzes than is given in Chapter 5 in that the
results of all important tests which were car-
ried out on the fuzes are summarized. The
chapter includes evaluations of performance
for each of the fuze types under a variety of
operating conditions, The operational experi-
ence is algso presented in this chapter.

An analysis of problems pertaining to
countermeasures and counter-countermeasures
has not been included in this volume.

The successful development of radio prox-
imity fuzes, or VT fuzes as they are commonly
called, involved the cooperative efforts of many
organizations and individuals. A listing of all
of the individuals who contributed to the sue-
cess of the program would be an extremely
difficult, perhaps even impossible, task. How-
ever, the organizations which participated in
the development program are listed at the end
of the volume.

This volume was prepared by the staff of the
Ordnance Development Division of the Na-
tional Bureau of Standards, which served as
the central laboratories for Divigion 4. Reports
of the various contractors to Division 4 have

been used freely, and these are listed as refer-
ences in the bibliography.

The editor wishes to take this opportunity to
record thanks and appreciation for the efforts
of the many individuals who cooperated in the
preparation of the volume. In particular, some
of these are: Dr. Robert D. Huntoon, who as-
sisted in the overall planning of the volume and
who was also the genior author of Chapter 2;
Dr. Alexander Ellett and Mr. Harry Diamond,
Chief, Division 4 and Chief, Ordnance Develop-
ment Division, respectively, who offered valu-
able suggestions and advice on numerous items;
other authors who are listed in the table of
contents as well as in footnotes to the various
sections which they prepared; Mr. Theodore C.
Hellmers, who prepared the photographs used
in this volume (unless credit is otherwise in.
dicated) ; Mr. E. W. Hunt and his staff for their
diligent and painstaking efforts in the prepara-
tion of other art work; Miss Lee Smolen and
Mrs. Henrietta Ieiner for preparation of
bibliographical material ; and Miss Helen Olm-
stead, Mrs. Betty Hallman, and Miss Jane
Grant for their untiring efforts in the prepara-
tion, assembly, and correction of manuscripts.

A. V. ASTIN
Editor









Chapter 1
INTRODUCTION

1 OBJECTIVES AND MILITARY
REQUIREMENTS

ADIO PROXIMITY FUZES are intended to deto-
R nate missiles automatically upon approach
to a target and at such a position along the
flight path of the missile as to inflict maximum
damage to the target.

The optimum position for detonation of the
missile depends upon the nature of the target
and the properties of the missile. Conditions
of use divide possible targets into two major
groups: (1) airborne targets, and (2) surface
targets either on the ground or on water. These
two applications are referred to variously as
(1) antiaireraft, air-to-air, ground-to-air, and
(2) ground-approach, air burst, air-to-ground,
ground-to-ground.

As a class, proximity fuzes belong with time
fuzes, in contrast with contact fuzes, since they
are useful wherever contact of the missile with
the target or penetration into the target is not
necessary to inflict damage. Because of the au-
tomatically accurate nature of their operation,
proximity fuzes not only extensively replace
time fuzes, but they make possible many new
and important applications for which time fuzes
would be ineffective. They also replace contact
fuzes in many applications where contact with
an object, not necessarily the target, is used
merely as a triggering operation for the fuzes
and not because contact is essential to inflict
damage.

Military requirements for proximity fuzes
became specific and well defined only after the
development had passed the exploratory stage.
Initially the requirements were quite general;
(1) the fuze should detonate the missile “in the
vicinity” of the target, (2) the fuze should be
as small and rugged as possible, (3) it should
be safe for handling and operational use, (4) it
should perform reliably under a wide range of
gervice conditions, (5) it should require a mini-
mum of special equipment and training for its
operational use, (6) it should be relatively im-
mune to possible enemy countermeasures, and

(7) in antiaircraft weapons, it should have a
self-destruction [SD] feature to operate, in case
of a miss, after passing the target. Most of the
foregoing requirements could not be more ac-
curately specified until a certain amount of
design experience wag available or until actual
fuzes were available for proving ground tests.

For example, the careful definition of the
proper point on the trajectory for the fuze to
function had to be baged on experimental trials
using fuzes against actual or simulated targets.
Before the fuzes could be built for such tests,
estimates were required concerning the ex-
pected optimum conditions. In the antiaircraft
case, it was fairly obvious that the position of
function should be matched to the dynamic frag-
mentation pattern of the missile so that the
greatest number of fragments would be di-
rected at the target. To achieve the proper
directional sensitivity, a number of factors, as
shown in Chapters 2 and 3, had to be balanced
against each other, and the final specification
of performance was based on numerous design
compromises and field tests. In the ground tar-
get case, no experimentally verified optimum
burst heights were available until the end of
1944 and then only for limited types of missiles
and targets.* For many important ground tar-
get applications, optimum burst heights are still
undetermined.

Some of the mechanical features were capa-
ble of more exact specification. Although small
size and ruggedness were objectives toward
which improvement was continuous, certain
minimum requirements were definite very early
in the program. Bomb fuzes were to be bal-
listically interchangeable with regular fuzes so
that their use would require no modifications
in bombing tables. Available stowage space in
bomb bays made it necessary to impose limita-
tions on overall length, and a maximum exten-
sion of 5 in. beyond the nose of the bomb was
prescribed, although shorter fuzes were pre-

a These statements refer specifically to the fuzes for
fin-stabilized or nonrotating missiles, such as bombs,
rockets, and trench-mortar shells,
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2 INTRODUCTION

ferred. Standard fuze-well cavities in bombs
fixed other dimensions. A minimum require-
ment on ruggedness was that the fuze with-
stand any vibrations or accelerations of the
missile, There were also standard military
rough-handling specifications but these were
more of a requirement for packaging than for
fuze design.

The arming and safety requirements, with

one important exception, had to be worked out
experimentally as the development progressed.
The exception was the specification for an inter-
rupted powder train between the detonator and
booster, a standard Army Ordnance technique
which was required of all proximity fuzes.
Since proximity fuzes are, by their very nature,
susceptible to their surroundings and unable
to distinguish between friendly and enemy tar-
gets, the arming problem is appreciably differ-
ent than with ordinary fuzes. In general, longer
“safe” times after firing or relcase of the mis-
sile are desired for proximity fuzes, but an
ideal safe period compromises the usefulness of
the weapon. The details of the development of
the arming and safety features and require-
ments are discussed in Chapter 4.
" The very necessary exploratory work on
radio proximity fuzes, was done under rather
general requests from the Services, including
a conference on August 12, 1940, between rep-
resentatives of the Navy Bureau of Ordnance
and NDRC ;! Projects OD-27, dated January 14,
1941, and OD-33, dated June 11, 1941, of the
Army Ordnance Department; and Project
CWS-19, dated August 30, 1941, from the
Chemical Warfare Service. The pertinent mili-
tary characteristics for fuzes covered by these
authorizations were eggentially as outlined.

After laboratory development and field tests
had established general possibilities and limits
for radio proximity fuzes, specific Service re-
quirements were put forth based on anticipated
operational needs, The first major project which
was carried through to large-scale production
was for the T-5 fuze to be used with the Army’s
4V%-in. (M-8) rocket, The desired characteris-
tics for this fuze*? were, in addition to the
general requirements stated above, (1) the
complete fuze should fit into a cylindrical con-
tainer approximately 234, in. in diameter and

5 in. long, with an allowable conical extension
on the front end of the cylinder about 2 in.;
(2) at least 50 per cent of the fuzes were re-
quired to funection in the vicinity of an airplane
target when fired on the rocket and within the
lethal range of the fragments of the rocket;
(3) the fuze was to be armed and operative
approximately 14 sec after firing; and (4) the
fuze should have an SD element operating ap-
proximately 9 sec after firing,

The T-5 fuze project was limited in that the
intended use was confined to a single missile
and for a single application, antiaircraft. It
was complicated by the fact that the design of
the missile itself was not complete and its dy-
namic fragmentation pattern was unknown., A
dynamie fragmentation pattern was assumed
from information supplied by the Services, but,
as shown in Section 1.5, the assumptions were
not strictly accurate. One very important com-
promise was made in the requirements for the
T-5 fuze from the ultimate Service needs. This
was in respect to the temperature range
throughout which the fuze could be used. Un-
impaired operation between —40 and +160 ¥
was desired, but because of the limitations of
the dry batteries which were to be used to power
the fuzes the low-temperature requirement was
waived. Actually, the relaxing of this require-
ment in the fuze did not impair the usefulness
of the complete weapon since the rocket itself
had low-temperature limitations not too dis-
similar from those of the fuze. In order to
reduce limitations due to possible deterioration
of the battery power supply during shipment
and storage, the design was made to allow final
assembly of the fuze in the fleld using freshly:
tested batteries.

Experience gained in the development and
production of the T-5 fuze, combined with si-
multaneous investigations for improved power
supplies (Project SC-40), made possible much
expanded, more rigorous, and more specific re-
guirements for other radio proximity fuzes.
These included fuzes for the following: (1)
10,000-1b light-case [LC] bomb, (2) 4,000-1b
LC bomb, (3) 2,000-1b general purpose [GP]
bombs against both land- and water-borne tar-
gets, (4) 2,000-1b glider and controllable bombs,
(5) 1,000-lb GP bombs against water-borne



OBJECTIVES AND MILITARY REQUIREMENTS 3

targets, (6) antiaircraft bombs for plane-to-
plane bombing, (7) fragmentation and anti-
matériel bombs of various sizes, and (8) large
chemical bombs of 500-, 1,000-, and 2,000-1b
gizes.

The military requirements for these bombs
were as follows:% 7

1. Adaptation to use in existing bombs, and
to fit and drop in existing bomb racks.

2. Strength enough to withstand handling
and shipping and, unarmed, drop safely on nor-
mal ground from 8,000 ft,

3. No deterioration from storage at temper-
atures from —40 to --140 F.

4, A minimum of adjustment and assembly
in the field.

5. A design which minimizes the possibility
of triggering the fuze by enemy interference.

6. Suitability for day or night use.

7. Efficient operation at temperatures from
—40 to +140 F.

8. Efficient operation when released at any
indicated airspeed above 150 mph.

9. Efficient operation when released from al-
titudes up to 35,000 ft.

10. A minimum of 1,500 ft to arm.

11. Consideration in design toward evolving
a minimum number of fuze designs of suitable
performance necessary to meet the require-
ments of various sizes and types of bombs and
targets.

Burst heights were specified for only two of
the foregoing applications, the T-40 and T-43
fuzes for the 10,000- and 4,000-1b LC bombs.?
These heights were to be between 40 and 100 ft,
with the mean preferably near 50 ft. This was
believed to be the best height of operation for
enhanced blast effect from these large high-
charge bombs. The T-40 and T-43 were to be

~ tail fuzes. The sensitivities or operating heights

of the T-50 and T-51 fuzes intended for the
other applications were not defined. It was,
however, informally stated that, for antiper-
gsonnel and antimatériel use, burst heights of

# the order of 50 ft were desired. For the chem-

ical bombs, burst heights of the order of 500 ft
were believed best. Estimates in the former
case were based on theoretical computations of
fragmentation effect against shielded targets.t
The T-50 and T-51 fuzes were to be nose fuzes,

interchangeable with the M-103 contact fuze.

Following the development, production, and
service testing of the T-50 bomb fuzes, minor
changes, based on a fuller understanding of
their operational properties, were made in the
requirements for arming characteristics and
for burst heights. These changes led to models
T-89, T-90, T-91, and T-92, which are described
fully in Chapters 4 and 5.

Modifications were also requested in the T-50
type fuze to allow its use on Navy rockets,” the
modified fuzes carrying the designations T-30
and T-2004 and differing from the T-50 mainly
in arming characteristics.

Experience gained in the development of the
T-50 and T-b1 fuzes made it evident that the
physical size of radio proximity fuzes could be
reduced sufficiently to allow their use on trench-
mortar shells. Theoretical computations'* indi-
cated that a very appreciable gain in lethal-
effect could be obtained by air-bursting such
shells. Accordingly, the Ordnance Department
requested the development of the T-132, T-171,
and T-172 fuzes' for use on the 81-mm mortar
shells. According to military requirements,
these fuzes must:

1. Have a basic design also applicable to 105-
mm and 155-mm mortar ammunition.

2. Fit directly into the fuze cavity of stand-
ard 81-mm mortar ammunition.

3. Have sound ballistic design, minimizing
any deleterious effect on projectile drag and
stability as compared with fuzing with point
detonating fuzes.

4., When packaged, withstand rough han-
dling, shipping, storage over extended periods,
moisture, weather, and temperature cycles from
—40 to + 140 F.

5. When unpackaged, withstand loading op-
erations, moisture, weather, and temperature
cycles from —40 to +140 F for short periods,
and withstand rough handling expected under
service conditions incident to firing,

6. Be provided with a cap or cover to pre-
vent entry of mud or water into the air passage
after removal of the fuzed round or fuze from
its packaging, such can or cover to be removed
upon withdrawal of safety pin or pins.

7. Require a minimum of adjustment or
asgsembly in the field.
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8. Function at or near optimum mean effec-
tive height on approach to ground over the
range of angles of fall encountered with these
projectiles.

9. Limit combined early bursts and duds to
15 per cent.

10. Not be readily affected by enemy jam-
ming or other interference.

11. Have a secondary element capable of
functioning on impact with minimum effect
and independently of the primary element.

12. Operate without detrimental interac-
tion, due to mutual interference, when fired at
random from weapons spaced closely together.

13. Have an interrupted detonator-explosive
train, safe against rough handling, dropping,
or crushing, until properly armed by removal
of safety pin or pins, acceleration of firing, and
a fixed air travel.

14. Have an arming delay mechanism which
will insure detonator safety up to 400 yd (ten-
tative estimated distance) from the mortar and
which will also delay fuze activation until flight
characteristics of the projectiles are sufficiently
stable to minimize early burst due to poor sta-
bility or action of the projectile and to permit
efficient fuze operation at the target.

15. Provide means for externally checking
the safe position of the arming mechanism.

16. Exhibit the above safety and operating
characteristics under the following conditions:
(1) temperature —40 to -+160 F, (2) all
weather conditions, and (3) night or day.

The “mean effective height” referred to in
requirement (8), although not specified, was
understood to be of the order of 10 ft from
theoretical computations,’* but final specifica-
tions would have to await effect field trials.

It is to be noted that the requirements for
T-132, ete., are much more detailed and rigor-
ous than those for the T-5 fuze which had been
laid down three years previously. In particu-
lar, requirement (9) called for 85 per cent
proper functioning of fuzes, whereas 50 per
cent was allowed for the T-b.

One apparently innocuous requirement intro-
duced for security reasons applied to all bomb
and rocket fuzes developed by Division 4. This
- wag that all vacuum tubes used in the fuzes
were to fail at accelerations between 10,000

and 20,000g.%* The purpose of the requirement
was to restrict the use of tubes suitable for
shell fuzes to that application, thereby reducing
the possibility that, through recovery of dud
fuzes by the enemy, shell fuzes would be copied
and used against our own air forces. As shown
in Chapter 3, this requirement introduced some
difficulties, because design considerations for
microphonic stability and for ruggedness are
quite similar. Thus, in the course of developing
suitable antimicrophonic tubes for use in the
bomb and rocket fuzes, designs were developed
which were rejected because the tubes would
ot fail at high accelerations. The requirement
was withdrawn in the fall of 1944 (when shell
fuzes were committed to battle under condi-
tions where they might be recovered by the
enemy) and thus did not apply to the mortar
shell fuzes developed by Division 4.

12 SELECTION OF THE DOPPLER-TYPE
RADIO PROXIMITY FUZE

The requirement that a fuze operate in the
vicinity of target may be fulfilled by making
the fuze sengitive to one of a variety of energy
forms: radio, optic, acoustic, magnetic, etc. A
comparison of the possibilities and limitations
of various energy-sensitive devices is given in
Volume 3, Chapter 2, of the Division 4 STR.
Here we are concerned only with radio meth-
ods.

Among the radio types there are two general
classes: active and passive. The active types
generate and radiate energy and are sensitive
to small amounts of energy after it is reflected
from a target, Passive-type fuzes are merely
sengitive to incident radio waves. In each of
these general classes there are further divisions
and subdivisions.

Active-type fuzes may operate by depend-
ence on interference between the original and
the reflected waves, or operation may depend
on the transit time for a pulse or train of waves
to travel from the fuze to the target and back
to the fuze again. Interference may occur in
several ways. If there is relative motion be-
tween the transmitter and the reflecting target,
the reflected waves when received at the fuze
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will differ in frequency from the transmitted
waves (doppler effect). Interference results in
a beat note equal to the difference in frequency.
On the other hand, if the transmitter is fre-
quency or phase modulated, interference with
the reflected waves produces a signal which is
a function primarily of the distance to the tar-
get. This principle is equivalent to that of the
well-known FM radio altimeter. Pulsed or in-
termittent circuits to determine time or dis-
tance to target operate on essentially the same
principles as the common forms of radar rang-
ing devices.

The simplest kind of passive proximity fuze
requires the target to be a source of energy.
Although this requirement can be satisfied for
antiaircraft fuzes of the acoustic or infrared
type, it would generally not hold for radio-
sensitive devices. Consequently, a passive-type
radio fuze would require auxiliary transmit-
ting equipment as part of the fire control.

In selecting an operating method for a radio
proximity fuze, probably the most important
consideration was simplicity. It was believed
that if the fuze was too complicated, it would
be impracticable on two grounds: (1) its vol-
ume would be too large to satisfy ballistic re-
quirements, and (2) it could not be manufac-
tured in sufficient quantities in time to be of
any value. Since fuzes are expendable devices,
to be used only once, an appreciably different
attitude toward production was required for
radio proximity fuzes than for other types of
radio equipment, Furthermore, a radio fuze is
a device on which no adjustment is possible
during its operation, hence reliability was a
requirement which could not be compromised
by the manufacturing problem, Thus, it ap-
peared imperative to keep the design of a radio
proximity fuze as simple as possible but still
fulfill the military requirements.

The simplest type of radio fuze is probably
the passive type, but, gince auxiliary fire con-
trol equipment would be needed for its use, it
does not meet the general requirement for “a
minimum of special equipment and training”
for its operational use. Passive-type radio
fuzes were, however, seriously considered and
investigated until it was definitely established
that the transmitters required in active-type

fuzes could be built in large quantities and made
to operate reliably during the flight of the
miggile.

Probably the simplest active-type radio fuze
is the doppler type, since the transmitter in
such a fuze requires no internal modulation or
control circuits other than an audio-frequency
amplifier. Furthermore, as is shown in detail
in Chapters 2 and 3, there are sufficient design
parameters available in doppler fuzes to adjust
the position of operation along the trajectory
of the migsile approximately as desired.

All radio proximity fuzes developed by Divi-
gion 4 to the stage of adaptability to large-scale

- production are based on the doppler principle.

Chosen initially because of its simplieity, the
basic method has proved adequate to meet the
major military requirements. More complicated
systems have been surveyed and tested briefly,
but none of these appeared simple enough to
reduce to a mass-production design in time to
be of value,

L3 OPERATION AND PRINCITPAL
COMPONENTS OF DOPPLER-TYPE FUZES

The actuating signal in a doppler-type fuze
is produced by the interference with the trans-
mitter in the fuze of the reflected energy from
a target moving with respect to the fuze. The
{requency of the reflected energy differs from
the original by an amount (22 cos o) /4, where v
is the velocity of the fuze in a coordinate system
where the reflector is at rest, L is the wave-
length of waves radiated by the fuze, and a is
the angle the velocity vector makes with the
line between the missile and target. The inter-
ference or combination of the two frequencies
produces a low-frequency signal equal to
(2v cos a) /A, which can be used to trigger an
clectronic switch, Selective amplification of the
low-frequency signal ig generally necessary.

It is shown in detail in Chapter 2 that the
concept of interference of the original and re-
flected waves is analytically equivalent to a load
variation on the transmitting oscillator. Hence,
an r-f circuit which responds to variations in
its loading will generate a target signal of fre-
quency (2v cos a)/A. This signal may be de-

| ;um
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tected in a separate mixing circuit, oscillator
diode [OD], or by a change in some paramecter
of the oscillator circuit, such as grid voltage,
reaction grid detector [RGD], or plate current,
power oscillating detector [POD]. The designa-
tions OD, RGD, and POD are further clarified
in Section 3.1.

The principal elements of a radio proximity
fuze are shown in block diagram form in Fig-
ure 1. The dashed lines between the oscillator
and detector indicate that the two functions
may be combined.

ANTENNA

OSCILLATOR

THYRATRON

DETONATOR

DETECTOR AMPLIFIER BOOSTER

Z i

POWER SUPPLY ARMING

FiGURE 1. Block diagram showing principal
components of radio proximity fuze, doppler
type.

Operation of the fuze occurs when the output
signal from the amplifier reaches the required
amplitude to fire the thyratron. For a given
orientation of the fuze and target, the ampli-
tude of the target signal produced in the oscil-
lator-detector cireuit is a function of the dis-
tance between the target and the fuze. Hence,
by proper settings for the gain of the amplifier
and the holding bias on the thyratron, the dis-
tance of operation may be controlled. Distance,
however, is not the only factor which requires
consideration. Orientation or aspect is very im-
portant, particularly against aircraft targets,
since operation should oceur at that point on
the trajectory when the greatest number of
fragments will be directed toward the target.

For most missgiles, the greatest number of
fragments are directed upon detonation ap-

proximately at right angles to the axis of the
misgile. The dynamic {ragmentation pattern
for an M-8 rocket is shown in Figure 2,» and its
essential features pertaining to fuze design are
typical of most missiles except that for higher-
velocity projectiles, the side lobes are inclined
forward toward the line of flight. The graph
shows the density of the fragments per unit
area of a sphere drawn about the missile as
a funetion of the angle between the direction
of the fragments and the axis of the migsile.
The angle ¢, represents the latitude angle along
which the greatest number of fragments are
directed. The three-dimensional pattern would
be that obtained by rotating the curve in Fig-
ure 2A about the flight axis. The static frag-
mentation pattern of a 500-lb GP bomb is
shown in Figure 2B. The dynamic pattern,
obtained by the vectorial addition of velocities
due to the bomb’s motion and due to the explo-
sion, would be tipped forward a few degrees.

For trajectories which would normally pass
by the target without intersecting it, there will
be optimum chance of damage if detonation of
the missile oceurs when the target makes an
angle 6, with the migsile. However, for trajec-
tories which would intersect the target, the
missile should come as close to the target as
possible before detonation, Hence, the basic re-
quirements for directional sensitivity of a
proximity fuze for antiaircraft use are (1) the
gensitivity should be a maximum in the direc-
tion corresponding to maximum lateral frag-
mentation density of the missile, and (2) the
gengitivity should be a minimum along the axis
of the missile. Directional sensitivity of this
type can be obtained by using the missile as an

b It was erroneously assumed during the development
of the T-5 fuze and in the abscnce of experimental data
that the latitude (dynamic case) of maximum fragment
density for the M-8 rocket would lie between 60 and 70
degrees, Actually the density of lethal fragments in
this direction is greater than shown in Figure 2A be-
cause the contribution of the relatively low-velocity
fragments from the rocket body are not shown in the
fisure. For high-velocity missiles, such as antiaircraft
shells, the component of velocity due to the shell’s for-
ward motion gives a very appreciable forward tilt to
the dynamic fragmentation pattern. Also, in the case
of higher-velocity aireraft rockets [HVAR] such as the
5-in. HVAR, the latitude of maximum fragmentation
density is about 66 degrees. Fuzes for this rocket (T-30)
were developed later in World War II,
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antenna with the axis of the missile corre-
sponding to the axis of the antenna. With the
fuze in the forward end of the missile, such an-
tennas are end-fed by means of a small elec-
trode or cap on the nose of the fuze. Additional
control over the sensitivity pattern of the fuze
is possible by means of the amplifier gain char-
acteristic. As pointed out previously, the fre-
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For use against surface targets, proximity
fuzes are designed for an optimum height of
burst, depending on the nature of the target
and the propertics of the missile. When frag-
mentation bombs are air burst, the possible
damage to shielded targets is substantially in-
creased, Figure 3 showd a cross-sectional view
of a typical shielded target: a man in a fox-
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Fragmentation patterns of missiles.

The amplitude represents the relutive density of the fragment as a function of the latitude angle avound the axis of the missile.
Figure 2A ig for the M-8, 4.5-in. rocket and shows the dynamic pattern; i.e., directional allowance has been made for the effcet
of the veloeity of the rocket. The graph, which is based on data in reference 19, does not include the contributions of fragments
from the rocket motor. The latter are lavie, slow-moving, relatively few in number, und add to the pattern shown in the region
between 45° and 90°. Figure 2B iy a static pattern for the M-43, 500-1b GP bomb and ig based on data in reference 11. The effect
of bomb veloeity on fragment direction is very slight (due to the relatively low velocity of the bomb) and would shift the maximum

of the pattern forward of the order of 5°.

quency of the target signal is (2v cos a) /L. The
angle a varies rapidly as the missile passes the
target, and if maximum gain occurs when
a = 6, there will be greater likelihood that the
missile will be detonated at the proper point on
its trajectory. More detailed discussion of these
features is given in Sections 2.8 and 2.11 and
in Sections 3.2 and 3.5.

hole. The man is shielded from fragments from
any bomb detonating either side of the hole and
below the dashed lines. The angles ¢, and ¢,
which the lines make with the horizontal, are
called the shielding angles for the respective
directions. It is thus seen that, as the ¢’s
increase, higher burst heights will be neces-
sary to expose the targets. An upper limit on
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burst height is set by the lethal range of the
bomb fragments since these fragments lose
velocity rapidly as they travel from the point
of explosion. Hence, the height of an air burst
should be great enough to expose an appreci-
able number of targets but not so high that the
fragments will be impotent when they strike
the targets.

Most computations and evaluation tests for
the optimum height of air burst for bombs
have been on the basis of a 10° shielding or
safety angle.® The optimum height varies only

FIGURE 3. Sectional view of a soldier in fox-
hole, typical shielded target. Soldier is protected
from fragments from cxplosions below dashed
lines, Angle these lines make with horizontal are
called shielding, or safety, angles.

slightly for the various striking angles and
velocities with which bombs may approach the
ground. Hence, it is desirable to design a fuze
for ground-approach use which will give essen-
tially constant burst heights for the various
approach conditions.

An approach to this requirement is to have
maximum radio sensitivity along the axis of
the bomb, with essentially constant sensitivity

¢ Sce references 11, 12, and 13 for theoretical values
and reference 16 for effect field tests, It should be
pointed out that the size of the clementary target is a
primary consideration in the computation of optimum
burst heights. From this point of view, overhitting on
targets of finite size is decreased as the burst height
increases. Thus, an optimum burst height is determined

by the lethal range of fragments on the one hand and a
height where overhitting becomes excesgive on the other.

to about 45 degrees on cither side of the axis.
(For most release conditions used operation-
ally, bombs strike the ground with an angle to
the vertical of less than 45 degrees.) A short
dipole antenna mounted transversely to the
bomb’s axis and on the noge of the bomb essen-
tially meets this requirement. In addition, it is
necessary to design the amplifier of the fuze to
give constant amplification for the range of
doppler frequencies which might be encoun-
tered because of various approach velocities,

On the other hand, it was found that fairly
good ground-approach performance could be
obtained with fuzes with axial antennas by de-
signing the amplifiers to compensate for the
appreciable decrease in radiation sensitivity in
the forward direction. For example, steep
angles of approach in general mean high ap-
proach velocities with higher doppler frequen-
cies. Thus, a loss in radiation sensitivity with
steep approach can be compensated by an in-
crease in amplifier gain for the higher doppler
frequency. Details of such design are given in
Section 2.2.

A miniature triode is used for the oscillator
in the fuze and a pentode for the amplifier.
When a separate detector is used, a tiny diode
provides the required rectification. A miniature
thyratron serves as the triggering agent and
a specially developed electric detonator initiates
the explosive action. Details concerning the de-
sign of these elcments are presented in the vari-
ous sections of Chapter 3.

Energy for powering the electronic circuits
is obtained in the later fuze models from a
small electric generator. This is driven by a
windmill in the airstream of the missile. A rec-
tifier network and voltage regulator are cssen-
tial parts of the power supply. Design details
of the generator power supply, as well as
earlier battery power supplies, are given in
Section 3.4.

The arming and safety features of the radio
proximity fuzes are closely tied in with the
power supply. This is a natural procedure since
an electronie device is inoperative until electric
energy is supplied. Arming a radio proximity
fuze (generator type) consists of the following
operations: (1) either (a) removal of an arm-
ing wire which frees the windmill, allowing it
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ing of the 8D feature. Separate tests on the SD
showed it to be 96 per cent reliable at an aver-
age time of 8.5 sec after firing. Ninety per cent
of the SD functions were between 6.5 and 11
gec. These figures refer to the mechanical SD
(see Chapter 4) used in later models. An elec-
triec SD used in earlier models (see Section 3.3)
was less reliable.

The vieinity of the target was defined as
within a 60-It impact parameter of an 0.8-scale
target of a medium bomber. For more detailed
discussion of a proper definition of “vicinity of
the target” see Section 1.5.2,14-21

2. T-6 Fuze. The percentage of proper func-
tions for the T-6 ground-approach fuze depends
on the time of flight of the rocket, the number
of random functions increasing with the longer
trajectories. For maximum range, tests on over
1,500 rounds indicated the following perform-
ance.

a. 80 per cent proper functions.

b. 16 per cent random functions.

¢. 4 per cent duds.
Proper functions were defined as operation
between 6 and 100 ft above ground.

3. T-50-E1 and T-89 Fuzes. Acceptance tests
on 100 lots (lots averaged about 1,000 fuzes
and field tests were made on about 18 fuzes
from each lot) of T-50-E1 and T-89 bomb fuzes
showed

a. 83 per cent proper functions.

b. 13 per cent random functions.

¢. 4 per cent duds.
Proper functions for ring-type bomb fuzes
(axial antennas) were defined as between 6 and
100 ft over a water target. The average burst
height was 33 ft.

4. T-91 Fuzes. The first lots of T-91 bomb
fuzes were about the same quality as the T-50-
E1 fuzes. However, later lots (T-91-E1 using
the RGD circuit, see Section 3.1) showed the
following average for 27 lots.

a. 92 per cent proper functions.

b. 7 per cent random functions.

c. 1 per cent duds.
The average height of function was 60 ft over
a water target.

5. T-50-E4 and T-90 Fuzes. Tests on 130 lotg
of T-50-E4 and T-90 bombs showed

a. 78 per cent proper functions.

b. 19 per cent random functions.
¢. 3 per cent duds.
The average height of function was 40 ft.
6. T-92 Fuzes. Tests on 50 lots of T-92 bomb
fuzes showed _
a. 58 per cent proper functions,
b. 34 per cent random functions.
¢. 8 per cent duds.
The average height of function was 34 ft.
The inferior performance of T-92 fuzes was
due to unusual dependence of the fuze on the
electric properties of the test missile, the M-64
bomb. It was found that, on bombs which had
been carefully prepared to reduce variable con-
tact between the fin and the bomb body, scores
equal to those with other fuzes were obtained.
When it was definitely established that the poor
performance of the T-92 was due to this cause
and consequently could not be improved by
more rigorous production control, further pro-
curement was terminated. It had meanwhile
been shown that the T-51 and T-91 fuzes, which
had become available, would fulfill the applica-
tions for which the T-92 was intended.
7. T-51 Fuzes (M-166). Field tests on 230
lots of T-51 bomb fuzes showed
a. 91 per cent proper functions,
b. 9 per cent random functions.
¢. 1 per cent duds.
The average height of function over the water
target wag 110 ft. The proper function range
included heights up to 200 ft for bar-type fuzes.
8. T-2004 Fuzes. Field tests on 75 lots of
T-2004 rocket fuzes showed
a. 94 per cent proper functions.
b. 3 per cent random functions.
¢. 3 per cent duds.
The average height of the proper functions was
30 ft.

182 Evaluation as a Weapon

ANTIAIRCRAFT USE

A careful analysis of the T-5 fuze on the M-8
rocket as an antiaircraft weapon was made by
the Applied Mathematics Panel [AMP].10-21
The study was based on the experimental per-
formance of the fuze against a mock aircraft
target, fragmentation data of the rocket, dis-

—
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persion data on the rocket when fired from an
airplane, and vulnerability of a twin-engine
enemy aircraft, in particular the JU-88, to
fragmentation damage.

Conclusions of these studies were as follows:

1. When fired from 1,000 yd directly astern
with a standard deviation in firing error of
about 50 ft (17 mils), a single round has one
chance in 10 of preventing a twin-engined
bomber from returning to base provided it
cannot return to base on one engine.

2. If return to base on one engine is pos-
sible, there is one chance in 16 that a single
round will prevent its return,

3. If a delay of about 50 ft were incorporated
in the fuze, to bring the vulnerable part of the
target in a region of greater fragmentation
dengity, the above probabilities would be in-
creasedto 1in4 and 1 in 6.

The greater effectiveness of the weapon with
the delay was due to the fact (as shown in Fig-
ure 2) that the latitude of greatest fragmenta-
tion density of the rocket was approximately at
right angles to the axis of the rocket, whereas
the fuze, as shown in Chapters 2 and 3, had
been designed from an assumed latitude of
maximum density of about 70 degrees. A delay
of the amount recommended in the AMP report
would have brought the target in the region of
maximum fragment density. Such a delay could
have been incorporated readily in the fuze had
the tactical demand for this weapon in 1944
been as high as it was in 1942, However, there
appeared to be little likelihood that M-8 rockets
would be used ag air-to-air weapons, so the
fuzes were not modified.

The probability of obtaining a crippling di-
rect hit by an M-8 fired under the same condi-
tions is about 1 in 100.

Limited tests and evaluations were made of
the 5-in. AR and HVAR equipped with T-30
fuzes as antiaircraft weapons. At the Naval
Ordnance Test Station at Inyokern, California,
some 70 rounds were fired from a fighter air-
plane at a radio-controlled plane in flight.13 At
about 400-yd range, over 55 per cent of the
rounds functioned on the target. Eight high-
explosive [HE] loaded rounds were fired, four
of which functioned on the target, and three of
the four destroyed the targets. Presumably,

most of the rounds which did not function on
the target were beyond the range of action of
the fuzes.

The Applied Mathematics Panel made an in-
formal study of the effectiveness of AR and
HVAR equipped with proximity fuzes.?2 For
these rockets it was found, presumably because
of their higher velocities, that the optimum
burst surfaces were inclined forward from the
equatorial plane of the rocket and not at right
angles to it, ag,was the case for the M-8 rocket.
No experimentally determined burst surface
patterns were obtained for T-30 fuzes but,
assuming the same burst pattern as for T-5
Tuzes, the effectiveness was nearly optimum.
For example, the probability of destroying an
aircraft with an HVAR with a firing error of
25 mils at 1,000-yd range was 0.4, and with i5
ft optimum delay was 0.63. Further details are
in the AMP report.

AIR BURST FOR GROUND TARGETS

The Army Air Forces [AAF] carried out ex-
tensive evaluations of the effectiveness of air-
burst bombs against shielded targets using
T-50 and T-51 fuzes on M-81 (260-lb fragmen-
tation) and M-64 (500-1b GP) bombs. Bombs
were dropped on a large effect field covered
with target boards 2x6 in. in trenches 1 ft deep.
For equivalent airplane loads of properly fune-
tioning bombs dropped on 12-in. deep trench
targets, conclusions from the AAF report
are:'?

1. Air-burst 260-1b M-81 fragmentation
bombs and 500-lb M-64 GP bombs produce
about 10 times as many casualties ag contact-
burst 20-1b M-41 fragmentation bombs when
trenches are 15 ft apart. (A casualty ig defined
as one or more hits per square foot, capable of
perforating 34, in. of plywood.)

