UNCLASSIFIED s

AD_637 134

POWER TRANSFER BETWEEN TWO ANTENNAS WITH
SPECIAL REFERENCE TO POLARIZATION

Beuhring W. Pike

Air Force Systems Command
Vandenberg Air Force Base, California

December 1965

_—

Processed for . . .

DEFENSE DOCUMENTATION CENTER
DEFENSE SUPPLY AGENCY

//\
CLEARINGHOUSE

FOR FEDERAL SCIENTIFIC AND TECHMICAL INFORMATION

l ]
U. 8. DEPARTMENT OF COMMERCE / NATIONAL BUREAU OF STANDARJS / INSTITUTE FOR APPLIED TECHNOLOGY

UNCLASSIFIED




B

AFWTR-TR-63-1

POWER TRANSFER BETWEEN TWO ANTENNAS
WITH SPECIAL REFERENCE TO POLARIZATION

BEUHRING W. PIKE, P.E.
RANGE SYSTEMS ENGINEERING

TECHNICAL REPORT_NO. AFWTR-TR-65-1
DECEMBER 1965

AIR FORCE WESTERN TEST RANGE
AIR FORCE SYSTEMS COMMAND
VANDENBERG AIR FORCE BASE, CALIFORNIA 83437




DOD DISTRIBUTION STATEMENT: ,

A, Distribution of this document is unlimited.

AVAILABILITY NOTICES:

A, Copies of this report may be procured from Office of Technical Services, |

Department of Commerce, Washington, D.C,

B. AQualified requesters may obtain copies of this report from the Defense
Documentation Center (DDC), Cameron Station, Alexandria, Virginia 22314,

REPRCDUCTION NOTICES: U

A. This Technical Report may be reproduced in its entirety, but not in part

4‘ unless the partial reproduction carries a full identification of the source. .

B. Extra copies of the two pages that carry Equation (1) and Equation (2)
through Equation (7) are included at the end of this paper, These trans-
lucent sheets can be removed, and may be utilized as master positives

for producing additional prints provided that each copy retains in the

max;&in the identification of the source.

DISPOSITION NOTICES:

A, If this copy is not needed, return it to Headquarters, Air Force Western
; Test Range (WTSMR), Vandenberg Air Force Base, California 93437, *

ELS- ¢

¢
.
Py
N

I




P

POWER TRANSFER BETWEEN TWO ANTENNAS
WITH SPECIAL REFERENCE TO POLARIZATION
[
| "
! Beunring W. Pice, P. E.
}
!
{ ( RANGE SYSTEMS ENGINEERING
L "
1
: f
! Technical Report No, AFWTR-TR-65-1
{
‘ ® December 1965
{
1
+ .
b
} 2
A
K
%
. § C
5 ¢ i
)




L ore oA

FOREWORD “

Radio is not the only means of transmitting information to or from a vehicle
such as a spacecraft, but it is by far the most important. In many instances
(particularly with rocket propelled vehicles) the information to be transmitted
via the radio link is, in terms of time and money, of great value; in some cases,
where human life will be at risk, the information to be transmitted is of a value

beyond price.

For these reasons one desires to be able to analyze a hypothetical radio link
and calculate the power that would be delivered to a radio receiver by the receiver's
antenna, In order to make such calculations one needs to calculate first the free-~
space case and to then apply corrections to account for the effects of the medium

and its boundaries.

The literature abounds with guides for calculating the free-space power
transfer between two antennas having matched polarizations. However, literature
covering the cases wherein the two antennas are not of matched polarizations
is scarce. For this reason, the following paper has been developed to provide
the neccssary equations in complete and convenient form. This paper provides
also methods of applying antenna radiation pattern representations to the solution
of the equations.

A subsidiary purpose of this paper is to point out the overwhelming importance
of polarization by showing that every receiving antenna is completely "blind" to
some radio wave because the polarization mismatch loss is infinitely large. It
is hoped that the proof given herein will result in greater application of means of
aveiding polarization mismatch losses — means such as Polarization Diversity
Reception (PDR) and Polarization Alternation of Transmissions (PAT),

This paper was begun in 1961 and nearly completed while the author was
employed by the U, S, Navy as the Instrumentation Consultant of the Range
Development Department of the Pacific Missile Range (Pt. Mugu, California)
prior to his position being transferred to Air Force Western Test Range, Vanden-
berg Air Fo~ce Base, California in January, 1965,%1

This paper, which evolved through more than thirteen draft versions,
benefited from efforts of many people:

.

The technical content of this paper reached essentially its present form

by August 1964; copies of that draft were given to several people, including

members of the Electronic Trajectory Measurements Working Group of the . !
Inter-Range Instrumentation Group, ’
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ABSTRACT

The literature abounds with examples of a convenient equation ("the beacon
equation") for calculating the free-space power transfer between two widely
spaced radio antennas having polarizations that are matched for maximum power
transfer, On the other hand, convenient equations for making such calculations
where the polarizations are not matched are very scarce. In this paper the well
known beacon equation has bYeen combined with a published (but relatively little
known) general equation for polarization mismatch loss, so as to yield a complete
general equation for calculating the power transfer between two widely spaced
antennas in free-space, For convenience, the portion of the general power transfer
equation that accounts for pclarizati on mismatch loss has been reduced to yield
a special equation for each of the five limiting cases, Also given are discussions
of polarization problems and solutions in radio and radar, and a discussion of
antenna radiation field representation methods ard their use in calculating the
power transfer between two antennas., This 75 pege Technical Report includes a
Glossary of 125 terins and a Bibliogzaphy of 68 references,

DESCRIFTCRS FOR COORDINATE INDEXING
(TLe principal descriptors are underlined)

Aircraft Patterns
Antennas Polarization
Bibliography Power Gain
Coupling Fower Transfer
Equations Propagation
IERE Standard Radar

IRE Standard Radiation

IRIG Btandard Radio
Magneto-JIonic Spacecraft

NOTE: These descriptore are not identical to similar
descriptoss used by Defense Documentation Center (IDC)
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INTRODUCTION

Readily found in the literature is an equation (sometimes called The Beacon
Equation) for calculating the power transfer between two antennas of matched polar-
izations when the antennas are in free-space and in the far-field (the Fraunnofer
Region) of one another. However, literature covering all the cases in which the
polarizations are not matched is relatively very scarce. *

Most aircraft antennas and spacecraft antennas are rigidly fixed to the vehicle's
body, and are required to have extremely broad angular coverage in order to pro-
vide simultaneous coupling with many other antennas at separate remote locations
(and/or to permit large angular movements of the vehicle). Because of tais, nearly
every vehicle antenna unavoidably has a free~-space radiation field whose power gain
function and polarization functions are extremely complex. For purposes of free-
space power transfer calculations involving an antenna of this kind, one must obtain,
from the power gain functions, the Power Gain of each of the two antennas in the
direction of the other, Also, one must calculate, from the polarization functions, '
the Polarization Mismatch Loss between the radio wave and the receiving antenna, *3

This paper gives, in ready-reference form, a well known equation for calculating
the free~space power transfer between two antennas when one knows the Frequency,
the Distance between the antennas, the Power Gain of each of the antennas in the
direction of the other, the Polarization Mismatch Loss between the radio wave and
the receiving antenna, and any miscellaneous system losses (or gains).

In addition, this paper gives a published but relatively little known general
equation for calcvlating the free-space Polarization Mismatch Loss when one knows
A, the Ellipticity Ratio (including the "sense") of each of the two antennas, and B,
the Polarization Mismatch Angle between the polarization ellipses of the two -
antennas,

For convenience, this Polarization Mismatch Losas equation is given also in
five reduced forms covering the five special cases where one (or both) of the
antennas 18 of a polarization that is a limiting case of elliptical polavization - that
is = circularly polarized, or linearly polarized. Although some of these reduced
equations are well known, others are not. Since their derivation may not be obvious,
the development of the five equations is given in Appendix C,

n
2 The reader is invited to observe that most of the writers who give an equation

for power transfer between two antennas in free~space not only do not include

a factor to account for polarizatiorn mismatch loss but also do not warn the
reader that the equation is invalid for other than matched polarizations, Among
those writers who do include a factor for the polarization mismatch loss, very
few give an equation for calculating the value of the polarization mismatch loss
factor,

]
3¢ Because of the overwhelming importance of polarization in the transfer of power

between two antennas, a general discussion, "Polarization Probleins in Radio
and Radar" is given as the first appendix ~f this paper.

1




INTRODUCTION (Cont'd)

Appendix C also contains a proof of the highly significant fact that under far-
field or Fraunhofer Region conditions every receiving antenna is completely "blind" R
to some radio wave because the Polarization Mismatch Loss is infinitely large.

This proof is given to emphasize the importance of Polarization Diversity
Reception (PDR), wherein two orthogonally polarized receiving antennas each feed
one of two independent receivers whose outputs are combined (or utilized inde-
pendently) and of Polarization Alternation of Transmissions (PAT), wherein al-
ternate pulses (or pulse groups) have orthogonal polarizations.

The Power Transfer Equation given is for two antennae in free-space., For
antennas not in free-spzce, the equation can be used by including system losses and
gains not'already included (among these are those caused by multipath wave-
interference, normal refraction, anomalous propagation, absorption by the medium,
dispersion by the medium, scattering by objects, and diffraction over the horizon).
The Polarization Mismatch Loss equations can be used for antennas not in free-
space by taking into account any in-transit change of the wave polarization, such as
is caused by reflection and by ma, neto-ionic propagation,

It is the author's hope that this paper will help to bridge the hiatus that exists
today between theory and its application. Because of the critical importance of
the subject of this paper, the author requests immediate notification of any errors
that may be found herein.

Thic paper contains 125 symbols and terms, 17 of which have been coined
herezin, and all of which are defined in Appendix E, Of the 68 references listed in
the "References and Bibliography" section, 32 are cited herein,

Throughout this paper each personal name (and the name of each organization
issuing an anonymous publication) is indicated thusly: A.U. Teor
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1. THE POWER TRANSFER EQUATION:

A general equation for the power transfer between two widely separated )

antennas in free-space is given below in ready-reference form and is developed

and discussed in Appendix B,

P = P, + G + G + ZG
Riaww)  T(abw) Tiaon  Rabn (db’] ¥
:
| X(ab) * ZA(db)]
~ |20 logy oDy y+K+20 log;oF \so S)] (1)
Where: L
! |
! PR = Power available at output port of receiving antenna

(in + db with respect to reference power W, ordinarily one watt),

‘ PT = Power into input port of transmitting antenna
( in & db with respect to reference power W),

1 C'T = Transmitting antenna's power gain in direction of receiving antenna
( in £ db relative to isotropic antenna having no loss),
GR = Receiving antenna's power gain in direction of transmitting antenna

( in 4 db relative to isotropic antenna having no loss),
Z G = Sum of any additional power gains (in4 db),

X = Polarization mismatch loss (in+db)., (See equations on next page)

Z A = Sum of any additicnal power attenuarions (in+db),

D Distance between the two antennas ( in L units ).

K = Constant depending on L, the unit of length selected; where a (picus)
is a decimal point:

L K L K
Foot, International ,, =37,87 Kilometer , ... + 32,45
Yard, International ., -=28,33 Mile, Statute .. + 36458
Meter .. ..vv0vevs =27,55 Naut, Mi., Int,, + 37,82

F

Frequency, in Megacycles per Second, or in Mega Hertz (MHz).

QUALIFYING NOTES FOR THE POWER TRANSFER EQUATION:

a, In Equation 1, it is assumed that there is only one signal source and
no noise sources,

b, Equation ]l is valid only when each of the two antennas is in the far-field or
Fraunhofer Region of the other, here defined as beginning at a distance of
2d“/\ and extending infinitely, where d is the largest projected linear
dimension of the antenna aperture and where ) is the vavelength (refer-
ences 26, 56 and 64),

¢, For antennas in other than a non-bounded vacuum, Equation 1 would be
slightly in error in that the values given for K were calculated for the
vacuum velocity of propagation, V (reference 65). For most real cases,
this error is extremely small and can be ignored.

d. For antennas in other than a non-bounded vacuum, one must allow for the
effects of the medium and its boundaries, See Appendixes A through E,

e. For definitions of symbols and terms, see Appendix E, )




la, POLARIZATION MISMATCH LOSS (X).