2. Optimum height of burst for maximum
casualty effectiveness is between 20 and 50 ft,
with only slight variation through thig range.

The British carried out similar appraisals,
using T-50 fuzes on M-64 bombs.2® There are
gseveral differences in details of the tests, par-
ticularly in the matter of evaluating the effec-
tiveness of surface-burst bombs. The British
Ordnance Board made an appreciable allow-
ance for the blast effect of both the contact-
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fuzed bombs and variable-time [VT] fuzed
bombs and arrived at a superiority factor of
4 to 1 for the latter against shielded or en-
trenched targets.

The AAF also evaluated the M-8 ag an air-
to-ground weapon with both VT (T-5) and
contact fuzing.!™ The summary report con-
cluded that the weapon was relatively ineffec-
tive against shielded surface targets, although
the casualties per round with VT fuzing were
about five times ag high as with contact fuzing.

AIR BURST FOR BLAST BOMBS

Studies by Division 2, NDRC,2? and by the
British?® demonstrated that when large blast
bombs are air burst at about 50 to 100 ft above
ground, the area of demolition could be in-
creased from 50 to 100 per cent. No full-scale
tests were carried out to verify these conclu-
sions, but it was established that the T-51 fuze
could be used on both the 4,000-1b (M-56)
American bomb (Chapter 9) and the 4,000-lb
British bomb?*” to give air bursts at the proper
altitudes.

In cooperative tests by the Army, Division 4
and Division 2, NDRC,** ** it was shown that
air-burst bombs could be used in mine-field
clearance. The advantages were primarily in
increased reliability of clearance and absence
of cratering. However, the use of air-burst
bombs for this purpose does not markedly re-
duce the number of bombsg required to clear an
area.

AIR BURST FOR CHEMICAL BOMBS

A number of evaluations were made to deter-
mine the effectiveness of air bursts on chemical
bombs. In a carefully planned effect field test
using T-51 and T-82 fuzes on 500-1b L.C bombs,
the British showed the areas of contamination
with a mustard-type gas were 4 to 5 times
greater than when the bombs were used with
contact fuzes.?® The increase was due to a more
uniform distribution of the vesicant and avoid-
ance of loss of material in craters.

The Chemical Warfare Service and the Brit-
ish cooperated in an extensive series of tests at
Panama in simulated jungle warfare. A T-51
fuze with reduced sensitivity effectively pro-
duced air bursts of chemical bombs below tree-

top canopies with efficient distribution of chem-
ical materials.2s 29

AIR BURST FOR FIRE BOMBS

The Army Air Forces evaluated the effective-
ness of T-51 fuzes on fire bombs and found that
for high-altitude bombing the distribution of
incendiary material was appreciably improved.
In this application, the gain due to an air burst
was due to the elimination of loss of material
in craters.st

153 Qperational Use of Proximity Fuzes

Proximity fuzes for bombs and rockets saw
very limited operational uge, primarily becauge
they were introduced into action very late in
World War I1. Some of the factors which im-
peded their initial operational use are dis-
cussed in the history of Division 4. Other fac-
tors, as well as a full summary of their use in
World War II, are given in a memorandum by
a member of the VT Fuze Detachment of the
Ordnance Department.?? Some excerpts from
the latter reference are given in Chapter 9.

Altogether, approximately 20,000 fuzes, pri-
marily bomb fuzes, were used in action by the
Army and the Navy in the Pacific, and in the
European and Mediterranean Theatres of Op-
eration [ETO] and [MTO]. In the last few
weeks of the war in the Pacific, approximately

1

one-third of all bomb fuzes used by carrier- -:

based aircraft were proximity fuzes. The main
targets were antiaircraft gun emplacements
and airfields.

No thoroughgoing analysis of the effective-
ness of the fuzes operationally was possible,
although the general reaction was very favor-
able. Since the fuzes were used in all theaters
go late in World War II, the major uses were
of a trial or introductory nature. In all cases,
these trial uses were followed by urgent re-
quests for more fuzes, which usually, and par-
ticularly in ETO and MTO, did not arrive until
after World War II was over. All initial uses
were in 1945, in February in the Pacific and in
March in ETO and MTO. Reports concerning
the effectiveness of the fuzes against gun em-
placement targets generally stated that anti-
aircraft fire was either stopped or greatly re-
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duced after the air-burst bombs exploded.

Although relatively little or no quantitative
data ag to the effectivencss of the fuzes was
gecured, their use was extensive enough to es-
tablish their practicability as service items of
ordnance equipment. Relatively little difficulty
wag experienced in the handling and use of the
fuzes and none of these was serious or insur-
mountable. Hence, with the effectiveness of
proximity fuzes well established by cffect field

studies and operational practicability estab-
lished by combat use, proximity fuzes appear
assured of a permanent and increasingly im-
portant pogition in modern ordnance. The tech-
nical information presented in the succeeding
chapters of this volume not only serves to pro-
vide a full understanding of the properties of
the fuzes which were developed and produced,
but it also provides a firm and logical basis for
future development.



Chapter 2

TIHE RADIATION INTERACTION SYSTEM®

2.1 INTRODUCTION

THE PRECEDING CHAPTER has explained what
a proximity fuze is and has shown what the
fuze must do by stating the military character-
istics required for such a device. The basis
upon which the radio reflection principle was
selected as most suitable for a proximity fuze
has been diseussed, and some of the reasons for
using the doppler principle have been pre-
sented. We are now in a position to explain the
working principles of the device and its engi-
neering design.

In discussing the working principles we are
concerned with two cssentially independent
sets of phenomena: (1) those external to the
fuze mechanism, i.e., the emigsion and recep-
tion of radiation and its interaction with the
target; and (2) those within the fuze itself,
i.e., internal circuit behavior,

The present chapter deals with the first
group, external phenomena, which we call the
radiation interaction system. To facilitate dis-
cussion, an arbitrary dividing line is drawn at
the point where the internal fuze circuit is
electrically connected to the fuze antenna. As
will be seen, it is possible to describe the ex-
ternal phenomena so that their effect can be
expressed as an appropriate variation of im-
pedance at these antenna terminals. When the
relation between the radiation interaction with
the target and the variation of antenna im-
pedance has been determined, the problem be-
comes one of constructing a practical circuit
which will respond properly to the changes
seen at its terminals.

It should not be inferred from this division
of phenomena, for the purposes of discussion,
that antenna design and circuit design are en-
tirely independent. Each must be designed with
due regard to the other, and both designs are
dictated by such practical considerations as
physical limitations of components and tactical
utility. In fact it will become evident as the dis-
cussion proceeds that the working principles of

o By R, D. Huntoon and P, R, Karr.

the fuze are quite simple and that the real dil-
ficulty in making a practical proximity fuze lies
in reaching an adequate compromise between
a host of closely interrelated factors. The co-
ordination of these various factors is treated
in Section 3.5.

Many of the phenomena treated in this chap-
ter are shown to be negligible or unimportant
for the type of doppler fuzes of immediate in-
terest. The phenomena may, however, have
appreciable importance for fuzes of other types
or for more extensive applications of the pres-
ent fuzes. For these reasons, the basic theory
has been treated in appreciable detail by de-
veloping considerable material found in ad-
vanced textbooks on radiation and circuit
theory. This approach should enable new in-
vestigators in the field of proximity fuzes to
familiarize themselves with the fundamental
principles involved with a minimum of re-
course to the technical literature.

22 SPECIFICATION OF PROBLEM IN
TERMS OF ANTENNA IMPEDANCE

The fuze detects the presence of an obstacle
in its radiation field by means of returning
radiation reflected by the obstacle. The physical
situation is thus characterized by an outgoing
wave with a frequency determined by the fuze
{ransmitter and a returning wave of much
smaller amplitude, whose frequency may be
differcnt as a result of relative motion of fuze
and reflector. In all the discussion which fol-
lows, it will be assumed that the reflecting ob-
gtacles are linear reflectors, by which we mean
that the strength of the reflected field is propor-
tional to the strength of the incident field. It is
shown in this section that the returning wave
differs in frequency from the outgoing wave by
an amount which can be calculated by the appli-
cation of the doppler principle, and that under
certain conditions, which hold for present fuze
designs, this combination of outgoing and re-
flected wave is exactly equivalent to a change

) 17
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in antenna impedance, The usefulness and limi-
tations of this concept are discussed.

2,21

Reflected Wave or Doppler
IFrequency Concept

Consider a radiating system K which radiates
a carrier of frequency f. Its field in any dirce-
tion @ will be of the form

E = Agi2lt — /o), (1)

Let the radiation be received in a system R’
moving with a velocity v in the direction —u,
i.e., toward the system E. In this moving system
of reference the field will be of the form

B = Aleizef I — /o), (2)

The phase of the wave is relativistically invari-
ant, so that
! .
7) @)

()6

Now ¢ and a’ are related to ¢ and a« by the
Lorentz transformation. Applying this gives

f\/lj___—_z__;f _ (1+Z+;Zf)’ @)

when it is remembered that v is —dzx/dt.

At the present time relative velocity of fuze
and target never exceeds 5,000 fps so that v/¢
ig of the order of 5 % 10 ¢, Equation (4) can be
rewritten

()
7= f<1+ +§f’f’;>=f+-i’<1+§c--->,

which is close enough to

=0ty (6)
which ig recognized to be the normal doppler
frequency shift. Thus the frequency received at
the target is given by equation (6) above. The
target reradiates, reflects, on this frequency,
and a second application of the above argument
leads to

2
=+ (7
where f is the frequency of the reflected wave
as seen at the fuze, For current fuze designs,
the doppler or difference frequency 2v/A is of

the order of a few hundred cycles per second
out of a carrier frequency of the order of 100
mc and the error introduced by neglecting rela-
tivistic effects is of the order of 10—* c.

%22 Reflection Equivalent to Change of

Antenna Impedance

The two-wave picture outlined above can be
converted to the equivalent impedance picture
quite simply. First, assume the system R’ to be
at rest, so that f = f* =f”. Then the field of the
system R, equation (1), can be written ag

E = Klerlit — @/N] (8)
where the dependence of E upon I, the antenna
current, is shown explicitly. This field is re-
flected from the target at distance x with a loss
in amplitude and a phase shift & and returns as
reflected field I, given by

E, = BKIg¢i*lt =
The constant B represents the loss at reflection
and represents also the initial assumption that
reflected field is proportional to incident field.

The fuze antenna receives this reflected field £,
and converts it to a voltage V, so that

V, = B'KIeiwlit — (10)

showing that V| is proportional to I, the trans-
mitting antenna current. The term B’ replaces
B and now involves an additional factor trans-
lating field to voltage.

At this point it is necessary to call attention
to the fact that the radio fuzes herein described
and to which the theory we are discussing is
applicable use a common antenna for transmis-
sion and reception and use the same terminals
for transmission and reception. Thus the cur-
rent I in equation (10) represents the trans-
mitter current into the antenna terminals, and
V. represents the voltage across those same
terminals arising as a result of the presence
of the reflector in space. Since (V,/I) is dimen-
sionally an impedance, we may write

Ve = IZ,e?t,

(2z/%) + 9], (q)

@z/N) + 51’

where
Z, = B'Keitr(=22e/N +34, (12)
The constants B’K represent the magnitude of

the reflected impedance Z,, and the term ei2=(=2e/»

.r- . |

.
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shows the variation of the phase angle as the
distance z to the target changes. In the above
discussion, 7 has been assumed to be constant
in the presence of the reflector. This assump-
tion is made only for purposes of computing Z,;
the results obtained hold when I varies, as it
normally does.

Suppose now that the target moves toward
the fuze with a velocity V — da/dt. Then the
rate of change of total phase ® of the imped-

ance is
d_q’ I s A + dmv
di T dt\ A B A

(13)

The frequency F' with which the impedance Z,
completes its phase cycle is given by
N 1 d®
F= o (14)
a value identical with the doppler frequency
derived above, equation (7). We thus see that
the reflector can be replaced in the fuze antenna
circuit by a reflected impedance Z,, whose am-
plitude represents the strength of the reflected
voltage and whose rate of change of phase cor-
responds to the doppler frequency shift. In this
derivation of the frequency F, we have neg-
lected relativistic effects; these are, of course,
negligible, just as in the preceding derivation.
For fuzes having a common antenna for
transmission and reception, using common ter-
minals for both, we can represent the behavior

2v
- _l_ K’

FicUurRe 1. Vector representation of antenna
impedance in presence of reflector.

associated with a moving reflector in the radi-
ation field by the vector diagram shown in
Figure 1.

In this figure Z,;, represents the impedance

at the antenna terminals in the absence of all
reflectors (free space). Its resistive and reac-
tive components are Ry, and X,, respectively.
The term Z, represents the rcflected impedance
and Z; the total antenna impedance with the
reflector present. When a target moves toward
the fuze with a velocity v, the end of Z, traces
out a spirallike figure with an angular velocity
w = 27 = @

A
The radius increases as Z, increases.

2.2.3 Approximations Involved in

Impedance Representation

Suppose we consider two systems, each en-
clogsed in a box with only two terminals avail-
able to the experimenter and no indications
outside to show the contents of the box. Let
box 1 contain a fuze antenna, space for radia-
tion, and a moving reflecting target. Let box 2,
identical in every external detail with box 1,
contain within it a fixed impedance Z;; and a
variable impedance Z, with magnitudes selected
according to the definitions above,

In a steady-state condition, i.e., with o = 0
and with the fuze in operation long enough for
all transients to die out, no set of measure-
ments can distinguish a difference between the
contents of the two boxes, and they are for all
purposes identical,

If we test the two arrangements by suddenly
applying the r-f voltage to the terminals, there
will be a difference in the way in which the
steady state is reached, This difference is
analogous to the difference in the transient be-
havior of two circuits A and B, where B is
identical with A except for a length of perfect
transmission line attached to its input termi-
nals. If a signal were suddenly applied to the
input terminals of 4, a certain trangient re-
sponse would be obtained at the output of A.
If the same signal were suddenly applied to the
input of the transmission line attached to B,
the transient response at the output of B would
differ from that at the output of A because of
the delays due to the transmission line. The
steady-state behavior of the two circuits, how-
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ever, would be identical. Thus in the case of
the fuze circuit we can apply the impedance
concept, which is a steady-state concept, to
those casecs in which the delays associated with
the radiation link are negligible. We now pro-
ceed to show that these delays are unimportant
in cases of interest.

One effect of the finite transmission time of
the waves is that at any time ¢ the fuze receives
a reflected signal which is characteristic of the
target not at time ¢ but at time (¢ —r/c), where
7 1s the distance from target to fuze at the mo-
ment when the signal which arrives at the fuze
at time ¢ started out from the target. This
means that the fuze does not “know” its dis-
tance from the target at any instant, but only
what the distance was at a time (7/¢) in the
past. In the region of interest »/c¢ is of the
order of 10—¢ sec, during which time the fuze
moves a distance of the order of 10— ft, Thus
this effect is seen to be of no importance in de-
termining the position of function of the fuze.
It may be pointed out, however, that for prox-
imity fuzes which work on other principles,
for example, the reflection of radiated sound,
thig effect may be of considerable importance.

Another effect of the delay associated with
the radiation link is that it introduces an effec-
tive “time constant” in the fuze circuit because
of the effect which the reflected voltage has on
the antenna voltage, which in turn influences
the reflected voltage, etc. A rough cstimate of
the order of magnitude of thig time may be ob-
tained by assuming the fuze and antenna sta-
tionary and computing the time required for
the fuze voltage to reach a steady-state value
after being switched on. The time required to
reach equilibrium is assumed for the purposes
of this discussion to be associated entirely with
the propagation of the waveg in space and not
at all with delay characteristics of the fuze cir-
cuit itself.

The presence of the reflector induces a volt-
age in the fuze proportional to the voltage in-
duced in the reflector by the fuze antenna. The
above statement can be made more precise by
including the time element; that is, suppose at
time ¢ = 0, the fuze begins to radiate. Some of
the radiation “bounces” back from the refiector,
reaches the fuze again at time A¢, usually ap-

preciably less than 10—¢ see, and induces a volt-
age in the fuze antenna. This causes a change
in the radiation; this changed radiation is re-
flected by the target again, and its effect is felt
back at the fuze at time 2 At. This process goes
on until equilibrium is reached.

For the sake of simplicity, assume that the
distance of scparation is such that the im-
pressed and reflected voltage in the fuze an-
tenna are always in phase. In this case the
effect of the reflected radiation is to increase
the voltage in the fuze antenna. Let % be the
constant relating the voltage induced in the
fuze antenna by reflected radiation to the volt-
age in the fuze antenna, which was associated
with the original radiation. For many cases of
interest k is of the order of 0.01. Then the vari-
ation in the fuze voltage starting from ¢ = 0
may be represented as in PFigure 2, in which
no attempt has been made to represent the true
scale. In the figure V, represents the voltage at
t = 0. The expression for this variation is

V() = Vot KV (t — Ab), (15)

which applies fort = At. For t < AL,V (£) = V.
The equilibrium voltage V. is the limit of the
series

Ve =Vo(l + k4 24+ 4 -2, (16)
1 L T/U
Vo = — (17)
For &k << 1, we have
Ve = (1 + k) V. (17a)
Furthermore
V(A =104+ k) Ve (18)

Thus we see that for small & the first reflection
is responsible for most of the voltage change.
This would be true for any other assumed
phase relation between the impressed and re-
flected voltages in the fuze,

If desired, we may replace the stepwise vari-
ation by a smooth curve, as shown roughly in
Figure 2; this smooth curve may be represented
analytically. To do this we replace V(¢ — Af) in
equation (15) by the quantity [V (¢) — Al
(dV/dt)1, the first two terms of the Taylor
expansion.



SPECIFICATION OF PROBLEM TN TERMS OF ANTENNA IMPEDANCE .21

This gives us the differential equation

Vit) = Vo + k |:T'(t) —~ At (”;-{(-Q:I, (19)

whose solution is

V() = Vﬂ__,. |:l B ENCE R O —t)/(km)il. (20)

11—k
This equation is, of course, to be applied only
for t = At.

From equation (20) we find that

S T
In-,—l__kL”r

and
Valh = 1+ k) V,,

agreeing with the previously obtained results.
The order of magnitude of the effect described
above is seen to be quite negligible for the fuzes

o e —
—
el

KV,

Vo

0 Nt 2At EYAN 4

Tt

4 At

T'IGURE. 2, Variation of voltage in fuze antenna;
fuze and target stationary.

described here. This effect may, however, take
on fundamental importance for fuzes operating
on other principles, such as those working on
acoustic or pulse-time principles.

221 Implications of Impedance Concept

The advantage of regarding the basic effect
of a reflector as an impedance change can be
seen when an attempt is made to describe the
phenomenon in terms of another concept which

appears at first plausible, namely, the concept
of the effect of the reflection as a generator e
in series with the radiation impedance Z,,, as
in Figure 3. The reflector does indeed create a
voltage e in the antenna, This voltage ¢ how-
ever, changes the current I in the antenna,
which in turn changes e, and so on. This effect
of the change in I upon e must be taken into
account, and the impedance concept does this,
whereas the generator concept as ordinarily
applied does not do so; we do not ordinarily
think of a generated voltage ¢ as being affected
by the current changes which it produces in the
external circuit. Of course, in those cases in
which the reflected voltage ¢ is small enough so
that its effect on I is negligible it may be treated
as a generator.

Another important aspect of the impedance
concept is its essentially geometrie character.
It will be shown by more detailed analysiz in
the following sections that the reflected imped-
ance in an antenna due to the presence of a
reflector is a function only of the geometric
configuration, of the directive properties of the
antenna, and of the character of the reflector.
The power level at which the antenna radiates
has no effect on the reflected impedance;
this, of course, is not true of the reflected
voltage. This lack of dependence of the re-
flected impedance upon power level implies that

FIGURE 3. Generator e in series with fuze

antenna impedance, Zq4.

fuzes with widely differing power outputs can
be made which have the same sensitivity to
reflection. This is indeed true; fuzes have been
made with radiated power outputs ranging
from 5 mw to 1 w, with equal sensitivity to
reflection. From the point of view of freedom
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from interference, however, it ig fairly obvious
that the higher power level is desirable. That
is, the reflected voltage increases with the power
level and therefore any extraneous radiation
would have to be so much the stronger to in-
duce, in the fuze, signals comparable in magni-
tude to those coming from the reflector.

23 MUTUAL INTERACTION OF SYSTEMS
OF TWO-TERMINAL NETWORKS
INVOLVING RADIATION

In the preceding section it has been shown
that, with certain approximations, the effect of
a reflecting target is equivalent to a change in
the input impedance of the fuze antenna. To the
extent that this is so, the interaction phenom-
ena between fuze antenna and target are de-
scribable in terms of the steady-state analysis
of coupled networks. The familiar concepts of
mutual impedance and reflected or coupled im-
pedance wili be used. In fact the antenna imped-
ance change to be evaluated is identical with
the reflected or coupled impedance of ecircuit
theory,

z.3.1 Fuze Problem as Interaction of

Two-Terminal Networks

For fuzes of the single-antenna type, devel-
oped by Divigion 4, the problem of the inter-
action with the target reduces to that of com-
puting the reflected impedance. The actual tar-
gets encountered by the fuze radiation may be
relatively simple, as in the case of ground ap-
proach where the fuze can be considered as in-
teracting with its image, or complicated, as in
the case of an aircraft target with its compli-

cated mode of excitation and complicated re-:

flection pattern. In the latter case it is custom-
ary to determine performance of a fuze on the
basis of its interaction with a simple target,
such as a half-wave reflecting dipole, and by
experiment to relate the reflection from the
complicated target to that from a simple target.

Thus in the argument which follows in this
section the problem will be set up on the basis
of mutual interaction between a system of n

gsimple two-terminal networks connected by ra-
diation. In some cases one of these networks
will represent the target antenna. When the
theory has been worked out formally on this
basis, the problem of a complicated target will
be discussed in more detail.

2.3.2 Fundamental Equations

We now formulate the problem in a more
precise way. Let the fuze and reflecting objecis
be considered as a system of antennas. If the
ground is involved, we consider it ag perfectly
conducting and replace it by the image of each
of the real antennas. For the fuze problem the
fuze antenna and its image are driven; all other
antennas are parasitic. If some of the other an-
tennas are driven by appropriate generators,
we are then concerned with fuze operation in
the presence of interference or intentional coun-
termeasures. This case is subject to separate
treatment, which is not within the scope of this
volume.

In general, if we have the fuze antenna inter-
acting with n — 1 additional antennas, we may
set up n equations:

Vi = hin+ IZy + 17y + - - - + 1724,
Vo = Iy + L[Zy + IsZos + -+« + 1,74,

Vﬂ = Ilznl + I2Zn2 + 13Zn5 + et + [nZ71n,

(21)

where I, is the current in the jth antenna and V;
is the voltage impressed on the jth antenna.
The set of equations (21) is a well-known way
of representing the interaction between % cou-
pled circuits or » antennas. On account of the
reciprocal relations between antennas, Z,;, = Z,.

The meaning of the Z’s can be elucidated
quite simply. If, for example, we open-circuit
all antennags except No. 1 so that all I's except
I, are zero, we have V;, = I,Z,,, so that Zy; is
the free-space impedance of antenna No. 1 and
¥, and I; are the free-space voltage and cur-
rent, respectively. I,Zs 1is the open-circuit
voltage of antenna No. 2 due to current I, in
antenna No. 1. The term Z,, is the mutual
impedance between No. 1 and No. 2. The
input impedance of No. 1 in the presence
of an arbitrary number of other antennas is
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(Vi/I;) = Z;. When the n antennasg are too far
apart to influence each other, the Z,’s vanish
(1 5= j) leaving only the Z,’s.

As hag already been mentioned, the ground
is considered as a perfectly conducting plane,
infinite in extent. Modifications required for an
imperfectly conducting ground are considered
later. It is well known that we may “remove”
the ground plane and replace it by images of
each of the antennas above ground. The rela-
tion of the currents in an image and a real
antenna are shown in Figure 4 for two con-
figurations. The arrows point in the direction
of instantaneous current.

If the components of current normal and
parallel to the surface are always as shown, the
boundary conditions at the reflecting surface
will be satisfied and the field of the image above
the plane is identical with the reflected field.

Since each of the images contributes to the
total effect on the fuze antenna, they may ap-
preciably affect the operation of the fuze. When
the target and fuze are far removed from
ground, the effect of their images becomes neg-
ligible. This is essentially true of the applica-
tion of the fuze against enemy aircraft in flight
for fuzes as now constructed. The influence of
the ground in this case will be discussed in
more detail later.

To take account of the effect of the ground
we include the images in the set of n equations,
letting the odd numbers represent real anten-
nas and even numbers the image antennas.
Thus antenna No. 1 represents the fuze, No, 2
its image, No. 3 a real antenna, and No. 4 its
image, and so on, each even number represent-
ing the image of the odd number preceding.

In the notation of equation (21) the bound-
ary conditions will be satisfied if we put

I.= —I,_+ (rcven).

Since
Z, = Z(r— 1)y V. = —“V(r— 1)

It will now be found that the odd-numbered
equations from equation (21) form a complete
set of n/2 equations to specify the solution for
the /2 currents in the real antennas. The re-
maining equations can be shown to form an
identical set and so contribute nothing further.

2.3.3

Specific Fuze Equations

In the typical fuze situation only the fuze
antenna is driven, In equations (21) this is rep-
resented by putting V, — V and V, = —V with
all other V, == 0. Let us consider this case and
solve for V/I,, the apparent input impedance Z;
of the fuze antenna. As previously stated, we
uge only the odd-numbered equations.

A sufficiently general case which includes all

REAL A REAL
ANTENNA ANTENNA
i
A
s |MAGE IMAGE

FiGURE 4. Relation of currents in real and
image antennas, for horizontal and vertical
cases.

fuze problems of immediate interest arises from
the consideration of two real antennas and their
two images. For this case antenna No. 1 is the
fuze, antenna No. 2 its image, antenna No. 8 is
the target, and antenna No. 4 is its image.
For this special case the appropriate equa-

tions are

V =IIZ11 - IIZ12 + I3Z13 - ISZLL

O =1Zy — 1iZy + 1324 — TsZigy

where we have utilized the fact that Z, = Z,,.
By symmetry, it is clear that Z.;, = Z,.. Incor-
porating this in equations (22) we get for the
input impedance Z; of the fuze

(22)

_V_ (Zys — Zua)?
Ly = [_1 = Zu Zy m (23)

Equation (23) shows that the impedance of
the fuze antenna is its free-space value Zy; plus
additional terms representing the presence of
target and ground. Three cases of interest arise.

Case I. Ground Approach. In this case the
fuze uses the ground as a target and antenna
No. 3 with its image No. 4 are absent. This
means that there are no nearby reflectors ex-
cept the ground. For this case Zys = Z;, = 0
and Z; reduces to

Z_]_ = Zn - Z]_z. (24)
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The coupled impedance is the mutual impedance
Z., between the fuze and its image. This leads
to an important concept in understanding fuze
operation against the ground; ie., in the
ground-approach case the fuze can be thought
of as being fired by its image. Since object and
image are connected by a line normal to the
plane, the vertical distance from fuze to plane
is a determining factor.

Case II. Isolated Airborne Target. It is now
assumed that antennas No. 1 and No. 3 arc far
removed from ground in comparison with their
separation. This makes

Zio = Zy= 73 = U
The result ig

L= Zn — glf,
and the coupled impedance hag the value
(Z,s2/Zs3). An interesting point should be men-
tioned here in connection with jamming fuzes.
If antenna No. 3 represents a jammer antenna
instead of a target and if Z.: includes some
negative resistance incorporated by feedback
of some sort, Z:; can be made much smaller
than the Z,; obtained if the feedback is re-
moved, Thus a negative resistance jammer will
build up a signal of magnified form and may
cause the fuze to function before it should
normally.

Such a scheme has difficulties of realization
in practice which may make it impossible.

Case I1I. Airborne Target with Ground In-
terference. In this case the full equation (23)
is applicable and must be congidered in some
detail. If the target is not moving with respect
to its image, as in the case of a test target, Zy,
will be a constant and reasonably small com-
pared with Zy. To a good approximation we
may use Z,, alone. Thus equation (23) includes:

1. Z,, representing the interaction of the
fuze antenna with the ground.

2. Z142/Z3; representing the interaction of
the fuze antenna with the target plus two other
terms of the same order as this which may
lead to interference.

This is as far as the argument can proceed
without detailed knowledge of the mutual and
self-impedances involved. We now turn atten-
tion to the values of impedance to be expected.

(25)

21 ANALYTIC EXPRESSIONS FOR
MUTUAL IMPEDANCE, RADTATION
FIELDS ONLY

2.1.1 *
Basis of the Argument

We have developed above general expressions
for the apparent input impedance of the fuze
antenna when in the neighborhood of other
antennas, among which may be included the
image of the fuze antenna, These equations will
now be made more specific, so that they can be
applied to actual cases.’ +?

In the argument to follow we will confine our-
gelves to the case of radiation fields alone, leav-
ing the problem of correction due to induction
and quasi-static components te Section 2.10. The
corrections are not necessary to predict fuze
operation in a large majority of cases.

By neglecting the corrections it is possible to
set up a general argument which makes no as-
sumptions about the nature of the current dis-
tribution on the fuze antenna or the mode of
interaction with the reflected radiation. All we
need to know about the fuze antenna is that:
(1) it has two terminals for connection to the
oscillator eircuit; (2) when current flows
through these terminals, radiation appears in
the surroundings with a distribution which can
be measured experimentally ; and (3) the logs of
energy by radiation appears as a resistance in
the antenna circuit to which the oscillator is
connected.

To derive the necessary expressions we will
first express the field strength E of an antenna
at point P in space in terms of (1) the distance ¢
from the antenna, (2) the experimentally meas-
ured radiation pattern f(8,4), (3) the gain G
of the antenna ag caleculated from f(6,), (4)
the series radiation resistance R, and (5) the
driving point current I into the antenna ter-
minals,

The meaning of R, may be clarified by repre-
senting the system as in Figure 5, where the
box is the fuze system which emits radiation.
It we integrate the energy flow at infinity when
a current I flows into the terminals, we find that
a certain amount of power is carried away by
radiation. If this power is W, then by definition

20 20

R, = 102 Or  rrw
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Now there may bhe other components in the box
which dissipate energy. They are not included
in R,

If we measure the input impedance at the
terminals 77 when the box is in [ree space in

RADIATION

Ficure 5. Representation of fuze system emit-
ting radiation.

the absence of reflectors, the result is Z,,. When
reflectors are present, the result is Z,, as defined
previously. The above definition of R, implies
that all the antenna current 7 flows through E,,
meaning that E, is in series with /. Likewise
the coupled impedance representing the reflec-
tor will also be in series with /. The argument
upon which equations (21) are based then
means that we consider the antenna as equiv-
alent to the circuit in Figure 6. Thus Z,; = R, +
R, + jX, and AZ represents the reflected im-
pedance. The term R, represents the ohmie
losses in the antenna, which are quite small and
will be neglected unless otherwise specified.

When the field relatfons have been derived, it
will then be necessary to determine the response
of the antenna to radiation falling upon it. This
will be derived with the aid of the reciprocity
theorem. The two concepts will serve to solve
the fuze problem in so far as pure radiation
fields are concerned.

2.4.2

Field Equations for Arbitrary
Antenna

We assume a spherical coordinate system,
with the origin at the center of the antenna
and the antenna lying along the polar axis. The
electric field strength E is a vector function of
pogition. If we describe a large imaginary
sphere around the antenna, then a plot of the
field strength E, on the surface of the sphere,
as a function of the polar angle and the azimuth
angle ¢ is known as the space radiation pat-
tern of the antenna. If we normalize the values

of ‘El found around the sphere so that the
maximum value is unity, the dependence on
¢ and ¢ is known as f(6,¢). The actual value
of the field strength at any point (6,¢) on the
sphere ig given by

} E] = I, f(ey‘ib)y (26)

where £, is the maximum value of 1E \ on the
gsurface of the sphere. We assume that 7(6,¢)
has been determined experimentally (see Sec-
tion 2.8).

To——] Rs 5(5
To——] R, Az
FIGUuRE 6. Scries cquivalent circuit of fuze

antenna.

The power W radiated through the sphere is
obtained by integrating the Poynting vector
over the surface of the sphere and is given in
mks units by

)E 9
27, f f 2 (8,0) sin 0dode,  (27)

’ 2
J

o r

22

W=7 (28)
where
= f ff“’ (0,9) sin 6d6de,
(] 4]
and

Zy = v (W/K),
the “intrinsic impedance” of free space, p and K
being the permeability and dielectric constant
respectively of free space, or air. The term
Z“ — 1204+ ohms.
Taking into account equations (26) and (28),
we write

B = - \/ZVZZ { (0 ¢) Jlot = (nrr/)\)]} (29)

where 1 is the wavelength, This expression ig-
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nores a possible additive phase shift which may
be a function of (6,¢). It will be introduced
when needed.

We may now introduce the concept of gain
of an antenna. If we compare two antennas,
each of which radiates so as to produce equal
values of F, at a given distance r, then the an-
tenna which radiates less power has the greater
gain G. An antenna for which the space radi-
ation is spherical, ie., one which radiates
equally in all directions, has the lowest possible
gain. From equation (28) we see that for two
antennas, No. 1 and No. 2, with equal values
of E, at the same value of »

Gz WI Y ¢
G W (80)

For an isotropic radiator y — 4. If we arbi-
trarily assign this antenna a gain of unity, we
have for any antenna

_ A
-

« (31)

Typical values of G for representative antennas
will be found in Figures 21 through 24,
Equation (29) may now be transformed:

- 1 \/Z?WG {f(e’¢)ej|'mt - (zw/m}_ (32)
r 27
As already indicated, we put

. = 2V
e =TI

(33)

and rewrite equation (32) as

. Iy LR - i(=2er/N) :
B = TN dr {f (0,¢)j¢ , (34)
where I, = |I| e’“!. The factor j correctly re-

lates the phase of E to that of I, in the case of
an elementary dipole. For other antennas, there
may still be an additional phase shift, as men-
tioned above. This is the final equation relating
the field to the antenna and shows the radiation
field as a function of position around the fuze
antenna. To solve the fuze problem we need to
know how this arbitrary antenna responds to
fields as a receiver. A discussion of the problem
follows.

243 Mutual Impedance Between Two

Arbitrary Antennas

In the following discussion we assume that
the radiation is in the form of plane waves.
This in effect means that the absolute value of
the field does not vary over the length of the
antenna for distances at which we are inter-
ested.

We know that a current in one element sets
up a voltage in another, These may be coupled
by radiation, in which case the radiation field
from one antenna carrying current I; generates
a voltage in the other and we may say that the
impressed field on an antenna generates a volt-
age at its terminals. Since the antenna is a
linear circuit element, we can say that the volt-
age at its terminals is proportional to the field
intensity acting upon it. If thig field varies
along the antenna, it will be necegsary to pick
gsome reference point in space and say that

V =1k, (35)
where E is the value of the field at this refer-
ence point and ! is a constant of proportion-
ality having dimensions of length, usually called
the effective length. The term V is the open-
circuit voltage at the antenna terminals. It is
customary to select the feed point of the an-
tenna as the reference point. If this is done,
E will then represent the field intensity at this
point in space if the antenna is assumed to be
absent while the field intensity is determined.