Equations for calculating the Polarization Mismatch Loss between two widely

-~

(.« separated antennas in free-space are given below in ready-reference form and are

developed and discussed in Appendix C,

. Case:
(Polar-
izations)|| X = Polarization Mismatch Loss (intdb) =
5 A
Ellip,
4Tl + (1=13) (1=I3) (Cos 28)
+—> ~10log, o1 ¢+ % TR I R
10 (415 (141 ) (2)
Ellip. T R
o
t E%ip. r 2 )
(1=1.) {Cos 2 8)
{ vndl U NSS! 7
Lin, | (1+1g) (3)
i
o
P 21T
——> | -10log 13+4 | z .
Cire. (1+12) . (4)
O]
? —> | -1o10g, (4+14 (Cos 28) J
Lin, L ! (5)
7 )
N
Lin, l
—> —10log o1 =14 [%]l =+ 3 db
c&sc. (6)
Circ.
= l..-
> | -0t 1i+d iy I el Ocb When frg= fpg
Cire. =todb When [po == lpe (7)
©
]
Where 4: I = Ellipticity Ratio, the signed voltage ratio of the major axis of
the polarization ellipse to its minor axis, whers (12| [|<w),*5
f = Polarization Mismatch Angle, (0°< B = 90%.*5
T means Transmitting; R means Receiving,
E means Elliptically Polarized; C means Circularly Polarized.
*4: For definitions see Appendix E, Glossary of Symbols and Terms.
F3
. *5; See Appendixes A through E,
. C
z 5
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APPENDIX A

POLARIZATION PROBLEMS IN RADIO AND RADAR

Al, THEOREM: For every radio antenna that feeds a single receiver (for every
receiving antenna having a single ou‘put port), there can be incident upon the
antenna a ra.dio wave of a polarization orthogonal to that of the receiver's antenna
such that cre polarization mismatch loss is infinitely large, and the antenna there-
fore deliver:s tu the receiver nonc of the energy of the incident wave. On the other
hand, when the polarization match is optimum the polarization mismatch loss is

zero, This theorem is proved in Appendix C.

A2, RADIATION OF RADIO WAVES BY SPACE VEHICLES AND AIRBORNE
VEHICLES, In the general case, a radio wave radiated from a space vehicle or an

airborne vehicle is an cxtremely complicated wave whose intensity and polarization
vary greatly as a function of the direction from the vehicle, This is true both for a
radio wave scattered by a vehicle as an echoing radar target and for the wave

radiated by « fixed antenna on a vehicle,

a. In the general case, any object upon which a radio wave impinges
radiates (by scattering)a secondary radio wave whose intensity and polarization
both vary greatly as functions of the direction from the object. Any wave energy
scattered back to the antenna from which the incident wave came will (in the general
case) have a2 pe.arization such that a component of the wave is of a polarization
rrthogonal to that of the antenna that radiated the primary wave. In some instances,

this orthogonal component ig the only component present in the back-scattered wave,

b, A vehicle's radio transmitting antenna having a radiation field that is
fixed with respect to the vehicle radiates a wave whose intensity and polarization
both vury greatly as functions of the direction from the vehicle, In the general case,
wherever the vehicle's radio wave impinges upon any other antenna, the incident

wave has & polarization such that a component of the wave is of a polarization ortho-

gonal to the polarization of the antenna upon which the wave impinges,




A3, RECEPTION OF RADIO WAVES RADIATED FROM VEHICLES,

a, When the antenna upon which a radio wave impinges is intended for
extracting energy from the wave and delivering it to a radio receiver, any wave
component that is of the same polarization as the polarization of the ancenna is ¢
accepted, but any wave component that is of a polarization orthogonal to the polar-
ivation of the antenna is totally rejected, That is, the Polarization Mismatch Loss 5

is infinitely great.

b. In the general case, a radio wave coming from a vehicle to a receiving
antenna site can, at that site, be of any polarization whatever (and can vary in
polarization as the vehicle moves), The ONLY way to insure that none of the energy

that is available in the wave incident on the receiving aperture is rejected and lost,

through polarization mismatch, is to provide Polarization Diversity Reception (PDR).

PDR is accomplished by having two orthogonally polarized receiving antennas, each
feeding one of two separate receivers whose outputs are combined (or utilized
separately), Note that both of the two orthogonally polarized antennas can be served
by the same lens, horn, or parabolic reflector for increasing the power gain of the

antenna in one direction (at the expense of another),

A4, RECEPTION BY VEHICLES OF RADIO WAVES.,

The principle of reciprocity between antennas indicates that for a vehicle's receivi'.g
antenna having characteristics as described in paragraph A2b above, there can be,
for every direction from the vehicle, some incident radio wave whose polarization
is orthogonal to that of the vehicle's antenna in that direction such that the vehicle's

antenna delivers to its receiver none of the energy of the incident wave,

a, This vehicle antenna Polarization Mismatch Loss problem can, in
principle, be solved by applying PDR. However, it is very difficult to provide
two vehicle antennas having both a broad angular coverage and orthogonal polariza-
tions in every direction covered. In addition, there is tl.e problem of providing a

second receiver (and possibly an output combiner).

(1) For pulse systems only, an alternate method that is almost as good

as PDR is Polarization Alternation of Transmissions (PAT), wherein the trans-

mitting antenna radiates pulses (or pulse groups) that alternate between two orthogonal “)"




polarizations. Note that when PAT is used, the pulse repetition frequency should
be high enough to provide adequate system performance even under the condition
where one of the two wave-~polarizations happens to be exactly orthogonal to the

polarization of the receiving antenna,

(2) For continuous-wave systems, a similar thing can be done by having
two orthogonally polarized waves transmitted on slightly different frequencies and
by having two combined-output receivers fed from the same antenna, Here it is
important that the receiving antenna's characteristics be essentially the same, as
regards polarization, at both of the frequencies., This method can be called Polar-

ization Frequency Diversity (PFD).

A5, PULSE RADAR SYSTEMS FOR ECHO TRACKING OF VEHICLES,

a, With conventional echo tracking radars, much of the transmitted wave
energy that could be received as echo energy is not captured,

(1) An echoing target, in the general c>se, scatters back to the radar a
wave whose intensity ia a function of both the intensity and the polarization of the
wave incident upon the target. For an extreme example, a thin short-circuited
dipole paraliel to the electric field vector of a linearly polarized wave intercepts
and scatters much energy; the same dipole when perpendicular to the electric field
vector intercepts and scatters essentially no energy. The probability of such an
effect causing a long-duration null in the intensity of the wave scattered back from
a moving vehicle can be reduced by alternating the polarization of the radar's trans-
mitted pulses (or pulse-groups) between two orthogonal polarizations (say Linear-
Horizontal and Linear-"Vertical"), This method, called PAT, has another advantage
with racons (radar beacons), as is described below in paragraph A6,

(2) An echoing target, in the general case, not only scatters the incident
wave but also transforms the polarization of the wave such that some (or all) of the
energy in the return wave at a conventional radar's receiving antenna is of a polar-

ization orthogonal to the polarization of the radar's receiving antenna, 6, *7,%8 Tpe

FE W, Gewr, stal,_(Feference 19).
%7 G.E. Co. (reference 18).

*8 J.R. CoreLanp (reference 11),

—




orthogonal component is rejected by the radar's receiving antenna. This waste of
extremely expensive energy can be avoided by employing PDR as described in

paragraph A3b.

(3) A pulse method only slightly less effective than dual-receiver PDR
is to have a single receiver whose input is commutated between the outputs of the
two orthogonally polarized antennas on an alternating, time-sharing basis, This

method can be called Polarization Alternation Reception (PAR),

b, It should be noted that most of the pubiications that give an equation for
"Radar Range" do not take into account the loss caused by a mismatch between the
polarization of the receiving antenna and the polarization of the back-scattered wave
arriving at that antenna. Consider, for example, the calculation of the tracking
range of a single-sense (Left-Handed, or Right-l—lamded)’:=9 circularly polarized
radar on an echcing target that is an essentially perfect "polarization mirror"

(a large flat plate of metal, a large three-sided corner-reflector of metal or a large
metal sphere), In the limit, the wave reflected (scattered) back to the receiving
antenna is circularly polarized in the opposite sense so that the Polarization Mis-
match Loss is infinitely large and the tracking range is therefore zero., It should

be noted also that the "Scattering Cross Section" of an echoing target (necded in the
Radar Range Equation for determining the amount of energy scattered back toward
the radar's receiving antenna) is (except ir the case of a perfect homogeneous
sphere) a function of both the direction from the target to the radar and the polariza-
tion cf the wave incident upon the target, Therefore, wave polarization must be

taken into account not only at the receiving antenna, but also at the echoing target. *10

c. Although PAT and PDR (or PAR) in an echo-tracking pulse radar each
have some advantages, the simultaneous application of PAT with PDR provides the
best possible avoidance of polarization losses (and PAT with PAR is nearly as good).

A
? See, in Appendix E, Sense; of an electromagnetic wave (or an antenna),

#10

For an example of a Radar Range Equation that does include a polarization
factor, see DonaLp E. KErr (reference 33).

10
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A6, PULSE RADAR SYSTEMS FOR RACON (RADAR BEACON) TRACKING,

a. Unlike a wave scattered by an object in a radar beam, the intensity
and polarization of the wave transmitted bv a racon have essentially no correlation
to the intensity and polarization of the incident wave from the radar. For this
reason it is even more desirable to provide PDR (or PAR) in a racon-tracking radar

than it is in an echo~tracking rador,

b. Similarly, as discussed in paragraph A4, there is only an imperfect
correlation between the polarization of the incident wave from a radar and the
polarization of the racon's receiving antenna in the direction of the radar, The
resulting Polarization Mismatch Loss can be reduced by applying PDR (or PAR)
at the racon, However, the diificulty of doing this with a vehicle racon is such that

it will be preferable in most cases to apply PAT (which is nearly as good for this

purpose),

¢, With a pulse radar/racon system there is another method of solving the
racon antenna problem, In this method the space vehicle or airborne vehicle carry-
ing the racon is equipped with a multiplicity of racon antennas having complementary
radiation patterns (complementary as to the directions of their intensity nulls and
orthogonal as to their polarizations in each direction), each feeding a separate
receiver, The outputs of the receivers are used to trigger the racon's reply and,
during the delay before the response, to switch the racon's transmitter to the antenna
that had delivered the most energy to a receiver, By the principle of reciprocity
between receiving and transmitting antennas, that antenna is the most favorable one
for transmicting the racon's reply to the interrogating radar., This method can be
called Reply Antenna Selecticn (RAS), For other racon diversity methods, see

Paragraph C-2 of reference 30,

d. It should be noted that most of the publications that give "Raccn (Beacon)
Range" equations do not take into account the loss caused by a mismatch between the
pola..zation of the receiving antenna and the polarization of the wave incident or

that antenna,

11




A7, For general information about racons (radar beacons), see A. Roserrs,
Radar Beacons (reference 50) and IRIG System Standards for C-Band (5 cm)

Instrumentation Radars and Beacons (reference 30), For recent bocks on the

. % e -
analysis of radar and racon systems, see BarToON 11 and skowmk 12, For recent

%14

e

A

Ed
books regarding antenna considerations, see  SPANGENBERG 13 and  HANSEN

A8, For tracking instrumentation radars with PAT and PDR features (for which
radars this author wrote the performance specifications), see Bureau of Naval
Weapons contract NOw 64-0620, with Sperry Gyroscope Co., Great Neck, N, Y,,

for four AN/ FFQ-10-(XN-1) radars, to be installed at Pacific Missile Range, The
most modern previous range instrumentation radar, the AN/ FPQ-6 (and its trans-
portable version AN/ TPQ-18) does not incorporate FAT and PDR (or PAR)., How-
ever, the operator can select either (I), a linear "vertical" polarization mode, or
(II), a circular polsrization mode in which the radar transmits left-handed circularly
polarized (LHCP) waves but receives right-handed circularly polarized (RHCP)

n .
waves 15. Mode (II) provides an improvement in echo tracking of some targets,

For racon tracking, the mode option enables the radar operator to switch the polar-

DavioK. Baston (reference 4), NOTE: After hig book was already in galley-
proof form, Barton added (on Page 132) a brief veference to this paper, as it
was then planned to be published by Pacific Missile Range,

*12 MeRRriLL I. SkoLMix {reference 58), 3See particularly Chapter 7, "Antennas”,
‘13 Kini. R. SPanGENBERG, Editor (reference 59). On page 37, T.MH. Lee points

out that polarization loss is not included in (he radar range eauation derived,
On pages 65-67, JL.Bewamy discusses polarization mismatch losses in the
racon range equation given, but does not give an equation for calculating those
losses. Note, on page 21, that the definition of "sense" given by A.S. Dunsar

is the definition used by most physicists and is opposite to that given by IRE
(nxv IEEE), See "Sense" in Appendix E hereto.

*14 p.c Hansen (reference 20). Volume [ of II was sighted but Volume II
was not available,
15 e AN/FPQ-6 (AN/ TP{-18) instruction manual does not make clear which

definition of "sense" is intended., M.R. Pactee, of the Radio Corporation of
America, advised the author that the one used in the IRE {IEEE) definition, 4




P
K .

ization so as to avoid the infinite polarization mismatch loss that occurs when the

beacon's antenna (wave) polarization becomes either (A), for Mode (I), linear-
horizontal, or (B), for Mode (I!), circular (either LHCP or RHCP). Although this
polarization flexibility is very useful to a highly skilled operator, the combination
of PAT with PDR (or PAR) is much n:ore effective because it is completely auto-

matic and, in some instances, can produce smaller polarization mismatch losses,

A9, WARNING: Sometimes a tracking radar not having PDR (or PAR) will track
vrith a side lobe of the antenna and refuse to track with the main lobe, thereby

introducing a large (and usually unsuspected) angle error, Such a condition can

occur when the polarization of the return wave becomes exactly orthogonal to that
of the main lobe, but the polarization of a side lobe is at least slightly different
from that of the main lobe (which is almost always the cas¢), See SamueL SiLVEr
{reference 56), page 423, regarding cross-polarization i side lobes; see

R.C. Hansen, (reference 20), pages 144 and 152, and A. Roserts (reference 50),
page 57.

Al0, CAUTION: Ordinarily, the angle measuring accuracy of a high-accuracy

tracking radar such as the AN/FPQ-6 (AN/ TPQ-18) is a function of the polarization
of the wave being received such that polarizitions other than optimum (usual in

racon tracking) can produce angle errors that are many times the rated inaccuracy
of the radar, This problem can be solved by incorporating PDR in the radar, The
radar then receives predominately the polarizaticn giving the better signal-tu-noise
ratio and therefore automatically discriminates against the cross-polarized compo-

nent that causes the gross angle errors,

13
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APPENDIX B

DEVELOPMENT OF POWER TRANSFER EQUATION

In a nonbounded vacuum, the fraction of the radio frequency power fed into
the input port of a transmitting antenna that is available from the output port of a

receiving antenna having its polarization matched to that of the radio wave (and

located at a distance sufficiently great that each antenna is within the far-field or

Fraunhofer Region of the other) can be determined from the beacon (racon) equation

derived by H.H.Barey in Radar Beacons (reference 50)*16. This equation, with

the ratio of velocity to frequency (V/{) substituted for wavelength (\), is

1

Y2* Y (B1)
where*17
442 = Power available from receiving antenna's output port:*18
411 = Power fed into transmitting antenna's input port:*18
V = Velocity of the radio wave (of light) in a nonbounded vacuum. The

Union Radioscientifique Internationale (URSI) value is: 299,792‘5'_1-_0 ‘4'
km/sec. (reference 65)

m o= 3,14159 ° * *

%
Y, = Power gain factor 18 of transmitting antenna in direction of receiving

antenna, with respect to that of an isotropic radiator with no loss

*15° For a fundamental derivation of this equation, see also BERNARD M. OLIVER
(reference 44), (NOTE: Neither Dr, Bailey nor Dr., Oliver give an equation
for calculating the power transfer for cases in which the polarizations are not
matched. )

*11 See Appendix E for definitions of the symbols and terms used in this paper,

+18

Note: The port at which the power gain is measured must be defined and
only that port must be referred t~ in subsequent calculations,
Note that the power gain factor is not expressed in decibels,

15
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= Power gain factor 18 of receiving antenna in direction of trans-

Y
2 mitting antenna, with respect to that of an isotropic radiator with
no loss
£ = Frequency of wave in cycles per unit time (t)
D = Distance between the two antennas (reference 42)

This equation car be reduced to equation 1 by expressing it first in log foim
(all logarithms in " _ie ) per are to the base 10):

10 log 4, = 10 log ¥, + [zo log (V/4r) + 10log Y, + 101log¥,

~20 log £- 20 log D] (B2)

Then by expressing it in the nomenclature of this pa.per*17 and in decibel form,
with the reference power (ordinarily 1 watt) indicated by the subscript W, and
with the reference for antenna power gain (power gain of an isotropic radiator with
no loss) indicated by the subscript I, one obtaina:

. v
Friavw) = r(avwy? ["0 1°g(‘27r) + Grapnyt Or(abn) —20 198 feycles/t)

-20log D ] (B3)
If frequency is exprecsed in megacycles per second (F):

- V 6
Pp = Fr ¢ Gp + Gp + 20 log <T"—l —20 log F(Mc/S)-ZO log 107=20 log D

] v
Pg = Pp +Gr+Gp+20 log (T:?’) - [zo log Fps. syt 120+20 log D] (B4)

Therefore, where the constant K = 120—-20 log (V/4r):

Frabw) = PT(de)+[GT(de)+GR(de)|" [20 log D+K+20 log F (Mc/S)] (B5)

16

U |




Inserting terms for the polarization mismatch loss (X), additional power

attenuations (A), and any additioral power gains (G) into equation B5 gives:

Pp(abw) = Friaww) * |St(an ¥ Crapny ¥ Z©

[
- X (ab)

(b))

+ EA(db)

- 120 log10 D+K+20 1og10 F(Mc/S) (B6)
X

Which is equation 1, the power transfer equation for two antennas each in the

far-field (Fraunhofer Region .?) of the other.

%20, %21, %22, %23

%19

*20

For a discussion of field regions, see SamueL SiLver (reference 56) and

U.S. Air Force, Handbook of Radio Frequency Radiation Hazards (reference

64). The U.S. Navy, Bureau of NavaL Weapons, has a similar (but confidential) radio
frequency hazards manual. Also see the fcrthcoming revised version of
reference 26.

Many authors do not mention Polarization Mismatch Loss (X). The writer
suspects that one of the assumptions stated by SamuetL SiLver on page 3

of Reference (56) has been forgotten--Dr, Silver said, regarding the antenna
as a receiving device: "In specifying the performance of an antenna, we
shall suppos. that the polarization of the wave and the impedance character-
istics of thc detectnr are such that maximum power is absorbed”,

See page 3 of L.THoure. (reference 62),
See pages 436 and 438 of F.E. TerMaN ond J.M. PETTiT (reference 61),

A convenient relation pointed out on page 33-3 of reference 32 is that the
power attenuation between two lossless isotropic antennas of matched polar-
izations, one wavelength apart in free-space, would be 22 db (and that for
every doubling of the separation, the attenuation is increased by 6 db).
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APPENDIX C

DEVELOPMENT OF POLARIZATION MISMATCH LOSS EQUATIONS

_S__i_gnificance of Polarization Mismatch

The polarization of an antenna in a given direction from the antenna is
defined as the polarization of the far-field (Fraunhofer Region) wave that would be
radiated in that direction by the antenna in free-space, The importance of matching
the polarization of a receiving antenna to the polarization of the radio wave to be

received is shown by the following theorem (which is proved in this appendix).

THEOREM: For every radio antenna that feeds a single receiver (for every
receiving antenna that has a single output port), there can be incident upon the
antenna a radio wave of a polarization orthogonal* 24 to that of the receiver's
antenna such that the polarization mismatch loss is infinitely large, and the antenna
therefore delivers to the receiver none of the energy of the incident wave, On the
other hand, when the polarization match is optimum, the polarization mismatch

loss is zero,

Calculation of Polarization Mismatch Loss (PML)

The polarization mismatch loss can be calculated from one of equations 2
through 7. For the general case, as expressed by equation 2, the following values

are needed:

%
1, Ellipticity ratio 25 (which includes the sense) of the wave radiated by
the transmitting antenna, here called fT, where i(l < l'Tl < o) ]

B3
wed In this paper, "orthogonal" means nc! only "at 90°" but also means, for

elliptical polarizations and for circular polarizations, "of opposite senses
and of thg same degree of ellipticity" (i.e. fR = - I'T and, if determinate,
B = 90%).

25

See Appendix D for methods of determining, and Appendix E for definitions
of the symbols and terms used in this paper.




2, Ellipticity ratio* 25 (which includes the sense) of the wave that would be

radiated by the receiving antenna if it were used for transmitting, here called TR,
ny,
where l(ls ||'R|_<_w)] . j

3. Polarization mismatch angle* 25 between the major axes of the polar-
ization ellipses of the two-waves, here called f, (005 B = 90°).

Less data are needed for special cases, where either (or both) of the antennas
is linsarly polarized or circularly polarized (limiting cases of elliptical polarization),

as indicated by equations 3 through 7,

Development of Polarization Mismatch Loss Equation 2

The subject of the reception of elliptically polarized waves with elliptically
polarized antennas has been treated by several writers. See W, SicHAK AND S. MiLAZZO
(reference 55), LeoNaro Harkin (reference 22), and V. H. Rumsey et al (reference 51).
Dr, Hatkin has presented the following equation (in which "{" has been sub-
stituted for Hatkin's "P"):

(1 = rlz) (1 — rzz) cos 2 a

\PRec. - 1 " Zrer + ;
Vopt. Z (1+r12) (1+r22) 2(1+r12) (1+r22) (c1) -

Where q’Rec. is the power available from a lossless receiving antenna of
arbitrary power gain and polarization, where \pOpt. is the power available from
a lossless receiving antenna of the same power gain but whose polarization is
matched to the polarization of the incident radio wave, where r is the absolute
value of the "axial ratio", and where the minus sign is used when the "senses"

are opposite.

Replacing r, and r, with fT and fR (where [(1 S| r |5w)l such that
the "gense" of the wave is indicated by the sign of [), substituting f for Hatkin's
a (in order to agree with reference 29) and rearranging gives:

Yhee, |,,. |4 le + =12 (1-12) (Cos 2 p)
Yopt. |°7° (Lafg) (L4 rp) (C2)

20
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Expressing equation C2 in decibel form, where X = ~10 log1 o(l.]JRec /L]Jopt ), gives:
. ofy .