Now consider two arbitrary antennas, No. 1
and No. 3, like those treated in Section 2.4.2,
separated by distance » with currents I, and I
at the feed points. Assume that I; gives rise to
a voltage V; at the terminals of No. 3 when I
is zero, and assume that I; gives rise to a volt-
age V, at the terminals of No. 1 when I, = 0.
By means of equations (35) and (34) we can
write

Va

I, |ZRaG - i = 2
ls 7] \/—0-4; 111 (B1s,¢1s) (cos 7)je’t 72 ™
(36)

| O .
I”l = ll {_3 \/ZOR 3L 3f3(031,¢81> (C()S T)y@j( 2 'r/)\).
r 4qr

Here we introduce the angle t to take account
of any skew relation between the two antennas.
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Here fi(f3,¢13) denotes the value of f(6,¢)
for antenna No. 1 in the direction joining the
fuze and target antennas No. 1 and No. 3 re-
spectively, and fs(6a1,¢3:) has an analogous
meaning.

At this point we shall call upon the Rayleigh-
Cargon reciprocity theorem, The statement of
this theorem as given by Carson is as follows ;%%

“Let an emf E/, ingerted in any branch, des-
ignated as No. 1, of a transducer, produce a
current I,” in any other branch, No. 2; corre-
spondingly, let an emf E.” inserted in branch
No. 2 produce a current I, in branch No. 1;
then I,”E, = I/E.”.”

A transducer is defined as “a complete trans-
mission system which may or may not include
a radio link, which has accessible branches,
either of which may act as the transmitting
branch while the other acts as the receiving
branch.”

The theorem of reciprocity applied here
means that

Vs Vi
LT
Is |ZRalG - %y
= P ) Ceos e .
(37)
Equations (86) and (37) give
ZoRaGh 7B (i
I3 \/—04;(1]'1(013,4)13) =L \/ TR £ (B, ),
(38)
or
_ s = e — (39
Z R G Zo G
\/ o gf3(931,¢"31) \/ 04L S (ﬂn,d)u)
Thus for any antenna we may write
I
— =C (40)
H (;
” f(6,¢)

where C is a constant not involving any of the
variables in equation (39). Finally

(41)

L F(0,9),
v

Z

showing that as a receiver the antenna behaves

the same as a transmitter in its dependence on
Zy Rﬁ, G, and f(9,¢) .

The mutual impedance between two arbitrary
antennas can now be expressed. Antenna No. 1
impresses a field on antenna No. 3 as given by
equation (34) ; antenna No. 3 receives it with
an effective length I, given by equation (41).

V3 13]51 CZ“ v

ZL’I = 1—] 11 = 47I'T Rgi-R;Gng .

F1(013,015) [5(0n,051) (cos 7)jeit = 2wr/N)
If we can evaluate the constant C for any two
antennas, we have it for all antennas. In Sec-

tion 2.14 it is shown that C has the value
(2h/Z,) . Inserting this into equation (42) gives

(42)

l/ A F SWE]
Zg = S5 V BaR 3G\ f1(613,613)-
T

Fs(Bs1,51) (cos 7)jedC = 2mr/N,

Equation (438) represents the mutual imped-
ance between two arbitrary antennas separated
far enough so that the radiation field (1/7 term)
is the only one of importance.

We have seen in Section 2.3 that the antenna
impedance of the fuze in the presence of reflect-
ing targets can be represented as the sum of its
self-impedance in free space plus terms in-
volving mutual impedances Z, and the self-
impedance of the reflectors. Equatlon (43)
gives the analytic form of the mutual imped-
ances Z,;, if 1 and 3 be replaced by 1 and 74,
respectively.

We are now in position to apply this general
formula to special cases representing a fuze
approaching ground (interacting with its
image) or a fuze approaching an airborne tar-
get well away from the ground.

(43)

25  ANALYTICAL FORM OF REFLECTED
IMPEDANCEP

The analytic expression equation (43), de-
rived in the preceding section, will be applied
to three special cases and appropriate working
formulas discussed. The general properties of
the reflected impedance common to all three
cases will then be discussed.

b Bibliographical references pertinent to this section
are 1, 13, 16, 17, 22, 27, 51, 53, 93.
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The general equations for the total antenna
impedance of the fuze discussed in Section 2.3.1
were applied to three special cases with the
following results:

Case I. Ground Approach.

Zl = le - Zm. (24)
Case II. Airborne Target Fayr From Ground.

ij iy =
Iy = Ty — A% 27
A AT 723 ( ’)
Cuase 111. Ground Interference Case,

, (Z15 — Z1g)? .
Iy =72y — Xy — . 23
1 i1 12 Tus — Zas (28)

Each of these equations is of the form
Zy=Zy - Z, (44)

where Z, represents the reflected impedance.
The vector interpretation of this equation has
already been given in Figure 1.

Ground-Approach Equation

A fuze approaching ground, in the absence of
other reflectors, is interacting with its image
and Z — Zi». Furthermore, since antenna No. 2
is the image of antenna No. 1, we see that

R = R,
G = (s,
1 (B12,019) = fo (B21,m),
T =10

r = 2h (h = height above ground).
Introducing these relations in equation (43),
we have

Zo = T = o GR.J? B je 3D, (45)
Arh

Eguation (45) gives the detailed form of Z,
for approach to a perfectly reflecting ground
of large extent. As in equation (29) and sub-
sequent equations a possible additive phase
shift is ignored. From the results obtained in
the case of the perfect reflector, we may ex-
trapolate to actual grounds (plane reflectors)
by the uge of a reflection coefficient n. For pur-
poses of these applications, the effective reflec-
tion coefficient » for a given surface is defined
in such a way that the signal magnitude re-

ceived by a fuze circuit, because of the presence
of the surface, is n times the signal that would
be received from a perfect reflector in the same
position as the actual reflector.

This definition was set up to avoeid possible
errors in using the reflection coefficients de-
rived for plane waves on the classical theory.
(The equiphase surfaces of radiation from the
fuze antennas have appreciable curvature at the
usual distance of interest in fuze applications.)
As a matter of fact, however, it hag heen found
that the values of n found according to the
above definition agrce well with the published
values of n based on the plane wave theory and,
to the accuracy needed for fuze calculations, are
independent of the height above the ground.
Additional comments regarding n are to be
found in Sections 2.9 and 2.14.

The reflection coefficient n has been measured
by moving a fuze over a perfect reflcetor then
over ground and comparing results (see Sec-
tion 2.9).

When the reflection coefficient ig included,
we have

Z, = N GR 12 (Bdus) jel =, (45a)
4rh

2.5.2 Airborne Target Equation

For target and fuze a long way from ground

VATS
Zay

With the aid of equation (43) we get

(Y
27r )

BB oGO f (B, d15) 52 (01,0031 ) cOs?r
Z«'H

Equation (46) is limited in its application to
cases where the target can be considered as a
single antenna with a single feed point. Thus it
represents the case for a dipole reflector or a
strip of “window.” If the target can be repre-
sented as an array of simple antennas, then Z,
would involve mutual interaction with the whole
family, including terms arising from the mutual
interactions between members of the array.

If the target is not made up of linear anten-

Zi

Z, =

e —j/lvrr/)\.

(46)
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nas but is a geometric shape capable of excita-
tion in a complex manner, equation (46) cannot
be used as it stands, since it is obvious that we
cannot cut a complicated target arbitrarily and
reproduce its complicated current distribution
by feeding it at one point,

If we knew the current distribution on the
target arising in response to the radiation from
the fuze, we might proceed as follows: (1) find
the number and location of the feed points nec-
essary to reproduce this distribution, (2) deter-
mine f(6,¢) for the target when excited by
each feed alone, (3) treat each feed with'its
f(4,¢) as a single antenna, (4) measure the
mutual impedance between fced points, and
(5) proceed with the general equations (21).
For any ordinary target such a process is im-
possibly complicated, and we resort to more
tractable methods,.

Again we assume the fuze and the target to
be far enough apart so that we can consider the
fuze radiation to consist of plane waves at the
target. We then determine the reflecting power
A of the target as follows: (1) We irradiate
the target with plane waves with a field inten-
sity £, and (2) we measure the ficld E, reflected
back along the direction of the incident radi-
ation. If this field £, is measured at distance »
from the target, 4 is defined by

EA

E, = ==, (47)

The (1/7') dependence of E, is consistent with
our initial assumptions concerning the plane
waves from the fuze. Note that A hags the di-
mensions of a length.

For a single linear antenna, it follows from
the definition of A that A for such an antenna
is given by

% ]Z?;: Gafs? (Ba,n) cOs 7. (48)
Ag an example, consider A for a resonant half-
wave reflecting dipole oriented for maximum
reflection. In this case Ry = Zs; Gy == 1.64,
f+v = 1ecos t = 1, and 4; = 0.26. Typical
values of A for other gimple reflectors are given
in a paper by Mott.*® In particular,

A (sphere)=1a, \;vhere a is the radius of the sphere;
A (flat sheet) = Y where L?is the area of the sheet.

(49)

A =

We now express Z, in terms of A as defined
above with the aid of equation (48) and get,

Z, = A 2%\,—, RaGhfi? (Bs,015) (cos 7)e—74r/A (50)

For each antenna, t is the angle between the
plane of polarization of the incident radiation
and the planc formed by 7 and the axis of the
antenna.

If the antenna is a complicated structure,
the meaning of A in equation (50) will require
modification to include effects of the twisting
of polarization of the incident radiation.

In the case of an actual aireraft target it
would be necessary to know A at all angles,
since the fuze sees a continually varying aspect
as it approaches the target. Thus the caleula-
tion of Z, by the use of equation (50) would
require analytic expression of A as a function
of direction toward the fuze.

The necessary information can be achieved
in a more expeditious manner. An actual fuze
is set up and the target moved past it slowly
while the signal in the fuze is recorded. The
recorded wave can be reproduced and used
directly for testing fuze circuits. Such experi-
ments are described in detail in Section 2.11.

To relate these measurements with our cal-
culations the strength of the reflection was com-
pared with the reflection from a resonant half-
wave dipole, which can be computed directly
from equation (46), giving

” AN s -
Z, = 0,042(7) RaGhfi? (013,(1)13)8_”’”/)‘, (51)

for the dipole orientation which gives maxi-
mum reflection.

In general we find that the maximum reflec-
tion from the aircraft as it passes the fuze is
N times the reflection from a dipole given by
equation (51). It has the same dependence
upon distance as a dipole for approaches that
are not too close. The term N will not be a con-
stant for a given target but will depend on A.

From Mott's paper”® we find that A for a flat
sheet of area L? is L*/}A, and A for a dipole is
0.26). Thus, a sheet of area L2 is the equivalent
of N dipoles, where
3.88L7

N = e
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With the aid of equation (51) this shows that
Z, is independent of . for the case of a flat sheet.

2.5.3 Ground Interference

The general equation covering this case for a
fuze and one target is given by equation (23):

’ (Zsg — Z14)? .
7y = Zu — Zyp — - 23
! " . Zyy — Zina (23)

The detailed treatment of this case for a
complicated target is beyond the scope of this
report. However, certain general properties can
be observed,

The symbol Z, consists of two terms, the first
representing the reflection from the ground and
the second the reflection from the target, in-
cluding the effect of the images. Now, in gen-
eral, Z,, is small compared with Zs,; it will be
10 per cent or less for a dipole if the separation
is 4 A or more, Thus we may write Z, as

(Zas — Zns)?

Zy = L + S

with reasonable accuracy in so far as absolute
magnitudes are concerned.

When the distance between antennas No. 1
and No. 3 is large compared to the distance
between No. 1 and No. 2, |Z,;] is nearly equal
to [Z14] and the effect of the target is compli-
cated by phase relations between Z;3 and Z,4,
giving rise to interference in the reflection
which may be quite pronounced. However, when
the fuze gets close to the target, or when the
distance from fuze to target is much less than
the distance between target and ground, Z,, and
Z.s are small and the signal is approximately
equal to the free-space signal.

The situation is further complicated by the
directional properties of target and fuze. In
each impedance Z, f(6,¢) must be evaluated
in the direction (6,,4,;) from each antenna.

Any further discussion must be limited to
special cases. One particular example is of in-
terest. Neglecting directional factors, we com-
pare the strength of the reflection from ground
with the reflection from a resonant half-wave
dipole oriented for maximum reflection to the
fuze. We wish to determine at what distance r

from a dipole the reflection is the same as from
the ground at distance h.

From equations (51) and (45) lZ12
when

0.042( XY 52 Gunpis) = 1o fi2 (Bunhe)
. ) 13,P1a) = Agp v (O120n2).

Now if the radiation pattern of the fuze be such
that

f12 (913,0513) = fl2 (012;¢12);

then the signals are equal when , — / 0.52\h.
If . is about 10 £t and A is 10,000 ft, then » =
230 ft.

In the early days of fuze design this limita-
tion caused some needless concern. In the first
place the reflection from an airplane is of the
order of 10 times that from a dipole. In the sec-
ond place the radius of action of practical fuzes
described in this volume is about 75 ft. In the
third place the orientation with respect to the
ground and the relative motions involved make
the ground signal less important.

Only in special cases where the fuze is used
against airborne targets near the ground does
the ground reflection become a limitation on
fuze operation.

254 Special Considerations of Transverse
Antenna Fuze

In the preceding discussion it has been as-
sumed that the fuze can be represented by a
single antenna. This applies for fuzes using the
miggile ag the antenna. In the cascs of fuzes
with transverse dipoles as antennag (T-51 and
T-82), the expected variations of antenna im-
pedance are complicated by the presence of the
body of the missile near the fuze antenna. If the
transmitter and receiver circuits are not elec-
trically and mechanically balanced with respect
to the missile, longitudinal currents are excited
in it and these radiate energy. As a result there
is in effect an additional antenna in the system,
and its contribution to the performance of the
fuze must be considered. Furthermore, even if
perfect balance is obtained, the missile serves
as a director or reflector behind the fuze to alter
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its sensitivity pattern (see patterns in Section
2.8). We are not here concerned with this latter
effect. We are concerned with the results of in-
cidental unbalance that arises in the manufac-
ture of fuzes.

To study them we idealize the system as two
thin antennas arranged at right angles and con-
cern ourselves with the reflected impedance Z,
when this system approaches the ground. To
the extent that we can represent the system by
two thin antennas the general arguments of
Section 2.3 can be applied.

The arrangement to be considered is shown in
Figure 7.

__GROUND_PLANE _

FiGure 7. Representation of transverse dipole
and projectile, with their images.

Antenna No. 1 is the fuze antenna. Thig case
wag treated in Section 2.3 for another purpose
and led to equation (23), which is

_ (Zus — Za)?
gy — Ly’
To interpret this equation we expand and get

Zy — Zsa

‘ Zisls Z1
T2 Zys — Zsn Zgg — Ly
The first two terms of equation (53) represent
the interaction of the T-51 or T-82 fuze with
its image in the absence of any vehicle. Z;, rep-
resents the free-space impedance and Z,, the
reflected signal. This has been generally inter-
preted as the actual working signal in the T-51
fuze when used. If the balance is perfect,
Z13 = 0 and equation (53) reduces to

Z142
Z33 - Z34’

Zy =2y — Zn (52)

Zl = le - Z12

(53)

4y =Zu — 7y — (54)

which shows that even though the projectile is
not excited directly by the fuze antenna it
nevertheless contributes to Z,. In general Zy, is
small compared to Zs: and serves to modulate
the second-order reflection terms, We will neg-
lect it in comparison with Z.; in the remainder
of the discussion. Also we may use Z;; and Z,,
interchangeably, since they are images of each
other. The term (Z.4%/Z.) represents the re-
flection from the image of the projectile as a
target for the fuze antenna.

To digcuss the problem further we need a co-
ordinate system., We choose the z direction as
the axis of the missile with z and % axes per-
pendicular to it, the # axis being the axis of the
transverse dipole, We also choose a as a polar
angle. It ig the angle between z and the normal
to the ground, that is, the striking angle of the
projectile referred to the vertical. The term
is an azimuth angle measuring the angle be-
tween the 2 axis and the plane including the
axis of the projectile and the normal to the
ground (plane of incidence). To estimate
the order of magnitude of this effect we shall
make the further assumption that antenna
No. 3, representing the projectile, is a resonant
half-wave antenna. We shall also consider the
radiation pattern of such an antenna fo be
f(8) = sin 64, when ¢ has the meaning pre-
viously assigned; this is a good enough approx-
imation to the true pattern for this argument.

The field components from the z-axis dipole
will be

E, =0,
Ky = ki cos a cos b, (55)
s = ki sin 8,
where
L IR,GCZ: . .
kl = Riu je—]Err/)\. (56)

r 4
The component E, will be in the vertical plane
containing antenna No. 4 and will give rise to
a voltage in it. The term Ej will always be per-
pendicular to the plane and will produce no
voltage in antenna No. 4. Thus Z;, will be

~ E,l
/114 = —[1 4,
ky -
714 = T I, cos a cos 6, (57)
1
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or

; 2N RalGh  RuG . —
PATIES :\ \/ ijr = \/h';(’-4 cos @ cos § sina.  (5H8)
We then find

‘gz = 4'_)2 H&(”)(” cos? @ cont 8 sin® o (39)

when we assume the projectile is resonant, so
that B, — Z.,. This will give rise to a change

(Z,) 4! in antenna impedance in antenna No. 1
given by

x')

(Z) _4_')')

BaG (1 cos? a cos? 6 sin? e,
(60)

We compare this with the so-called normal im-
pedance change

4/14

T = % Rad (1 — sin? a cos® 8). (61)

The worst case we will be interested in will be
8 = 0, & == 45 degrees, and

Tl = o R, (62)
(24 = N R0, (63)
I lb 7 ] 4 e

The signals arising from Z,» and (Z,), will
have an unknown phase relation depending
upon striking angle and the size of the pro-
jectile. We consider the worst cases where they
may be in or out of phase. The interference will
change the response by the ratio

(N dmr) Gy = (/16722 G1Gy
(N/Axr) G,

For heights of operation of » = 10, (that is,
h == 5)) the maximum change in reflected sig-
nal will be approximately 1.3 per cent. For
other angles a < 45 degrees, § - 0 degrees, the
correction will be less, being 0 for § = 90 de-
grees and all values of «.

We thus conclude that the variations in height
of burst from the source are small for a per-
fectly balanced transverse antenna.

A greater source of error is the unpredictable
value of 8. For « = 45 degrees the reflected sig-
nal changes from 1 to 14 as § varies from 90 to
0 degrees.

We now turn our attention to the correction

=1+ (—)-it_"%?f. (64)

arising when the antenna is not perfectly bal-
anced. In this case Z{y == 0. There will be two
terms of interest.

At : .
4 = Tns (65)
_ 2Z13Z14 v
B = T (66)

The term A4 is a fixed term independent of
r or k and shows merely the amount of reflected
impedance in antenna No., 1 by virtue of its ex-
citation of antenna No. 3 by some unbalance.
This term, being constant, will give rise to no
signals. It is merely a measurc of the coupling
bhetween antenna No. 1 and antenna No. 3.

The term B gives rise to an additional signal.
As before we will consider only absolute values
and disregard relative phases, since the abso-
lute values will indicate the maximum value of
the corrections that may arise.

To estimate the coupling we note that 1,2
represents the free-space voltage at antenna
No. 1. If Z,; is small we can say also that .2,
represents the voltage coupled into antenna
No. 3. We define k by the relation

L= 1,Z,5 Z_m
' IZy, Zu|'

Experiments have shown that k& is of the
order 0.01 for well-balanced fuzes and may be
ag large as 0.1 for very poor balance, so poor in
fact that the arrangement would never be used.
These values are based upon the center point
of the parasitic antenna as the reference point.

Now |Z.| is about 300 ochms and ‘Zﬂ > 73
ohms, Hence ‘Zul is approximately 3 ohms and

1 B < 2 X3 | Zy

|Z|2 = 73 12
For all angles of approach that are of interest
3Z11i < iZlgj s0 that the correction is less than
10 per cent. If the unbalance becomes large this
correction becomes sizable and can lead to a
considerable change in function height. In most
cases the projectile is nonresonant and ‘ZH; is
considerably greater than 73 ohms. Thus ineci-
dental unbalance is not so important when the
projectile is nonresonant. When resonance is
approached the response becomes critical to
unbalance as has been experimentally observed.

1

= 8 per cent of
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2.5.5

General Properties of the Reflected
Impedance

We are primarily interested in the two basic
equations, the ground-approach equation and
the airborne-target equation. We repeat them
here for convenience,

A ’ R
Z, = — GiRq fH(b1a,¢h12) je ~74mh
47h

(ground approach), (45)
and
Z, = ‘_—A)\' Rs](;l(;]z (013,(1713) ((305:‘ T)(’_j'“"/"
2qr®
(airborne target), (50)

or in alternative form for a linear antenna re-

flector
7 f—t J— _A_ 2 -
2 (211-7")

Rsllgﬁ(-;](--’v!}flz(ol%d)l3)_/.32(9317(#31) (COSQ T)ﬁ’_ﬂm”"
Z33
It should be remembered that the phase factor
should carry an undetermined constant phase
shift, related to the antenna properties of tar-
get and fuze.

(46)

DoOPPLER FREQUENCY

As seen in Section 2.2 the phase has a fre-
quency F = (2v/1), if ‘(dh/dt)! or g(dr/dt){
be replaced by . This is identically the doppler
frequency.

DEPENDENCE UPON R,

Let us write R, for K ;. We note that Z, is
proportional to E,, as would be expected, since
it is the power dissipated in E, that accounts
for the radiation fields which make the inter-
action possible.

It will be observed in a later section that the
dimensionless quantity (Z,/E,) is most con-
venient for assessing fuze circuit response. It
exhibits the effect of a reflector as a fractional
change in antenna impedance which depends
only upon the nature of the target and the
directive properties of the fuze antenna (which
are relatively independent of R.).

It has been found experimentally that small
changes in the antenna feed point can change
R, over a wide range with almost no effect on

j*(8,¢). Thus the radiation patterns become
characteristic of a given vehicle, and B, can be
adjusted to match the transmitter properly
with the assurance that B, will have little effect
on Z /R

A particular example is most enlightening.
For antennas whose length lies in the range
0 > /2, G varies from 1.5 to 1.64, about a 10
per cent change. The term f*(4,4) in the
worst direction only differs by 15 per cent in
the two extreme cases. Thus the quantity
Z, /R, is practically independent of antenna
length in this range. On the other hand, R,
varies from 73 ohms for a half-wave antenna
to zero {as (L/))?] for short antennas, where
L is the length of the short antenna. We can
thus state generally that all fuzes, whose re-
sponse to a fixed value of (Z,/R,) is the same,
will have practically the same response to a
given target no matter what the length of the
fuze antenna is, provided it is considerably less
than a half-wave long. The statement is also
true for all loop antennas whose dimensions
are small compared with .

For longer antennas f2(4,¢) is sensitive to
1, and each must be considered as a special case.

DEPENDANCE ON DISTANCE

The magnitude of (Z, /R, depends upon the
distance through the dimensionless ratio
/% or k/A. This means that % is a scale factor
in determining fuze performance. Response to
the presence of a target is determined by the
number of wavelengths in the distance to the
target; thus, for example, the signal received
from ground reflection at a given height ig
greater for greater 7.

DEPENDENCE ON DIRECTION TO T'ARGET:
DEFINITION OF DIRECTIVITY

The size of Z,/R, is proportional to Gifi*
(B13,¢13). Now G, is a constant for a given
fuze so that f£,%(6,4) tells how well a fuze
“sees” targets in various directions. The term
f12(8,¢) is the power radiation pattern of the
fuze antenna; it is called the directivity pattern
in this report. A plot of f2(8,4) will show
(other things being equal) the distance at
which a fuze will function upon approach to a
target.
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Now it will be observed that

(67)

(;1f12(013,¢13) — % _ F(013,¢13>,

4

where W3 is the power radiated per unit solid
angle in the direction (63,¢:s) and W is the
total power radiated. Thus F (#i2,¢1:) repre-
sents the fraction of the total power radiated
per unit solid angle in the direction (6:3,¢13).
Thus f2(6y3,¢12) 18 an indication of how effi-
ciently the total radiated power is used.

Typical directivity patterns are described in
Section 2.8.

INDEPENDENCE OF POWER LEVEL

It is clear, as was anticipated in Section 2.2,
that Z,/R, does not depend upon the power level
at which the fuze radiates.

26  CIRCUIT RESPONSE TO ANTENNA
IMPEDANCE MODULATION

261 Series and Parallel Expressions

for (Z./R.)

DIFFERENTIAL SIGNALS

The foregoing analysis has been based upon
the concept of series antenna resistance and re-
actance. In actual cases, however, it is often
more convenient to deal with the equivalent
parallel quantities, We therefore proceed to de-
rive expressions for the changes in parallel
antenna resistance and reactance due to a re-
flector.

We deal with the two circuits in Figure 8.
The terms AR, and AX, or AX and AR, are the
changes in antenna resistance and reactance
resulting from the presence of a reflector; R,
and X, or R, and X, are the free-space values.

It is easily shown that in the absence of the
incremental quantities we have

R+ X s
R, = R (68)
2 72
X, = WAL (69)

For small increments of impedance we may

consider the differentials of B and X, as equiva
alent to their increments.

Then
R - 1X,
AR, = p7 (R} — X3 + 7, @S.R), (10)
and )
. 2X.E. 1Xe .
ix, = dR, % + 3‘{}' (X2 — RY). (71)

By defining @ — X,/R, and by appropriate
manipulation we find

dR, dR, (1 — @\ |, dX,[ 20 )
R, ~ R, (1_+_Q> TR (1 ¥ Q?>’ (72)

and

dX, 1[ dR,-2Q dX. (e — 1) .

_ = | = ‘ Hekalte 21 (78
v "R s e T ey ) ™
Now as we have seen, dR, and dX, are the
components of a vector Z, which may be writ-

ten as

Z. = 7.6 o = (‘4"“” + a), (74)

X

where x represents the distance » or & from
fuze to target. The term & depends on the par-

Te
Rs Rp
X
ORs s
xl
EQ % Aﬁp
«
NAXg
T Te

SERIES CIRCUIT

FIcURE 8.
circuits.

PARALLEL CIRCUIT
Series and parallel equivalent fuze

ticular case being discussed, but is unimportant
for our present purposes. It will be found con-
venient to use the dimensionless ratio (Z,/E))
which we define as a new vector M and write

M= Muej“,
where
Z,
M, = ’—Rs’-. (75)

»‘
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If we define an auxiliary angle B by the relations

g L@
smmfB = i+
2Q
COSB = 1—+—Qz
We can rewrite equations (72) and (73) as
d:f = M,sin (@ ~ 8), (76)
‘IYYI— = %“ cos (& — ). @7

For purposes of convenience, it may be de-
girable at times to work in terms of the admit-
tance Y, which is defined through the relation

y = L

B, + jXJ
i, . X
U =R Sl e G
Y = G — jB,

where the conductance G and susceptance B are
seen to be

G = — Rs... —
TR XY
(79)
X,
Pomrrxr

From equations (68) and (69) it is seen that

Y
G = R,
and (80)
1
B=x
Therefore
G _ _ ARy
G R,
and (81)
dB _ _ X,
B X,

FINITE SIGNALS

It will be observed later in the chapter that
the actual working signals when the fuze is
operating normally are so small that the differ-
ential representation given above is completely
adequate. However, when tests are made on the
fuze by measuring its response close to a large

conductor, the impedance Z, becomes a sizable
fraction of E,. We need expressions for the cor-
rections that may be needed in interpreting
such tests. By replacing R, by (R, + AR,) and
X, by (M, 4+ AX,) in equations (68) and (69),
we get

AR, 1

) 1
Ry = T dwoia| Meinte + )+ 5 e
52)

1 1
— | aMocos(a+B) + T 2Mo“’].
e —.'Osin::)zl:()2 1+@

Q

AX, 1
X, ~

(83)

It will be observed that these equations re-
duce to the differential forms when M, is small
enough. For larger signals the equations indi-
cate the presence of a “d-c shift” which is small
when @ is large. They also show that equation
(76) is in error by a fraction equal to M, even
for very large @. Thus in tests where M, is 10
per cent the field measurements are accurate to
10 per cent and can he corrected if desired.
Some caution must be used in applying equa-
tions (82) and (33) to an actual case since in-
duction fields will also contribute to Z, at about
the same separation that leads to large M,

However, in most fuze applications M, is
about 0.5 per cent, and the differential forms
have ample accuracy.

no2 Specification of Fuze Circuit

Parameters

It has been shown that both the resistive and
reactive components of the antenna are altered
by the presence of a reflector. To make a work-
ing fuze it will be necessary to devise a circuit
which will respond in some manner to the
change in antenna impedance. Such circuits are
described in detail in Chapter 3.

For purposes of further analysis we assume
that the voltage or current in some part of the
fuze circuit changes in response to the antenna
variations and that this change is used to actu-
ate the fuze. We will call this particular fuze
parameter V, representing a voltage, although
it might as well represent a current. In order
to continue the discussion of the antenna prob-
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lem, we assume that the behavior of the circuit
ig known and that

V=Ff(nR,InX,) =¢gdn R, InX,), (84

where for purposes of convenience we express
the functional relationship in terms of the natu-
ral logarithm of the impedance components.
Thus

oV v .
dVv = TR (l(ln R,) + MY, d(ln X ,),
(85)
, oV av
dy = A —a'(lnl’)—f—(,”1 d(ln\)
We define
.oV V.
Sy = dln R, Se = é1n Ry
(86)
o= v, 9V
T 9mX, 7 dln XS

The quantities S, T, or their corresponding
transforms 8, T, describe the behavior of the
fuze circuit when the antenna impedance varies.
S, and S, are called the series and parallel re-
sistance sensitivities respectively and T, T, are
called reactance sensitivities in a similar man-
ner. All four quantities are functions of X, R,
or X,, B, which make up the free-space input
impedance Z, of the antenna, In Chapter 3 the
valies of these quantities for typical circuits
will be derived.

With the aid of the definitions of equation
(86) we may write

av = 8, ¢ + T, d%—‘,
o (87)
av = 8, % H” T, (’i};“,
dV = My (S, cosea+ %6 sin a),
(88)

dV = M, I:A‘\,, sin (@ + B) + Q

If we make use of the complex notation and
always congider dV to be the real part of a cor-
responding complex quantity, we may write

dV = MS = MnSnBj(a"m, (89)

wm+m}

where

” LT,
8 = (bs — 7 g)

S = (Szﬁinﬁ - %5'005[3) -7 (S»cosﬁ — ld’sinﬁ):
(90)

| .
S, = \/s + (g—) - \/9 + (ITJ — 1S
' (9

. 2QS1) - lf (] - Q)
tan » = e 05k 2T, (92)

The appearance of the terms T,/Q and T,/Q
in equations (91) suggests redefinitions of T,
and T, to include Q. This can be done (see
Chapter 3), but T, and T, so defined will then
not have the logarithmic form commonly used
for S, and S, We keep the @ to maintain sym-
metry with the commonly accepted notation.

Since we are dealing with different mathe-
matical representations of the same antenna
the voltage change dV will be the same no mat-
ter which representation is used. This was im-
plicit in equation (89).

The basic equation (89) represents in simple
form the response of the fuze circuit to a mov-
ing target. While v is a fixed quantity for any
given fuze, « (== —4xx/\ + §) varies with fuze-
target separation and therefore with time. The
voltage change is seen to be proportional to M,
and to S, the r-f sengitivity. If the fuze has re-
actance sensitivity as well as resistance sensi-
tivity, both contribute to S, and give rise to a
phase shift v in the voltage wave dV. By a
proper selection of antenna coupling, it is often
possible to operate near a resonance of the
driving circuit, whereupon T, approaches zero
and there is little or no phase shift u.

Inasmuch as dV is proportional to M,, a
space plot of the variation of antenna imped-
ance will likewise be a space plot of the varia-
tion of output voltage. This is a most impor-
tant point to remember. For it means that the
voltage out of the r-f system can be plotted
point by point for a slow relative motion of
fuze and target to give detailed information
on the performance in rapid motion, All that
need be changed is the time scale; the fuze an-
tenna goes through its sequence of variations in
whatever time is required for the fuze to move
through the region of influence, and the wave
form will be identical in every case. This as-

e
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sumes, of course, that the circuit is capable of
following the time variations, which experi-
ence has shown is no restriction.

The space variation of M which gives the
voltage variation has been called the M wave
and is go referred to in the discussion which
follows. Extensive use is made of point-by-point
plots of the M wave in testing fuzes.

We note that S may be measured as dictated
by convenience in terms of either seriecs or
paralle]l components, and that the complex form
of § is completely specified by either set of
measurements, as shown by equations (89),
(90), and (91). In many cases T./QS, and
T,/QS, are small compared with unity, so that

S =

In any case the basic equation (89) which
represents the situation ig

""Sp = :I:Sn = :|:|S|

dV = MS = MSweite=m,

We apply this to the two speeial cases in which
we arc interested.

For the ground-approach case we have, uti-

lizing equation (45a),

nA

="

4drh

For the airborne target we have from equa-

tion (50)

Gf(0,9)e”. (93)

A A Y ,'ﬂ'
M = Do Gf*(0,0) (cost)e™. (94)
Subscripts previously used in connection with
A, G, f, 6, and ¢ will no longer be carried ex-
cept in cases where there may exist a possibility
of misunderstanding.

=7 ANTENNA IMPEDANCEf

The previous section has shown that a knowl-
edge of the components of Z,,, the free-space
antenna impedance, is essential if circuit re-
sponse to the reflected impedance arising from
reflection is to be predicted. This section is con-
cerned with the values of antenna resistance
and reactance observed In actual cases.

¢ The following bibliographical references are perti-

nent to this section: 6, 8, 11, 28, 30-34, 37, 38, 49, 50, 52,
54-60, 62-67, 69.

Specifically the resistance and reactance sen-
sitivities of the fuze circuit are functions of
(X,R,) or (X, R ) and must be evaluated at
the particular operating point characteristic of
the particular antenna used. Since the various
missile-antenna combinations present widely
different impedances, it becomes necessary to
measure, or in some cases to calculate, the sen-
gitivity parameters for a given circuit over a
large range of load impedance, so that the an-
tenna can be designed to have an operating
point as near as possible to the optimum point
for ecircuit response. It should be pointed out
here that there are limitations to the antenna
impedance that can be achieved within the
limits set by the tactical situation and by speci-
fied military characteristics. Likewise the val-
ues of S can be changed by circuit design only,
within certain limits set by present-day vacuum
tubes. Thus antenna design must be coordi-
nated with circuit design to give optimum per-
formance within the limits of both. In addition
it is necessary to set up dummy antennas for
testing fuzes. A knowledge of actual antenna
impedance is essential here also. In this section
we are concerned with the antenna impedances
that can be effectively achieved. Chapter 3 will
give details about the ecircuit performance
under the load and load variations presented
by the antenna.

#71 Specification of Antenna Terminals

In all the previous discussion the fuze an-
tenna has been treated as a two-terminal box
which sends out radiation. No detailed knowl-
edge of the internal circuit was assumed. We
imagine this antenna to he connecled to a
circuit whose sensitivity is specified. Now when
the whole is connected together, a given reflec-
tor in space sets up a certain AV in the r-f
circuit. Once the whole arrangement is con-
nected, the antenna terminals lose their iden-
tity and their location becomes arbitrary. Thus
if we open the arrangement at any two points
(sce Figure 9) and call everything on one side
of the cut the fuze circuit and everything on
the other side the antenna, the values of X, E,

and S, and T, must be so related that the value
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of AV calculated by their use is independent of
the particular pair of points selected as an-
tenna terminals.

" Thus in specifying fuze performance or an-
tenna performance we are at liberty to select
any two terminals within the network as an-
tenna terminals. It has been customary in vari-
able-time [VT] fuze work to congider all the
circuit elements inside the fuze electronic as
the fuze circuit, even if the assembly contained
some antenna impedance matching network,
and consider the points where the leads from
this circuit are connected to the external radi-

%
!
i
'
b : |
av FUZE | ANTENNA RADIATION D
f _' : TARGET
I
X
Ficure 9. Arbitrary division into fuze circuit

and antenna,

ating system as the antenna terminals. The dis-
cussion of the antenna problem has assumed
that the only ohmic losses in the antenna are
radiation losses. Experiments have shown this
to be a valid assumption with the antenna ter-
minals just specified. If some other pair of
points is selected so that some energy-absorb-
ing coupling elements are included in the net-
work, due account must be taken of these losses.

272 Experimental Measurement of R,

The parallel radiation resistance R, is meas-
ured by a substitution method. A typical fuze
circuit is used as an indicator. In the fuze
circuit several quantitieg, such as diode voltage
V, or oscillator grid voltage F, oscillator plate
current I, and carrier frequency f, are all func-
tions of (XK, ). The fuze is first placed on the
projectile on a high stand and the free-space
values V, or K, I, and f noted. The fuze is
then removed from the projectile and placed in
a shield box. Reactance and resistance are
added to the antenna terminals until the free-
space values are duplicated. It is assumed that
the ghield box does not load the fuze at all, so
that the amount of resistance across the ter-

minals when the load is duplicated repre-
sents I,

In making this measurement the exciting cap
or bars are often not removed. The resistors
are merely substituted across the points that
have been previously agreed upon as the an-
tenna terminals. The shield adds reactance to
the antenna so that direct measurements of X,
are not obtained this way.

To show that the shield does not introduce
serious losses, the whole antenna is removed
from the fuze and resistors substituted directly
across the fuze terminals. The size of the ar-
rangement is so small compared to A that radia-
tion ig negligible and the substituted resistance
represents E,. By such tests it has been shown
that shield losses are negligible, so that the
more convenient shield box can be used where
desired. In making this comparison test it is
necessary to remove dielectric insulators so
that losses in them do not confuse the measure-
ments.

In the case of fuzes which use the projectile
as the antenna, the radiation load is removed
by putting a shield ean over the nose fuze, as
gshown in Figure 10. Such an arrangement re-
places radiating currvents in the antenna by
nonradiating currents inside the shield can and
thus substitutes can losses for antenna losses
in measuring R, If both are small compared
with the true radiation losses, this substitution
causes negligible error. The final proof that the
errors are negligible is obtained by making a
pole test (see Section 2.12) and comparing
actual signal with calculated signal based upon

7
7

| 12 PROJECTILE
I FUZE I
—
SHIELD BOX
FIGure 10, Method of removing radiation load

without removing projectile,

the measured values of B, and S,. Within an ex-
perimental error of less than 10 per cent there
is agreement.

It is interesting to note here that the absolute
ohmic value of the substitution resistors used
for the measurement of E, need not be known,
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Since M is proportional to dR, /R, only ratios
of resistances are needed, and any set of resis-
tors whose r-f resistance is a constant fraction
of the d-c resistance may be used. It has been
found that International Resistance Company
[IRC] type F-1 or F-l4 resistors fulfill this
requirement; in fact their r-f values are quite
close to their d-c values. However, if it is of
importance to know the power radiated, as
is the case in jamming calculations, the true
value of the r-f resistance must be known. It
has been customary for all collaborating lab-
oratories to use equivalent sets of r-f resistors
supplied by a central laboratory.

Specification of X,

The quantity T,/QS, appearing in equation
(91) is in many cases so small that it can be
neglected, as has already been mentioned. To
see this, the value of T,/QS, at the operating
point must be evaluated, a procedurc which re-
quires knowledge of X,. The question immedi-
ately arises: Is the total apparent reactance
across the antenna ferminals the correct value
of X,, or should we use only the part that
appears by virtue of radiation? The argument
above about specification of antenna terminals
implies that either arrangement should give
the same answer, The r-f gection of the fuze
can be represented in block diagram as in Fig-
ure 9. The target in space gives rise to a cer-
taln AV out of the terminals to the audio-con-
trol circuit. We are at liberty to divide the
whole arrangement at any convenient place by
a line xx and call the left part the fuze and
the right part the antenna. If the calculations
are performed properly, the result must be the
same no matter where zz is chosen. We choose
to put the fixed part of the antenna reactance
to the right of 2z and call it a part of the an-
tenna. Similarly, if there are diclectric losses
in the antenna mounting, we can assume them
to be represented as a resistance across the
antenna terminals and put it to the left of zx
as a part of the fuze circuit. This is the adopted
convention. As a matter of fact we can, if we
desire, divide the X, any way we choose be-
tween fuze circuit and antenna,

To illustrate the point we show that the quan-
tity 7,/Q is independent of how X, is defined

. oV
Tp = ‘\p ms 05
0 (95)

X,
Suppose
1
X = — |
L 2nfC,

This does not affect the generality of the result.
Then

v GV_ dC, )
ax, = a0, dxy (96)
and
T, X7 av ~1 &V ()

Q T R,dX, 2rfR,0C),
which shows that T,/Q is independent of how
C, is defined.

Measurement of X,

In the following discussion X, is considered
as the total reactance across the antenna ter-
minals. The term X, is measured by a direct
substitution method. The fuze is mounted on a
missile, and values of V, or K, I,, and f are
recorded, The fuze is then removed from the
vehicle and the circuit disconnected from the
antenna at the previously selected terminals.
Resistors and condensers are placed across the
terminals until V,, I, E, and f are duplicated,
thus duplicating E, and X,. For all fuze designs
now used X, is capacitative. To a good approxi-
mation X, is the capacity across the antenna
terminals as measured by low-frequency meth-
ods. This is shown by the fact that X, varies
only slightly with projectile size.3!

275

Effect of Feed Geometry
upon R, and X,

Figure 11 shows the effect upon E, of chang-
ing the size of the exciting ring on the T-50
type of fuze, with the spacing from ring to
ground held constant at 1 in. Results are shown
for several bombs, two carrier frequencies
(White and Brown) for ring lengths ranging
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from 14 to 3 in. As expected, an increase in
ring length decreases E,.

The effect of ring length upon C, is shown in
Figures 12 and 13 for Brown and White fre-
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Figure 11. R, as function of ring size; BRLG-

type fuze; gap width, 1 in.; solid lines, Brown
frequency ; broken lines, White frequency; curves
1, M-30 100-1b bomb; curves 8, M-64 500-1b bomb:
curves 4, M-65 1,000-lb bomb; curves 5, M-G6
2,000-1b bomb; curves 6, M-81 260-1b bomb.

guencies respectively, with a constant gap size
of 1 in, In Figures 12 and 13 the capacity is
shown as 6.9 puf for all the bombs, for a ring
length of 1 in. This is not precigely correct, as
capacities associated with the various projec-
tiles vary somewhat; the curves are meant to
indicate the variation of the capacity with ring
size. The value 6.9 puf is not far from correct,
however; for all the bombs, the true range of
values at the 1-in. point is about 6.9 == 0.5 upf.
An increase in ring length increases C,.

The effect of gap size upon R, and C, is
shown in Figure 14, The size of the gap in the
range shown (spacings from V% to 1 in.) has

virtually no effeect upon R,. The term C,, of
course, decreases as the spacing is increased.
It thus becomes possible, within the limitations
of space requirements, to vary the gap size to
bring C, to a favorable value without affect-
ing R,

In the case of transverse center-fed dipoles
(T-51, T-82) C, is increased by increasing the
size of the dipoles or by reducing their separa-
tion. The term R, decreases when the size of
the dipole is increased (I<<k). While it is an
advantage to get lower E, by using longer
dipoles, air resistance and operational difficul-
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Fieure 12, C, as function of ring size; BRLG-
type fuze; gap width, 1-in.; Brown frequency;
curve 1, M-80 100-Ib bomb; curve 8, M-64 500-lb
bomb; curve 4, M-65 1,000-lb bomb; curve b,
M-66 2,000-1b bomb; eurve 6, M-81 260-1h bomb.

ties increase with increasing length, and thesc
considerations serve to limit the length of an-
tenna which may be used. Electric efficiency
must be subordinated in this design.
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2.7.6 Typical Values of R, and X,

Figure 15 shows the value of R, as a function
of carrier frequency for several common bombs
using a standard T-50 ring; the feed must be
specified since E, depends on it. The large
range of values for all bombs at any one fre-
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Figure 14. Effect of gap size upon R, and C,;
BRLG-type fuze; M-65 1,000-1b bomb; White
frequency.
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The logarithmic spread in R, among the
vehicles tends to decrease as the frequency is
lowered. The mean value of K, increases. Until
recently, as shown in the next chapter, it was

Fieure 15. R, as function of carrier frequency;
T-50 ring; curve 1, M-30 100-1b bomb; curve 2,
M-57 250-1b bomb; curve 3, M-64 500-1b bomb;
curve 4, M-65 1,000-1b bomb; curve 5, M-66 2,000-
1b bomb; curve 6, M-81 260-1b bomb.
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F1GURE 16. Scale outline drawings of a number of missiles for which VT fuzes were designed. Fuzes
with longitudinal excitation were designed for all missiles shown. Transverse antenna fuzes were also
designed for bombs. To show the relative size of fuze and missile, the outline of the fuze is shaded.
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tion 2.15, where it is shown that the ground
reflection introduces negligible error for the
simple radiation patterns now used.

By means of the equipment described above
a large number of directivity patterns have
been obtained. The patterns fall into two
classes: (1) patterns for fuzes which use the
projectile as the antenna (longitudinal excita-
tion), and (2) patterns for fuzes which use a
separate antenna such as a short transverse

" 80°|10

f219) —»

| . o
180" | 09

in deseribing the patterns for longitudinal ex-
citation.

A preliminary idea of the character of the
patterns may be obtained from Figures 21, 22,
and 23. These show the directivity patterng
f2(6) plotted versus ¢ on polar coordinate
paper; for these antennas, the directivity pat-
tern is not a function of ¢, eylindrical symme-
try being present. Figures 21, 22, and 23, for
a 500-Ib GP bomb (M-64) at three carrier fre-
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FicUre 21. Directivity pattern for M-64 bomb
at B — 16; longitudinal excitation; (G = 1.55,

dipole or loop (transverse excitation). The pat-
terns will be discussed according to this classi-
fication.

2.8.2 Longitudinal Excitation

TYPICAL PATTERNS

In longitudinal excitation the fuze proper is
connected to the projectile at one end. The an-
tenna, consisting of fuze and projectile, is split
by an insulator near the end for the purpose
of feeding energy to it. The exact position and
size of the gap over the range used, while im-
portant in determining the antenna impedance,
have little effect upon the pattern. Therefore it
will not be necessary to specify the feed exactly

Directivity pattern for M-64 bomb
at B + 15; longitudinal excitation; (7 == 1.9.

Ficure 22.

quencies, demonstrate the effect of changing
the frequency. As the carrier frequency is
raised, which means the antenna becomes elec-
trically longer, the pattern departs more and
more from the simple sin 6 pattern of an ele-
mentary dipole (shown in Figure 24). The
minor lobes in the pattern for a carrier fre-
quency of W + 10 (see Figure 23), will be
noted. In these patterns, as in all the patterns
obtained with longitudinal excitation, the radi-
ation is more intense off the end of the antenna
away from the feed point. This will be dis-
cussed below in greater detail. The values of G
for each pattern are given in the captions to the
figures. These values were obtained by graphi-
cal integration of the patterns. The effect of
using one frequency for exciting various pro-
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jectiles is shown in Figure 25. Figure 25 repre-
sents a series of patterns at W ++ 10 for the
M-30, M-81, M-64, M-65, and M-66 bombs. In
this figure the patterns are plotted in rectangu-
lar coordinates.

Since tactical utility has required that the
fuze be located in the nose of the projectile, we
are interested in the values of f2(4,¢) in front
of the equatorial plane, i.e., for ¢ < 90 degrees
in the patterns of Figure 25. It is immediately

Ficure 23.
at W - 10; longitudinal excitation; ¢ = 2.6,

Direetivity pattern for M-64 bomb

evident that there is a wide range in Z, for
targets in the range 10 to 90 degrees off the
nose. This is a complicating factor which re-
quires that more than one frequency be used
in designing longitudinal antenna fuzes.

This is an unfortunate complication that
could largely be avoided if the feedpoint could
be located in the rear of the projectile.

GENERAL FEATURES OF LONGITUDINAL
PATTERNS

The directivity patterns obtained with longi-
tudinal excitation have several general fea-
tures worthy of note. Some of these have
already been mentioned and will be treated
here in somewhat more detail.

“Lean” of Patterns. The patterns “lean”
away from the feedpoint. This characteristic

may be expected from qualitative arguments.
The antenna may be thought of, crudely, as a
piece of transmission line with a generator at
one end and an impedance at the other end. A
wave starts out from the generator; some of it
is absorbed in the impedance at the other end
(radiation) ; the rest is reflected back. Since
the amplitude of the wave traveling from the
generator iz greater than that of the return
wave, the part of the radiation due to the for-
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Figurg 24, Directivity pattern for infinitesimal
dipole; f2(4) = sin?(8); G = 1.5.

ward wave, primarily forward radiation, is
more dominant than the part due to the return
wave.

For end-fed antennas, at a given frequency,
the asymmetry is greater the greater the thick-
ness of the antenna relative to its length. Cen-
ter-fed antennas, even if of considerable thick-
ness, have symmetrical patterns.

Patterns like those experimentally obtained
may be computed by assuming an antenna cur-
rent distribution with features as above de-
scribed. That is, suppose we assume that the
antenna current I is given by an expression of
the form:

I = ¢i*t [[1e3@/NL =D — RIe=i@r/N =) git],
(98)

In equation (98), I, represents the amplitude
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of a wave traveling in the positive z direction,
z is the running coordinate of the antenna with
the feedpoint at the end z = 0, L is the length
of the antenna, and RI, represents the ampli-
tude of a return wave. Thus R is a reflection
coefficient whose magnitude is less than unity,
and & represents a phase shift oceurring at re-
flection. Thus I represents a return wave super-
posed upon a forward wave.

Now the angular dependence E (4) of the

12(e}
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Directivity patterns at W + 10;

Ficgure 25,
longitudinal excitation; curve 1, M-30 100-Ib
bomb; curve 8, M-64 500-1b bomb; curve 4, M-64
1,000-1b bomb; curve 5, M-66 2,000-lb bomb;
curve 6, M-81 260-1b bomb.

remote radiation field produced by a linear an-
tenna of length L is given by

L
() « sin 6 f I(Z)el —G/N zeondl gy (99)
0

where I(z) is the current distribution along z.
It has been found that if 7(z) be taken as in
equation (98), then normalized values of E2(9)
obtained from equation (99) agree well with
experimentally obtained patterns when E and §
are adjusted empirically. The picture of a for-
ward wave and a return wave appears to be
adequately correct to allow extrapolation and
interpolation for changes in antenna size.

Small-Angle Radiation. Experimental meas-
urement of patterns and the theoretical compu-
tations of patterns outlined above (see Section
2.10) both lead to the conclusion that, for small
angles, we may express the directivity pattern
as

f2(0) = asin? 6, (100)

where ¢ is a different constant for each projec-
tile. This is a valuable gencralization that facil-
itates computation of Z, for cases arising in
practice.

Effect of Projectile Geometry. Because of the
considerable thickness of the projectile anten-
nas, their physical lengths are considerably less
than their “electrical” lengths. For a given
physical length, an increase in thickness serves
to increase the electrical length.

Effect of Tuning or Loading. The pattern de-
pends only upon the frequency and the antenna
geometry. There ig, of course, no effect due to
tuning or loading the antenna circuit.

COMPARISON OF PATTERNS FOR FUZE WORK

One of the desiderata of a proximity fuze is
that it be usable without modification on vari-
ous projectiles. It thus becomes necessary to
examine, among other things, the variations in
the directivity patterns for the various projec-
tiles. This variation, for longitudinal excitation,
has already been illustrated in Figure 25, where
it is shown that at a particular frequency the
patterns vary congiderably. In the gearch for
an optimum operating frequency for a prox-
imity fuze for bombs, a large number of direc-
tivity patterng wag taken at various frequencies
for the several bombs and a comparison of
f2(8) was made. In this comparison, relatively
small values of 6 are of importance in the
ground-approach application since it is these
that are encountered under terminal conditions
for ordinary bomb releases. Because of the ap-
proximate law f2(4) — «a sin? 6, relative values
for the various projectiles at one angle, i.e.,
8 = 30 degrees, will hold, roughly, for smaller
angles, Figure 26 presents the values of

M,
=5
for various bombs for a range of frequencies.
From Figure 26 it is seen that the expeeted

= X G (309),
A



48 THE RADIATION INTERACTION SYSTEM

variation in signal covers a very wide range,
except at frequencies of 50 me and below. This
agrees with the discussion in Section 2.5.6,
which indicated that the signals for various
bombs tend to approach the same level as the
electrical length of the antenna is shortened
below 1/2. Until cloge to the end of World
War IT it was not feasible to use frequencies
as low as b0 me, because the values of parallel
radiation resistance encountered at these low
frequencies (see Figure 15) would not permit
efficient matching to the driving circuit, thus
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Figure 26, Relative signal strength Mok =
(A 4x) Gf2(0) at ¢ = 30°, over a range of fre-
quencies; longitudinal excitation; curve 1, M-30
100-1b bomb; curve 2, M-57 250-1b bomb; curve
3, M-64 500-1b bomb; curve 4, M-65 1,000-1b
bomb; curve 5, M-66 2,000-1b bomb.

leading to low S values for high R,. If the re-
flected signal is to be nearly the same at all
heights for different projectiles using the same
fuze, the product S,M, must be constant. The
term M, depends upon the directivity pattern
and S, depends upon the operating point E,.
To hold the spread of S,M, to reasonable values,
it was found necessary to use two different
radio frequencies in order to accommodate the
fuze to various bomb sizes. It will be seen in
Section 2.8.4. that transverse excitation largely
avoids this difficulty. Toward the end of World
War II a circuit was developed which could be
matched to the high values of parallel radiation

resistance encountered at low carrier frequen-
cies. This made possible the design of a more
nearly universal longitudinal excitation fuze for
bombs.*®

2.8.1 . .
3 Transverse Excitation

TRANSVERSE DIPOLE

Fuzes working on this principle use a short
transverse dipole as an antenna. The body of
the projectile is not intentionally used as a part
of the fuze, although it introduces complica-
tions as shown in Section 2.5.4. Space limita-
tions are such that the transverse dipole is
short compared to a half wave, and the direc-
tivity pattern tends to be like that for a short
thin wire antenna, f2(4) = sin% ¢ (see Figure
24Y). The close presence of the body of the pro-
jectile modifies the pattern so that it is no
longer a figure of revolution about the antenna
axis. In some cases the projectile acts like a
director, making the radiation toward the back
of the projectile greater than toward the front.
A certain amount of asymmetry with respect
to the bomb axis is sometimes present because
of a slight unbalance in the feed.

An unbalanced feed for the transverse dipole,
aside from the effects discussed in Section
2.5.4, gives rise to a directivity pattern which
does not have axial symmetry. In Section 2.5.4
it was seen that the longitudinal currents give
rise to a correction which is small if the longi-
tudinal currents are kept small.

To verify the fact that these currents are
small the radiation pattern of the fuze-projec-
tile combination is measured with equipment
arranged similarly to that shown in Figure 17.
The projectile axis is horizontal and the axis
of the transverse dipole is vertical. The re-
ceiver, which is sensitive only to horizontally
polarized radiation, does not receive the energy
radiated by the transverse currents flowing in
the fuze dipole and the projectile behind it. It
receives only the radiation from the longitudi-
nal currents and gives a pattern like those for
axial feed (see Figures 21, 22, 23, and 25).

The strength of the axial radiation is com-
pared with the strength of the dipole radiation
by putting the fuze dipole in the horizontal posi-
tion and pointing the projectile directly toward
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or away from the receiver. In this orientation
the longitudinal currents do not radiate toward
the receiver, and the received signal is that
from the transverse dipole alone, modified by
the reflecting properties of the projectile. As a
result of the two measurements, two field in-
tensities are obtained which show the relative
amounts of ¢nergy radiated by the longitudinal
and transverse currents. In order to suppress
the longitudinal currents it has been found
necessary to use a relatively long wavelength
80 that the projectile is nonresonant.

When the directivity pattern is measured with
fuze dipole horizontal and projectile horizontal,
an asymmetric pattern like that in Figures 27

270" 1O

Figure 27. Divectivity pattern for M-57 bomb
at W 4+ 865 transverse excitation; pattern taken
in plane determined by longitudinal axes of dipole
and bomb,

and 28 is obtained. The right-left asymmetry
arises from the addition of the patterns from
longitudinal and transverse currents. The fore-
aft asymmetry arises from the reflecting prop-
erties of the projectile. For short projectiles
(see Figure 27) the fore-aft asymmetry is less
marked than for larger ones.

As we have seen, if the longitudinal current
is small its effects can be neglected. Thus, to a
good working approximation, we can fake the
directivity in the directly forward direction to
be unity and the directivity in other directions

forward of the equatorial plane as cos? « or
sin® 4.

When the transverse dipole is used, the size
of the projectile has but little effect on the radia-
tion resistance, provided the diameter is not too

Directivity pattern for M-64 bomb
at W + 3b; transverse cxcitation; pattern taken
in plane determined by longitudinal axes of
dipole and bomb.

FIGURE 28,

large and the projectile does not form an effec-
tive shield by imaging the dipole. This type of
antenna is effcctive on all types of American
bombs which the fuze will fit, It is not satisfac-
tory with the British-type square-nosed bombs
like the 4,000-1b LC, since this kind of bomb
forms an effective shield unless the fuze is
mounted on an extension. The DBritish have
found by extensive tests that a short extension
makes the fuze quite satisfactory on this bomb.,

Furthermore, the vehicle has only a relatively
minor effect on the pattern, as we have seen, so
that the fuze operation becomes relatively inde-
pendent of the size of the projectile. In addi-
tion, the transverse type of excitation will op-
erate with nonconducting projectiles, such as
the plywood belly tanks arranged with bomb
fins used as fire bombs.

Loop EXCITATION

It is possible to obtain transverse excitation
by means of a transverse magnetic dipole. This
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is achieved by means of a small loop antenna,
about 3 in. in diameter, whose plane includes
the axis of the projectile, as in the T-172 fuze.
The polarization of the radiation is different
from that of an electric dipole, as shown by
Table 2.

Tanre 2, Polarization of radiation in loop and dipole fuzes.
Dipole Loop
E. 0 0
A A .
Ky , Ccos o Cos § - Hin 8
A . A
E; %sm ) . COS @ COS &

The coordinate system for Table 2 is as de-
fined in Section 2.5.4. Aside from the polariza-
tion change the argument is similar to that
outlined for the transverse dipole, including
unbalance effects. Similar radiation measure-
ments are required, with due consideration for
the polarization.

2.9 WORKING SIGNALS;
GROUND-APPROACH CASEe

This chapter is primarily concerned with the
variations of antenna impedance as the fuze
approaches a reflecting target. This variation
has been described by M, and the variation of M
from point to point in space has been called the
M wave. Tt has also been shown that the voltage
change dV out of the r-f system can be specified
in terms of circuit parameters.

dV = MS. (89)

In other words, the voltage out of the r-f system
is proportional to M, and in so far as relative
wave form and amplitude are concerned M can
be considered as a working signal set up by the
reflecting target. Chapter 3 deals with the prop-
erties of circuits and the values of S that can
be achieved.

The method of utilization of this signal has
been indicated in Chapter 1 and will be briefly
recapitulated here. The voltage dV is applied
to an amplifier; the output of the amplifier is
applied to the grid of a thyratron; when the

¢ Bibliographical references pertinent to this seetion
are 12, 16-22, 27, 85, 89, 40, 70, 71, 74.

output of the amplifier is of the proper magni-
tude and phase the thyratron discharges
through a detonator which initiates the firing
train resulting in the burst. In most cases the
transmission time of the signal through the
fuze and detonator are negligible. A treatment
of the delay to be expected is given in Chapter
3, which deals with the audio amplifier and
firing circuit. Since delays are generally small,
the basic problem of the design is to make the
output voltage of the amplifier reach the firing
level at the moment when the projectile is in a
position such that its burst would do the maxi-
mum amount of damage. While the necessary
adjustments could be made empirically upon
the bagis of field trialg, it is extremely helpful
to be able to predict the expected point of func-
tion from the fuze parameters and the ballistic
problem. Such a knowledge allows treatment
of many cases based upon performance in a
typical case; it also aids recognition of abnor-
mal performance.

We proceed to show how the prediction is
made for the case of a bomb approaching the
ground, For the sake of clarity we first treat a
special case in Section 2.9.1 and then turn to
a discussion of each of the factors involved in
Section 2.9.2,

291 Prediction of Height of Function

The case selected is that of the ring-type fuze
(longitudinal excitation and White frequency
band) on the M-64 (500-1b) bomb, released
from level flight by an airplane flying at 200
mph from an altitude of 10,000 ft over earth
which hasg a reflection coefficient of 0.5.

The equation governing this case, equation
(93), has been derived in Section 2.6.2, Utiliz-
ing it, we have

AV = M8 = M
4o

;lu Gf2(8, ) e —4nt/N) +8 =,

(101)

FEquation (102) represents an audio-frequency
voltage with peak amplitude
Sy ¢

JMOASO = T E_,f’“(eyd))} (102)
and frequency
1 4 | dh 2{dh :
Feg x| =2 1o
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For a falling bomb dh/dt is essentially con-
stant over the last few hundred feet of flight,
and we can take dh/dt as the vertical component
of the striking velocity. Thus equation (101)
represents a voltage of constant frequency and
rising amplitude in the range in which there
is appreciable reflected signal.

Let us assume that the steady-state voltage
amplification of the amplifier is known in the
form of a curve g (F'), henceforth denoted sim-
ply by ¢ and that the net holding bias of the
firing thyratron is B. Then we can say that the
height of burst 2 is approximately

R q
h = AnS, Ar 126,9) I (104)

Equation (104) is based upon the tacit as-
sumption that there is no delay in the amplifier
and detonator, and further it ignores the fact
that the thyratron can only fire when the volt-
age is positive, thereby introducing an uncer-
tainty in the height of operation of approxi-
mately (4/2). The nature of these corrections
will be discussed in more detail in Section 2.9.2.

The quantity B/g represents the peak voltage
into the audio-control circuit that is necessary
to fire the detonator,

We now insert appropriate values in equation
(104) for our special case as follows: G/4n =
0.208, the vertical component of striking veloc-
ity = 740 fps, and the striking angle —= 18.5 de-
grees, the wavelength = 8.2 ft, and 7#(18.5 de-
grees) = 0.085. The audio frequency F ig
(2 > 740) /8.2 = 180 c. Typical values of G, B,
and S,, are 80, 4.4, and 15, respectively. Using
these values, equation (104) gives h = 20 ft.

This i the height of burst to be expected if
only radiation fields are involved. Actually the
induction ficld introduces a correction, ag shown
in Section 2.10, when the magnitude of h ap-
proaches A.

2.9.2

Factors Affecting Magnitude and
Frequency of Impedance Signal M

Having taken a brief overall view of the vari-
ous factors determining the point of function
of a fuze by computing the position of the burst
in a typical case, we shall now discuss in more

detail the various factors affecting the im-
pedance signal M. We use the term ‘‘signal”
advisedly, because the impedance change is de-
pendent upon the interaction between fuze an-
tenna and target, and therefore contains intelli-
gence as to the conditions of such interaction.

The amplitude and frequency of the imped-
ance signal or M wave depend upon a variety
of conditions, some of which depend upon the
fuze design and the projectile on which the
fuze is used, others depending on ballisties and
reflecting properties of the target. We shall
omit factors depending upon the circuit adjust-
ment, which is the subject of the next chapter.
Agside from these the factors affecting M may
be grouped according to the following scheme.

Fuze antenna factors

1. Directivity pattern.
2. Antenna gain.
3. Carrier frequency.

Ballistic and target factors

1. Distance from target.
2. Orientation of fuze antenna relative to
target.
3. Speed of approach to target.
4. Reflecting properties of target.
We shall discuss each of these factors in turn.

FUzE ANTENNA FACTORS

Directivity Pattern. It has been shown, equa-
tion (93), that M is proportional to f2(6,¢);
the values of ¢ and ¢ in question are those ob-
tained by drawing a straight line from the an-
tenna perpendicular to the ground.

The nature of the patterns in usge has been
discussed in Section 2.8, where there was also
presented a series of typical patterns. Upon
referring to these patterns, it is evident that
in the case of longitudinal excitation f2(6) is
relatively small when the projectile is vertical
or nearly vertical to ground, and becomes larger
as the projectile becomes more nearly parallel
to the ground.

In the case of transverse excitation, on the
other hand, f*(4,¢) is large when the projectile
is normal to the target surface. When the angle
between the surface and the axis of the
projectile is any value other than 90 degrees,
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there is an uncertainty in the valuc of f2(6,¢)
due to the uncertainty in orientation of the
dipole antenna, as discussed in Section 2.5.4.
If the angle between the axis of the projectile
and the normal to the ground (angle of in-
cidence) is o, then ¢ may be any value in the
range (90-a) degrees to 90 degrees.

For most applications, the angle of incidence
o 13 less than 45 degrees. This means that the
terminal values of f?(6,4) obtained with the
bar-type fuze, transverse excitation, are gen-
erally greater than those obtained with the
ring-type fuze. Furthermore, 7*(6,4) is gen-
erally a slower function of ¢ in the region 45
to 90 degrees than in the region 0 to 45 de-
grees, so that the average values obtained
with the bar type depend less upon angle than
with the ring type. At any one angle of in-
cidence, however, the signal received by the bar-
type fuze on a particular projectile tends to have
a larger spread than for the ring type, because
of the spread in dipole orientation mentioned
above.

Antenna Gain. The equation (93) shows
that M is proportional to the gain G of the fuze
antenna, The values of (G obtainable with pres-
ent designs are relatively low, in the range 1.5
to 3. For an infinitesimal antenna G == 1.5, and
for a half-wave dipole G = 1.64. To get highly
directive antennag the frequency used would
have to be very much higher than used at
present, because of the small allowable physical
dimensions of the antennas. Because of this, the
antenna gain to date has not been a major de-
sign factor.

Carrier Frequency. From equation (103) it
is seen that the audio frequency of the im-
pedance change is proportional to the carrier
frequency. The amplitude of the impedance
change is also affected by the carrier frequency,
since M is proportional to 4. Thus M is inversely
proportional to the carricr frequency, while the
audio frequency is directly proportional to the
carrier frequency. Besides these direct effects,
the carrier frequency affects M indirectly
through its influence upon the directivity pat-
tern (see Figure 23) and upon antenna gain, In
addition to these important effects upon the
impedance signal, it should be noted that the
carrier frequency also affects the circuit effi-

ciency and antenna matching, thus altering the
values of 8 that can be achieved. This, however,
is the subject of another chapter.

There is a discreteness in the possible firing
positions introduced by the use of the thyratron
control circuit. The spacing of these discrete
positions is determined by the carrier fre-
quency. Figure 29 shows how the discreteness
arises.
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Ficure 29. Illustrating the discrete character

of possible firing positions. Signal voltage is

plotted against height.

The solid curve represents the voltage out of
the amplifier which is gMS having the dotted
envelope gM,S,. The horizontal line B represents
the holding bias. The point P, at which the en-
velope intersects the holding bias line, repre-
sents the point of function predicted by equa-
tion (105). The fuze actually functions when the
M wave intersects the bias line at A a fraction
of a cycle later. The positive peaks of the M
wave occur for each 4/2 reduction of the height.
For a particular fuze the size of the M wave
might be such that it just passes over once
positive peak. The predicted height of function
would lie near this peak but the actual function
would not occur until near the next peak ahout
1/2 further along. If the random variation of
fuze sensitivities is larger than the change from
one wave to the next, we will expect a random
height of burst with bunches located at posi-
tions roughly %/2 apart. Thus the carrier fre-
quency determines the separation of the discrete
function positions.

This discreteness has been observed in field
trials. It implies that the average height of
function should be about (./4) less than the pre-
dicted height.

F—
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BALLISTIC AND TARGET FACTORS

Distance from Targel. It has already been
shown that the magnitude of M is inversely
proportional to the distance & of the fuze an-
tennag from ground. (This has been derived
from the consideration of the radiation field
alone and is not valid for distances close enough
so that the other components of the field are im-
portant., The modifying effect of these com-
ponents is considered in Section 2.10.) Thus a
plot of the resistance component of the reflected
impedance versus h will take the form of a
hyperbola, upon which is superposed a sinus-
oidal variation of space wavelength 4/2 and
another variation aceording to the changes in
f*(6,¢) as the fuze moves along its trajectory.
This latter factor is essentially constant over
the working range of any particular trajectory
for the ground-approach application.

Orientation of Fuze Antenne Relative to
Target. The part played by the directivity pat-
ten has already been described. The ballistics of
the situation, however, determine ¢ and ¢ and,
therefore, the use to which the directivity pat-
tern is put.

Because of a certain amount of rotation of the
projectiles in flight, ¢ is generally indetermi-
nate; for the ring type this is of no consequence,
since the directivity patterns have cylindrical
symmetry. The value of f2(4,¢) for the bar-
type fuzc suffers a certain amount of indeter-
minacy as we have geen.

For bombs released from flight, the angle of
incidence a increases as the speed of release in-
creases and as the height of release decreases.
This applies to dive bombing as well as release
from level flight,

For projectiles fired from ground, a increases
as the angle of elevation decreases. The speed of
projection also plays a part.

In all cases the ballistic properties of the
projectiles influence a in some degree because
of the effect of air resistance, Tables of inci-
dence angle o and vertical component of striking
velocity are too lengthy to be included here.
They may be found in standard bombing tables
or in special tables prepared for use with VT
fuzes.‘s"z" 70, %1, T4

Speed of Approach to Target. It has already
been shown that the audio frequency is pro-

portional to dh/dt, the speed of approach to the
target surface. This speed of approach is deter-
mined by the release conditions of the pro-
jectiles (angle, speed, and height) and by their
hallistic properties, and is essentially constant
over the last few hundred feet of flight.

Now it happens that « and dh/dt are some-
times so related that proper shaping of the
amplifier can be utilized to make up for wide
variations in o over a range of conditions, with
the result that the height of function remains
fairly constant over the range. This is con-
sidered in detail in Section 3.2.

Because of the usually high speed of ap-
proach to the target, the amplitude of the M
wave increases rapidly as the fuze nears the
point of burst. Since the impedance changes
are converted to voltage changes and then im-
pressed upon an audio-frequency amplifier, it
becomes important to take the dynamie char-
acter of the signal into account in order to
determine the output of the amplifier, This
matter has been the subject of considerable
study and will be discussed in Chapter 3. As
already indicated, it can be stated that to a
sufficiently good approximation we can usually
utilize the steady-state characteristics of the
amplifier in computations of the function point
of the fuze,

The terminal values of dh/dt encountered
in the ground-approach applications range
from about 200 to 1,200 fps.’ Over the range
of carrier frequencies 40 to 150 me, this repre-
gsents a range in audio frequencies of 16 to
360 ¢. Only part of this range is encountered in
any one application.