2 2
4|’TIR+(1-— I'T) (1— I'R) Cos 2 B
2y
(1412 (1+r§)

X(db) = ~10 log,, 1+4

Which is equation 2.*26

Reduction of Folarization Mismatch Loss Equation 2 for Special Cases

(NOTE: Case numbers correspond to equation numbers 3 through 7, and are not

in numerical sequence)

Case No, 4

When one antenna is elliptically polarized (I = [ E) and the other is
circularly polarized ( = fC = £ 1, depending on the sense), equation 2 becomes:

4rCrE+(1-ré) (1...r£:) (Cos 2 B)

X, oy = =10log . {1+3
(db) 10} & " @ 2 2
(1+Fs) (1+1g)
(1—-12)
Since — <1, and (Cos 2) s1;
1+Tg)

(C3)

Which is equation 4,

Case No, 3

When one antenna is elliptically polarized ([-= fE) and the other is linearly
polarized (I — =), equation 2 can be reduced by dividing both the numerator and
the denominator of the term within bracke.s by [ .% or [ %, depending on which

R See LEONARD Hatkin  in "Erratum for References" (Page 58).
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antenna is linearly polarized, and then by taking the limit of X as [ of the linearly
polarized antenna ([ ) becomes infinite. Assuming that T g = g and dividing by

2 .
I'T gives:

!
i
]
o
poat
O
o
—
o
(O
+
M1

lim X = —10log;4{ 3+ 3%

[o +(0=1) (1=T2) (Cos 2)]
e

(0+1) (1+rf{) )

L1
2 2

x(db) = =10 loglo

[ (1—~T2) (Cos 2p)
(1+r]2&) J (C4)

Substituting I'E for l'R gives:

[ ST

1.
2

(1~ fé) (Cos 2 B)
X(db) = =10 loglo [

(1+I’é)

Which is equation 3,

Case No, 5

When both antennas are linearly polarized, dividing the numerator and
denominator of the term within brackets in equation C4 by f; and then taking the

limit of X as [, becomes infinite gives:

) ) )
)

)

= - 11
X(db) = —10log,ny 2 — 3

im X = =10 loglo{%_% [ (0—=1) (Cos 2pB) }
Re (0+1)

X(ap) = -101og10=§+§ [ Cos 2P ]}

1 (C5)

22




Which is equation 5. Since (3 + 3 Cos 2f) = Coe® B, it can be written as:

_ 2 5
x(db) = =~10 logm Cos™ B (C5A)
or as:
x(db) = =20 log10 Cos 8 (C5B)

Case No. 6

When one of the two antennas is linearly polarized and the other is circularly
polarized ([l = 11), replacing IE by =1 or 41 in equation 3, which is

(1-r§) (Cos 2B)
(141 2)

[ B
|
[

X(db) = =10 1og10

Gives

= it .
Xgpy = =10 logyg {a} - +3db (C6)
Which is equation 6,

Case No. 7
When both antennas are circularly polarized (TT =lpc =11, and
IR = rRC =41) equation 2 becomes:
A0 fo~d (1=T2) (1=T2.) (Cos 2B)
TC'RC TC RC
2 l
(1+ITC) (14 rRC)

[ ‘”TC'RCJ’O ”
4

o

- 1
X(gpy = =10 1log o { 3+

(M

= - 1
X(db) = =10 log10 {z +

TR 1.1

vl
(r———
-y
-
O
ang
el
L‘
N—

Which is equation 7,
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When ’TC = ’RC it reduces to:

X db) = —1010g10{%+% [1]} = 0db (c7A) _}

When rTC = - rRC it reduces to:

X(qp) = —10 1og10{ 14l [—1]} = odb (CTB)

Proof of Optimum Polarization Match Theorem

When the two antennas have equal ellipticity ratios (T T = i R) and the
polarization mismatch angle (8) is Oo, equation 2, which is:

)
ar To+ (1-12) (1-r§) (Cos 28 )

X = =10 log 3+ 3
(db) 10 ) 272 (1+E§) (1+r§)
reduces to
2 2 4
47+ (1=21"+ I'7) (1)

X = =10 log 144 }
° - 1 -
X gy = =10 log) g {2+ L [1]} = 0db

Which is the value of the polarization mismatch loss when the two po’arizations arz
perfectly matched. This is true also for the special case of iwo antennas circularly
polarized (P is indeterminate). For proof of this special case, see the development
of equation C7A, where both antennas are circularly polarized, and are of the same
sense, Note that it is only in special cases that identical polarizations are matched
polarizations.

Proof of Infinite Polarization Mismatch Loss Theorem

When the two antennas have ellipticity ratios () that are equal in magnitude

but opposite in sign (of opposite sense) and the polarization mismatch angle (B) is 900,
equation 2, which is:

24




rR+(1-r§,) (1_r§) (Cos zﬁ)]l

J

ar,
X = ~10log ¢ 1 +1 [ =
() 1°{‘°‘ i (1 +12) 1 +12)

reduces to

(M
+
[

[..4r2+ (1-13) (1= 1) (-1 ] }

X = =10 log.,
(db) gl"{ (1+r2) (1+r7)

Simplifying gives:

roj

[1]} = -1010310{0}

= - i

.§3x(db)= ~(=0)= + @ (db)

Note that this is true also for the special case of two antennas circularly
polarized (P is indeterminate), For proof of this special case, see the development
of equation C73, where both antennas are circularly polarized, and are of opposite

sense,

Therefore, for any receiving antenna having a single output port, there can be

incident upon that antenna a radio wave (and therefore there can be a tranemitting

antenna) of a polarization such that the receiver's antenna cannot dsliver to the

receiver any of the energy that is in the wave incident upon the receiver's antsnna.

In the general case (wherein the radio wave may have any polarization what-~
ever), unless two orthogonally polarized receiving antenna elements are in the
receiving aperture with each element feeding a separate receiver, some (or all) of
the power that is available in the wave incident upon the receiving aperture will not
be captured., It is possible for the captured power to be infinitely smaller than the
available power that is lcst through the "leakage" that results from a polarization ~

mismatch,

25
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APPENDIX D

ANTENNA PATTERNS AND THEIR USE IN DETERMINING VALUES
T NEEDED TO SOLVE THE POWER TRANSFER EQUATION

Antenna Radiation Pattern Coordinate Systems

The complete description of a Fraunhofer Region (far-field) radiation field
of an antenna in free-space requires the use of a multidimensional coordinate
8- stem, first, to describe the power gain of the antenna in each direction, and
second, to describe the polarization of the wave radiated in each direction,

IRE Coordinate System

THE INsTITUTE oF RaDIO ENGINEgRsS (IRE) (now THE InsTiture oF ELECTRICAL AND ELECTRONICS
EnciNeenrs (IEEE) established a spherical coordinate system for defining directions
from an antenna (refevence 26). This spherical coordinate system defines an
azimuthal angle @ (0° to 360° "eastwari") and a polar angle 6 (0° at the "north"
pole)., This coordinate system is illustrated by Fig. 34-14, on page 34-13, of
Antenna Engineering Handbook by HENR’Y:‘ él_?snx(reference 32) and on page 444 of
Antennas by Joun D Kraus (reference 38) ©', Fixed antennas on the surface of
the earth usually have 0 = 0° at the zenith and & = 0° at true north.

IRIG Coordinate System

For moving antennas, IRIG (INTER-RANGE INSTRUMENTATION GROUP) *28 2.dopted the IRE
coordinate system, with 0 extended to 180° ("north" to "south"), and established
an arbitrary relationship between the spherical coordinate system and body coord-

inates of a vehicle carrying the antenna (reference 29). The body coordinate system

2z See Joun D Kraus in Erratum for References (in the References and
Bibliography section),

%
28 For information about IRIG, see Beunring W. PiIke (reference 45), and/or write

to Secretariat, Range Commanders Council, White Sands Missile Range,
New Mexico,
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adopted is the one used by most aerodynamicists. It consists of three orthogonal

axes (roll, pitch and yaw) in a right-handed system. The antenna coordinate system

and the body coordinate system are related so that the polar axis coincides with the }
roll axis, with the positive half of the roll axis at 0 = OO, so that the positive half

of the pitch axis coincides with 6 = 90° and 2 = 90°, and so that the positive half '
of the yaw axis coincides with 8 = 90° and @ =180° This IRIG system can be

deduced from figure D1, The nomenclature of this paper agrees generally with that

of the IRIG standard (reference 29), However, complete agreement was impossible

because of the much larger number of symbols required by this paper.

Representation of Measured Data in IRIG Coordinates

Measurements of power gain and polarization of an antenna on a vehicle can
be made at a constant distance from the antenna (but in varying directions from the
antenna) and plotted on the surface of a sphere (with the antenna-carrying vehicle
represented as being at the center of the sphere). For convenience, the spherical
surface can be represented on a flat rectangular surface by making a map projection
of the spherical surface. The IRIG Standard (reference 29) specifies two projection
schemes: an "equal-angle cylindrical projection" and an "equal-area cylindrical
projection." Each projection is upon a cylinder with its axis coinciding with the roll
axis (the polar axis), Both projection schemes provide a constant value of & for
a unit of length, on the cylindrical surface, in the @ direction, The equal-angle
scheme provides the same constant value for 6; but the equal-area scheme provides
a 0 scale such that equal areas anywhere on the sphere are projected as equal
areas on the rectangular surface., The equal-angle method is the most commonly
used method. The equal-area method has a few special uses, but it is not well
suited to matrix charts (described later),

The measured variables can be represented on the rectangular surface by

printing a matrix of two-digit whole numbers thereon (reference 10) or by drawing

contour lines thereon, The contour type of chart is illustrated by the IRIG Standard

28




*
(reference 29) 29. Figure D2 illustrates the contour method in the left-hand half

of the rectangular surface; the other half illustrates two forms of the matrix

%
method 30.

A convenient method is to measure the following three variables as functions
of the angles © and ®, and plot them on three line-contour charts (or matrix
charts) according to the IRIG Standard (reference 29) method:

1. Right-handed circularly polarized partial power gain ( QR’_?I)*31

i
2. Left-handed circularly polarized partial power gain ( { fﬁ)’ 31

3. Tilt angle (T) of the polarization ellipse.*32

This method, herein called "ELERT" (for the twirlors eITH and 9@1 and
for the Tilt Angle T) is convenient because in the common case where one antenna
of a lirk is a circularly polarized tracking antenna, only a single partial power
gain chart for the other antenna is needed (a tilt angle chart is unnecessary), This

ey This IRIG Standard was based almost entirely on the pioneering work of the
Atlantic Missile Range (now Air Force Eastern Test Range), Patrick Air
Force Base, rlorida.
*30 The form used for this antenna radiation pattern chart is the author's suggestion
for improvements in the presently used National Range Documentation (NRD) form
(AFWTR form 104, Sep 64), The principal improvements are the provisions for
expanded- scale charts and for plotting either biased matrix charts or biased
contour charts, Another major improvement is the elimination of grid lines
(which, on the presently used form, often cbscure important numbers or signs),
In connection with the need for expanded scale charts, many of the presently
used antenna charts become unreadable when reproduced because the necessary
fine detail is lost in the reproduction process.

*31 According to the IRE (JEEE) (and the IRIG) definition of "gense", For this
definition see Appendix E and footnote (*38). ‘

*32 According to the IRIG Standard (reference 29), the tilt angle ( v ) is between a
tangent line in the @ direction and the major axis of the polarization ellipse.
The angle T is measured counter-clockwise when observing the antenna from
outside the sphere, and 005 7 <180° See 7 on Figure DI and in Appendix E,
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method is desirable in other cases because the direct measurement of the tilt
angle is, in most instances, easier than the direct measurement of the otherwise

’ ) ‘
required Relative Phase Angle ( 6 ) between the two orthogonal circularly polarized A

*33
components of the wave.

Antenna Radiation Pattern Model

Because of the great complexity of vehicle antenna radiation patterns and of
the geometry involved in calculating predictions of the strength of a radio signal,
a three-c.mensional model illustrating the IRIG coordinate system and the electrical
vectors and twirlors involved is an essential aid to understanding. For this reason,
the author designed and made a prototype model. The model incorporates a trans-
parent sphere (about 4 inches in diameter) containing a model vehicle (aircraft)
surrounded by a transparent cylinder carrying the projected spherical surface and
contour chart lines (and matrix chart numerals), Associated with this model are
eleven smaller models for illustrating types of antennas, the electric vectors of
their radiated fields, and the various cases of polarization mismatch. To see the
model prototype (or "Stereo-Realist" type color-slide pictures thereof) direct an

inquiry to the attention cf the author,

Application of Antenna Radiation Pattern Data

The power transfer equation (equation 1) demands knowledge of the power gain
and the Polarization of an antenna in the direction of the other antenna of a radio
link, Since direct measurement of the power gair would require the measuring
antenna to be of a polarization exactly matched to the polarization of the wave
radiated by the antenna being measured, it is more convenient to observe two ortho-
gonal components of the wave, The measured values of the two orthogonal gain
compenents ( J) cen be used to calculate the power gain (G). By measuring also
the phase relationship of the two orthogonal components of the wave, they can be used
in calculating the polarization mismatch loss (X) demanded by equation 1,

%33 . . o, ¢/ o]
The Relative Phase Angle ( 6’) is the angle (0 < & < 360") between the two

counter-rotating field voltage components bef\{ and @Ry of the field voltage
¢ at the instant €77) is in the direction T = 0° (the © direction), & is
measured in the s&ge direction as v, therefore 6 =271, See Tt in Figure DI
Note that ef:;; and eRfI?{ are "Twirlors" (defined in Appendix E and illustrated

in Figure Dl
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The two orthogonal components can be either circularly polarized components

(of opposite "sense") or linearly polarized components, one in the 6 direction and
one in the @ direction, The phase relationship between the two linearly polarized
orthogonal components can be determined by measuring the electrical phase difference
between the components, where the sign of the phase difference indicates the "sense"
of the wave.*34 The phase relationship between two orthogonal components can be
determined also by observing both the "sense" of the wave and the tilt angle (7) of
the polarization ellipse of the wave. This is the method used in this paper, In some
cases, it is feasible, and easier, to obtain T indirectly, by measuring, in addition

to gf‘?{ and 91@1, a linearly polarized partial power gain component in the 6
direction ( ge) and a linearly polarized partial power gain component in the direction
r = 45° ( 0450). From these measurements, T can be computed. However, to
provide redundant data for increasing the accuracy, {4, and{ 135° can be measured
also, For detailed information on this method, see L. CLayyon anp J. S. HoLLis

(reference 10)*35. The forthcoming revised edition of the IRIG Standard (reference

29) will include full information on this method.

%34 . . i
3 There are in common use two opposite definitions of "sense", See "Sense"

and " [ " in the Glossary of Symbols and Terms, Appendix E,

%35 Dr, Clayton kindly supplied the writer with an advance copy of reference (10),

in which CLavton anp Hoiuis give, as equation (10), an equation that, when ex-
pressed in the nomenclature of this paper, is:

2 2
(8gz0 — €750

2T = Arc tan
2 2
(65 — e%)

They also give a table for determining the quadrant of 2 T according to the
signs of the numerator and the deneminalor of the Tangent of 2 7 ,

CLavTon ond HoLLis point out, on page 22, that:
(e"-o+ ¢2..0) = (e2+ ez)— eFy + e
45 135°) = \&y e/ = \*LR RH N

Therefore, one can derive:
2
e

2T = Arc tan

2,
RH
IZ@I + QZ) (continued)
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From two sets of ELERT charts, data can be obtained for calculating the
antenna power gain and polarization values needed in equation 1 to calculate the
power transfer between two antennas in free-space. In the general case, not only E‘
are complete power gain and polarization data needed on each of the two antennas,
but also complete data on the relative motions, linear and angular, of the two
antennas, With complete antenna radiation pattern data and data on the roll, pitch,
yaw, and translation of each antenna (as functions of time) the distance (D) and the
polarization mismatch angle (B) can be calculated, When the antenna pattern data
are in the IRIG form, the aspect angles (6 and &) for each of the two antennas can
be calculated from the motion data as functions of time., With two sets of 8 and &

Footnote *35 (continued)

The quadrant ambiguity is resolved by the following data from Table I, on
page 8, of  CrLavron anp HoLLis (reference 10):

Note: If one wishes to determine T only, the squared @'s can be relative
powers; therefore they can be with respect to any common power reference.
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Sign of the Numerator 5
Bign of the Denominator
_1_ 0° < 27<90°
% 90° < 27<180° !
= 180° < 27 < 270°
- 270° < 27 < 360°
—2— 2t =0°
-'8. 21 =90°
-?_— 21 =180°
T 2t =2170°
0 s .
v T is indeterminate
(circularly polarized wave)
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data, the required antenna radiation data can be read from the two sets of antenna

charts, A convenient way to do this, for each of the two antennas, is to draw on a
'@{ transparent overlay sheet, as functions of time, the 6 and ® values that define the
line of sight between the two antennas. ‘The 8 and ® values can be plotted as time-
labeled points, or as time-labeled uncertainty boxes, The advantage of the overlay ;

sheet method is a single overlay sheet can be used for reading all three charts of

2y
G

- a single antenna set, and when a single vehicle antenna is to couple with many other

antennas, a single set of vehicle anterma charts can be used with any number of 1

different trajectory aspect overlay charts, Note that a single trajectory aspect

[

overlay chart can be used with antenna charts for all antennas on the same vehicle,
The Figure D2 chart has a trajectory aspect line to simulate such a line drawn on a

transparent overlay sheet,

The Figure D2 equal-angle chart is one-half contour type and the other half
consists of two kinds of the matrix type. For simplicity, this chart has coarser
than normal intervals, For charts of the matrix type, alternate (odd) values can
be omitted, as shown, thereby displaying (at least roughly) the corresponding
contour lines (reference 10), The Figure D2 chart illustrates the use of biased
values to eliminate polafity signs from the partial power gain contour labels (or

( rmatrix chavt values), To obtain the true value, subtract the indicated bias from

! ' . %36
2 contour or matrix value,

For overlay-reading, the rectangular area of every chart, including the
trajectory aspect overlay chart, must be of the same dimensions to within close
tolerances (the Figure D2 chart is not necessarily of the dimensions and the tolerances

1 indicated thereon), When a standard chart is too small to provide the fine detail

1 I
"3 WARNING: Some matrix charts have an inverted db scale (and may or may not

use a db scale that is also biased. To providc the Figure D2 matrix chart Tilt

C Angle /T) range, in "bigrees™ (2 degree units), of 00° thru 89B requires a
printer having 45 keys to provide 90 two-digit characters. The needed 90
characters could be provided with a 44 key machine by deleting 00 and represent-
ing it by: a) typing 11 on top of 01 to give @1, and b) deleting 89 and representing
it by 11 on iop of 10 to give 10, The term "bigree" has been coined from "bi",
meaning two, and "gree", from Middle English (from Middle French "gre"),
meaning step or degree. For a mnemonic, think of "Big Degree".
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reguired, several expanded-scale standard charts (rather than a larger chart) should ‘
be used, Each expanded scale chart should cover either two side-by-side octants ‘
of the sphere, or the upper, or lower, half of one octant of the sphere. In these }

cases the angle scales should have the expanded values.

Note that the coordinate system poles, 6 = 0° and 0 = 1800, are useless (except
for circularly polarized components) because direction is ambiguous. Therefore,
except for circularly polarized components, contour charts, matrix charts and
digital tapes cannot correctly include data for 8 values of exactly 0° and 180°, One
may make measurements at 8 values as close to 0° and 180° as desired; ordinarily
the closest measurements would be one angle increment (usually 20, or lB) away,

and the 8 values 0° and 180° would be left blank.

Tilt angle charts have the following noteworthy characteristics:

ﬂ 1. The wave radiated by a theoretical dipole that is in the p lar axis (roll
axis) is everywhere of zerc degrees tilt angle, and the tilt-angle (T) contour chart

is therefore blank,

2. The tilt angle is indeterminate off each end of any dipole (where no energy

! is radiated).

3. The tilt angle is indeterminate at the poles /8 = 0° and © = 1800) for any
antenna, If there is a need to resolve this ambiguity, it should be done by measuring
the tilt angle (0°= T < 180°) from the pitch plane containing ¢ = 0° (and the roll

axis),

4. The tilt angle becomes indeterminate when the wave becomes circularly
polarized. If the a matrix value or tilt angle contour to represent this condition is <4
desired, it should be labeled CP (or left blank in the case of a matrix value) to

indicate the angle is not determinate.
Because of the vast amount of data required to fully describe a complex

radiation field, it is desirable to use automatic means for measuring and plotting

antenna patterns. At least two makers of antenna measuring equipment offer instru-

) |




e die

ments for automatic plotting of contour and/or matrix charts having formats similar |
to the format of the IRIG Standard (reference 29) - '.

.

Similarly, the magnitude of the calculations involved in solving the power

. transfer equation (equation 1), particularly when many ground antennas link with a
single vehicle antenna, makes it highly desirable to use a high speed electronic 4
digital computer, For this, data must be stored (preferably on magnetic tape) on i
the ground antenna's location, on the trajectory of the vehicle, and on the radiation
patterns of each antenna. Matrix data is well suited to digital tape recording. The 1
Electronic Trajectory Measurements Working Group (ETMWG) of IRIG is developing ‘
standard tape formats for such antenna radiation pattern data, These formats will

be included in a forthcoming revised edition of reference 29.

The Air Force Eastern Test Range, Patrick Air Force Base, Florida, has
developed an IBM 7094 computer program to calculate the vehicle orientation angles,
the antenna aspect angles (8 and @), and the distance (D), for up to 40 ground-station

antennas,

An IBM 7094 computer program to read antenna pattern data and trajectory
( data (complete vehicle motion data) and then solve the power transfer equation, is

being developed at The Air Force Eastern Test Range.

° Several of the antenna radiation pattern techniques and standards described
herein are directly applicable to the description of other complex multidimensional
coherent or quasi-coherent radiation fields (such as the energy scattered by a complex
object in a radar or laser beam) and to the description of multidimensional thermal
sources of radio frequency noise (such as rocket flames), Similarly, the techniques
are useful in describing multidimensional sources of distortion and/or attenuation

of radio waves (such as the ion sheath surrounding a space vehicle entering the

earth's atmosphere),

*37 Exercise extreme caution in interpreting antenna radiation pattern charts
because there are many different charting methods in use, and some charts

are ambiguous.,

£
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Calculations From Antenna Radiation Patterns

For the aqeral case, an antenna radiation field description, according to
the IRIG Sta..iard method {reference 29), requires at least three charts, Two are e
required for orthogonal partial components of power gain, and at least one is
required to complete a description of the polarization of the wave that would be
radiated by the antenna in free-space. Values read from these charts cannot (ex.cept
in special cases) be used directly in the power transfer equation (equation 1) but

can be used to calculate the needed values, as follows.,

Power Gain (G)

With the three charts providing { ﬁ-I' 9181’ and T , the needed power

gain (G) can be calculated from:
Gy = 101og), [aloglo( ngI\{/ 10) + alog, g ﬁ{/ 10)] (D1)

Where the power gain is with respect to an isotropic antenna with no loss and "alog"

stands for antilogarithm,

The above equation derives from the fact that the power gain factor (y) equals
the sum of the two orthogonal partial power gain factors (YR’I\_I and YI_,.-I\-I)' Note ‘
that the factor Y is not expressed in decibels (but § and G are).

Elipticity Ratio ([I)

In a similar way, the ellipticity ratio (f)*38 values needed for calculating the

polarization mismatch loss (X) can be calculated from the partial power gain charts

by means of the following equation:

alog,o( § R/I\-I/ 20) + alog,(§ I:?I/ 20)]
alog (4§ é}\{/ 20) - alog, (4 I’:I:I/ 20)

f

(D2)

N\ N\
Where [ is negative when the wave is LH in sense and positive when RH in sense.

*38 By definition (See Appendix E), the ellipticity ratio Awhich inciudes the "sense")

of the wave, is [ =[(8gy + efﬁ)/( €RH ~ €1{p)) . (the signed voltage
ratio of the major axis of the polarization ellipse to its minor axis) where eR’ﬁ
and @i yare "Twirlors" and (1<|f|so), Some writers, including LEOMARD
Harkin - (reference 22), call this (without the sign) "axial ratio"; others call

(continued) ‘
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Polarization Mismatch Angle ()

Also needed for calculation of the polarization mismatch loss (X) is the
polarization mismatch angle (p)*39. This can be obtained from the tilt-angle (1)
charts for the two antennas, in conjunction with data on the angular motion of the two
antennas, Complete data on the motion of the two antennas will yield the needed

distance (D).