Refleeting Properties of Target. The reflec-
tion coefficient »n has already been defined in
Section 2.5.1. Using this definition the imped-
ance signal received from various types of
surface is proportional to n. Before going fur-
ther the method of measuring » for various
types of ground will be described briefly. The
apparatus congists chiefly of an antenna similar
to a longitudinally excited bomb, fed by a load-
scngitive ogscillator. When the height of the
antenna above the reflecting ground is varied
the radiation impedance of the antenna changes,
these changes affecting the grid voltage of the
oscillator in a manner given by equations (89)
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and (93). The amplitude of the fluctuations
about the center value of grid voltage are re-
corded. These fluctuations are then compared
with those obtained in a similar cxperiment
with a large metallic screen for ground. Since
the metallic screen is practically a perfect re-
flector (n =1), the effective reflection coeffi-
cient of the ground is given by the ratio of the
voltage fluctuations for the two types of reflec-
tor at the same height above each. Caulion must
be observed, in making these measurements, to
use a large enough screen. The screen dimen-
sions must be large compared to the maximum
height used if complicated diffraction effects
are to be avoided.

The results thus obtained check well when
used to compute the actual magnitude of the
signal instead of ratios. They also check with
published valueg of the reflection coefficient for
plane waveg, '™ 27

Table 3 shows the effective reflection coeffi-
cients of several types of surface.

TasLe 3, Reflection coefficient n.,
Surface n
Fresh water 0.8

Salt water 0.95
Average earth 0.5-0.6
Tee 0.2

If the ground surface is smooth, the value of
M is proportional to the reflection coefficient »n
defined above. For the reflection coefficient n to
apply, the surface must be fairly homogeneous.
Irregularities, such as stones, that are small
compared with the wavelength will have little
effect upon M when the fuze antenna is at
least several wavelengths away. Areas, such as
puddles, that have a different reflection co-
efficient from the major part of the ground will
likewise have little effect, if they are small com-
pared to the height of function; a sort of aver-
age reflection coefficient is involved in such
cases,

The effect of superposed targets, such as ice
over water, must be considered. Penetration of
the radio waves at the frequencies used is quite
small for metal, sea water, fresh water, dry
sand, and ordinary soil. Penetration into ice
or snow is considerably greater., Water a few
inches deep over a considerable area of land or

ice acts like a water target because of its small
penetration of the waves into water. A layer
of ice or snow that is only a few inches thick
gives a reflection coefficient more nearly that of
the surface beneath it than of ice or snow.

The effect of a general slope in the target
area is equivalent to a different angle of fall
over level ground.

The effects of large surface irregularities are
complicated and must be cvaluated empirically.
When the fuze passes close to a large body, such
as a building, the reaction is similar to that
from an airborne target (treated in Section
2.11), and the burst occurs ncar the obstruc-
tion.

The effect of built-up areas like cities on the
height of burst is not yet well known. How-
ever, some general remarks can be made. The
general average reflection coefficient n will be
lower than for moist earth, i.e., about 0.4. In
general it is expected that the average height of
burst will be greater than that predicted on the
basis of the average n, the difference is about
half the average height of the structures. The
dispersion in height of burst will, of course, be
considerably increased.

The height of burst over densely wooded
areas hag been found by experience to be just
below the level of the trectops for longitudinal
fuzes. Not much is known about transverse
fuzes under this condition.

When the fuze passes near the edge of a cliff,
it functions in a manner similar to the air-
borne-target case. When it passes over a bound-
ary between two different reflecting media such
as water and sand, there is a change in M
which is rapid if the fuze passes close to the
boundary and slower if the distance is larger.
Whether or not the transition causes a burst
will depend upon the transient response of the
amplifier and the abruptness of the transition
between reflectors.

.10

EFFECT OF INDUCTION FIELD
ON CLOSE FUNCTIONS

The preceding analysis of the reflected im-
pedance, based solely upon the radiation fields

t Bibliographical references pertinent to this section
are 12, 23-26, 39, 40, 94.
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from the antennas involved, would indicate
that there is no change in reflected impedance
for the case of a longitudinally excited fuze
approaching the ground in a vertical direction
since f2(¢) = 0. However, a little thought will
show that this is contrary to the prineciple of
conservation of energy, Thereforc we must call
upon those fields in the vicinity of the antenna
which dic away as lhe square of the distance
and the cube of the distance in order to de-
scribe the behavior of the fuze near the ground.

This can bc seen as follows. If we use the
same argument as used in Section 2.14 with the
dipole oriented with its axis vertical, we find
that the total power radiated through the upper
infinitc hemisphere varies with the height of
the dipole. These variations must appear as a
variation of radiation resistance and hence give
rise to an M signal. The higher-order terms
appearing in equation (160) (see Section 2.14)
represent the effect of these nearby fields for
the special case of the short horizontal dipole.
It should be stressed that the calculation is
made in terms of radiation fields alone but that
the results are identical with a treatment based
upon the induction and quasi-static fields.2s

If attempts are made to extend this method
to the more complicated radiation patterns of
typical fuzes approaching at different angles,
the necessary integrals become impossibly com-
plicated and it is more convenient to usc the
actual fields to calculate the result.

2101 Second Approximation 1o the

Field Equations

In the previous discussion it was possible, by
restricting attention to 1/» radiation fields
alone, to avoid any reference to the current
distribution of the antenna and its coupling to
the feed system. In the argument which follows
it will be necessary to assume a current distri-
bution of a form which will give rise to the
observed radiation pattern and to consider the
interaction of this current with the reflected
fields. We shall be interested in the case of a
fuze approaching an infinitely reflecting ground.
The case of the airborne target does not, in
most cases, involve the nearby fields to a seri-

ous extent and has not been considered from
this point of view. As has already been shown
we deal only with the fuze and its image to
derive the necessary impedance change.

The problem thus becomes one of caleulating
the mutual impedance of two identical antennas

i (z,)

82 W

22 e
L
e

0
Ficure 30. Representation of fuze antenna and
its image.

oriented as shown in Figure 30. In this figure

we assume that the current distribution on

each antenna is given by

I,(z) = Ligi(21), (105)

]2(22) = ]20g2(22)’ (106)
where I, and 1., are the currents at the feed
points. We are forced to assume that the pres-
ence of either antenna does not alter the current
distribution on the other and that both are
identical, except for a 180-degrece phase shift,
and the same as the distribution when each
antenna is radiating into free space.

Now the current 7,(z,) gives rise to a field
E. (z,) parallel to antenna No. 2 and vice
versa. Following Carter®* we write for the
mutual impedance

L

1
g = —I—--fE21<22)92(22)dz2-
10

0

(107)

We first examine E.,. For an infinitesimal dipole
of length dz, the field at distance » is given by

_ bldz . g 1 Spilet — Br)

_ (108)
, _ bdz l:_ % - (33)2] jeitt =),

Ey =0,
where § = 2x/k and b is a constant. At suffi-
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ciently large distances the higher orders of
(1/7) can be neglected, thereby making F,
negligible and

bldz

= 2" i pieitel — B, 109
E, Ny Sl Bje (109)

1t was this field that was used in the previous
analysis and called the radiation field, since it
accounts for the average radiated energy. The
other terms, in the integration of the Poynting
vector, give fluctuating components of energy
with no net energy flow.

The above expressions pertain to an infini-
tesimal antenna. The fields due to a finite an-
tenna may be obtained by regarding the antenna
as composed of infinitesimal antennas and inte-
grating the fields due to the individual infini-
tesimal antennas, '

For a finite linear antenna placed along the
% axis, we have

. bsind . . 7 1

s = piwl — fr) -

Il f = je l:l B (BT‘)2:| 1(2)dz,
(110)

with a similar integration for E,. The integral
sign here denotes the limit of a vector summa-
tion over the whole antenna,

Now r and 4 are in general functions of z.
TFor points sufficiently distant from the antenna,
the dependence of ¢ upon z is sufficiently slow
that it may be neglected. For comparatively
large distances the » dependence upon z may be
neglected in so far as the amplitudes of the
contributions of the individual elementary an-
tennas arc concerned; because of the finite
propagation time, however, the individual con-
tributions vary in phasc. These phase variations
cannot be neglected. Taking into account the
above considerations, the components of the
electric field may be expressed as follows:

F, = ‘jgj(’-'-’f __’&l — i — —l
o= v e— 1 - L - |

L
sinf)/e—fﬁ“"-‘o T1(z)dz, (111)
0
Y L " 2 1.
b =0=\; [ pr (Br)?
I
cos f e=bzeos0 [(2yde.  (112)

0

In the above expressions the factor e -ip:coss
takes into account the phase variations just dis-
cussed, since z cos ¢ is the path difference for
contributions from z — 0 and z — z. The 7 in
the above equations is the distance from the
point z = 0 to the point P, where the field is cal-
culated, The term I(z) represents the z de-
pendence of the antenna current over its length
L.

If we denote the remote radiation field of the
finite antenna by E,, equations (111) and
(112) may be modified as follows:

n=l1-4 - Lz

_ 2 2 .

(113)

(114)

L
Ernd z)\_f) jej(wl — 8 gin 9/ e ipzeos I(Z)(]Z
(4]
(115)

For thin antennas, sinusoidal current dis-
tributions are often assumed as engineering
approximations ; the integration may he effected
under this assumption, giving well-known
formulas for E, for such cases.

For the fuze antennas, the current distribu-
tions are ordinarily not known with sufficient
precision to.allow the carrying out of this inte-
gration. The ¢ dependence of |E | is obtained
experimentally by the method described in Sec-
tion 2.8.2. Thus the f(8) used there is given by

L

J6) = lsine6 f ezt [(2)dz|.  (116)
1]

The experimental method gives only the ab-
golute value as indicated and not the phase
dependence on ¢ which is ordinarily not needed.

To get By from E, and Fp we use

Em = E31 sln 92 + E,] COR Bs. (]17)
The restrictions which allowed us to write equa-
tiong (113) and (114) also imply that 6. = 6,
and that both are sufficiently independent of
z; and 2s. Thus we write

oy = Epysin 6 + K, cos 8 = Ko/ eilet =80 (117a)

which defines E.," as a function which is inde-
pendent of z. In the exponential term 7 is the

u—"
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distance from z;, = 0 to the point z, on anfenna
No. 2. Thus the mufual impedance becomes

(118)

10

L
ZQ[ = —]L EQ[, / G_jﬁr gg(zg)d/i?g.

1]
Again we must take account of phases, and so
we denote 7 as the distance between the point
z; = 0 on antenna No. 1 and the point 2z, = 0 on
antenna No. 2. In this notation r == 7 - 2. cos 0,
and we can further simplify equation (118) to
get

L

l . . v o
Ly = “"Ta Eyml(ﬁ_‘wr-/‘e_ﬂ‘m cos o t(]_)(Z‘Ddz_a (11‘))
0

If we neglected all induction fields in the cal-
culation of equation (119), the only change
would be that E.,” would reduce to E’,,, sin ¢
where E’,, is defined in the same manner as

E./’. If we call the result of such a calculation
Zs1,.0» We have
Z-n _ ot c
Zy K ging (120) -

rad rad
or, since M, is proportional to Z.,, we may write
Mo _ 1B
]VJU‘ [I}’ g ﬂnB[
Comparison of equations (113), (114), (120),
and (121) shows that
Mo _

(120a)

e — : N
\ [l ~ G T B cot 0] + [E + Br cot 0],

which reduces to

M
W:d = [l (B R (4 cotto — l)] (121)

after expanding and dropping inverse fourth-
power terms in 7.

2.10.2

Effect of Induction Field on
Function Heights

Equation (121) is a second approximation to
the calculation of Z,.. It is not cxact and is
limited in its application to cases where the

antenna is close enough to its image to make
the nearby fields appreciable but not so close
that the approximations used in deriving it
break down. Thus it can be expected to give
reasonably valid answers only for heights such
that the antenna length is not a considerable
fraction of the distance between it and its
image. Moreover, the whole derivation is based
upon a thin wire antenna as a model. The fat
antennag actually used may alter conditions.

Actually, in spite of the limitations, the
theory has been of considerable use in proper

of
10 — J/
BO
[~ //
60 ,/ 1/
L~ //
025°| |4 Py <>
40 . r o / /
| - L~ 4
L~ 70 | 4 d // /
30 7{‘ g I Lo ‘
A 7
- // ]
e rainvd 7
20 / IOG/ . W l/ 4
’ o | A
[ "
.1:‘1‘___ ;Q" // /
n | A
-~ /’1,
= | X7/ L
o8l A,
e
&4
53’
Q.4 Q6 08 0 2.0 3.0 4,0
H’=£x_
Figure 81, Contribution of induction and quasi-

statie fields to height of function; H, as fune-
tion of H, for various valucg of 0.

selection of fuze antennas and the selection of
proper operating frequencies.

Since is proportional to M,, we can then
say

dv,| = |dV, ‘ Mo (122)

where |dV,| is the peak value of the voltage

change into the amplifier that would be com-
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puted {rom radiation fields alone and |dV,| is
the total voltage change including the effect of
nearby fields. If we now set EdV,_{ and \d,V,‘
each equal to the signal magnitude required to
actuate the fuze, B/g, the heights of function
predicted with and without the correction
terms, denoted by kA, and h, respectively, arc
seen to be related as follows:

N a7, T -
b hy \/] + ('-‘nrht) (4 cotto — 1), (123)

This relation is shown graphically in Figure 31
for several values of 4. This graph shows the
contribution made by the induction and quasi-
static terms to the heights of function. Thig
contribution is seen to be significant when § is
gmall and when h,/} is small. For large values
of ¢ and (h,/A) the correction becomes negli-
gible.

If we use H,_ as the height of function, ex-
pressed in units of L as caleulated without the
correction, and H, as the height of {function in
the same units and ineluding the corrections, we
may write

He =11, [1/2 + % \/1 + [%:l (124)

where
_ 4cottd — 1 s
D= —aE (125)

For a vertical approach H, — 0, but the cor-
rection term becomes infinite leading to an inde-
terminate answer for H, which must be evalu-
ated by further means.

From equation (104) we see that

SR
I_‘[,- = Er H,AS[] __Bf (0) (12())

Also from equation (116) we see that
L
72(0) = [[sin / ezt [(a)dz | T (127)
0
Since the integral is a slowly varying function
of 0 for small 8, we may write
J:(0) = asin? 6, (128)
for very small angles. For any particular pro-

jectile the value of the constant a is determined
experimentally from its measured directivity

pattern. Combining equations (124), (125),
(126), and (128), we get for very small angles

e
17, = {/ r (129)
)
or
~ [aGnSg o0,
Hi =\ p (1292)

The latter value is independent of ¢ and suffi-
ciently accurate for ¢ from 0 to 10 degrees. It
is not valid for H, < 1; in such cascs the theory
does not hold anyway, as has already been
mentioned.

The cquation (129a) is of interesting quali-
tative value, since it shows that the height of
burst at very steep approach angles depends
upon the slope o of the directivity pattern near
# = 0 (slope on sin? @ paper). Thus directivity
patterns like curves 5 or 6 in Figure 25 will
give very low height of burst even with the aid
of the induction field,

Figure 31 may be used to correct the heights
of function computed on the basis of radiation
alone. Referring to the example worked out in
Section 2.9, we have H, = 20/8.2 = 2.4. From
Figure 31 we see that for § — 18.5 degrees and
H =24, H, =27, or h, == 22 ft.

In this case the correction is not large. For
steeper angles of approach the correction be-
comes more pronounced. If radiation caleula-
tions predict a height of 2\ for a striking angle
of 10 degrees from the vertical, the actual burst
height will be 3.5%, a correction of +75 per cent.

A large amount of computation of heightg of
function hasg proved to be neccssary. For this
reason a method has been developed which
greatly reduces the amount of labor involved,
especially when rapid computations are necded
in order to help design an amplifier with a
shaping such as to give desired heights of func-
tion over a large range of ballistic and fuze
conditions. This method involves the use of
transparent charts.™

We see from equation (129a) that for steep
approach the height of burst varies as the
squarc root of the burst control factors, G, n,
S, ¢, and 1/B, and is thus less dependent upon
variations in these quantities when burst
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heights are such that the induction field is
predominant.

A word of caution is necessary about incor-
porating amplifier delay to avoid noige troubles
on fuzes where the induction field ig the pri-
mary signal controlling the height of burst.
Suppose, for example, we have a fuze on a
gsmall antenna so adjusted that S = 15, ¢ —= 50,
and B — 4.5. Then for average ground n = 4,
and for the small antenna ¢ — 1 and G = 1.5.
When these values are inserted in equation
(129a) the result is

H,=13.

If the firing level of the amplifier lags as
much as 3 ¢ behind the calculated input firing
level, the fuze will reach H, — 0 before the burst
ig initiated, since there are 2 ¢ of input voltage
per 1 change in height. Such delay may give rise
to duds because the fuze breaks up before the
firing pulse is received. This behavior has been
observed in special fuzes carrying integrating
circuits to increase the resistance to noise pulses
and sweep jammer signals,

=1 WORKING SIGNALS:
AIRBORNE TARGET*

The preceding two scctions have been de-
voted to an analysis of the signals encountered
in the ground-approach case. The second im-
portant application of a radio proximity fuze
is to initiate bursts in the vicinity of an air-
borne target. In the present section the signals
oceurring in this case will be studied.

To avoid complication we assume that the
fuze and target are far from ground and under-
stand that corrections may be introduced if
they are near the ground (see Section 2.5).

It is, of course, to be expected that the re-
flection from so complicated a target as an air-
plane will indeed be complex and not amenable
to exact analytic treatment. There are, how-
ever, certain general features of the pr8blem,
which can be discussed in terms of a simple
model, that carry over into the actual problem.
A knowledge of these features is essential to

% Bibliographical references pertinent to this section
are 1, 14, 15, 55, 61, 72, 73, 75, 93.

an understanding of the operation. In Section
2.11.1 we shall consider the target to be a small
sphere which reflects equally in all directions.
First we consider the changes in phase in the
M wave and later the amplitude changes. Sec-
tions 2.11.2 and 2.11.3 will be devoted to a dis-
cussion of actual airplane targets. In all discus-
giong we use a reference system at rest on the
target.

2.11.1

Properties of the M Wave;
Simple Theory
PHASE PROPERTIES

Figure 32 represents the spatial arrangement
of fuze and target (a small sphere). In this
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FIGURE 32. Spatial arrangement of fuzc and
small spherical target.

figure the axis of the projectile is shown as
coinciding with the trajectory. This is, of
course, not true in the general case but is close
enough for the type of approach used in firing
rockets in air-to-air combat, since deflection
firing is seldom considered. The projectile is at
P and ig moving along the @ axig in the dirce-
tion of the arrow. The distance between projec-
tile and target is 7, and the shortest distance
between the target and the line of flight of the
projectile is p. The term p may be called the
impact parameter as in similar situations in
atomic physics. The line OQ is perpendicular
to PQ. The distance from P to @ is x. The angle
between PO and PQ is o. For fuze systems in
which the body of the projectile is used as the
antenna (longitudinal excitation), the angle o
is the same as the ¢ previously defined. The
relative velocity of the projectile along its line
of flight is denoted by v.
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To proceed further, we recall that for the
cagse of reflection by a simple airborne target,
the M wave is given by a function of the form

M = M eil(—4m/n +3), (130)

There may be a phase shift at reflection which
will be a constant for the spherical target and
will be neglected.

The frequency F' of the M wave is

po= 1| dfdnr
T 2xldi\ A ’
(131)
o2 dr
SNy
2,
I = KU cos @, (132)

Thus the maximum possible value of the in-
stantaneous frequency is 2v/A when a — 0 de-
grees when the target is very far away, and the
minimum value is 0 when a = 90 degrees. As
the projectile approaches the target the fre-
quency decreases; when the projectile is at the
point of nearest approach to the target, the in-
stantaneous frequency is zero.

The rate of change of instantaneoug fre-
quency with angle is given by

ar 2 .
% = — )\ SN .

This equation indicates that the rate of
change of instantaneous frequency increases
as o approaches 90 degrees. For sufficiently
large values of «, the rate of change of fre-
quency with angle is great enough to cause a
considerable change of instantaneous frequency
during the course of 1 ¢. Thus it is important
to introduce dynamic considerations when
studying the response of an audio amplifier to
such a signal.

It should be pointed out that there are in gen-
eral only a relatively small number of waves of
M in that part of the trajectory where the fuze
is sufficiently near the target to be effective.
Calculation gives the result that there are
0.8p/% waves in the region from a = 45 degrees
to a = 90 degrees.

For a typical case A = 8 ft, p = 50 ft, and

(133)

there are 5 ¢ in the M wave. A longer wave-.

length means fewer cycles and requires more
care in including dynamic congiderations in the

study of the behavior of an audio-frequency
control circuit.

Caution must also be observed, in incorporat-
ing delay to avoid noise troubles and interfer-
ence from jamming signals, to make sure that
enough cycles are available to actuate the con-
trol circuit. Thus the higher the carrier fre-
quency the larger the number of waves avail-
able and hence the better a control mechanism
baged on audio-frequency selectivity can be ex-
pected to function.

The manner in which the resistive component
of the reflected impedance changes as the fuze
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antenna moves along its trajectory is shown
qualitatively by the dotted line in Figure 32.

AMPLITUDE PROPERTIES
From equation (94) we see that

Mo = A =2 Gl(a) cos . (134)
27r‘r“

Figure 33 shows a plot of M, for a spherical
target with f2(u) the actual measured directiv-
ity of a typical fuze. It is marked “theoretical
simple envelope” on this figure. The ordinates
represent the M signal in arbitrary units. There
are two sets of abscissas, one set representing
—uax/A, as defined in Figure 382, and the other set
representing a.

It will be observed from equation (134) that,
as the target is approached, M, increases as the
square of the distance decreases and as the
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directivity in the direction of the target in-
creases. We shall expect this general sort of
behavior even for a complicated target.

#11.2 - Reflecting Properties of Aircraft

When considering a complicated reflecting
target like an airplane we shall expect a varia-
ble phase shift upon reflection. This we repre-
sent by assuming that 4, as defined in Section
2.5.2, is complex and of the form

A = F(r0,0)ei"84), (135)

At very large distances, such that the wave in-
cident on the target can be considered plane,
equation (185) will reduce to

A = F(8,¢)e?C#), (136)
the 1/7 dependence of reflected field being taken
care of in the definition of A. At close distances
the whole argument becomes too complicated to
be within the scope of this report.

The variation in the phase of M arising from
d(8,0) will change the spacing of the zeros
of M and thus alter the apparent instantaneous
frequency in a complicated manner,

It is helpful to consider the airplane as a
complicated antenna which is excited by the
incident radiation and which reradiates with a
many-lobed pattern characteristic of such an
antenna. Whenever the direction of the incident
radiation changesg, the distribution of current
on the aircraft changes and the radiation pat-
tern is correspondingly altered. Moreover, if
the source of radiation is close so that the field
is not uniform over the target, the distribu-
tion of current will change with distance, also
giving a change in the reradiation pattern.

We might expect that the dependence of A
and & upon r will disappear for distances » such
that the target does not fill more than the first
Fresnel zone. We define the first Fresnel zone
in this case as that circular area such that the
path from the fuze to the center of the area ig
1/4 shorter than the path from the fuze to
the outer rim. Experiments to be described
later show that this is roughly borne out.

For frequencies of 100 mc and a target 50 ft
across, the target just bridges the first zone at

7 — 125 ft. The radius of action of present-day
fuzes is well inside this range, so that simple
calculations can only give an order-of-magni-
tude effect. The actual values of M must bhe de-
termined by experiment.

There is, however, one very important factor
that minimizes the effect of the complicated
reflection on fuze performance. The factor
f2(a) /r2 grows so rapidly with increasing o
that there is a relatively small region in space
around the target where the signal is large
enough to actuate the fuze and the point of
burst becomes relatively independent of the
details of the wave form provided there are
cycles enough to get through the amplifier.

EXPERIMENTAL MEASUREMENT OF REFLECTION
FROM AIRCRAFT

The straightforward method of measuring
the reflecting power from an airplane is to con-
struct fuzes carrying radio reporting circuits
and fire them past an airborne airplane. This
gives the actual working signal but technical
difficulties make such tests impossible at the
present time.

For certain special interaction conditions the
airplane can be flown past the fuze, which is
held fixed in space. This gives information
which is useful for head-on or tail-on shots in
air-to-air combat; these are the most common
shots where rockets are concerned.

Experiments have been made for these con-
ditions in two ways. (1) The fuze was sus-
pended beneath a blimp and the airplane flown
by it. These tests gave reliable qualitative in-
formation about the signal voltages, but it was
difficult to get the exact distance measurements
required. (2) The fuze was supported at a
height of /4 over a reflecting screen on the
ground and an airplane flown over it.! These
latter experiments were made at the Naval
Proving Ground, Dahlgren, Virginia,

PROPERTIES OF THE EXPERIMENTAL M WAVES

Some 50 space patterns were obtained from
which quantitative measurements could be
made. Parts of three typical patterns are shown
in the oscillograms of Figure 34, In Figure 33
a typical experimentally obtained pattern is
shown, together with its envelope, which is
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compared with the theoretical simple envelope
discussed above,

An analysis of the phase properties of the
experimentally obtained waves gives very good
agreement with the simple theory given in
Section 2.11.1, showing that §(6,¢) is a slowly
varying function and does not complicate the
pattern.

The experiments also showed that the inverse
square law holds. The upper curve in Figure 35

Ficure 34. Oscillograms of parts of typical M
waves in fly-over tests,

These oscillograms were obtained in tests in which an
airplane flew over a fuze antenna mounled horizontally
above the ground. In the figures time increases from the
left to right. The vertieal lines ave timing pulses. The three
oscillograms are parts of a large pholograph discussed on
page 2% of referenee 1. Details of lest conditions will also
be found in this reference.

shows the results of a series of tests in which
an SBD-1 airplane flew vertically over a fuze
antenna; the plane was in horizontal flight
parallel to the axis of the fuze antenna. The
fuze antenna was a distance L/4 above the
screenwire ground. The ordinate in Figure 35
is the logarithm of the magnitude of the signal
voltage AV, and the ahscissa is the logarithm
of the distance p. It ig clear from the figure that
the inverse square law holds for distances as
close ag 80 ft for A = 7.4 ft as used.

From the Dahlgren experiments some quanti-
tative comparisons were made of the reflection
from the best aspect of the airplane and the
reflection from a tuned half-wave dipole. The
dipole was placed horizontally at various heights
above the fuze antenna and turned about a
vertical axis. As the dipole was rotated about
a vertical axis, the reflected impedance M,
changed from zero to a maximum value as cos t
varied from 0 to 1. The signal magnitude at
various heights was taken. Typical results are
shown in the lower curve in Figure 35. The
ordinate distancc between the upper and lower
curves in Figure 35 represent a ratio of 21;

that is, the reflecting power of the airplane in
the aspect considered is 21 times as great as
that of a tuned half-wave dipole arranged for
maximum reflection. It has already been men-
tioned in Section 2.5 that the reflecting power
A,.. of a flat plate of area L* is L%\, whereas
that of a tuned half-wave dipole is 0.26). The
projected area of the airplane, regarded as a
flat plate, is about 300 sq ft. The wavelength A
used in this experiment was 7.4 ft. Then the

ratio

12/

0.26X )’
becomes 20.5, in satisfactory agreement with
the experimental values,
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FIGURE 385, Signals from airplane and from
{uned half-wave dipole.

Expressing the reflecting power of the air-
craft in units of “dipoles” in the direction of
maximum reflection has been convenient in en-
gineering the fuze design. In the above de-

-,__..—
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scribed experiment, the airplane is equivalent
fo 21 dipoles.

The envelope of the wavy curve in Figure 3!
gives a rough idea of the variations in M, as
the position of the fuze antenna changes with
respect to the airplane target, This wave repre-
sents the gignal received by a radio fuze on a
rocket due to a small airplane passing the
rocket at a distance p equal to about 15i or
105 ft in this case. To indicate the extent to
which the signal acts as would be predicted
from a point target, an envelope computed ac-
cording lo the simple theory is plotted on the
same graph. That is, the simple envelope is a
plot of the equation

M, = Conslant X fﬂ(g), (137)

T
whereas the observed envelope is effectively a
plot of the equation

AL ) (138)

72

M, = Constant X

The two envelopes are adjusted so that their
maximum values coincide. The observed enve-
lope indicates the nature of the variation in A
along the trajectory. It is clear from the figure
that the simple features of the theoretical en-
velope are modified in the observed envelope,
in that there is a minimum around a — 60 de-
grees, whereas the amplitude of the theoretical
envelope rises constantly as o increases toward
90 degrees.

Other patterns experimentally obtained for a
varicty of aspects and distances exhibit similar
features, that is, a general trend as expected
from the simple theory, plus a superposed effect
of one or two minima. The positions of the
minima vary with aspect and type of airplane.
Thus the amplitude properties of the wave fol-
low the simple theory to a certain extent; fur-
thermore, as we have seen, the phase properties
follow the simple theory quite well, Thus the
characteristics of the wave are sufficiently well
known to achieve good burst control, as will be
shown in Chapter 3.

SPECIFICATION OF SENSITIVITY REQUIREMENTS
FOR PLANE-TO-PLANE ROCKET FUZE

We are now in a position to outline a
sample calculation for a trial design center for

a fuze for the plane-to-planc rocket application.
The fuze will fire when

B
- Sug'

Within engineering limits, the quantity B/S.g
can be varied at will, so we shall calculate the
value of M, to be expected and leave the discus-
sion of B/S,¢ to appropriate chapters. The
maximum value of M, has been seen to be equiv-
alent to about 20 dipoles for the direction of
best reflection from the airplane. We take the
value of 10 dipoles as a working average.

From equation (49) we see that A for a sin-
gle dipole is 0.26%, and with the aid of equation
(134) we find the rcflection from a target of
10 dipole strength to be

Mu90%) = 2N 2 00°),

Tpt

M, (139)

at the point of maximum reflection from the
target. For a typical fuze with a half-wave an-
tenna G = 1.64, f*(90°) == 1, and L = 7.5 ft.
If we wish the fuze to function up to a distance
of » = 104,

2.6 X 1.64
—o00r | 0007

If, however, it is desired to have the burst occur
when o is approximately 60 degrees, for an as-
sumed maximum fragmentation density in that
direction, f2(60°) is about 1% and

r = p? = 4p?
sin’a 3

MU(QOO) =

These values make
M ,(60°) = 0.0026. (140)

Experiments have shown that the loss agso-
ciated with the dynamic response of shaped
amplifiers is about 10 per cent. Thus we reach
the final conclusion that a workable fuze must
function when

My 22 0.0025. (141)

To refine the ecalculation further would be
useless, since the answer is only approximate.
Trial fuzes were built to fire when M, == 0.0025
and tested against a mockup target. It was
found that this value gave good field results,
the final proof of any design.
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It will be noted that the reciprocal of the
value of M, required to fire the fuze is a meas-
ure of the overall sensitivity of the device. It is
convenient, as an aid to thinking, to specify this
value in terms of a special type of test. We
imagine the fuze moved toward an infinite per-
fect reflector at such a speed that the doppler
frequency ig exactly right for maximom ampli-
fier gain. We also assume the projectile to be so
oriented that the direction of maximum radia-
tion is toward the reflector. Under these special
conditions

AG 5
Moo= 0, (142)

and the fuze will function at a height &, given by

AG

b= 4y

(143)

For the calculation just outlined above this re-
duces to

75 X 1.64 _‘

heff -
For a quick specification of the overall fuze
performance this effective height is quite con-
venient. This method of specifying the sensi-
tivity of a fuze is called the Michigan sensitivity
and was used extensively by Section T, Office of
Scientific Research and Development.

Experience resulting from tests against a
mockup target as well as againgt actual targets
has shown that fuzes with h,, = 400 ft are
quite satisfactory, but that greater sensitivity
can be used with increased effectiveness. Values
as high as 800 to 1,000 ft have been achieved in
later models.

The effective height as defined above should
be used only for comparing the effectiveness of
fuzes working on a given frequency. As seen
from equation (143), k., is proportional to k.
On the other hand, for an airplane target, M, is
not proportional to A but to a first approxima-
tion is proportional to At Thus for smaller A,
k.. is reduced while performance against an
airborne target is not reduced in proportion
(see Section 2.11.3 following).

2.11.1

Iffect of A on Reflection from
Aircraft

Equation (134) shows that for all other con-
stants equal
My~ AX. (144)

Mott? has calculated the values of A for vari-
ous simple reflectors and finds

Dipole: A ~ AL
Sphere: A~y
Flat plate: A~

Considering all factors, he recommends as a
working average value A ~ A% Equation (144)
then becomes

]‘10 "'VA'I’

as an average case and M, ~ 1° for the case of a
flat sheet like an airplane wing. Our fuze ex-
perience indicates that the behavior is more
nearly the latter than the former,

2= SIGNAL SIMULATION®

2121 Properties Required of Simulator

In the preceding sections a description of the
impedance signal due to a reflector has been
given, and it has been shown that the changes
in amplitude and phase of the impedance sig-
nal M are duplicated as amplitude and phase

~changes in dV,

The value of M is a function of position alone
and can be represented as a space pattern along
the trajectory. This space pattern has been
called the M wave. The value of M as a fune-
tion of time is obtained once the position is
known as a function of time. The form of the
M wave is not altered by the velocity of ap-
proach; the wave is merely traversed at an
appropriate rate. This means that it is possible
to measure the M wave point by point with
static impedance measurements and compute
its time variations in any given case from the
specified relation between position and time.

h Bibliographical references periinent to this section

are 3, 7, 35, 46, 76, 92.
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If we are to simulate the working impedance
signal, we must devise an arrangement which
presents to the fuze circuit an impedance which
has the correct amplitude and time dependence.
We are not concerned here with a device which
attempts to simulate the vibration and stress
conditions encountered by the fuze in actual
use.

Experience has shown that the r-f part of
the fuze system is able to respond to changes
of antenna impedance much more rapidly than
any encountered by the fuze in practice. This
means that the audio-frequency circuit is the
part of the fuze that responds to velocity
changes. As a result of this division of fune-
tion, it has been found desirable to test the
r-f system and audio system separately in en-
gineering the fuze design. A final test which
simultancously measures the combined per-
formance of the complete system serves as an
overall check to insure that there are no unde-
sirable interactions.

A truly faithful simulator must actually re-
produce the rotating impedance vector which
is characteristic of the interaction with the
moving target. However, it will be seen in
Section 3.1.7 that the sensitivity of the r-f cir-
cuit to reactance changes is usually negligible in
comparison with the sensitivity to resistance
changes, so that a simulator which reproduces
the resistance component of M is adequate for
most work. This simplifies the simulator prob-
lem greatly but it must always be remembered
that an approximation is involved when such a
“yregistance simulator” is used.

Additional propertics that a simulator must
possess are those which make its use practical.
It must have a sufficient range of operating
conditions, it must be reproducible, it must be
convenient to use, and it must not introduce
complicating disturbances into the fuze circuit.

Field R-F Simulator

There is one convenient method of simulation
of the true antenna impedance variation that
involves the usc of a field setup. It is in fact not
a simulator in the true sense of the word, since
it reproduces the actual voltages as a function

of distance from the target but not on the
proper time scale. It is, however, discussed here,
since it is one method for presenting the proper
antenna variations to the r-f system. We refer
to what is commonly called a ‘“pole test.”

In making pole test measurements, a fuze is
mounted in a mockup of the proper projectile
and suspended over a large reflecting screen by
ropes attached to tall poles. The height above
the reflector is varied, and point by point read-
ings of the voltage dV are recorded. The re-
quirement for proper antenna simulation is
automatically fulfilled.

If the readings are taken at a height of sev-
eral A, M, is quite small, and we can say that

~4xh

AV = My sin ( )

N (145)

cxcept for a fixed phage shift which hag been
neglected. If calculated values of M, are sub-
stituted in this expression, 8, can be calculated
for a given r-f circuit.

In practice it is difficult to obtain the read-
ings at a very large height so that M, may be as
large as 6 to 10 per cent. It can be shown that
the error in S, calculated in this manner is
about the same size as M,. Such measurements
are accurate enough for most purposes.

There is apt to be a large error in pole test
measurements if the reflecting screen is not
large enough. When the height of the fuze be-
comes comparable with the semidiameter of the
screen, diffraction effects set in which are of
unknown phase and magnitude. Errors ag large
as 100 per cent have been observed. It is de-
sirable to have the screen diameter at least four
times the height of measurement.

2.12.3 Laboratory R-F Simulators

By laboratory r-f simulators we mean those
devices which generate impedance changes of
a form suitable for making tests of the com-
plete r-f sysiem, but which do not have the
amplitude-time dependence necessary for test-
ing a complete fuze system. They fall into two
general categories, those which vary the re-
sistance ecomponent alone and those which set
up the true rotating impedance vector. The
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latter, while interesting, do not give enough
additional information on present-type fuze cir-
cuits to justify their construction. Both types
will be discussed briefly. Since the fuze circuits
used at the presgent time have small reactance
sensitivity, there has been no need for react-
ance simulators, and none has been designed.
However, as will be pointed out, the reflecting
dipole simulator can be used as a reactance
gimulator if desired.

RESISTANCE COMPONENT SIMULATORS
(SUBSTITUTION)

This is the simplest of all tests to make in the
laboratory. One merely disconnects the fuze
antenna from the circuit and adds a dummy
antenna consisting of lumped resistors and
condensers, which duplicate the operating point
of the r-f system. The resistance is varied by
substituting several resistors in succession. A
curve of V versusIn B, (or In R,) is plotted, and
the slope of thig curve at the operating point is
the sensitivity S, (or S,).

If desired, the fuze assembly can be placed
inside a shield can instead of removing the an-
tenna exciter. Such an arrangement leaves the
operating point reactance practically unaltered,
and resistors can be substituted directly across
the feed point, This latter method is preferable,
since any stray coupling between oscillator and
antenna is left undisturbed.

Figure 36 shows a typical load curve obtained
from such a series of measurements. It ig a
curve of V versus R, on a logarithmic scale.
From such a curve §,, which has been defined
as dV/d In R,, may be found.

RESISTANCE COMPONENT SIMULATORS
(D1POLE REFLECTORS)

The dipole reflector is not strictly a resistance
simulator, since it can be made to perform ag a
rotating vector simulator, resistance simulator,
reactance simulator, or combination simulator.

We may see with the aid of equations (48)
and (94) that the reflection from a half-wave
dipole oriented so that fs2 (#a1,¢41) = 1, is given
by

AN R,y 4, .
M = 1.64(2’”7—‘) —Z—S';(.nflz(ew,(ﬁm) cog® 7ol (= dmr/N) +3]
(146)

Wea sce that M can be changed by changing v,
Zyy [12(B13,¢15), and 1. All these changes have
been utilized at one time or another. The dipole
is adjusted so that

Zss = (Res + Z1), (147)

where Z,, is the external impedance connected
to the feed terminals of the dipole. If we short
the terminalg, 2, = 0, and Z;; reduces to K.

Wand. A wand consists of a length of wire
cut to resonant length. In effect Z, —= 0, since
the terminals are shorted. It can be used in two
ways. First, it can be oriented so that t = 0 and
moved toward or away from the fuzec antenna,
thus varying ». When so used the signal pre-
sented to the fuze is truly the rotating vector,
and the changes dV can be recorded as the
wand is moved.

Second, it can be o located that M is purely
regigtive. T may then be varied by twisting the
dipole in a plane perpendicular to », thus vary-
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ing the effective resistance. If desired, the
dipole can be attached to a motor so that v = wt.
Then an audio signal will be developed which
varieg as cos? wt.

e
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If reactance simulation is required, r may be
adjusted so that M is purely reactive and the
rotation gives a reactance variation instead ot
a registance variation.

Modulated Dipole. The term Z;, can be varied
by connecting a variable impedance to the ter-
minals of the dipole. The variable impedance
can be provided by a rotating condenser, com-
mutator, flashing thyratron, or any other con-
venient form of variable r-f impedance, Unless
the variable impedance can be made purely re-
sistive or purely reactive, the resulting M be-
comes quite complicated because time-varying
phase shifts arising from changes in Z; are
included in the reflector.

When dipole simulators are used in the lab-
oratory, stray reflections set up complicated

T -

Figurr 37. Basic circuit for diode simulator,

standing waves in the room, and only qualita-
tive answers are obtained. A change of position
of the dipole with respect to the fuze varies
f2(4,¢) and gives crude information about the
directivity of the fuze.

Such devices are useful for quick checks to
see if fuze circuits are “live” and have approx-
imately the desired sensitivity. Because of the
(A/r)? factor in the reflection the device can
not be used effectively at a large distance from
the fuze and hence cannot be used well for
measuring directivity patterns.

RESISTANCE COMPONENT SIMULATORS (DIODE)

The a-¢ input resistance of a linear diode
voltmeter is a function of the d-c resistance and
d-c¢ voltage in its load circuit. The fundamental

circuit for a diode simulator is shown in Fig-
ure 37.

Terminals TT are conneccted to the antenna
terminals of the fuze circuit. The reactance X
represents lumped reactance (including a d-¢
return, if necessary) to make the input react-
ance of the device simulate the operating point
reactance of the fuze antenna.

By varying v and E, the apparent r-f re-
sistance K between terminals I'T can be con-
trolled. In practice B, is adjusted to give the
value of B at the operating point when v = 0.
The term v is then varied at an audio-frequency
rate to introduce small periodic variations in E.

If the diode is working in its linear region so
that a d-c voltmeter indicates a voltage V across
R, of several volts, the simple diode theory
works quite well. Let &, be the dynamic re-
sistance of the diode and ¢ the semiangle of
flow when v = 0. If v/V < <1 it can be shown
that

dR R
F = VRL(‘Z COs 0) = V 2y (14:8)
where 4 is determined by
R T _
—— = - — ¢
R, 0 — cosfsing (149)
and subsequently E, is determined by
f# 1 (tan 6 — 6). (150)
b,/, ™

Figure 38 shows the appropriate values of R,
to give the desired value of B when E, is known,
and the value of p, the correction factor that
must be applied to v/V to give dR/R.

It is not wise to use values of R/R, less than
10. If lower values of R are needed, a fixed re-
sistance can be shunfed acrosg the circuit, with
X and the ratio of v/V adjusted accordingly to
make the overall dB/R have the desired value.

The diode simulator need not be connected
directly to the antenna terminals but may be
capacitatively coupled, if appropriate calcula-
tions are made and provided the diode is oper-
ated in its linear region.

In laboratory work it is advantageous to cali-
brate the simulator directly by attaching it to a
stable fuze circuit which has a known load
curve, The desired operating point is selected
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and the output of the fuze circuit measured as a
function of v/V. From the measured output and
the known load curve the effective dR/E for the
simulator can be calculated directly with no
detailed knowledge of the diode. The theory
above serves as a useful guide in selecting
proper diodes and in indicating the range of use-
fulness of a given simulator.

The diode simulator has a consgiderable
advantage over thermistor-type simulators
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FIicURE 38. R./R, and p as functions of R/R,.

because there is no delay in response to the
applied audio voltage. Tests have shown that
the device will follow frequencies far in cxcess
of any required in fuze testing.

RESISTANCE COMPONENT SIMULATORS
(THERMISTORS)

The effective resistance of an r-f circuit can
be controlled by incorporating a thermistor ele-
ment somewhere in the network, The temper-
ature of the thermistor can be varied at an
audio rate by passing audio-frequency current
through it. This results in a variation of the
effective resistance of the r-f circuit at an audio-
frequency rate.

Typical thermistors that have been used are
small flashlight bulbs and Littel fuzes. Because
of the thermal lag of such devices the upper
audio frequency is quite limited, and each de-
vice requires ecalibration against a standard
fuze circuit of known stable performance.

A detailed description of a thermistor simu-
lator and its calibration will be found in an
NDRC report,® which shows the general pro-
cedure for calibration of any resistance simu-
lator.

RESISTANCE COMPONENT SIMULATORS (TRIODE)

The effective resistance of an r-f circuit can
be controlled within limits by loading it with
a triode so arranged that the dynamic plate
resistance of the triode is used as an r-f re-
sigstance. The value of the dynamic plate resist-
ance can be changed by changing the grid to
cathode potential of the triode. The changes in
plate resistance respond to changes in grid
voltage at frequencies far greater than any
needed in fuze testing. Hence this device com-
pares favorably with the diode simulator. Cali-
bration is necessary, and in general the cirecuit
arrangement is more complicated than for an
equivalent diode simulator. The details of a
typical triode simulator developed by the Phileo
Corporation are shown in their final report.™

ROTATING VECTOR SIMULATORS

There has been little need for true rotating
vector simulators aside from the pole test, which
serves as a final check on any fuze circuit. In
some special phases of fuze work, however, a
rotating vector simulator is of interest,

Several schemes have been proposed and two
put into practice. One of these is a side-band
type by Airborne Instruments Laboratory for
use In their countermeasure studies; another
has been designed by Westinghouse for testing
a pulse type of fuze.

The first type reccives a carrier from the
fuze, adds two side bands at simulated doppler
frequency and cancels out the carrier plus the
lower side band. The upper side band is ampli-
fied and reradiated to form a true rotating
vector simulator when mixed in the fuze cir-
cuit. The details will be found in an NDRC
report.”?

The second type uses a transmission line with
two resgistance simulators located at points sep-
arated by (A/8). The audio drive on one simu-
lator is 90 degrees ahcad of that on the other,
The resultant effect of the two is a rotating
impedance vector at the input to the line, when
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Overall Signal Simulator

In case it is necessary to simulate at the an-
tenna terminals the complete variation of im-
pedance, a combination of the audio simulator
with the resistance simulator of the diode or
triode can be used. The voltage from the audio
simulator is used to drive the r-f resistance sim-
ulator. The result is a wave which presents the
correct variation of radiation resistance to the
fuze circuit. Reactance changes will not be in-
cluded, but they are not normally needed.

ANTENNA NOISE

2.13.1 Introduction

We have seen in equation (44), reproduced
here for convenience,1% 424 that the presence of
a reflecting body changes the input impedance
of the fuze antenna, thus

Z1 = Zn - Z)-.
We in effect altered this equation to read

MR,
- ) )

(44)

Zy = Zu — MR, = 7 (1

and tacitly assumed that Z,, is constant so that
the only changes in Z; are those produced by M.
We have also seen that expected values of M, are
very small (~ 0.0025 for the airborne-target
case) and that fuzes are designed to work on
these small changes when they have a proper
time dependence.

Now a fractional change in Z,; will be just
as effective in actuating the fuze as the whole
of M, if it has the proper time dependence. Such
a change is indistinguishable from the expected
signal, and the fuze will function if these
changes in Z,; occur.

There are two physical differences between
the M signal and a variation of Z,,. These are
(1) the time delay asgociated with the time of
flight of the radiation to the target and back
and (2) the fact that the M signal is a return-
ing wave instead of an outgoing wave.

Up to the present time no practical schemes
have been evolved for making any differenti-
ation. Such schemeg will no doubt be developed,

but the fuzes with which this report is con-
cerned cannot make the distinction. The con-
ventional radar pulse-time system makes the
necessary distinction but has not yet been de-
veloped in a form suitable for small fuzes.
Hence a variation of Z;; gives rise to a signal
of the same form ag the M signal.

Unfortunately circumstances arise wherein
Zy, is not constant, and we are forced either
to rely upon the difference in time variation to
discriminate between M and variations in Z;
by means of the audio control system or to go
to severe lengths to hold Z,, adequately con-
stant. There are two sources of variation in Z,,.
These are (1) geometric deformations of the
antenna structure associated with vibration, and
(2) erratic additions to the antenna system
arising from propellant flames associated with
the projectile itself. The latter source of trouble
is associated only with self-propelled .projec-
tiles such as rockets or guided missiles.

It may be mentioned that the problem of
thermal noise never arises, since the signal
levels used are always much higher than the
thermal noise level.

Signals originating in radiators other than
the fuze are considered interference, and the
susceptibility of fuzes to these signals is not
primarily an antenna problem but rather an
internal circuit problem. The antenna plays a
small part by virtue of its reception pattern,
effective length, and polarization. These prop-
erties have been discussed in preceding sections
and need not be considered further.

The whole interference problem is intimately
related to the problem of countermeasures for
the fuzes and is therefore not treated in detail
here. We now turn attention to the antenna
noise as defined above.

%132 Antenna Noise Resulting from

Geometric Deformations

The normal dimensional deformations asso-
ciated with vibration in projectiles are so small
that they can be neglected. The real trouble
arises when the vibration varies the contact re-
sistance (or impedance) between parts of the
projectile. This may occur between parts of a
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welded-fin structure on bombs, at the point
where the fins are attached either on bombs or
rockets, at the point where the fuze ig attached
to the projectile, and at the point where the
power vane is attached to the fuze.

The obvious solution to the whole problem is
to make all joints so tight clectrically that the
variations do not matter. Usually it is possible
to achieve the required tightness provided (a)
the fins are made properly, and (b) the assem-
bly is tight when the projectile is used. It is
difficult, if not impossible, to simulate in the
laboratory vibration conditions like those set
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FiGURE 42, Two possible current distributions
on fuze antenna,

up in the actual projectile. Thus the only ex-
perimental method of determining when the
desired degree of tightness has been achieved
is to make field tests with real projectiles carry-
ing fuzes known to be internally quiet. Such
experiments are made with each type of pro-
jectile to be used, for “proving-in” purposes.

The antenna noise generated by the rotating
power vane cannot be removed by tightening
the system. It can be reduced by putting an
electric shield around the propeller, as in the
case of the ring-type antenna, or by using a
rotating system whose speed iz so high that
the noise frequency is higher than the expected
doppler frequency. The audio control system
can then discriminate between the doppler fre-
quency signal and the antenna noise. This latter
device is used in both bar- and ring-type fuzes.
The erratic noise set up in the nose bearings is
reduced to an acceptable level by keeping the
amount of metal in the rotating system exposed
to r-f fields very small.

When tactical conditions and engineering de-
sign considerations permit, the noise level can
be reduced by an appropriate choice of carrier
frequency, To see this congider the schematic

antenna gystem shown in Figure 42. The dif-
ferent standing waves of current are shown by
the dotted lines. The single-lobe pattern corre-
sponds to a frequency such that the antenna
is about (A/2) long. The double-lobed pattern is
that for a frequency such that the antenna
is nearly A long. Suppose that the contact re-
sigtance varies at point z. The current through
z ig larger for the L wave than for the (L/2)
wave. Hence the power absorbed at x varies
more for a given variation in z when the A pat-
tern ig used than when the (A/2) pattern is
used. Power absorption appears as variations in
Z1, and hence appears as a spurious signal.

If the noise point happened to be at ¥, the
L pattern would be better. Usually the fuze
joint is near one end and the fin joint near the
other, and it is not pogsible to get a current
pattern which places nodes at these points.
IFurthermore, fat antennasg do not have marked
nodes except at the ends. For this reason it is
generally better to usc a low carrier frequency
to suppress vibration noise.

This argument has been verified in the field
in the case of longitudinally excited 500-1b
bombs.

2188 Antenna Noise Resulting from

Propellant Flames

Rockets are particularly subject to this type
of noise, since they carry a long flame behind
them for a considerable portion of their flight.
It is possible to delay the arming of the fuze
until the propulsion blast is over without 1m-
pairing the effective use of present-day rockets
too greatly. However, the trend is toward longer
burning rockets and the flame is sure to become
a serious problem. Furthermore, there is more
to the problem than first appears. When the
burning is over, the flame does not go com-
pletely out and remain go. Scraps of unburned
propellant left in the hot motor reignite and
give small “chuffs” of flame which do not dis-
turb the motion of the rocket but which do
disturb the behavior of the antenna. These
chuffs of flame have been found to occur er-
ratically many seconds after the main burning



ANTENNA NOISE 73

of the propellant has ceased. They create large
enough changes in Z,; to cause the {fuze to func-
tion before it reaches its intended target. The
problem of afterburning, as the phenomenon of
the chuffs has been called, has been a serious
one in the case of present-day rockets, and con-
siderable effort has been expended in seeking
a solution ol the problem.

The attack on the problem has taken two
main lines. These are as follows:

1. A study of the electric properties of the
flames to see how circuits can be designed to
guppress the response. Such clectric properties
arc within the scope of this chapter.

2. A study of the means for eliminating the
afterburning problem by stopping the after-
burning. This phase of the attack is treated in
another chapter, since it is not an antenna
problem.,

The electrical effects of the flame result in
the production of a spurious signal which can
be distinguished from the expected M signal
only by its different time variation, It has been
a simple matter to show that the flame does
actually produce large spurious signals. A
rocket carrying a fuze was mounted on an in-
sulating stand and connected through insulat-
ing hose to supplies of gas and air. By this
means flames of any desired size could be pro-
duced at the end of the projectile. Recording
instruments were connected to the fuze in such
a manner as to leave its radiating properties
cssentially undisturbed.

Arrangements were also incorporated so that
the flames could be started or stopped quickly.
The sudden change gives rise to time-dependent
effects which can be eagily separated from the
steady-state r-f conditions in the absence of
the flame. Several interesting properties of the
flames were immediately evident.

1. The yellow sooty flames from pure illumi-
nating gas had no meagurable effect.

2. The clear blue flame from a mixture of
gag and air had no effect.

3. When arrangements were made to spray
NaCl, or KCI solution or powdered salt into the
flame, a large response wag obgerved immedi-
ately. The changes were five to ten times thosc
nceded to trigger the fuze normally.

4, The effective flames were not in contact

with the fuze, being separated from it by an
inch or more of nonburning nonionized gas,

5. The magnitude of the effect could be
changed by changing the concentration of the
ionizing substance injeeted into the flame.

6. The magnitude of the effect could be
changed by changing the flame length.

Figure 43 shows a typical curve of signal
versus flame length. The ordinate is expressed
in terms of the value of M, that would be re-
quired to give the same signal. The arrow near
the base at 0.0025 represents the working value
of M, for which the fuze was designed to fire
when the proper signal is approached.

It was next necessary to demonstrate that
the rocket propellant actually carried enough
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Ficure 43. Signal produeed by flame, as fune-
tion of flame length.

ionization to do what the flames did. To check
this a rocket was supported on a strong insu-
lating support, and voltage changes measured
while the main burning was going on. Voltages
larger than in the above described experiment
but of the same order of magnitude were obh-
served, The effect of afterburning was checked
hy putting small amounts of propellant near
the nozzle of the motor and igniting them with
a hot wire. The signals from the lower-temper-
ature burning were still of the same order of
magnitude.

These tests leave no room for doubt about the
signal-producing properties of a flame. Field
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tests have shown that such flames do exist and
that they are associated with fuze functions.
Studies of circuit behavior were undertaken
to see if other carrier frequenciecs might be use-
ful. Reasonable changes which could be readily
incorporated into the fuze design were investi-
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FIGURE 44. Diode voltage versus antenna length,

gated. None of these changes eliminated the
effect of the flames.

Figure 44 shows curves of the d-c¢ voltage
output (diode voltage in this case), from the
r-f section as a function of the length of the
projectile-antenna. Time-dependent changes in
this voltage represent the dV set up by the
M wave. In effect the curve may be considered
to be a plot of R, although it is not exactly pro-
portional to it.

To get the curves a piece of brass pipe was
used to simulate the rocket. The upper dotted
curve in this figure shows the voltage as a fune-
tion of the length of brass pipe. The length of
3314 in. corresponds to the length of the rocket
for which the fuze was designed.

The lower two curves show the response when
the length in excess of 3314 in. consisted of a

paper tube coated with Aquadag. The coating
was found to have a d-c resistance of 20 ohms
per in. for the upper curve and about 100 ohms
per in. for the lower curve. These curves indicate
the effect of an extension to the antenna which
is not a very good conductor. That is, it simu-
lates more nearly the conditions of the conduct-
ing flame, We see that the lengthening of the
antenna gives voltages which are very large
compared with the 80-mv signal required to fire
a fuze. They are larger than those observed
from the flames. This was thought to be due
partly to the air gap between the flame and the
antenna.

To show that the size of the gap makes a
considerable difference in the effect of the ex-
tension, two cases of metal extensions were
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Figure 45. Effect upon diode voltage of metal
extensions to antenna,

investigated, Figure 45 shows the results. A
12-in, length of pipe changes the voltage about
10 v when connected directly to the end of the
antenna. When pipe and antenna are separated
to leave a V4-in, air gap the effect is reduced to
about 1 v, the order of magnitude of the meas-
ured effect from the flames, If a resonant length
of pipe is used for an extension, the effect is
not so sensitive to separation. Still there is a
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marked reduction for an inch separation, which
is about the space observed between the flame
and the projectile. There is, of course, no way
of knowing what the length of a particular flame
may be from any particular projectile. All we
can say from thesc experiments is that the
effect of flames is congistent with a theory of
antenna length changes.

We see from the figures that it is possible for
a change in antenna length either to increase
or to decrease the voltage by selecting the fre-
quency or length properly. In particular, for
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FIGURE 46. Horizontal differential antenna with

its image.

one assigned length of exlension, there is a fre-
quency for which the voltage change due to the
presence of the extension will be zero,

In the course of field tests on the afterburn-
ing problem, fuzes, operating above and below
the resonant frequency, were tried to see if the
effect of the flame could be reduced. No im-
provement resulted, presumably because (1)
the flame lengths were too variable, or (2) the
transient setup by its change of length or posi-
tion was too great.

The discussion of the response to flames has
so far been concerned with the magnitude of
the effect. There remains the problem of its
time dependence. If the changes of Z;; set up
by the afterburning flame have the same time
dependence as the expected signal, no internal
circuit can discriminate against it. (This as-
sumes the use of a load-sensitive r-f system,)

To date it has been impossible to learn much
about the wave form of the afterburning signal.
Static measurements leave out the large effects

of the airstream on the flame behavior and
hence give only crude qualitative answers.

Some investigations have been made to see
if a change in the frequency response of the
audio-frequency control circuit would reduce
the response to afterburning. No significant
results were observed. This probably means
that the actual afterburning wave form ig so
erratic that it has sizable components in the
pass band of an otherwise acceptable control
circuit.

Real improvement has, however, been made
in reducing the afterburning effect by chang-
ing the design of the propellant or the motor
or both.'® These arc temporary expedients, since
it is unwise to have the fuze properties dictate
propellant and motor design.

There are definite lines of attack which indi-
cate that the response to afterburning and even
main burning may be reduced to a negligible
value by changing the basic design of the fuze.
However, a discussion of such changes is be-
yond the scope of this volume.

2.14 EVALUATION OF C

This section? 2* and the following contain
additional material supplementing some of the
discussions in the preceding section.

In Section 2.4 two relations were derived
which are here repeated for convenience.

) [

(./ = - (4:0
V(ZR.G/4x) 1(6,6) :
CZo o577
Zis = 4 'V RaRoGiGy fi(Brsbrs) J(Basbm)-
(cos ~r) jej( —2ar/N), (42)

It has been shown that C is a constant for all
antennas. The evaluation of C allows the com-
pletion of the general equation (42) for the
mutual impedance between any two antennas
(only radiation fields considered).

Sinee C is a constant, we are justified in
choosing the simplest possible antenna in the
evaluation of C. The antenna chosen is the
infinitesimal or differential antenna. For such
an antenna, f(4,4) = sin 6 and G = 34. The
current, whose absolute value will be called I,



76 THE RADIATION INTERACTION SYSTEM

is constant over the infinitesimal length of the
antenna. The power W radiated is

w1 °f (153)
Any change AR_ in the radiation resistance is
accompanied by a charge AW in the power radi-
ated, given by

AW — T0AR. (151)

2

The above expression is based on the assump-
tion that the current remains constant.

These relations will be used in evaluating C.
We shall obtain the mutual impedance between
an infinitesimal antenna and its image in the
following manner. First we shall compute the
additional power AW, which the antenna has
to radiate to maintain its current I, constant
in the presence of the image. Then, utilizing
equation (154), we shall obtain the resistance
component of the mutual impedance. Finally,
with the aid of equation (42) C will be found.

Consider the differential antenna to be placed
horizontally at a height % above an infinite
perfectly conducting horizontal ground (Fig-
ure 46). The antenna and its image, to be called
respectively No. 1 and No. 2, form a system
of two interacting antennag, For this system
f1(f12,¢12) = f2(b21,¢21) = 1, and cos v = 1.

We now have to compute the additional power
radiated by the antenna to maintain its free-
space current I, in the presence of the ground
or image. At this point one advantage of using
the infinitesimal antenna in this calculation
may be mentioned. It is only for such an an-
tenna that we can be sure that the free-space
currcent distribution can be maintained in the
presence of the ground.

To find AW we can integrate the Poynting
vector over a sphere 8 of large radius. This
gives us the total power; subtracting the frce-
space power W, we obtain AW.

The ficlds along the surface of the sphere are
due to contributions from the real antenna and
its image. In general, some of the radiation
from the image (antenna No. 2) is scattered
by the real antenna, No. 1. The effect of No. 2
over the surface S is the sum of radiation from
No. 2 plus scattering from No. 1. By holding the

current I, in No. 1 constant in the presence of
No. 2, we in effect cancel out the scattered wave
from No, 1, since the scattered wave results
from an additional current in No. 1. Thus we
need consider only the direct contributions from
No. 1 and No. 2. At any point P on the hemis-
phere S, whose radius is B (Figure 46), the in-
stantaneous electric field due to No, 1 is

Ik

B = - sin § eilot ~ AU — heos v, (155)
The field due to No. 2 is
- —_[0/\’} . . _
-E'!. = sn 9 G.]IUL B(R + h cos \P)]‘ (156)

Ji
In equations (155) and (156)
ZnR (T

k=

Y = the ang]e which the radius vector R
makes with the vertical (Tigure 46).

= 2x/\.

The other symhols have becn previously defined.
In equations (155) and (156) the induction and
quagi-gtatic fields have been ignored, since they
do not contribute to the power radiated. Adding,
we have

E=D+I

_ Lok g it — a0

T [e‘/ﬂh cos ¢ __ p— jBh cos \[/J‘ (157)
v

To find the total power W, we have to integrate
|E|3/Z0 over the hemisphere. The details of the
integration will be omitted. The result is

_ 4:#].02]\’}2 71'102]\’)_2
W ==z, Z
I:Bh sin 28k — (5/ 3L cos 268h + 4({3} AX §in HBICI.
(158)
The free-space power W, is
_ Arl 3k -
W() = - 3Z0 . (1'_)9)
Thercfore,
W-W, _ AW _ AR, _
W, — W, Rs o
3 I:ﬁ] sin 28h — 2(5} g cos 28h + 4(37 )d sin Zﬁli:l
(160)
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1t will be noted that as h approaches zero
(AR,/R,) approaches —1, showing that the an-
tenna does not radiate when on the ground, as
is known.

If h be selected large enough so that the
inverse square and cube terms in A may be neg-
lected, we have

A[L{L: = — 8‘2\/1 sin # (161)
Thus we see that under such conditions the re-
sistive component of the reflected impedance is
proportional to B, and varies harmonically with
the separation hetween antennas (results ob-
tained previously by other meang). With the
aid of equation (42), it is now scen that

Zo 1 BN 0
Srh RG = 8th .. (162)
Since G = 3, we obtain
)N
j — = l .;_J,
( 7 (163)

It is also interesting to note that this calcu-
lation, which is based upon radiation fields
alone, shows the contribution to the radiation
resistance arising from the interaction between
inverse square and inverse cube fields of an-
tenna and image, which of themselves do not
radiate power on the average.?® 2 While this
argument holds for the infinitesimal dipole, it
does not hold for large antennas, since the prox-
imity to ground may alter the current distribu-
tion on the finite antenna. The argument gives
correct results for distances large compared to
the dimensions of the antenna.

2.15

PATTERN ERRORS DUE TO
GROUND REFLECTION

The experimental sctup for measuring direc-
tivity patterns has been deseribed in Section
2.8. There are certain errors inherent in these
meagurements because of the reflection from
the ground; it is the purpose of this section to
discuss these errors.

Referring to the field setup described in Sec-
tion 2.8, the resultant ficld strength at the re-
ceiving antenna is composed of two parts: (1) a
direct ray from the transmitting antenna, and

(2) a reflected ray from the ground. It is con-
venient in computing these effects to treat the
radiating system ag consisting of the transmit-
ting antenna and its image.

In Figure 47 the coordinate system is a rec-
tangular zyz system with origin at the center
of the image antenna; the image antenna lies
along the y-axis. The real antenna is situated
at a height z = 2h above the xy plane. The
receiving dipole is al a distance ¢ from the
transmitter and is always tangent to a circle
of radius « whose center is the transmitter.
The angle ¢ is the angle of azimuth and repre-
sents the angle of rotation of the antenna in
the field setup. The angle of elevation of the
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Figure 47. Coordinate system used for com-
puting reflected field in radiation pattern sctup.

dipole with respect to the image antenna is a.
The distance from the image to the dipole is 7.
It is seen that cos o —= (a/1).

The ray from the real antenna to the dipole
makes the angle 0 with the axis of the antenna
and is perpendicular to the dipole. The clectric
vector associated with this ray is parallel to
the dipole. The ray from the image to the dipole
is also perpendicular to the dipole and makes
an angle y with the image. The term v, as shown
in the diagram, is given by the relation

acos
cosy =

= oS & COS 6. (164)
From the relation of equation (164), v is plotted
versus 6 (Figure 48) for a = 15 degrees, which
represents the actual situation for the measure-
ment of a large number of patterns. Now the

electric vector associated with the reflected ray

[T
) RS TR S DR E LW AR B
T A SR S T
(R AN % B AR A
TR . : Y




78 THE RADIATION INTERACTION SYSTEM

is not in general parallel to the dipole. The com-
ponent K, of the electric vector of the reflected
ray, parallel to the dipole is given by
E, = E(vy) cos 7. (165)

In the above equation E (y) represents the radi-
ation field in the direction y from the image
antenna, The term t is the angle between the
direction of E(y) and the dipole. The term
E (v) is in the plane determined by r and the y
axis, and is perpendicular to 7.

Then t may be evaluated as follows: The di-
rection cosines I, m, and n, of the dipole are seen
from TFigure 47 to be

l = cos 6,
m = sin 0,
n = 0.

For the direction of E(y) we obtain the corre-
gponding values:

p_ g sin & _ cos o sin @

rlany  tany ’
m’ = sin v.
Then
cos 6 cos a sin @ ; .
cos 7T = ——————— — §sinfdsin vy,
tan v
cos v sin 0 . .
= —0—— gn 6 s1n
tan vy + s
_sin 0
T osin vy’
Thus we have
gin @
. = K — 166
; ) & - (166)

The correction factor (sin 4/sin y) — cos t is
plotted versus 6 in Figure 48 for y =—— 15 de-
grees.,

The total field strength parallel to the receiver
ig the resultant of E, and the field associated
with the direct ray, denoted by E, This re-
sultant we ghall call ¥,.

We may write E/, and E, as follows:

E, = M eilot — pa —~ ¢ (0)], (167)
a
B = MR e, (109
7 8in
Also
E: - Ba+ E. (169

In the above equations, A is a constant of

proportionality, and f(#) and f(y) are the
magnitudes in the true radiation pattern for
# and vy; the terms e(#) and e(y) represent
the phase of the radiation field for ¢ and v;
a and 7 are the distances from the receiving
dipole to the fuze antenna and to its image
respectively; = is the magnitude of the
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FICURE 48. + and cos 7 versus 6.
reflection coefficient, appropriate to the type
of ground under consideration; @ is the
phase angle associated with this reflection;
p= (2n/1).

The image representation used here does not
fully represent the changes in polarization oc-
curring at reflection when » ¢ 1. An examina-
tion of the geometry shows that the receiver
dipole responds only to the component of the
electric field that is parallel to the ground at
reflection. The vertical component whose ab-
sorption is most sensitive to ground propertics
ig ignored. Thus we may safely use the image
representation with an effective reflection co-
efficient n. It may be noted also that this coeffi-
cient is a constant for all angles ¢ of the trans-
mitter, since the angle of reflection to the re-
ceiver is not altered.

A square law detector is used, so that the
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measured directivity pattern, when normalized
to unity, is given by

L6) *

’ Et [ 211.\3._\: !
where |E |, is the maximum value of &,
What is desired, however, is the truc pattern
given hy

Now n/r may be written as N/a, where N, as
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Figure 49. f(6) and f(v) cos = for cleetrically

long antenna.

thus defined, differs in general by a few per
cent from n. We may then write

I0) =

- PJ[wL — Bua — e(8)]

{f(a) + Nr) T sin 6 'l‘l’x—e('r)—i-e(ﬂ)]}

(170)
where we have defined

‘T)l = —B(T—‘a) — &,
Then

|B.6)|* = [r ©) + Ny B

gin

sin? #
51113

o+ NFOF0) 57 cos (@1 + (0) - em]

(171)

where A’ is a new constant of proportionality.
Thus
|E,
Ib } T8N

-4 (172)

QIUL\,X

where ¢ is the expression in brackets in cqua-
tion (171).

When the fuze antenna has the pattern of an
elementary dipole, we have

fly) = sin v, (173)
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Ficurr 50. Typical theorctical pattern £2(),
with per ecent crror due to ground reflection.

which makes

sin 0
sin ¥

J() = J(0).

Furthermore, there is no phase dependence on
8; that is

(174)

e(0) — etv) = (175)
Then
q=f0) 1+ N>+ 2N cos &1],  (176)
so that
B0 _ 0,
Bl PO O 177

Thus for this limiting case, the errors reduce
to zero.
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We have seen that when the conditions of
equations (174) and (175) hold the errors re-
duce to zero. In practice, for the fuze antennas
in usge, these two conditions are so nearly ful-
filled that the errors are small. Figure 49 is an
example of how ncarly equation (174) is ful-
filled, e¢ven in the case of complicated patterns.
The solid line represents a three-lobed pattern
7 (8) obtained with an electrically long projec-
tile, Although this is an observed pattern, it
represents a possible true pattern. The crosses
are the values of f(y) cos t obtained by utilizing
the relations in Figure 48, For simpler patterns
the differences between f(¢) and f(y) cos T are
less than those in Figure 49.

It was mentioned in Section 2.8.2 that the-
oretical patterns representing very good fits for
the observed patterns may be obtained by as-
suming a current distribution of the form
shown in equation (98), Such computations
afford a means ol estimating ¢(4)  &(y) and

also f(y) cos 1. SBuch calculations over a range
of conditions indicate that e(#) — &(y) does
not exceed 5 degrees for patterns now in use. By
using the values thus found and combining
them with a range of assumed values for o,
and », values of q/q,,. Mmay be computed. Such
computations lead fo the conclusion that the
error from those sources will rarely be in excess
of 5 per cent.

Figure 50 is an illustration of the extent of
the errors found by such considerations. The
solid line represents the f2(¢) calculated from
the type of current distribution mentioned, with
R and & chosen to give a typical bomb radiation
pattern. The dashed curve represents the per-
centage of error obtained by assuming © =
(n/2), n = 1, values which give approximately
maximum errors. The percentage of error curve

is a plot of
100[‘7_/’_@:: ll (6}] versus 0.

£40)




Chapter 3
ELECTRONIC CONTROL SYSTEMS®

HE BASIC PHYSICAL phenomena underlying

the production of an actuating signal for a
doppler-type radio fuze have bcen discussed.
This chapter is concerned with the problems
of designing electric circuits to convert the
signal so that a missile will be detonated in
accordance with the military requirements. In
the preceding chapter it was shown that the
interaction between a radiating system and a
reflecting target can be considered as a load
variation across the two terminals connecting
the antenna with the oscillator. The variationg
in load occur at an audio rate. The problem of
this chapter is to show how the variations in
antenna load are converted to a signal which
will detonate the missile at the proper point on
its trajectory.