Thus, from two sets of antenna radiation pattern charts and from data on the
motion of the two antennas, the required information is obtained (when transmitter
power and frequency are known) to calculate the power transferred between the two
antennas in free-space. When the radio link is not in free-space, additional data
must be obtained for insertion in ZA and ZG of equation 1 to account for the many
additional attenuations (rarely gains) that occur in the propagation of a radio wave
through a bounded sensible medium.*40 Similarly, X must be adjusted for any

distortion of the polarization of the wave, 4l

There are often situations where one, or both of the antennas of a radio link
have some characteristics such that not all of the antenna pattern data indicated
above are necessary, For example, when an antenna has a well-defined beam that

is pointed at the other antenna of the link (a tracking antenna, or one of two fixed

Footnote *38 (continued)

the inverse "axial ratio"; still others call the inverse "ellipticity." The IRE
Dictionary of Terms (reference 25) does not include ellipticity ratio but gives
axial ratio as "the ratio of the major axis to the minor axis of the polarization
ellipse, The ellipticity ratio can be determined by measuring the right-handed
and left-handed circularly polarized partial components of power gain (G) in
decibels with respect to an isotropic radiator with no loss; i.e., § (dbl)

and gﬁ{(dbl). When [ is positive, the wave is right-handed in sense, When
I is negative, the wave is left-handed in sense. This IRE definition of sense
of an electromagnetic wave is opposite to that used in classical physics (see
references 25, 26, 27, 28 and 29). By the IRE definition, a "right-handed
(clockwise) polarized wave" is "an elliptically polarized transverse electro-
magnetic wave in which the rotation of the electric field vector is clockwise
for an observer looking in the direction of propagation" (references 25 and 28),

*39 The polarization mismatch angle, B, (Oos B = 900), is the angle between the
major axes of the two polarization ellipses. P can be calculated from the
relative angular positions of the two antennas and the measured tilt angle (T)
of the polarization ellipse for each antenna.

*40 oo example, see WaLTER HoLzer (reference 24),

See H. H. KoeLLe (reference 37).
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antennas of a point-to-point radio link), the power gain (G) of the beam antenna,

as seen by the other antenna, is constant, When this beam antenna is circularly

,
|
-

polarized, only the circularly polarized partial power gain (g) chart (of that sense)

is needed for cach of the two antennas, because the other orthogonal component does

not exist in the circularly polarized beam and the tilt angle (T ) is not needed when

one of the two antennas is circularly polarized. Similarly, if a tracking antenna

is linearly polarized, only one partial power gain, { ICPI or gﬁ?{ (since R/I-\I =
Eﬁ) and its tilt angle, T (which ordinarily is constant), are needed,*42

Figure D3 indicates the various possible combinations of antenna types and

the radiation pattern data needed for each combination in order to apply the power

transfer equation (equation 1)'>.~43, %44

ae Such a radio link is indicated by Figure D3, under Type Ila. An example of
such a link is given in reference 30,

*43 For experimental data against which the Polarization Mismatch Loss equation,
(equation 2) can be tested, see W. SicHAk anv S. MiLAzzo (reference 55).

%44

For a discussion of antennas and noise sources, see P, D. PoTTER, Chapter 9
of reference 2.
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Figure D2A. Contour Chart, Matrix Charts, and Trajectory Aspect Line
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NOTE:

45

For simplicity, the intervals shown are coarser than usually used,

The

Ordinarily, the contour lines for {§ would be at 2db intervals,
matrix numbers shown for {} are integral multiples of 2 db (00db thru
89db) but the number density (per unit area) in the full matrix ordinarily
would be 25 times that shown,

41




A ——A M 128

*(aequmN

a8eg uoprvusumoo( #Buey PUOREN 0933P AJPIRUS UR NIM I0) PIPITu v
sasqumu jurod pue jurod [EWIOIP [EUORIPPE UE QM J0q FA0GE ST IIQUUNN
a8eq uonwuswmdo( S8ury [eUOREN € uStsse ‘esae prad oq; ur (meap 20)
ajtzm pue waoj uiazed euuIUE YUPTIQ € IEN ‘pojudsazd aq N ‘eyep joadse
Axoypofes; 30 ‘erep eUUIUE JRUORIPPE USYM VIVA TVYNOILIGAV ‘TOA

-syueyq 4I1e 23 ur sINfEA @ PUR @ syeradoadde z3ug "¢ 210N
‘(A 298) ‘d 1deoxa sIdqUUnu [ED[UIPT 2ARY 138 ¥ JO 9IBYD ny 2 oN

“(“Pexag ‘aa1qqy) 3O IR QUIMXIG JUQ TRWIIIIPEXIS

.aﬂmqlnﬂw...wl.uo -oﬂﬂnuvnwovmuwuuqrﬁﬂuvu‘ﬁ
Aerasao jusredsueay © 28D ‘31eqo> © Jurpesa 10F PIAISSp 21T {s1auueyd 10) sIuUT]
P18 31 THION '890UeI’0)l pHEls puciaq poIxOISIP 10T SIT 8ITEDS g pUe o W@
@ans aq ‘Sunurid ut pue ‘UOWINPII-IZIE smdeaBojoyd uf cpadd; sae groqumn
xXra3ewn YoTyA Ut (§oury fursnpoxdas-uou uUISMIdq) . STPUUEYD, 3 Jo KINUID

$G3 10 23T SUOISTIWP I\ ‘s3aeYD XTIJCW 20F ‘poyold aae sjutod QI wO
sauy] Juronpoxdey-uou Jo p1a3 33 Jo I sUOIFUIWIRD ‘g13BYD IN0UOH-IUTT

J0g “-SuUCISUSUIID PIILIS O3 AT [TEHE §IITYO (T2 ‘3107919Y] “#IOUCISIOF
28070 UMM O} SUSISUARNP [E2WUIPT ATy 13meBos pasn 3q 0) $ITYD I

Jo IT® IeY) Tepuesse 81 31 ‘3IeYD AeraaaQ 10odsy Azojoafexy uaa1d ¢ Aq

peaa 2q jsnuwr 398 usatd e Jo slreYd T 2WIS SNOISNAWIA THVHD TIA

1 210N
*(,081 03 [G€T = 8 ‘,09€ O3 0.2 = [ ) v W 2 R £ 4
naIyl
{006 2 o5F = 8@ ‘0060300 =8)  *u W PIg o osr = €1
‘(0S¥ 0300 = 8 ‘0081 93 006 = @)  ‘u W PUZ . 181 = 71
“{oSh O3 o0 = 0 ‘00603 50 = @) UL "PEXSF sy Frpenp sy = 11
‘pre
{0081 ©1 006 = 8 '009E @2 o081 = &) oo W owo wy = oF
(0081 01 006 = 8 ‘o081 91 o0 = @) woom W o BXE = 0F
(506 93 00 = @ ‘5009% ©3 0081 = @) woow W w PUZ = 02
{006 ©3 50 = @ 0081 ©1 o0 = @) v“:m ‘pexag p) Juespend 18] = 01
“(,081 01 0 =@ ‘G09E 03 g0 = @) *Tvomommomo wroydg-Tind = 00
ADVHIAOD SO
swopog 03 doy pue 3ysrg o3 o1 Buruueds ‘(g mmau safeos Burmorioy

Y3 JO FUO I8N (5)$IATYD JO o8 uaa1d ® 103 AIYIAAOD SNOLLDOTEIQ Al

*>ut 35e1q gim 2aenbs oM 1Y ‘,2aerbg 107Ted. B OIIEN OL ‘I

-[dp ur onfeA snzj o7y UTEIQO 03 INTRA INOJu0D) 10 XTIIEWN Yl
wioxy AALOVHEIANS 29 38nw 3eqy qp JO Idqumu Iq3 z9yug  “sonrea ured
w0y suSis snuTu SIPUTKIT[S 03 SINTEA POSEIq S4TY TIEUS s33€YD) INOJUOD
1Ie pUe sjxeyd X1Ie ‘230Fa13Yy] csufts snurwz pue 3utod JrUIrOIp

uted Jouves $I9R0Id XTI 18oW  SINTVA NOILDNDS J0 DNISVIE 1A

*PRITSHP ADUEPUNPII Y} UO pue ‘peanbea suon urg 33 o Butpuadap ‘sizeyd

X8 0] SUO WOIY JO ISISUCD ABWI 196 ¥ °da0qe J JUSISFIP © SIDA0D 33BYD

gowe nq (SO} s218uy uonoLIIg Sures Iy ISA03 338 ® Jo sijxeyo MV ‘FALON
" " nAOdeaw " Omm~ = &: W s a »
“(ap posEI) ‘(05VH) A.wwﬁuoua 0S¥ = b " " "
u " “ 2 u 0n w m “w

-(ap peseurg) *(80) ‘uvomoearg @ wr wren remsed pezmrelod Ajresury

g6 > LS50 mﬁ _lar = g2) wse0aBiE, U ) TA1UY AL

TR Ha

[l (1] " 1] "
‘poserg ‘1qp ul LB ‘uren Tenarg pozraeod Alaemaard HT

[T O T T T

n.(.-tunvmwh-

] "= [1) soxo¢) THVHD SIHL A€ QALINASINJTY NOLLONAI A

“(6 nxm g) ponold teRIed = d |

*{¢ nayy o) @a3ydg jo :vuncumuuvﬂnow =g i “(6 DAy 0) Aouanboxy = 3
“ls nay o) @asqds jo (s) yweapend = O | -(6 nayy o) weIsAg Jo pury = M
‘(s nay 1) I2quMN TCUUY = ¥ 1 Y| “seuuajuy Sutafosu] wNSAg v = Z

(snoid v ‘@) 3utod (ewIOIP ® Aq

pajearedas sioqumu 318G -anog om3 Jo 3s1suod [reys z13qumpN 33eg v ReIEET V0N
»IVI0d, VORI EIRIUWMDIOQ 28uey TwuonyeN piTpues I jo uorsuedxs Burmo|oy
@ty 03 Butpzodde 83131p g 24y [TeYS IFQUTN a8ed auy 1ey) 3deoxd ‘010 @8%ed
suoyeiuswndo( 23uey TeUOnEN 01 FurpioddR® 2q TIEYS 6 BIW T SMNVILI ‘TT

*(6 nxyy @) “dmby yeunnuzal = L

68 TIYI Q0 ‘siIqUnu oYM aansod paseiq Jo XHIjewU ¥ JO

Bu3sTEUOD $IIEYD 10 $IIWYD INOUOD -IUTT PIseId 29t3te 0§ pue ‘penord aq
1snw je sjvavodumiod Yy Jo Aue x03 ‘suzared ared6~21fuy papuwdxy 10f 30
suzayed 9194dG -TNJ I0F ISP PISN 3q UEd It ¥y} OF paulssp st uLIo} STYL
° ‘19~ JUI UMD SUIIIT g BUUMIY IO
Jewzod wieq pur waslg seurpacod paTpumS DIHI 03 FurpaodoE paangsesws
suzened uonyerpea wuuaue Fumyord 103 paudisop st wroy sTL TIVHINAD I

HEISNV-TVADE) NI0 NENLLVYE ROILVIEVE VYRINELANRY ‘SNOIL0NASIN ROILYEVAREY

Figure DZ2B

42




*(1Vd) sUoIsSSTWISURIY JO UORITRIN[Y WOREIIILIOd 20 taad) vondi>3y
£11819A1J UOTIBRZIIRIOJ I¥NTEAD O] PIST ST IO Yy PUE *paambazx st 3up (9)