There are five major subdivigions in this
chapter:

1. The r-f section which treats of the design
of oscillator detector circuits which respond
properly to variations in loading.

2. The audio-frequency section which dis-
cusses methods of controlling the load-variation
signal so that it will reach the proper amplitude
at the proper time.

3. The dectonator section in which it is shown
how an audio signal of requisite amplitude ini-
tiates an explosive train.

4. The power supply section in which ways
and means of supplying electric energy to the
electronic circuits are described.

5. A coordination section in which the vari-
ous design compromises are discussed.

81 RADIO-FREQUENCY SYSTEMS®
311 General Requi.remell ts of the R-F Unit

The r-f system was originally conceived as

2 This chapter, which consists of five major sections,
was prepared by several different authors. They are
" named in footnotes to the headings of the various
sections.

b This seetion was prepared by Chester H. Page, of
the Ordnance Development Division of the National
Burcau of Standards.

a combined transmitter-receiver, converting the
target-approach doppler frequency into an
audio-frequency signal by rectification. The cir-
cuit engineering is simplified by viewing the
net electromagnetic behavior of the radiating
missile as a two-terminal variable impedance,
FFor practical purposes, it is sufficient to con-
sider this impedance as the parallel combina-
tion of a constant reactance and a variable
radiation resistance. The fixed reactance branch
can be mentally combined with the transmitter
circuit, simplifying the problem to that of an
oscillator feeding a variable resistance load.

The net radiation resistance load is a func-
tion of fuze and missile dimensions as well as
operating frequency. The fuze and missile com-
binations in use lead to radiation loads ranging
from 1,500 to 150,000 ohms, a tolal range of
two decades. In general, the low end of this
range is associated with long missiles, such as
the larger rockets and bombs; the medium
range (up to 20,000 ohms) is associated with
medium size bombs; and the upper range with
the small mortar shells. The extreme case of
150,000 ohms is contributed by the fuzes using
transverse-dipole or loop antennas. The small
mortars present radiation resistances from
6,000 to 100,000 ohms, by virtue of the extreme
frequency range used.

The most severe aspect of the large load
range is its effect on the design of a “universal”
fuze. A fuze designed for interchangeable use
on all bombs must operate satisfactorily over
at least a tenfold range of values of load re-
sistance. When the use of a fuze is limited to
a specific migsile, the circuits can be designed
for the optimum match between source imped-
ance and load. The goal of semiuniversality, to
reduce the required number of models, places
a severe limitation on the types of r-f systems
that ean be employed.

The most elementary r-f system for a prox-
imity fuze consists of a low-power oscillator,
relatively heavily loaded. This may be consid-
ered to be an “oscillating detector” and is oper-
ated under approximately the same condition

am— 81
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as utilized for autodyne reception of telegraphic
* communications. The basic design consists of
an oscillator with little regeneration, operating
under Class A grid conditions, developing its
own grid bias across a large grid leak resistor
(of the order of a megohm). The plate current
ig supplied through a resistor of some 50,000
ohms. The coupling between the oscillator and
antenna is sufficiently tight to place the oscil-
lator on the verge of instability from overload.
Under these conditions the plate current (and
therefore the plate potential also) is a sensitive
function of load resistance. Such a scheme al-
lows the conversion of radiation resistance
variation into an audio signal appearing across
the triode plate circuit resistor. The funda-
mental weakness of this circuit arrangement
lies in the small range of radiation load for
satisfactory operation. This precludes its use in
semi-universal fuzes, and also leads to critical
load coupling adjustment, Little attention has
been paid to this type of circuit.

Another circuit based on the concept of sep-
arate functions of transmission and reception
used a stable power oscillator inductively
coupled to the antenna circuit. A tuned diode
detector was also coupled to the antenna circuit
for rectification of the doppler frequency
beats. Very early in the program, it was
realized that the transmission-reception-detec-
tion problem could be considered as a vari-
able antenna resistance problem, asg previously
discussed. This realization led to a simplifica-
tion of the circuit, by combining the tuned diode
circuit and antenna coupling functions. The
new arrangement comprised a tuned diode volt-
meter across the antenna terminals, with the
diode-antenna tuning coil inductively coupled
to a stable oscillator operated at full power.
This arrangement required an adjustable ver-
nier tuning capacitance for individually res-
onating the diode-antenna circuit to the par-
ticular oscillator assembly. Aside from produe-
tion problems and effects of aging on the tuned
circuit, this design leads to difficulty for semi-
universal application by virtue of the different
antenna reactance presented by different mis-
siles. Although this reactance variation for one
family of missiles is not large, it is sufficient to
produce appreciable detuning of the sharply
resonant diode circuit,

A further simplification of the fuze was based
on the dependence of grid voltage of an oscil-
lator on its load. Details of a practicable circuit
were worked out in cooperation with Andrew
Stratton of the British Ministry of Aircraft
Production during an extended visit to the
National Bureau of Standards [NBS].™ %8 If
the oscillator is operated under appropriate
conditions of grid ecurrent and grid bias, its
plate current is insensitive to load, but its grid
bias exhibits a smooth reproducible dependence
on load. This is, of course, a variable efficiency
oscillator. The bias developed is almost exactly
proportional to the voltage developed across the
antenna. The antenna is tightly coupled to
the oscillator, and the lack of sharply resonant
coupling circuits makes the system insensitive
to small antenna reactance differences. For the
same reasons, operation is not sensitive to fre-
quency differences among individual oscillators,
and no vernier tuning adjustment need be made.
This so-called reaction grid detector [RGD]
circuit was used in all the later models of prox-
imity fuzes developed by Division 4.

A second type of oscillator reaction which
can accommodate a wide load range was devel-
oped and employed by the Westinghouse Elec-
tric Corporation.i1t. 205 206 This circuit is super-
ficially the original oscillating detector with
the plate resistor replaced by the primary
winding of an audio transformer. It differs in
the operating conditions of the triode. The
plate current and generated power are consid-
erably higher than in the oscillating detector,
but the variation of plate current with load is
still employed as the signal generating means.
This circuit is referred to as the power oscillat-
ing detector [POD]. The signal voltage gen-
erated by the load resistance variation is the
equivalent plate circuit voltage which would
produce the observed current variations through
the transformer impedance and triode plate re-
sistance, The grid operates under Class A con-
ditions, instead of the heavy Class C condition
utilized in the RGD circuit,

12 Sensitivity
DEFINITION OF SENSITIVITY

One fuze will be called more sensitive than
another fuze if it will funection further from
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the target, all conditions of use being the same.
This is a purely qualitative concept, which can
be made quantitative in various ways. For ex-
ample, the “Michigan sensitivity” (see Section
2.11) of a fuze is the theoretical function height
over a perfect reflector of infinite extent with
the misgile approaching the target plane in the
most favorable aspect and with the speed ap-
propriate to the most favorable doppler fre-
quency (audio-amplifier response). The func-
tion height under practical conditions is pre-
dictable from the Michigan sensitivity by ratio
computations. This definition is still too gen-
eral for our needs. What is desired is an ab-
solute definition of the sensitivity of the oseil-
lator to radiation load changes as shown in
Section 2.7. This relates a given physical situ-
ation to the audio signal voltage produced by
the oscillator system. The knowledge of thig
voltage, together with the known characteris-
tics of the amplifier and thyratron, allow the
prediction of function heights in a straightfor-
ward manner as shown in Section 2.9, The r-f
system acts as a means of converting a physical
electromagnetic gituation into an electric cir-
cuit problem. In this work, the unqualified term
“sensitivity’’ has been restricted to the sensi-
tivity of this converter and has been defined as
the developed signal voltage divided by the frac-
tional change of load resistance resulting in
this signal” [equation (84) of Chapter 2]. Math-
ematically it is defined for infinitesimal load
changes and is the derivative of the operating
voltage whose changes become the audio signal,
thus:

av
- dR/R’ )

Since V is the voltage (grid bias or diode out-
put) at the operating point, and dR/R is di-
mensionless, the sensitivity is expressed in
volts. Rewritten in the following form it is the
same ag equation (84) in Chapter 2.

S

dav .
ATy @)
where In E refers to the natural logarithm. This
form of the definition is more useful, since it
shows the sensitivity of the oscillator to be the
slope of its “load curve” plotted on natural
semilog paper.

S

We are concerned here primarily with sensi-
tivity duc to load resistance changes rather than
load reactance changes. The possible effects of
the latter are discussed in Section 3.1.

It has been found that properly designed
oscillator-diode [OD], RGD, and POD systems
behave like ideal generators of fixed internal
resistance, with the d-c operating voltage pro-
portional to the load voltage.l'! This idealized
r-f unit is quite amenable to mathematical
analysis, and some interesting general relation-
ships are derivable,

Let us consider the behavior of a constant-
current generator with internal (shunt) re-
sistance R, and unloaded terminal voltage V...
The terminal voltage for any load is propor-

Fieure 1, Circuit with constant current gen-
erator and shunt load.

tional to the net resistance of the load and R,
in parallel (see Figure 1). Hence, opecration
under load R yields the voltage

VUJ HH? — __b-')_ .
V_R,L-'R—I—R_;_VﬁR—l-R{ (3)
The sensitivity may be found from equation (1)
s—pW _y _BE o, VI TV
S=Egp=Ve®mTrRe" “Vmo m)
= V., p(l = p), (4)

where ; is the “loading ratio,” or the ratio of
loaded (operating) voltage to unloaded voltage.

The term V is, of course, the operating volt-
age under radiating conditions, and V. the
voltage when the fuze is properly shielded so
that the oscillator does not radiate.

The final form of equation (4) shows that
loading to one-half the unloaded voltage yields
the maximum sensitivity for a given oscillator
but that this adjustment is not critical (see
Figure 2). This loading ratio is also the condi-
tion of maximum radiated power, or the con-
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dition of matching the load to the internal
resistance. The problems involved in obtaining
this match by the use of an impedance trans-
forming nctwork between oscillator and an-
tenna will be discussed later,

A load curve (a plot of operating voltage

¥
8 \
8 / \
n
Vo -
* 3
° .26 .50 75 0
p= ¥w

FiguRe 2. Variation of sensitivity § with load-
ing ratio p.

versus the logarithm of the load resistance) for
the ideal generator is shown in Figure 3. It is
seen to be a symmetrical S curve. For purposes
of comparing actual generator performance
with this ideal characteristic, such a curve is
not convenient. The ideal case can, however, be
expressed as a linear rclation, allowing easy
evaluation of experimental data. This form is
derived from equation (3) by algebraic manip-
ulation and is

1 1 R; 1

VTR ®
so that a plot of 1/V versus 1/R is a straight
line whose intercepts are 1/Vand —1/E,. This
form is exceedingly convenient for smoothing
experimental data and for determining the in-
ternal resistance (X&) of an oscillator.

This representation of ideal generator be-
havior allows easy comparison of actual per-
formance data with the idealization. Good RGD
oscillators follow this relation quite well over
the load range for which their plate current is
constant. If the feedback in the oscillator is not
optimum, the plate current will vary with load.
It has been found that in this case I,/V is a
linear function of 1/R. Since the grid bias is
normally obtained across a grid resistor with
ground return, it is proportional to grid cur-

rent, and the above relations would have the
same form expressed in terms of grid current
instead of grid bias. In the special case where
the grid resistor is returned to an initial bias,
usually positive, the grid bias and grid current
are no longer proportional, but are linearly re-
lated. Equation (5) is then no longer valid. A
plot of I,/V, versus 1/R is concave upward
(for positive initial bias), while a plot of 1,/1,
is concave downward. A straight line is yielded

by plotting I,/\/I,V, versus 1/R.

For the normal grid resistor connection, the
result that I,/V is a linear function of 1/R
can be directly interpreted to mean that the
oscillator is a current generator of fixed in-
ternal resistance whogse current is proportional
to the triode plate current. The results of the
more complicated case where an initial bias is
used imply that the proportionality between
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FiGure 8. Loading curve for ideal generator.
orid bias and the fictitious terminal voltage is
not the bagic relation but that the general phe-
nomenon is proportionality between grid power
and the square of the terminal voltage. This
covers all the above cases.

These relationships, equation (5) and modi-
fications, are not directly applicable to the POD
oscillator, where the variation of plate current
with load is the signal generating means. Ex-
amination of experimental data for this sys-
tem?!!! showed the plate current 7, to be a linear
function of 1/R over the load range of interest
(see Figurc 4). The equivalent signal voltage
in the plate circuit is readily computable from

g
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the total plate circuit resistance, so that the
effect of the transformer primary impedance
at any audio signal frequency can be easily
taken into account. These results are mathe-
matically expressed as

b,

I =1.+ T
-[’7 = R’I,] = [1) n <-[f.u + (Z)_‘))’ (6)
1 — ¥ (lV — b.

TN Eﬁ(li — /).

The justification for replacing R I. by the
supply voltage E, in the last step is experi-

-
8 P ol
/"
6 /
5 ol
£
= /
4 //
12
) [} )
° "%200,000 100,000 66,667 /50,000
{
& (OHMS)

Fi1cure 4. Loading curve (for POD generator)
plotted against reciprocal load. Relation over
range of interest (i.e., resistance values above
100,000 ohms) is linear. For lower resistance
values, solid line represents actual values,
dashed line reprcsents ideal linear extension.

mental. Measurements of I_ versus Er on pro-
duction assemblies showed that the dynamic
plate resistance R, was equal to the static plate
resistance (Ep/I.) under the operating condi-
tions of this oscillator.

The direct practical application of all the
above sensitivity formulas is limited by the fact
that the radiation resistance is not a free vari-
able. If it were, it could be chosen to match the
source resistance, and maximum sensitivity and
power radiation would be obtained. The oscil-
lator design problem would then cssentially re-
duce to the problem of designing for maximum
grid bias under no load.

The radiation resistance of transverse anten-
nas is restricted to high values by the small
dimensiong involved. On the other hand, the
radiation resistance of longitudinally excited
antennas is adjustable through a considerable
range of values by variation of the size of the
exciting end cap. Unfortunately, for a given
overall fuze length, increasing the length of the
end cap involves decreasing the separation be-
tween the end cap and the missile. (The effect
of geometry of the end cap on antenna react-
ance has been shown in Figures 4, 12, and 13
of Chapter 2.) This increases the shunt ca-
pacity presented to the oscillator and decreases
the internal resistance that can be had. There
is obviously some optimum compromige between
radiation resistance and shunt capacity for a
fixed set of oscillator design lactors.

For a given cap and oscillator, the use of a
matching network suggests itself. Practically,
the network losses frequently cancel the ex-
pected gain of sensitivity. The general proper-
ties of this phenomenon are readily derivable.
Let us assume an antenna of resistance A con-
nected to a simple generator of voltage E by

s 1
(E }A
A

v — Oo—t

FIcure 5. Block diagram for matching network
for generator and antenna.

way of a passive four-terminal network, as
shown in Figure 5.

The input resistance of the network is given
by R = V/I,. We are interested in the value of
dR/R for a given dA4/A. We note first that
14 dR dlg

T dl¢ and = = -
(£

dh = — R 7‘(‘}.

(M
The effect of increasing 4 by a small change dA
is the same as would result from the introduc-
tion of a voltage de = I,dA into the output cir-
cuit. The incremental generator current dlg
produced by de is, by the reciprocity theorem,
the same as the increment dl, that would result
from the introduction of de into the input cir-
cuit. If we summarize certain properties of the
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particular network in terms of a transfer con-
stant T, so that

I, =TV, dIy = TdV, (8)
we readily find
dlg = —TI,4dA. 9

To evaluate equation (7) we need an expres-
sion for I; in terms of I,. This is obtained in
terms of the network efficiency. The power input
is VI, and the power output is 7,24. Hence, the
power transfer efficiency of the network is
given by

LA T4

€= yr, = T T (10)
Combining equations (7), (9), and (10) gives

dR dA

TE-' = € Z: (11)

so that the power transfer efficiency & of the
network is also the sensitivity transfer effi-
ciency.

This result suggests the existence of a gen-
eral relation between sensitivity and radiated
power, the source being unchangeable. We can
generalize the oscillator circuit as comprising
a triode, coupling network, and antenna. Viewed
in this light, the idling bias V. iz determined
by supply voltage and tube design and does not
depend upon circuit losses. We assume through-
out that the grid drive conditions are such that
the tube behaves as a constant-resistance gen-
erator. This implies for the RGD that the plate
current is approximately independent of load.

The generalized circuit is shown in Figure 6,
using the constant-current generator represen-
tation for convenience. The network is char-

'G 'A
o o
R T, € % A
o o

FIGURE 6. Generalized circuit arrangement for
coupling generator and antenna.

acterized by the two parameters T and ¢, previ-
ously defined. The net effect of the antenna and
network is to present a resistance R to the gen-
erator, as indicated in Figure 1.

We have the following starting point rela-
tions:

I, =TV, (8)
Rlg =V,
elg = TIAA, (10)
V=V, ET R (3)

We immediately derive¢

€

Further, utilizing equation (11), we have
av v RR; ,_
P TAIA T CGRR T e T R)* (13)
Now the radiated power is
R2
= [ 24 = T2V24 — v 24 AV
Py =124 = TtV24A = TV 24 T B (14)
so that
AS _ EH:,; Ri (15)

P, TV,AR V.

and is independent of T, .

This result is of great interest and is in
agreement with intuition. For given triode op-
erating conditions, the sensitivity is propor-
tional to the power radiated. The components
in the network can be adjusted for maximum
voltage across the load resistance, and the gen-
sitivity will be maximized. The unavoidable
practical interdependence of T and & does not
affect the relation between sensitivity and
power.

The above discussion reduced the ideal gen-
erator to the triode itself, with V. essentially
a tube parameter. In practice, the idling bias
V. is defined as the bias with the radiation
load A removed but all other network compo-
nents untouched. This practical definition is
needed, since the presence of the network is re-
quired for oscillation. From this experimental
viewpoint, the effect of the network transfer
constant is to adjust the internal resistance as
seen by the antenna. The inefficiency of the net-
work is expressible as a fixed loss load shunted

¢ Equation (12), if differentiated, would imply
(dR/R) = (dA/A). This procedure is not legitimate,
since both T and & are functions of 4.
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aeross the antenna, This reduces the laboratory
idling bias and also lowers the source resist-
ance as seen by the antenna. It has been found
that attempts to increase the step-up ratio of
the network also increase the losses of the net-
work, so that the optimum circuit arrangement
for high-resistance antennas is a compromise
between high bias and load matching. 118 121

EXPERIMENTAL DETERMINATION OF SENSITIVITY

Throughout the early stages of the develop-
ment, all measurements of sensitivity were
measurements of the combined effects of oscil-
lator and antenna performance. Reference is
being made to the pole-test procedure discussed
in Chapter 2. It suffices to repeat here only
that this is a direct measurement of the signal

laboratory evaluation. Laboratory tests are also
much quicker and much more convenient, espe-
cially when several parameter adjustments are
being compared.

Standard laboratory oscillator testing in-
cludes taking a load curve and measuring the
grid bias for various load values. The values
used form a geometric sequence so that the data
points are uniformly spaced on gemilog paper
(see Figure 7). Since standard commercial log
paper is logarithmic to the base ten, the slope
dV/d(log R) must be multiplied by In 10 —
2.303 to obtain the sengitivity S, which ig
dV/d(ln R). The sensitivity can, however, be
conveniently read from a tangent to the curve
by noting the change of ordinate along the
tangent corresponding to two abscissas whose

100

90

80 -

e,

570 ]
g l
3 ol
>60
=z pral

50 e

LT
40 /
@
=30
g |
o 20 ol "-\
_.//.’.’- o
10 — ey
oh 2 3 4 5 6 7 8910 20 30 40 50 60 708090100
R10° OHMS)

FIGURE 7. Typical data points for experimentally determined loading curve (F,). Curve labeled S

shows sensitivity or slope of E, curve.

voltage generated upon approach to ground.
When suitable r-f load resistors became avail-
able, and the radiation resistance had been
measured, the oscillator sensitivity S as deter-
mined in the laboratory was found to check
closely with its value derived from the pole
tests. (The derivation is the reverse of the
process of predicting function height for a
given oscillator sensitivity.) The experimental
difficulties of pole-testing, in combination with
ground screen diffraction effects, generally
make this test method less accurate than the

ratio is ¢ = 2.718. Thus holding a straightedge
tangent to the load curve at the point of interest
and noting the intercepts of the straightedge
with the vertical lines B = 1 and B = 2.7, or
R = 3.7 and B = 10 allows computation of the
sensitivity as the difference of the ordinate
values of these intercepts.

Proximity fuze oscillators, like any trans-
mitters, are tested on dummy radiation loads.
The reaction-type units RGD and POD are in-
gsengitive to small load reactance errors and can
be tested on resistor loads. The ultra-high-fre-

o
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quency resistors of the l4- and 1-watt size,
F-14 and F-1, manufactured by the Interna-
tional Resistance Corporation, have been found
satisfactory. Although the true values of these
resistors at high frequency are not the same as
the d-c¢ values, the percentage difference does
not vary seriously with resistance value. As
discussed in Chapter 2, this allows the employ-
ment of a gelf-consistent set of resistors where-
in the unit is only approximately the ohm.
Since radiation resistances are automatically
meagured in terms of this same unit, proper
dummy loading and load curves are readily
obtained.

In the case of oscillator-diode type fuze,
wherein the antenna circuit is sharply reso-
nant, the dummy antenna must present not
only the correct resistive component but also
the correct reactive component of impedance.
For various practical reasons, such as keeping
r-f currents out of the power supply lecads and
metering leads, it has been found necessary to
shield the fuze exciting cap properly from the
laboratory environment. Enclosure of the fuze
oscillator head in a metal shield box normally
introduces more antenna shunt capacity than is
introduced by mounting the fuze on a missile.
To compensate for this, a low-loss inductor is
made a part of the dummy antenna and
shunted across the fuze to be tuned or meas-
ured. This inductor is designed to parallel reso-
nate the excess capacity introduced by the
shield box. The power loss in the inductor is
compensated by appropriate choice of dummy
load resistor, so that the resistive component
of the inductance combines with the test re-
gistance to present the correct net load.

For test operation of the complete metal
parts assembly of a fuze, the shield box must be
rigid and relatively small, (The shield box for
tuning adjustments forms a 2-ft cube.) Since
the fuze is vigorously vibrated in the final test
chamber to search out microphonic defects, a
directly connected dummy antenna is not
usable. The simulated load is capacitatively
coupled to the exciting cap, and the load imped-
ance is connected between the pickup plate
and the chamber. The inductive and resistive
components of this impedance must be em-
pirically adjusted for proper operation. The

operating grid bhias (or diode voltage) is meas-
ured as a quality check, but no actual sensi-
tivity measurement is made. The voltage check
for production consistency is sufficient with a
sampling test for oscillator sensitivity.

The load curve slope determination of sensi-
tivity is an indirect measurement. Several
schemes for direct dynamic measurcment of
sengitivity have been proposed. These are all
based on the use of a resistance which varies
sinusoidally at an audio-frequency rate and can,
therefore, be used either for measuring oscil-
lator sensitivity or the overall Michigan sensi-
tivity of the fuze. Ag all these direct dynamic
methods of measuring sengitivity are necessar-
ily gignal simulators, they have already been
discussed in Section 2,12,

One dynamic loading arrangement not in this
category has had laboratory use. It is a device
that allows the load curve to be exhibited on an
oscilloscope, showing the existence of any oscil-
lator instabilities and generally simplifying the
process of investigating component changes.
The desired load curve is voltage versus logar-
ithm of resistance. If the load resistance is
caused to vary exponentially with time, then
time becomes proportional to the logarithm of
the load resistance, and the normal linear time
base of the oscilloscope is appropriate for dis-
play of the voltage. The arrangement used com-
prised the dynamic plate resistance of a triode
for the oscillator load, with an appropriate uni-
directional pulse of exponential decay applied
to the grid of the auxiliary triode. Correct
choice of the fixed bias on the grid relateg the
dynamic plate resistance to the added bias in
the desired linear fashion,

PRACTICAL OSCILLATOR DESIGN

It has not been found possible to design com-
pletely an RGD oscillator on paper. Certain
adjustments must be empirically determined,
and the associated phenomena are not thor-
oughly understood.

Experience has shown that adjustment of
the oscillator parameters to make the oscillator
behavior approach that of the ideal generator
results in the grcatest stability and reproduci-
bility of operation. The feedback is adjusted
by varying the plate circuit inductance to the
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end that the plate current is substantially inde-
pendent of load. There is a considerable range
of grid drive (feedback) that will satisfy this
condition.

Within this suitable range of operating con-
ditions, we find that increaging the drive re-
sults in higher grid bias and plate current with
lower internal resistance. The increase of bias
tends to increase the sensitivity; the decrease
of internal resistance usually tends to lower the
sensitivity. This effect arises in the high-shunt
radiation resistances encountered, leading to an
increase of mismatch with decreased internal
resistance.

These two conflicting factors lead to a rela-
tion between sensitivity and drive which hag a
maximum, In practice the oscillators have usu-
ally been designed empirically for this compro-
mise of maximum sensitivity under normal ra-
diation conditions.

The value of the grid leak resistor is opti-
mized quite simply. Variation of the grid leak,
ceteris paribus, results in a parallel variation
of grid bias and an opposite variation in plate
current. Thus larger leak resistances give
higher bias with less plate current, hence also
higher internal resistance, until a plateau is
reached. Still larger resistance values give
negligible improvement, and eventually lead to
squegging. Fortunately, when antisquegg sta-
bilization is used the plateau can be reached
and still allow a safety factor of 2 for stability.

With the NR-3A triodes, 47,000 ohms was
most commonly used for the grid leak. The T-51
fuze used a 33,000-ohm lecak, with slightly
higher plate current. (See Figures 11 and 15.)

Radiating System

The mechanical details of the radiating sys-
tem have been discussed in Chapter 2 along
with the ecorresponding field patterns and radi-
ation resistance values. In this chapter, the
effect of the choice of radiator upon circuit de-
sign will be discussed.

The original “whip antenna” was basically
a trailing wire, base loaded with inductance.
This presented a relatively low-radiation re-
gigtance, and was accordingly series tuned. The

oscillator was inductively coupled to the an-
tenna circuif. A tuned diode circuit was loosely
coupled to a second point in the antenna circuit,
thus providing a means of measuring the an-
tenna current and its variations. This bomb
tail fuze served to prove the feagibility of prox-
imity fuzes and was soon discarded in favor of
an engineered assembly.

The second stage in the development of the
exciting arrangement was the substitution of
a conical cap for the trailing whip. The imped-
ance of this was gufficiently high to permit of
parallel loading, the antenna feed points (cap
and body) being connected across the diode
tuning coil. Early models used a variable series
coupling condenser between the can and coil.
This wag done mainly to allow the vernier tun-
ing adjustment to be made externally, the mov-
able center screw of the simple ecylindrical
vernier condenser being threaded through a
nut on the apex of the cap. Corona effects to be
discussed later forced the abandonment of this
scheme, The same arrangement was used in the
first production of MC-382 rocket fuzes. In this
case the corona problem was minor, but the
mechanical instability of the condenser, and the
complications of construction, left much to be
desired. These several problems were solved
by making the tuning adjustment from the
hase of the fuze, so that the cap could be direct-
connected to the diode coil, and operate at d-c
ground potential.

Further variations of the end cap resulted in
the antenna ring used on T-50 and related
fuzes. (See Figures 4 and 5 of Chapter 1.)
This design yielded medium radiation resist-
ance values, which were readily matched to the
oscillator, with relatively low fixed shunt ca-
pacity. The ring also acted as a mechanical
guard for the wind vane and as an electric
shicld against effects of bearing looseness and
vane end-play.

The latest variation of the end cap is found
in the T-132 and T-171 mortar fuzes. (See Fig-
ure 6 of Chapter 1.) In these designs the cap
has grown in proportions until it is used as the
housing for all components of the fuze except
the osecillator and detonator mechanism. This
makes it feasible to locate a turbo-generator
power supply in the fuze nose.
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An interesting antenna problem arose in the
case of the 3-in, antiaircraft rocket. The insu-
lated gap in this case wag between the rocket
motor and body, or about one-third of the total
length from one end. The radiation resistance
was of the order of 50 to 100 ohms. The loca-
tion of the insulator required it to be mechani-
cally rugged, and this automatically introduced
high shunt capacity. The final design of insu-
lating “coupler” had 40-puuf shunt capacity.

It had been found with experimental low-
capacity couplers that series feed of the an-
tenna was convenient. The antenna load was
simply inserted into the ground return of the
diode coil, Proper load coupling occurred for a
total antenna shunt capacitance of about 15 uuf.
All attempted designs of coupler not exceeding
this capacity failed to meet mechanical
strength tests, so that attention was turned to
the high-capacity rugged designs.

The final 40-upf design was incorporated into
the circuit by shunt resonating 25 ppf of its
capacity, leaving in effect a 15-puf coupler. This
tuning was noncritical and was accomplished
by connecting approximately 114 in. of heavy
wire across the coupler,

Another exceedingly low-resistance antenna
was encountered in experimental work on tail
fuzes for the 4,000-1b and larger bombs (T-40
and T-43). The tail structure of these bombs is
sufficiently large to be used as a shunt-excited
portion of the antenna, the feed points being
the end of the fin structure and the bomb body.

The remaining antenna structures are those
designed for transverse excitation: the dipole
and the loop. These both present exceedingly
high parallel-radiation resistance, because their
maximum dimensions are so small compared to
the usable wavelengths. From the circuit stand-
point, the loop is ideal. It is used as the plate-
to-grid inductance of a Colpitts oscillator; the
interelectrode capacitances complete the cir-
cuit. It has been found advisable to add ca-
pacity from triode grid to ground to balance
the potential distribution of the loop and mini-
mize longitudinal excitation. The loop is, how-
ever, a very inefficient radiator in such small
dimensions. Its series radiation resistance
varies as the fourth power of its radius, meas-
ured in terms of the wavelength.

Early dipole-exciting circuits used the
dipoles as end loading of the grid-plate Colpitts
oscillator coil. Higher sensitivity was obtained
by inductively coupling a dipole loading coil to
the oscillator coil. The two coils were inter-
wound on a double-threaded form for close
coupling, Maximum sensitivity was obtained by
winding the antenna coil with about one turn
more than the osgcillator coil. The radiation re-
sigtance presented to the antenna coil is about
140,000 ohms. A convenient sensitivity check
was made by noting the change of grid bias
RGD or plate current POD when a 100,000-ohm
load was presented to an otherwise unloaded
fuze. Theoretically, two load voltage measure-
ments bracketing the operating point are needed
for a sensitivity approximation. (The approxi-
mation involved ig that of replacing the tangent
slope by a secant slope.) Both these load re-
sistances must be finite, In practice, all oscil-
lators operating at loads higher than 100,000
ohms can be checked satisfactorily by finding
the voltage drop for the 100,000-ohm load. This
is essentially an empirical measure of the re-
gponse of the oscillator to light loads but can be
justified as a good approximation to equation

4).
S = Vap(l —p) = Vil —p) =V, — ¥V,
for p = 1, i.e., light loading.

(16)

A1 Tube Characteristics

GENERAL REQUIREMENTS AND RESTRICTIONS

Problems arising in the development of tubes
for Divigion 4 radio proximity fuzes did not
stem from technical considerations alone. Deci-
gions of military policy at staff level introduced
extraneous technical problems of sizable diffi-
culty, as will appear from the following brief
historical review.

In the first successful demonstration of the
radio proximity fuze, February 1941, standard
electronic tubes were used. These were obvi-
ously too large for fuze application and pre-
sented serious microphonic problems. Accord-
ingly, cooperative programs were set up with
Raytheon Production Corporation and the Syl-
vania Electric Products Corporation (then Hy-
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ments, This circuit operated satisfactorily in
the 120- to 140-mec range, but was unsatisfac-
tory at 150 me.

Later circuits, RGD and POD, used pure Col-
pitts connections (cf. Figures 11 and 12).
These perform quite uniformly over the whole
range of 50 to 200 mc that has been used. For
stable efficient operation, the NR-3A triode re-
quires driving to approximately 2-ma average
grid current. That is, in the oscillator-diode
arrangement, where a low-impedance power
source was required, the maximum usable grid
leak was 15,000 ohms and the minimum bias
for proper operation was 30 v, corresponding
to 2-ma direct grid current. In practice, this

777

F16URE 10. Typical quasi-Hartley oscillator used
in oscillator-diode fuze circuits.

current fell between 2 and 3 ma. In the RGD
oscillator, grid leaks of 33,000 and 47,000 ohms
have been used with the idling bias in the range
60 to 100 v, so that the grid current under no
load conditions was 1.5 to 2 ma. Since the opti-
mum grid drive is affected by many factors,
such as power output, internal registance of the
oscillator ag a genecrator, stability of oscilla-
tion, and sometimes maximum grid bias, it is
not determinable from any simple theory of the
oscillator. It is, therefore, a purely empirical
observation that, in general, the NR-3A should
operate at about 2-ma grid current (this is for
a nominal plate supply of 140 v).

The plate current of this triode may be any-

thing in the range 7 to 14 ma, depending on
the oscillator frequency and application. The
subject triode has not been found useful at

+
Rp

RFC

777

Ficure 11. Typical Colpitts oscillator used in
RGD fuze circuits,

lower plate current because of power (and sen-
sitivity) requirements. Higher plate current
does not normally occur with optimum oscilla-
tor design, but the average current for actual
fuze designs has been found to be approxi-
mately proportional to oscillator frequency in
a given type of application and circuit.

All electrice circuits are in some degree sub-

P

FIGURE 12, Typical push-pull Colpitts oscillator
used in POD fuze circuits.

ject to spurious signals. The sources of these
signals range from statistical thermal fluctua-
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tions of resistance to intermittent connections.
In the battery-powered fuzes, the most impor-
tant noise sources were inside the triode. This
electric noise can be classified as self-noise and
microphonics. Self-noise arises without appre-
ciable mechanical stimulus of vibration or
shock. Microphonics refers to those noises
which are mechanically induced.

The early triodes frequently were noisy
(self-noise) due to the presence of charred lint.
The lint had become charred in the baking op-
erations and formed a conducting carbon fila-
ment which eventually would bridge two tube
elements. The electrostatic forces on the lint
were responsible for its short-circuit seeking
habits. Occasionally one end of a lint piece
would firmly adhere to the plate and the other
to the grid, forming a miniature carbon fila-
ment incandescent lamp. In such cases, the lint
would often be more luminous than the cathode.
The lint problem was eliminated by improved
manufacturing techniques. Another source of
noise was electric leakage between leads on the
outside of the glass press. This was traced to an
alloying of the glass and a metallic oxide
formed on the external leads in the pressing
operation. There was one lead which was cut
off next to the glass, since it was merely an
anchor. By postponing the cutting off until
after the seal was made, this wire did not get so
hot and did not burn, The extra length served
to conduct heat away. No more trouble was had
from this source after the new procedure was
established. Interelectrode leakage paths in-
side the envelope, i.e., on the mica spacers, can
also produce noise. This phenomenon is dis-
cussed under the diode noise problem, as it was
not serious in triodes.

The most difficult problem in designing the
triode was the reduction of microphoniec effects.
In an oscillator, any variations of either the
low-frequency parameters of the triode of the
interelectrode capacitances produce variations
of the high-frequency output and the developed
grid bias. The microphony problem became
acute with the transition from battery power
to generator power, because the rotating sys-
tem associated with the generator necessarily
produces vibration. In fact, as the missile
changes speed, so does the rotating system, and

the frequency of the mechanical vibrations is
apt to sweep across some resonant frequency of
the tube structure.

The most serious resonance was that of the
electrode assembly as a cantilever spring. Fur-
thermore, if the elements are not tightly cou-
pled at the free end, the plate can vibrate
relative to the grid and filament. If the mica
gpacer is sufficiently snug to prevent this, then
the whole assembly is a stiffer cantilever but
can still vibrate with respect to the surround-
ings. Of course, the bending of the structure
will also introduce a small relative motion be-
tween grid and anode. Mierophony of this type
wag practically eliminated by pressing the glass
envelope in against the mica spacers on both
sides. This is referred to as crimping. Since the
electrode support posts lie along the major di-
ameter of the cross section of the triode, erimp-
ing of the flat sides of the bulb (preventing
motion along the minor diameter) greatly in-
creases the rigidity of the structure. This con-
struction was adopted as standard in the
NR-3A triode and was also introduced into the
diodes as a general precaution, although the
need for it in the latter case was not demon-
gtrable. The arrows in Figure 8 point to the
crimps on the triode,

The filamentary cathode itself cannot be
made rigid. Its resonance frequencies are kept
well above the audio range by proper tension,
but freak low-frequency disturbances can be
generated. These apparently arise from the
nonlinear phenomena associated with finite vi-
bration amplitudes of the filament. If the fre-
quency of the driving force applied to the fila-
ment ig slowly varied, the resulting vibration
amplitude increases according to a normal
resonance curve as the filament resonant fre-
quency is approached. As the amplitude in-
creases, the resonance frequency is changed by
virtue of the finite amplitude. When the driving
frequency passes the moving resonance, the re-
sulting decrease of amplitude moves the reso-
nance back, further decrcasing the amplitude.
The net result is a sudden drop of amplitude at
driven frequency to the value predicted by the
simple resonance curve, The sudden change of
average tension excites a transient at the na-
tural frequency which produces a beat with the
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driven frequency. Thus, 100-¢c beat transients
have been observed in a filament driven at ap-
proximately 5,000 c¢. The extreme sharpness of
resonance of the filament allows this phenome-
non to occur for slight variations in driving
frequency. The details of the effect have not yet
been investigated mathematically.

Another possible source of microphonics is

associated with low filament tension. The fila-
ment passes through a small hole in the top
mica and then runs to a tension spring. For
various reasons, it is best to pull the filament
against the edge of this hole by placing the
spring off center. With low tension it is con-
ceivable that under vibration or shock the
filament will slip on this edge, producing
noise.

Generally, high filament tension is indicated,
but variations in tension adjustment can lead
to filament breakage. The simple construction
utilizing a cantilever spring is sensitive to pro-
duction variations of spring displacement. This
situation can be improved by the use of a longer
cantilever. The extra length ig incorporated by
coiling the cantilever into a horizontal helix,
with the last turn straightened out tangentially.
Thig spring is made of ribbon. Another spring
design that has been used can be readily de-
scribed as two such springs of wire, one left-
handed and one right-handed, joined by a canti-
lever hairpin for the filament support. This
type of construction is referred to as the mouse-
trap spring and was not used in the NR-3
triodes because it wag believed it would make
the tubes too rugged.

The electrode structure must be rugged to
withstand rough handling of the fuze as well as
the high accelerations encountered in mortar
and shell firing. Ruggedness is a simple matter
of structure design, the problems arising in
making a sufficiently rugged assembly as
simply and cheaply as possible, and of such
degign as to be readily adaptable to the mass
production techniques of tube construetion.
The filamentary cathode is the only element
which cannot be braced and solidly supported,
but its mass is very low. Its ruggedness is in-
creased by shortening it, since its total mass is
thus reduced, but its tensile strength is un-
affected.

DioDES

The major requirements on the diode de-
tector were small size, low filament power, and
reasonably low plate resistance. The low fila-
ment power was requisite to battery-powered
fuzes. With the advent of generator power, it
was found advantageous to increase the diode
filament ruggedness at the expense of addi-
tional heating power by increaging the fila-
ment diameter. The average characteristics of
the final design, Raytheon NR-2A, are
0.60 v

70 ma
50,000 ohms

Filament voltage

Filament current

Effective plate resistance
This apparently high plate resistance is satis-
factory, since the diode (see Figure 8) ordi-
narily works into a 1-megohm load resistance.

At high frequency, and high applied voltage,
the capacitative anode-cathode current is an
appreciable fraction of the normal filament
current and can cause burnout. A more serious
burnout problem was caused by stray induc-
tive coupling between the oscillator and the
diode filament circuit.

There have been occasional indications of
diode microphony, but these have been nebu-
lous. Crimping wasg adopted, as in the triode,
for a general precaution. The high inverse
voltage on the diode did lead to self-noise prob-
lems, involving leakage paths on the mica elec-
trode spacer. These leakage paths could be
eliminated in most cases by “sparking” the
tube, This consisted of playing a high-fre-
quency discharge over the surface of the tube,
which apparently burned the conducting ma-
terial off the mica. A still more effective remedy
consisted of spraying the mica surface with a
thin coating of Alundum. The resulting rough
surface inhibits the formation of leakage paths.

The major source of leakage was found to be
stray deposits of “getter’” material. Redesign
of the getter holder was the final step in elimi-
nating leakage.

*1% Spurious Signals and Circuit Stability
COMPONENT NOISE

Not all noise and microphony arises in the
tubes. Oceasionally unstable resistors and con-
densers are found which generate noise in op-
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eration, but this phenomenon ig not sufficiently
frequent to be of concern. Most of the residual
microphony can be traced to poor workman-
ship (or design), involving such factors as in-
securely anchored connecting leads and coil
windings and imperfect metallic contacts in the
mechanical assembly. Insufficient restraint of
the triode envelope often results in severe mi-
crophony because of the resulting variation of
capacity, when the triode moves relative to its
surroundings. The major part of all micro-
phony is induced by vibration of the power-
supply generator and associated rotating sys-
tem. Dynamic balance of a one-piece rotating
system has eliminated much of this difficulty.
(See Section 4.6.)

The power supply itself can introduce noise
by supplying a modulated plate voltage to the
oscillator. Noise modulation of the supply volt-
age can arise from irregular axial motion of
the generator magnet (rotor) as well as from
such obvious defects of operation as rubbing
of the rotor on the pole faces and intermittent
rotor-stator contact via stray metallic particles.
Instantaneous fluctuations of rotating speed,
such as can occur through the slack of a shaft
coupler, regult in fluctuations of output voltage
if the generator is operating on a nonconstant
portion of its voltage-speed curve. Some noise
has been traced to variation of contact between
rectifier elements, but this is eliminated by a
combinafion of careful element manufacture
and high stack pressure.

CORONA EFFECTS

Early model oscillator-diode fuzes employed
the customary series d-c load resistance on the
diode rectifier. This automatically put the recti-
fied signal on the antenna cap and isolated the
cap from ground by the load resistor, normally
1 megohm. Ficld experience indiecated that
change of bomb potential in flight produced
small corona effects. The high-resistance cap
isolation caused the production of a signal-
voltage input to the amplifier, when the charge
on the bomb plus fuze was redistributed. Field
effects of random function and peculiar carrier
modulation could be reproduced in the labora-
tory under the influence of a 300-kv d-c gen-
erator.

This source of malfunction was completely
eliminated by maintaining the antenna cap at
the same d-¢ potential as the bomb. This was
accomplished by grounding the cap, as far as
direct current or audio is concerned, through
the antenna coil and using a shunt load on the
diode output. All fuzes since have incorporated
the d-c¢ grounding of the antenna. The effect of
this circuit change was reported as follows:218

The rearrangement of the diode coupling eircuit in
the ROB [abbreviation for radio-operated homhb fuze]
showed satisfactory solution of the problem of elimi-
nating operation of the fuze by static voltage dis-
charges. With the previous arrangement, the fuze
would funection when placed in the neighborhood of a
30-kv field; with the new scheme, the fuze withstood
visible corona and other discharges when in the neigh-
borhood of a 300-kv ficld.

UNSTABLE OSCILLATION

When attempts are made to increase the
power output sensitivity of an oscillator, un-
stable oscillation conditions are frequently en-
countered. For example, increasing the grid
leak resistance increases the bias, internal re-
sistance, and sensitivity of the oscillator while
decreasing the plate current. If the ecritical
value of resistance is exceeded, however, the
oscillator becomes unstable. This instability
may be great enough to cause alternate periods
of oscillation or may be mild enough to cause
only a low-percentage modulation of the oscil-
lation amplitude. The first effect is the familiar
intermittent oscillation, often attributed to a
large time constant in the bias circuit. The
whole gamut of instabilities is incorporated
into the term “squegging.”

Operation under intermittent oscillation con-
ditions offers interesting possible advantages
resulting from the high ratio of peak power to
average power, This was investigated to some
extent in connection with battery power to re-
duce the average anode current. A peak voltage
detector, such as the diode in the oscillator-
diode fuze, can “remember” the antenna volt-
age from pulse to pulse, and the sensitivity
with an intermittent oseillator is approximately
the same as that with a steady oscillator whose
amplitude is equal to the peak amplitude of the
former. Thig type of operation is not possible
in the RGD, since the rectified output is also
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the oscillator bias. In fact, loading curves show
that the RGD average bias is very insensitive
when the ogcillation is intermittent. Detection
of target approach with the RGD might be
feasible by detecting the change of intermit-
tency period with radiation load. Experiments
by A. Stratton in England (communicated ver-
bally) show that the pulse repetition rate is a
smooth sensitive function of radiation resist-
ance. Investigation of this scheme requires
the development of a variable time-delay reflec-
tion line for a dummy antenna, since for non-
steady signals the effect of target reflection can-
not be replaced by an impedance. The lack of
reflected signal during the first few cycles of
each pulse (while the oscillation is building up)
can well make a fundamental difference be-
tween field performance and loading curves
representing a steady-state conditlion.

Just as steady oscillation would be fatal to a
fuze designed to operate intermittently, squeg-
ging in any form is likely to be fatal to any
fuze of the present types. It is not the inter-
mittency itself that produces early functions,
since the normal repetition rate is of the order
of 100 kc and so does not affect the amplifier.
Rather, it is the marginal stability of the oscil-
lator that does the damage. For example, varia-
tion of the supply voltages can convert a steady
oscillation into an intermittent one; the change-
over produces transicnt pulses which are
passed by the amplifier. Under some threshold
conditions, a sensitive superrcgenerative oper-
ation can occur, amplifying thermal voltages
and other hiss noises,

In the carly unprotected RGD units, margin-
ally high values of grid resistor occasionally
produced the modulation phenomenon of the
second type described above. No mention of
this particular phenomenon has been found in
the literaturc. Only a qualitative theory has
been evolved.

Intermittent oscillation arises from an un-
stable condition in which the oscillator grid
bias increases until plate current and oscilla-
tions cease. This extreme bias decays exponen-
tially with time at a rate determined by the
product of the grid-leak resistance and the bias
storage capacitance. When the bias decays to
a value at which oscillation will start, the oscil-

lation starts and grows in amplitude until the
bias is again too large for the tube to operate.
This starting and stopping of oscillation re-
peats periodically.

The instability represented by the appear-
ance of self-modulation is fundamentally of the
same nature but of a lesser degree. In this case
the oscillation amplitude and grid bias increase
with time, but, before the tube is rendered in-
operative, a temporary equilibrium between
amplitude and bias is reached. Because of time
lag between a change of amplilude and the
resulting change of bias, this equilibrium is not
stable but represents a condition where the
ogcillation amplitude is not sufficient to main-
tain the bias. Both start to decrease and con-
tinue to decrease until a lower temporary
equilibrium is reached. At this low equilib-
rium the oscillation amplitude is more than
sufficient to maintain the bias, so that the bias
and amplitude again increase. The phenomenon
is periodic.

Both types of instability arise because of the
presence of an operating point (combination
of grid bias and oscillation amplitude) that
represents an unstable equilibrium. An un-
stable equilibrium is an equilibrium condition
in which any small deviation of the operating
point produces conditions that force the operat-
ing point still turther from equilibrium. If no
restoring force is encountered by the operating
point, intermittent oscillations result. If suffi-
cient restoring force is cncountered on both
sides of the unstable equilibrium point, the
operating point will oscillate over a range. If
the inherent instability is increased, that is, by
increasing the grid leak resistance, the range
of operating point variation will increase and
finally intermittent oscillation will result.

The stability of the original operating point
depends on the relation between osciliation am-
plitude and grid bias and on the time lag with
which the bias variation follows a correspond-
ing amplitude variation. An operating point is
statically stable if a small arbitrary change
of oscillation amplitude produces a greater
change of bias than would be needed to keep the
biag in equilibrium with the amplitude. A stat-
ically stable operating point will be dynamically
unstable if the biag change does not occur rap-
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idly enough. This dynamic instability can be
produced by the use of too large a time con-
stant in the grid-bias circuit.

The dynamic stability of the RGD oscilla-
tors has been increased by a circuit whose
essential elements are shown in Figure 11. The
resistor E, in conjunction with the condenser C
comprises & means of reducing dynamic insta-
bility by obtaining a voltage increment from
the rate of change of amplitude and introdue-
ing this voltage increment onto the grid in such
a manner as to make the bias anticipate any
change of amplitude and prevent its occur-
rence,

The voltage drop across the stabilizing re-
sistor B, is proportional to the anode current.
For small variations of oscillation amplitude,
the anode current variation is proportional to
the amplitude variation. Hence, the voltage
drop across the resistor has a time rate of
change proportional to the rate of change of
oscillation amplitude. The terminal of this re-
sistor nearer the anode is connected by a small
capacitor to that terminal of the grid leak re-
sistor B, which is nearer the grid. This capaci-
tative coupling between the stabilizing resistor
and the grid leak cauges an incremental volt-
age, which is approximately proportional to the
rate of change of amplitude, to appear across
the grid leak.

Static stability of an .oscillator is normally
achieved by the self-biasing action of a grid
leak. If the amplitude of oscillation actually in-
creases, the bias is increased, producing sta-
bility. This stabilizing circuit achieves dynamic
stability by increasing the bias, if the oscillation
amplitude starts to increase. Thus the bias is
corrected if the amplitude has only a rate of
change, without waiting for the change to actu-
ally occur. This means that if the amplitude
starts to change, the grid bias anticipates the
change from the fact that it started and pre-
vents the actual change from occurring, This
anticipation of a change is the antithesis of the
ordinary time lag with which the bias follows
an amplitude change.27

ANTIMICROPHONY CIRCUITS

The audio-frequency signal in a proximity
fuze is produced by detection of a slightly

modulated high-frequency oscillation. The
problems of microphony are intimately associ-
ated with thig low degree of modulation, which
is normally about 4, of 1 per cent. This im-
plies that accidental variations of the steady
diode voltage, oscillator bias, or plate current
(according to the fuze type) need be only a
fraction of a per cent in magnitude to generate
gpurious signals as large as normal firing sig-
nals. Highly selective amplifiers are used to
discriminate against these microphonic volt-
ages (see Section 3.2). Various schemes have
been proposed to alleviate the situation, and
these are all designed to neutralize essentially
the steady voltage and thereby increase the
fractional modulation produced by a target re-
flection.

In the oscillator-diode fuze, futile attempts
were made to neutralize the steady high fre.
quency applied to the diode, One such sugges-
tion was to arrange the antenna and detector in
a bridge circuit, so that the antenna load varia-
tion would appear as a bridge unbalance. No
workable arrangement has been devised. An-
other scheme applicable only to the oscillator-
diode fuze was based on the fact that oscillator
microphonics produce almost identical signals
on the oscillator grid bias and diode output.
These can be balanced against each other in
a push-pull transformer coupling arrangement.
This worked in the laboratory but would not
in practice because of the exacting require-
ments on tuning accuracy and equality of d-c
grid bias and diode output.

In the RGD, where the signal appears on the
oscillator bias, a simple means is available for
reducing the response to plate-supply voltage
variations. The grid leak may be returned to
the plate supply, instead of to ground, if its
resistance value is appropriately increased so
that the same grid current will result in the
same grid bias. This can be done for only one
operating condition, since the bias is no longer
proportional to the grid current. There will be
a point on this resistor which will be at ground
potential, since the grid end is negative and the
plate end positive. Since the RGD oscillators
are gufficiently linear to develop a bias propor-
tional to the plate-supply voltages over a wide
range, the cold point on the resistor will re-
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We s0 define these terms as to make the equa-
tion read

dV
dC
50 that the complete sengitivity is given by the
quadrature addition of the conductance sensi-
tivity S, and the susceptance sensitivity S,.

We immediately note that

v _ 1 eV _ _'Ril{= _ g
R a(l/R) ~ oR B

21)
s0 that our former simplified definition is pre-
served when the susceptance (or reactance)
gengitivity vanishes.

Both quantities S, and S, are readily meas-
ured in the laboratory as slopes of detector volt-
age versus values of antenna shunts.

There is one direct application of this formula
of interest to this section., It gives the solution
to the question of the effect of antenna circuit
detuning on sensitivity, a question of practical
significance in oscillator-diode fuzes.

Congider the fuze as a constant-current gen-
erator feeding the tuncd diode-antenna circuit,
with internal admittance A, — C, -- jB,. Then
the r-f voltage developed will he

I
[(C:+ C) = jB: + BY
and the diode will yield a detector voltage pro-
portional to the magnitude of E,,

Vo= KIC: + O + (B: + B+ (23)

When the fuze is properly tuned (maximum
detector voltage) we have

V = kI(C + C)~,

oV _ —kiC Ve

VN .

aC — (C+Cp R V(l B 70)’ (24)
where V, is the value of V when C = 0, i.e., the
idling voltage. Thig is our original sensitivity
formula, except for the trivial change of sign.

If the fuze is detuned,

V =k [(C+ C)* + (B + B,
¢ % = —kIC(C + C) [(C + C)*+ (B+ By~

S = = V82 + S5 (20)

AS‘ pa C—'_ -
¢ aC

E =

(22)

—CC + CaVe _ o :
= __(kI)2 = AS_D, (25)
where Sp represents the sensitivity when the

fuze is detuned. We already have for the tuned

sensitivity

_Cve
kL’

in terms of the tuned voltage. Thus the ratio

Sp _C+Ci Ve _ V3
Vet~ V¥

ST =

(26)

Sy~ kI
shows that the sensitivity falls off with detun-
ing as the cube of the voltage.

But if the voltage has been decreased by mak-
ing B + B, 5= 0, then the response to variations
in B must be taken into account. We must com-
pute the complete sensitivity

(27)

S = V8 T 57 (28)
Now
Sp=C (% — _KIC(B + By).
[(C + C9* + (B + By
C(B + By V3 )
== Gy 0@
and
S = '\/Slg2 —f— S(_}z = \/Sﬁz + S]_’)2
B Vs 5 - —~ 72!
(30)
to be compared with
VA .
Sp = - kl,I""’ (31)
vielding
S % ¢
S = v e

g0 that actually detuning drops the sensitivity
only as the square of the voltage and not as the
cube. This is important in setting specification
limits on the accuracy of tuning in production.

3.2 AMPLIFIER SYSTEMS®

.21 General Requirements

The amplifier receives the signals from the
r-f section of the fuze and is required so to
modify them that the desired signal will operate

¢ This section was prepared by Bertrand J. Miller,

Ordnance Development Division of the National Bureau
of Standards.
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the thyratron at the appropriate time and place.
Since the amplifier input signal consists of sev-
eral components (desired signal due to reflec-
tion from target, noise due to tube and circuit
vibrations, hum due to a-c filament operation
and imperfect filtering of B supply voltage,
ete.), these modifications consist of the follow-
ing changes.

Amplification of the Desired Signal. In most
applications, the signal generated by the r-f
section is small compared to variations in strik-
ing voltage (critical bias) of the thyratrons,
due to tolerances in manufacture, variations in
supply voltages, temperature and other operat-
ing conditions. The amount of amplification re-
quired ig different for fuzes for different appli-
cations and different for different trajectories
encountered with the same application. Thus
fuzes for different purposes require different
amplifiers. The variation with trajectory usunally
imposes a requirement on the shaping of a cer-
tain sector of the gain-frequency curve of the
amplifier, since the different trajectories arec
generally characterized by different signal fre-
quencies at the desired point of operation. The
maximum voltage gain required in the fuzes
developed by Division 4 has usually been of the
order of 150 times; the frequency region con-
taining the desired signals has been between
50 and 850 ec.

Attenuation of Undesired Signals. The most
prominent signals, aside from those due to
presence of the target, are microphonic noise
and hum due to a-c operation. The latter, of
course, consists of an approximately sinusoidal
signal, of fundamental frequency varying from
700 c up to, in some cases, scveral thousand
cycles. The amplitude is generally of the order
of the filament supply voltage, that is, 1 to
1% v, After sufficient refinement in oscillator
tube design, the microphonic noise was also
restricted to high frequencies, generally above
2,000 c. Even after all refinements of tube con-
struction and selection processes developed to
date, considerable noise in the high-frequency
region can be expected. Under the severe vi-
bration conditions encountered sharp spikes
of the same order as the hum voltages can still
be expected from the most carefully chosen
tubes.

The preceding considerations impose two ad-
ditional design conditions on the amplifier. In
order to reject these undesired signals, which
are of the order of volts, and function on the
desired signal of the order of hundredths of a
volt, the amplifier is required to have a sharp
high-frequency cutoff. In addition, the ampli-
fier is required to be linear up to large input
voltages at high frequencies to avoid genera-
tion of voltages in the pass band by rectification
of noise and hum envelope variations or by
generating difference-frequency terms from two
nearly equal noise or hum voltages or their
harmonics. (The presence of two mechanically
independent filaments in the triode oscillator
made this last circumstance seem especially
likely, Laboratory vibration tests showed that
shock excitation of the filament resonances is
very common, and that the two resonant fre-
quencies generally differ very slightly, by an
amount frequently in the sgignal-frequency re-
gion,) Of course, any serious overload at the
always present, hum voltage frequency and
magnitude would keep the amplifier perma-
nently paralyzed and prevent amplification of
signal frequencies.

Finally then, all these requirements are to be
met in an amplifier which is compact, not criti-
cal either to supply voltages or to variations in
component values duc to manufacturing toler-
ances, insensitive to very wide ambient tem-
perature and humidity conditions, both during
the short time of use, and for long periods of
storage, rugged enough not to generate noises
of its own, under conditions of severe vibration,
and in some cases capable of withstanding ac-
celerations up to 12,0004.

*22 Selection of Amplifier Characteristics

Three general types of amplifier characteris-
ties are required: one for the longitudinally
excited fuze for use against airborne targets,
one for the longitudinally excited fuze for use
against ground, and one for the transversely
excited fuze for use against ground. The ruling
factors and the resultant characteristics are
quite different, so the three types will be dis-
cussed separately.
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ANTIAIRCRAFT TARGET
The central problem in the case of an air-

borne target is the design of a fuze, usable on

a variety of rockets of different physical dimen-
sions, to produce a burst when the rocket passes
approximately abeam of its target (see Section
1.3). Relative velocities between target and
missile of 700 to 1,900 fps can be cxpected.
Function near the idecal burst surface is desired
out to passage distances of 70 ft or more.

The signal input to the amplifier under these
conditions has been digcussed in Sections 2.11.2
and 2,11.3.

The important characteristics are decrease of
signal frequency from a maximum of 2V/\A
(frequently called the head-on doppler fre-
quency) to zero and an increase of signal ampli-
tude; most of both changes take place in a lim-
ited region near the target. Thus a peaked
amplifier with maximum gain somewhat below
the head-on doppler frequency would tend to
localize bursts in the appropriate region. Too
sharp an amplifier cannot be used, since calcu-
lations show that, in the region where burst is
desired, the signal frequency is changing rap-
idly (ag high as 50 per cent change in frequency
per cycle). The breadth of the amplifier re-
quired to realize much gain on such a signal
would presumably make the precise location of
the peak frequency less critical. The best loca-
tion for the peak and the gain required were
determined empirically.

The empirical studies consisted of field tests
and of leboratory tests with the “drum genera-
tor” on the audio-signal simulator discussed in
Section 2.12, Ag a result of such tests, the fol-
lowing factors were established:

1. For an r-f sengitivity of approximately 15
v and a fuze directivity pattern approximately
like that of a half-wave dipole and a carrier
frequency in the vicinity of Brown reference,
the required amplifier sensitivity should be such
that about 30-rms-mv input signal (at fre-
quency of peak gain) will fire the thyratron.

2. The peak frequency can be located almost
anywhere below two-thirds of the head-on dop-
pler frequency with reasonably good burst
placement. For function nearly abeam of the
target rather than earlier on the trajectory
(see foatnote b of Chapter 1) the amplifier peak

frequency equal to about one-half the head-on
doppler would be optimura. One-half is a nom-
inal value, gince the head-on doppler frequency
obviously varies with rocket velocity, target
velocity, launching plane velocity, and relative
orientations of these. The normal figure refers
to the case of medium rocket velocity, equal at-
tacking plane, and target plane velocities, and
an overtaking aspect for the rocket. Any other
orientation of target and rocket velocities would
give a higher head-on doppler frequency, and a
smaller value of the ratio of peak frequency
to head-on doppler. A smaller value of this ratio
would give bursts closer to the ideal surface in
the overtaking aspect, but would probably be
too low for the nose attack and other high
relative-velocity aspects. Not much experimen-
tal information is available on this point, since
most testing was done with a stationary target,
and it was not possible to mock-up the head-on
aspect by adding twice a combat-plane velocity °
to the normal rocket speed.?

A cutoff on the high-frequency side at a rate
which reduces the gain by a factor of 10 at one
and one-half to two times peak frequency and
continues on down at a slightly smaller slope
was found to be fast enough, reducing the gain
to approximately unity at power-supply fre-
quencies. Adjustment of the low-frequency side
of the gain curve is ordinarily made to give a
half-gain width of approximately half the peak
frequency. Drum generator studies (see See-
tion 2.12) show that at this width the gain of
the amplifier to the type of signal actually en-
countered in use is nearly the same as the
steady-state gain for a sine wave of the same
instantaneous frequency for frequencies in the
vicinity of peak, and that objectionable delays
are not encountered.

The manner in which the cireuit problems
incident on realization of an amplifier having
the above characteristics were solved will be
discussed in Section 3.2.3. Time may be taken
here to point out, however, that a different
solution is possible, as pointed out in an early
NDRC report.! This solution involves using
only the decreasing frequency characteristic of
the signal. The signal wave form is amplified
and clipped into a square wave; the duration
of each cycle is then measured. Firing of the

[
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thyratron is accomplished when a long enough
half-cycle occurs. This attack was not pursued
at that time inasmuch as it required the use
of two tubes, whereas an amplifier could be
designed to give reasonably good burst place-
ment with a single pentode. Where gpace is
available, however, the alternative golution may
have other advantages which warrant further
investigation of this approach.

Some study has also been made of amplifier
requirements for fuzes suitable for air-to-air
bombing. Here one deals with low relative
velocities, and, in addition, a different orienta-
tion of relative velocities in the most important
tactical case. For the rocket case, with emphasig
on the overtaking aspect, the rocket velocity is
along the rocket axis in a coordinate system
fixed in the target. This is a fortunate situation
in one respect, since thig state of affairs can be
simulated in field tests with a stationary target.
This state of affairs does not exist in the case
of bombing a formation from above. The result
of the difference is a slower rate of increase of
signal from the r-f section, and, in general, a
displacement of the point of maximum signal
away from the point on the trajectory of closest
approach, Details of the computations are re-
ferred to in the bibliography ;' no experi-
ments were carried out by Division 4.

GROUND APPROACH, LONGITUDINAL EXCITATION

The problem here is the development of a
fuze which will give substantially uniform burst
heights on a variety of bombs, dropped from
different altitudes and at different airplane
specds; the same fuze to be useful both for
level-flight release and dive bombing if possible.
In order to show the degree to which it is pos-
sible to harmonize these requirements by ap-
propriate amplifier design, the requirements
for one fuze of this type will be presented in
detail.

We choose for the purpose of this illustration,
the requirements for a fuze operating at 75 me,
with use on the M-30 (100-1b GP) and the M-81
(265-1b fragmentation) bombs being contem-
plated. This fuze is also usable on the M-66
(2,000-1b GP), and with somewhat less effec-
tiveness, on the M-64 (500-1b GP) ; but here we
will consider only the first two bombs,

Because of the varying degree of mismatch
between oscillator impedance and radiation
load, the fuze r-f section will not have the same
r-f sensitivity on the two bombs; we take as
representative values a sensitivity of 11 v on
the M-30 and 14 v on the M-81. Further, al-
though the variation ig slight, the directivity
patterns are somewhat different, due to the dif-
ferences in effective electrical length; the por-
tions of the pattern of tactical interest are
gshown in Figures 17 and 18.
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Figurr 17. Directivity pattern for M-30 bomb
at Brown frequency, longitudinal excitation.
Curve shows detail for small angles off nose of
missile.

In addition, the ballistic coefficients of the
two bombs differ, so that similar release condi-
tions result in slightly different terminal con-
ditions (velocity and angle of approach to the
ground).

Funection heights of the order of 2 to 7 wave-
lengths will be considered; for some of these,
near the nulls of the directivity pattern, it is
necessary to consider the contribution of the
induction field (inverse R2? field, see Section
2.10). For this reason, function heights for
nearly vertical approaches do not vary directly
with amplifier gain.

Computation will be made of the amplifier
gain necessary to give a function height of 50 ft
over a surface with reflection coefficient equal
to 0.7 for various ecombinations of release alti-
tude and plane speed, both for level flight and
dive bombing. The computations are made on
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the basig of the theory developed in Sections 2.9
and 2.10.101, 140

Curves of voltage gain versus frequency re-
quired for these various conditions, based on
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FIGURE 18. Directivity pattern for M-81 bomb,
Brown frequency, longitudinal exeitation. Curve
shows detail for small angles off nose of missile.

an assumed holding bias of 5.3 v on the thyra-
tron, are shown in Figure 19. The frequency
ranges shown on each curve correspond to re-
lease altitudes from 2,000 to 20,000 ft for the
level-flight cases, and 1,000 to 10,000 ft in the
dive-bombing cascs, which is assumed to con-
tain all the range of interest. Outside these
ranges, the gain should be low.

Examination of Figure 19 shows that the
requirements for different release conditions
are conflicting, so that a compromise is neces-
sary. In making such a compromise, the follow-
ing considerations are general:

1. The high-frequeney end of each curve cor-
responds to a steeper angle of approach than
the low-frequency end. At steeper angles the
induection (inverse R?) field is more important.
Consequently, the height of function varies
more nearly with the square root of gain at
high frequencies than at low. This gives greater
freedom of design in this region of the spec-
trum,

2. If an oscillator-diode type of fuze is con-
templated, the tuning problem must be consid-
ered. In the case of the fuze under discussion,
all production models were oscillator-diode.
These were tuned on the M-30, so that the full
11-v sensitivity assumed was probably very

closely realized on that bomb. Because of a
slight difference in reactance of the two ve-
hicles at the feedpoint, however, the fuze was
somewhat detuned on the M-81, resulting in a
reduction of the average sensitivity by about
5 per cent.

3. Very high gains should be avoided as far
as possible without loss of effectiveness, since
high gain obviously increases the probability of
malfunction.

One compromise actually used is also shown
on Figure 19, the curve being an average curve
for production units (Philco T-91, type 20 am-
plifier). This fuze was designed in response to
a request to give special weight to low-altitude
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Fi1GURe 19. Amplifier gain curves required for

longitudinally excited fuzes for different bombs
in different release conditions.

The labeled eurves represcnt eonditions as follows: A, M-30
bomb released al 200 mph in level flight; B, M-30 bomb
released at 300 mph at level flight; C, M-81 homb rcleased
at 200 mpb in level flight; D, M-81 bomb released at 300
mph in level flight; K, M-81 bomb released at 400 mph in
60-degree dive; F, M-81 bomb released at 300 mph in 50-
degree dive. Full curve represents a compromise gain-
frequency characteristic for typieal unit.

and diving releases. The corresponding func-
tion heights are shown in Figure 20, for the
level flight cases and in Figure 21, for the dive-
bombing cases.
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Since the input signal in this application does
not change in frequency or amplitude rapidly
in the region where function is desired, steady-
state calculations are adequate. However, for
the purpose of determining amplifier delays,
more precise calculations were made, making
use of Borel’s theorem. According to the theo-
remt, the response of any linear network can be
computed for any form of input if one has
either the network response to a unit step H (¢)
or a sharp spike of unit impulse H’(t).** Fig-
ure 22 shows H(t) and H’(¢) for a typical am-
plifier, and Figure 23 the delays computed. The
computed delays are less than 5 ft for all tac-
tical situations for the amplifier, and are not
longer for the other amplifiers employed.

For the fuzes at other frequencies, the re-
quirements are very similar and will not be
detailed here. The similarity extends even to
maximum gain required, so that the changes
consist primarily in frequency shifts, signal
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Figure 20. Function heights computed from

gain curve of Figure 19 for level flight release.
The various curves represent conditions as
follows: A, M-30 bomb released at 200 mph; B,
M-30 bomb released at 300 mph; C, M-81 bomb
releasced at 200 mph; and D, M-81 bomb released
at 300 mph.

frequencies being proportional to carrier fre-
quency for bombs with similar ballistics.

The fuze for the mortar projectile using lon-
gitudinal excitation merits a brief separate

discussion. Here, lower function heights are
desired, of the order of 10 to 15 ft. The projec-
tiles are much smaller than bombs and short
compared to the carrier wavelengths proposed.
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Figure 21, Function heights computed from

gain curve of Figure 19 for dive releases. For
M-81 bombs, curve E is for a 60-degrec dive at
400 mph, and curve I' ig for a 30-degree dive at
300 mph.

As a consequence the radiation resistance is
high and varies rapidly with frequency. The
directivity pattern, however, is nearly inde-
pendent of frequency for carrier frequencies
below 135 me. Thus for low-carrier frequency,
one expects low r-f sensitivity, but this is bal-
anced by a larger scale factor (wavelength, 4),
and more important induction field contribution,
(The latter is of great importance becausge of the
low function height desired.) As a consequence
of the interaction of these factors, it develops
that an amplifier gain curve can be drawn
which is optimum not just for one carrier fre-
quency but for any carrier between 70 and
130 me. It was also found possible to realize this
gain-frequency curve (Figure 24) econom-
ically 130

GROUND APPROACH, TRANSVERSE EXCITATION

The difference between the amplifier required
in the cage of a transversely excited fuze and
that of the longitudinally excited fuze arises
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from the difference in the directivity patterns.
In the longitudinal case, one has axial sym-
metry about the axis of the bomb. The direc-
tivity pattern is a minimum for vertical ap-
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Figurr 22. Response of typical amplifier to a
unit step function, H(t), and a short pulse of
unit impulse, H' (t).

proach, and increases rapidly as the angle of
approach increases (angle between trajectory
and vertical) for any orientation of the bomb
about its axis.

In the casge of the transvergely excited fuze,
the directivity pattern is maximum for vertical
approach. For angles of approach other than
zero, the value of the directivity pattern de-
pends somewhat on the orientation. For most
tactical situations, however, the signal strength
is nearly independent of release altitude and
hence of signal frequency. A relatively flat gain
curve is therefore required. For the carrier fre-
quency used (about 150 mc), and the bombs
employed, the useful tactical range of altitudes
gives a frequency range from 165 to 330 c.

The value of the maximum gain is determined
by the r-f scnsitivity at the operating load and

by the directivity pattern. Because of the high
radiation resistance, and consequent poor match
to oscillator impedance, sensitivities are lowe