*(euuaquy pazirerod Kjaenox1) 2y} Jo IsUIs I 3o) - se swes oy 51D {5)

*31qe; ST UT PAPNIIUT JOU ST INED ST

‘ax0§aasy; 9fxe] AIFTUDUT 8T X ‘sIsURS sisoddo sary seuuIjUe OM3 UIYM {¥)

“(qp + u1) 980T GOJTWISTH{ UONETWITIOL W) T X @

{006 5 8 So0) (sTouanre o. 2 IATIRIIX
aY) UO TIEP PUT BIEP L IOIF PAREMO[ED) I[FUY YNTWSTN wonEztatiod vq1 st ¢ @

Hlp - M T o
o330 oS | ©3 O Asncmid s st ) o
e+ g

(g06> L 550} %0 “(,081> 4 5,0) 93dnTT wonEzLITIOd A JO sav L nsr 4 @

‘U LR INSTIW
«LYATA wosy ponold erep § woagy pazemored (1P ) UIED 39mod S 8t D [ ]

-{19p ) GIED I9mod Jo weucdwo) enied e st § @

(p >3) - IFUIG FWIEg, SUBIUL , T.M\m uOu H1. @
* P8UPG IPYILH, suTSw (LY 10) HIu @
< -

FATEVL STHL NI “{us3013tM L, 1% @o pue v/-.\\uo sasym *

‘a8ejion Pt dW jo “ @ *susuodwon) renied I0) ‘O ‘uren r1amod 241 jo

“§ ‘siusuodwio) Tenaed PIZIIBIOL Apzernozr) papueiigdty pue papueH
-] “Aeansadsax “aesrpul vlm\m pue G siduxosqnes ayy (¢)

*{s{ury orpex jutod-o3-jutod ® jo sruuIue FUTWIOF-WEIq PIXY IV

Aaty ssatun) pazuzejod Arredndinys Buraq 9w seuuajur Fun{dELII-UOU [[E 1E3IL
1snw suo jeys yons a3uwz 3j3ue dadse pIjrurl] € 1340 IeNOILD I0 IBIUI]
Aiaand st AJraeurpio uotiezirejod Jy3 IsNEIq ST SIYL ‘patwio uIIq Fary

sased JeMDITD) PuE Jedut] Y ‘IvuuNue Furpoery-uou 103 (Z)

~xoded s1yy ur sd9eD

ayeiedas se pajeasl dxe AP ‘ISAIMOY  ‘#ISED Sunrwg se cuonezurriod

Ie[NIITD) PUE ITIUTT $IPN[OUL vorjeziieod reondIqIA  “HUIl OTPEA [RUTWLIIF~OM] N
a1 Jo TuuduEe JumnUsURE} Y 3q ABUL , g, 10 WV 33T (1) SIION |

- 1
fapo=x} L0 | w  w | . jwo -xpro | ugy [fmreelmy | om | ) aees !
u.knm M=F1%) i IemdItD) N o1
{apes=x} 1o leny <ol xezg | o = Dy jwet= xjip | GFORTg | WMDY | am | O o0 . m
LY &
. (g 20)HT {1y A0)H'T oy *
x ‘8 P \.P ~ l.\\- \.F ~ ~ 9 x ‘9 D gnoG. Euovdu I 7 Ul Sunyoex] zedUTy Sunyoea L3301
[ ..
(X) *u u GHE(Q MN\n m:m\wwo m(ﬂwu o0 unmv;u, D T.ln\m uo_ H1g —m\x 2ol uTy an . " . 1BMILED " qrr
e
" T Wow o 6w PRI W {x ‘d) o ‘PAN—.\M uo@. E—V—.\% hof(\\—v L1 4 " “ gw—.wonv.m.ﬁ sedury Funyoex { ¥II
gy g ¢ ‘Y, ‘HT ‘Hy_ ‘HT . “y e ‘HYg ‘HY BT 1 ~dma Suryoexr! recndmia Buppoesy 1
x 9o 485 Ty A8, 1y (x ‘d) “i1°'o| A'H¥g g LHY, I Q e s
Sunemored 04 101J O 2anseop Suryenores 0% 101d ©1 JqnmeIN 2 uoneztreiod Punt [, vnodauﬂﬁom puty]
(P19142A uo ATIReuP20) «Tn VNNIINY {punoan) uo A2 eipi0) » Ve YNNIINY ALAL | _«9s YNNAINY WV VNNIINV dAAL
:UQNEDOMM VIVQ VNNILNY ANIT A:WJ‘Z._Zm..—.Z< HNTT MNTT

Figure D3. Types of Radio Link Versus Antenna Data Required
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APPENDIX E

GLOSSARY OF SYMBOLS AND TERMS

(Greek letters are given first, script letters next)

a (alpha): The symbol used by DRr. LEOMARD HATXIN for Polarization Mismatch
Angle, which is called p in this paper.

A (and ZA): Power attenuation (ZA is the sum of several power attenuations),

expressed in + db,
AFETR: Air Force Eastern Test Range; Headquarters at Patrick AFB, Florida,

AFWTR: Air Force Western Test Range; Headquurters at Vandenberg AFB,
California,

Alcedo (v): A superscript used within a multi-digit number to indicate that digits

to the leit are significant figures and that digits to the right are insignificant figures
written either to establish the location of the decimal point (Picus), or to reduce the
errors caused by rounding-off. A term coined herein from the Latin "Alcedo", for
"Kingfisher", For a mnermonic, think of "Air Launched Sea Diver."

alog: Antilogarithm, An abbreviation coined in this paper.
AMR: Atlantic Missile Range, (Now AFETR, which see).

5 {vweta): Polarization Mismatch Angle. The angle between the major axis of the
polarization ellipse of a radio wave at a receiving antenna and that of the far-field

or Fraunhofer Regmn radio wave that would be radiated by the receiving antenna

if it were used in free-space for transmitting in the reciprocal direction (0= = 90° ).

Bigree (B): A unit of angle equal to twe Jegreea and indicated by the exponent-like
superscript B, A mnemomc term ccined in this paper to cove~ the range

[(0°< 7 <180°) = (0B= 1 <90B)] with the highest resolution that is possible without
exceeding two numerals, This w. 8 necessitated by the limitations of matrix-printing
typewriters. For a mnemonic, think of Big Degrec,

BUWEPS: United States Navy, Bureau of Naval Weapons.

C: A subscript meaning Circularly Polarized.

CCIR: International Radio Consultaiive Committee. (See Hz) (See URSI).

CP: An abbreviation for Circularly Polarized.

) (delta prime): A relative phase angle \0 < 6°<360 ) The angle between the two
counter-rotating field voltage components e ﬁ and € 3y RH ("twirlors") of the field

voltage ¢ at the instant that e H is io the d.nectmn T = 09 (the O direction)., &°is
measured in the direction of T , therefure §°= 2T, See Figure Dl and "Twirlor",
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D: The distance between two antennas of a radio link, in L units,

d: The largest projected linear dimension of an antenna (or of its beam-forming }
Teflector, lens, or horn), i.e., the largest linear dimension of the aperture.

db (decibel): A unit of the ratio of two power levels; db = 10 loglo %— , where a i
and b are power levels. See dbl and dbW,

dbl: A unit of power gain of an antenna, with respect to that of an isotropic antenna
having no loss. The intensity of the far-field wave from an antenna in free-space
relative to what it would be if the antenna were replaced by a lossless isotropic
antenna. See db.

dbW: A unit of power level with respect to the power level W (one watt unless
otherwise specified), See db.

DDC: Defense Documentation Center, Cameron Station, Alexandria, Virginia,

223114, 1
¢ (epsilon): Electric field voltage of an electromagnetic wave observed at a fixed
point in a plane normal to the direction of propagation of the wave. The resultant g

of two "twirlors", one of which may be of zero magnitude.
: E: A subscript meaning Elliptically Polarized, F’
©: A partial component of the electric field voltage ¢ .

e {‘P{: The left-handed circularly poiarized component of the electric field voltage :
T,  as observed at a fixed point in a plane normal to the direction of propagation, f
A left-handed "twirlor". See Sense,

eRf.I?I‘ The right-handed circularly polarized component of the electric field voltage
~¢, as observed at a fixed point in a plane normal to the direction of propaocation.
A right-handed "twirlor", See Sense.

8y : The linearly polarized component in the 8 direction, of the electric field
voltage ¢ .

8x: The linearly polarized component in the ® direction, of the electric field
voltage ¢ .

€ 450: The linearly polarized component in the direction T = 450, of the electric
Hef'a voltage ¢ .

4 8)350: The linearly polarized component in the Zirection T = 1350, of the electric
:.1e]f.;hl= voltage ¢ ,

ELERT: A method of describing the polarization of an electromagnetic wave bv
defining the 1e/§£—handed and right-handed circularly polarized partial components
N\ e . " » 1 . s

Ly and Ury (twirlors) of the wave, and the Tilt Angle T of the polarization
ellipse of the wave,
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Ellipticity Ratio: See I . |

ETMWG of IRIG: The Electronic Trajectory Measurements Working Group of the
Inter-Range Instrumentation Group. Note: For information, see BeunriNG W. PIKE

(reference 45) and/or write to Secretariat, Range Commanders Council, White ]
Sands Missile Range, New Mexico,

F: Frequency, in Megacycles per Second or MegaHertz (one Hertz, Hz, is one
cycle per second. See Hz.).

f: Frequency, in cycles per unit time,

Far-field: See Fraunhofer R_egion.

Foot, International: Exactly one third of one Yard, International (which see).

Fraunhofer Region: That region of an electromagnetic field in which the erergy J
flow from the antenna proceeds essentially as though it were coming from a point

source located in the vicinity of the antenna. If the antenna has a well defined

aperture (d) in a given aspect, the Fraunhofer Region in that aspect is cominonly

taken to exist at distances greater than (2d2/p ) from the aperture ( A being the

wavelength),

Fresnel Region: The region between the antenna and the Fraunhofer Region.

Y (gamma): Power Gain Factor -- see Yl and YZ.

Y): Power Gain Factor of a transmitting antenna in the direction of the receiving
antenna, with respect to that of an isotropic antenna. Y is not expressed in dbl.

Y,: Power Gain Factor of a receiving antenna in the direction of the transmitting
FMtenna, with respect to that of an isotropic antenna, Y is not expressed in dbl,

G (and ZG): Power Gain (ZG is the sum of power gains), expressed in + db,

GR: Power Gain of receiving antenna in the direction of the transmitting antenna,
with respect to that of an isotropic antenna, expressed in dbl.

GT: Power Gain of transmitting antenna in the direction of the receiving antenna,
with respect to that of an isotropic antenna, expressed in dbl,

8. A partial component of the Antenna Power Gain G, or G S:e §ipyand QI3
e a R T =7 LH RH'
fg and §q; and g, 0 and g1350‘. —

gf}}: The left-handed circularly polarized partial component of the Antenna Power
Gain Gp or Gp. One of the orthogonal pair ( gLf;I and gﬁ{) ;

g@r The right-handed circularly polarized partial component of the Antenna Power

Gain G, or G... One of the orthogonal pair (QEI\_I and gR";{).

R
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§.: The linearly polarized partial component, in the © direction, of the Antenna

—— Power Gain GR or GT. One of the orthogonal pair (ge and gQ).

gQ: The linearly polarized partial component, in the ® direction, of the Antenna '
—— Power Gain GR or GT. One of the orthogonal pair (gQ and 99)‘

9450: The linearly polarized partial component, in the direction T = 450, of the
antenna Power Gain GR or GT. One of the orthogonal pair (9450 and 91350).

The linearly polarized partial component, in the direction T = 1350, of the

g...o
135 Antenna Power Gain GRor GT. One of the orthogonal pair (9450 and 31350).

Hz éHertz): One Hertz is one cycle per second, (CCIR Recommendation No, 324,
in Documents of the IXth Plenary Assembly, Los Angeles, 1959, Vol, I, page 335;
published by International Telecommunication Union, Geneva, 1960.) (reference 31)
(see URSI),

Infinity

Subscript indicating Isotropic Antenna,

@ ;
1

IEEE: The Institrte of Electrical and Electronics Engineers, (New York, N.Y,)

Intensity (of an electromg&netic wave): Power radiated per unit solid angle, where
the apex of the solid angle 1s at the source of the wave.

IRE: The Institute of Radio Engineers, Now amalgamated with the American .
Institute of Electrical Engineers to form the IEEE.

IRIG: The Inter-Range Instrumentation Group, of the Range Commanders Council,
For information, see  BeunriNG W. PIKE (reference 45) and/or write to Secretariat,
Range Commanders Counci!, White Sands Missile Range, New Mexico.

K: A constant in the Power Transfer Equation whose value is a function of the unit
of length selected. See equation 1,

A (lambda): Wavelength,
7N\
L: A selected unit of length, See equation 1. The L in LH does not mean length,

~ o
LH: A subscript meaning left-handed. (See RH and Sense).

M: Meter, a unit of length,

Nautical Mile TInternational: 1,852' meters., (reference 42)

Orthogonal: 'n this paper, orthogonal means not only "at 90°" but also, for elliptical
and circular polarizations, "of oppusite senses and the same degree of ellipticity."
(i, e. , fR = - l'T and, if determinate, p = 90°),

® ( hi): Azimuthal angle; one of two angles used to specify a point on the surface
of a sphere of observation, the other angle being 6, See Fig. Dl. ‘
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m(pi): 3,14159. . .
Y (psi): Power,

Yy Opt.: The power available from a lossless radio receiving antenna of Antenna
Power Gain GR when its polarization is perfectly matched to the radio wave., See

W Rec.

¢Rec. : The power available from a lossless radio receiving antenna of Antenna

Power Gain G, for an arbitrary mismatch between the polarization of the radio
wave and the réceiving antenna, See Y Qpt,

¥1: Power fed into transmitting antenna's port.

LP2 : Power available from port of receiving antenna when the polarization of the
antenna is matched to the radio wave.

Pp: Power available at output port of receiving antenna (expressed in 4 dbW),

Pp: Power into input port of transmitting antenna (expressed in 4 dbW).

, and £ i (Pp), and (P;): Pp is the point where the positive half of the
itch Axis pierces the outer surface of an antenna-carrying vehicle, Pf: is the
corresponding point for the negative half of the Pitch Axis. (Pp) is the projection
of Pp onto the surface of the sphere of observation around and centered at the center
of gravity of the vehicle, and (Pp ) is the corresponding projection of Pp . See
Figure DI,

PR’ and PE; (PR), and (PR) Piercing Points of the Roll Axis. See Pp.
PY' and P{,, (PY), and (PY) Piercing Points of the Yaw Axis. See Pp.,

PAR: An acronym for Folarization Alternation Reception; coined in this paper.

PAT: An Acronym for Polarization Alternation of Transmissions; coined in this
paper.

PDR: An acronym for Polarization Diversity Reception; coined in this paper.

P, E,: Registered Professional Engineer,

Pega (m): A superscript indicating the entire number is exact by definition., Coined
herein from the star Pegasos, of The Great Square of Pegasus: for example 18
International Yard = 0,9144® Meter. See V.

PFD: An acronym for Polarization Frequency Diversity; coined in this paper,
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Picus (4): A Decimal Point (see Page 4 and I'ig, D2B); coined herein from the

icus," the "Woodpecker" of Italian and Greek mythology (pronounced

P'{ k1 s). For a mnemonic, remember the woodpecker is a climbing bird; also
think of Pi = 3,14159 « . .

PML: An acronym for Polarization Mismatch Loss; coined in this paper.

PMR: Pacific Missile Range (U.S. Navy); Headquarters at Point Mugu, California,

Port:

A place of access to a system where energy may be supplied or withdrawn,

or where system variables may be measured. (Reference 25).

Power Density (of an electromagnetic wave): Power per unit area normal to the

direction of wave propagation,

o\
R: A subscript meaning Receiving, (The R in RH does not mean Receiving.)

_[:_ Ellipticity Ratio of an electromagnetic wave in the far-field (Fraunhofer Region):

Note:

eRH+ eLH I
L. <irls
[ = eR_H eLH Where l(l II’I ®)

For a linearly polarized wave [ = o ;
For a right-handed circularly polarized wave [ = + 1;
For a left-handed circularly polarized wave [ = — 1,

The Ellipticity Ratio of an antenna is that of the far-field wave the antenna would
radiate in free-space. See Figure D1, where € R/;{ and € f.?l are twirlors,

fC:

——

.

.
E

—

R

C:

Ellipticity Ratio of a Circularly polarized wave or antenna, See [,

Note: For a right-handed antenna or wave, fc = +1

For a left-handed antenna or wave, IC = =1

Ellipticity Ratio of an Elliptically polarized wave or antenna., See [,

Ellipticity Ratio of a Receiving antenna, See [,
Ellipticity Ratio of a Transmitting antenna, See [,

Ellipticity Ratio of a Receiving antenna that is Circularly polarized, See TR
and r . —
C
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C

Ellipticity Ratio of a Transmitting antenna that is Circularly polarized.
See fT and ..

ry: DR Leomarp HaTkiN's symbol for his "Axial Ratio" of the receiving antenna, where
T = ||'R| such that r; does not carry a sign to indicate sense, See [ & rj.

ry: Dr. LeokarD HATKIN'S symbol for his "Axial Ratio" of the transmitting antenna,
Wwhere rp = |I’T| such that r, does not carry a sign to indicate sense. See l&r

Racon: Radar Beacon, See IRE Dictionary of Electronics Terms and Symbols

(reference 25).

RAS: An acronym for Reply Antenna Selection; coined in this paper,

RESA: Scientific Research Society of America.

~ ~
RH: A subscript meaning Right-Handed. See LH and Sense,
ZA: The sum of additional power attenuations such as transmission line losses,
expressed in + db,

>G: The sum of additional power gains such as could be given by a preamplifier at
the output port of a receiving antenna, expressed in + db.

Sense, of an electromagnetic wave (or an antenna): The direction of rotation of the
electric Iield voltage vector ¢ (or "twirlor" i circularly polarized). The definition
of sense used in this paper is the one given by the IRE (now IEEE): A right-handed
(RH), or clockwise, polarized wave is an elliptically polarized {including circularly
polarized) transverse electromagnetic wave in which the rotation of the electric

field voltage vector ¢ at a point in a fixed plane normal to the direction of propa-
gation of the wave is clockwise for an observer looking in the direction of propagation.
This definition of sense is opposite to the one used in classical physics. See [.

Sexad: Abbreviation for Sexadecimal, a sixteenth part,

T(Tau): Tilt Angle. The angle between the major axis of the polarization ellipse
of an electromagnetic wave (or antenna) and a line in the 8 direction tangent to the
sphere of observation, See Figure DI,

0 (Theta): Polar angle; one of two angles used to specify a point on the surface of
a sphere of observation, The other angle is & See Figure DI,

T : A cubscript used to indicate Transmitting.

"Twirlor": A physically observable constant-magnitude electric vector that rotates
T @ fixed plane about a fixed point (the field voltage components 8{;] and @Ry are
twirlors), In the Fraunhofer Region, the electric field of any electromagnetic wave
observed at a fixed point in a plane normal to the direction of propagation appears
as (cr can be resolved into) either:

1. A single twirlor (the wave is circularly polarized),

2, Two twirlors of equal magnitudes but of opposite directions of rotation
(the wave is linearly polarized),
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URSL

USAF: The United States Air Force,

USN: The United States Navy.

V:

3, Two twirlors rotating in opposite directions and of unequal magnitudes
(the wave is elliptically polarized).

Note 1: The Relative Phase Angle 5’ between two counter~rotating
twirlors determines the Tilt Angle T of the polarization ellipse of the
wave (including the case of linear polarization, in which the ellipse is a
straight line).

Note 2: Any receiving antenna that captures energy from a radio wave
responds to the observable field voltage vector ¢ (which may or may not
rotate and, if it does, may or may not vary in magnitude during a revolu-
tion) by delivering across two terminals of its output port an alternating
potential difference that varies sinusoidally at the frequency of the radio
wave. This potential difference can be expressed in terms of its peak
value, or in texrms of its RMS value (which is the method used in this

paper).

Note 3: A term coined in this paper.
A. H. Wing (reference 34), page 175,

Velocity of a radio wave (or a light wave) in a non-bounded vacuum (free-space).

The URSI value is:

Yard, International: 1* International Yard = 0‘9144' Meter. (reference 42),

M |=

V = (299,792,5% + 0,4® ) km/Sec., =(299,792,5700%  4¥004) m/sec.
A

Reference Power Level, ordinarily one watt,

Polarization Mismatch Loss (PML) expressed in + db. See Equation 1, where
value of X is to be inserted, and Equations 2 thru 7 for calculating the value of

2KFT ,AQSP: A descriptive numbering system for antenna radiation patterns,

See Figures D2A and D2B,

v.
L B

A

Alcedo (q.v.)
Pega (q.v.)

Picus (q.v.)

Union Radioscientifique Internationale (International Scientific Radio Union),
Tee CCIR (URSI is a participant) and reference 65.
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ERRATUM for Cited References (See REFERENCES & BIBLIOGRAPHY).

Six of the major references used in the preparation of this paper contain the ﬁ
following relevant typographical errors: '

a. LeoNarp Hatkin, Senior Research Scientist, U,S. Army Signal Research & «
Development Laboratories, Belmar, N,J. has informed the writer
that Equation (1) of "Elliptically Polarized Waves", by LEoNARD HATKIN
(reference 22) does incorrectly quote Equation (2) of "Antenna for Circular
Polarization" by W. SicHak and S. MiLazzZo (reference 55) by misprinting of

the term:
_ 2r2 Zr1 -I _ 2r2 r1
(r2+ 1) (r1 + l)J (r2 + 1) (r1 + 1) .

b. M.L.Kaes, Mathematician, Flectronics Division, Naval Research
Laboratory, Washington D, C., has advised the wriier that Equation (46)
of "Techniques for Handling Elliptically Polarized Waves with Special
Reference to Antennas", by V.H. Rumsey, G.A. DEscHamPS, M.L. KALES ond J.I. BoOHNERT
(reference 51) does have a term:

(41'i rtz) that is a misprint of: (4ri r).

M. L. Kales volunteered the information that the same equation has the

factor 2(l+r%) (l-rf) in the numerator whereas it should be in the de-
nominator, as canbs seen by referring to Equation (43), which, according

to M, L. Kales, is believed to be correct. ‘

e —— -

¢. In Appendiz D hereto. reference is made to Figure 15-1, on page 444, of
Antennas by Joun D. Kraus (reference 38), This figure has 8 = 0° ina
place where it should read 8 = 90°,

P W e - -

d. The IRE Dictionary of Terms (reference 25), in the definition of Fraunhofer
Region includes a note in which the phrase "Fresnel region" shou e
raunhofer region", .

e. The IR Standard Coordinate System and Data Format for Antenna
Patterns (reterence 29), of which the writer was ore of ten authors,
—————— : : :
contains typographical and omission errors, as follows: ‘

On Page 35: Fails to mention that in the Linear Component
Metﬁog, orie must observe also the "sense" of the wave,

Cn Page 8: "Tilt Angle" is omitted from the list of definitions,
However, Tilt Argle is defined at the botton: of Page 38,

!
On Page 25: The first item of the Bibliography should be ASA ;
Standard No. Cl16.11 instead of C76, 77. |




f.

INOTE: It is the intention of the ETMWG, the Electronic
Trajectory Measurements Working Group of IRIG, of
which this writer was the 1962 & 1963 Chairman, to pre-
pare and have issued in the near future an improved and
expanded edition of the IRIG Standard. Meanwhile, a
second printing dated April, 1963, has added (on page 35),
a requirement to observe the "sense" (and has elsewhere
several corrections of minor typographical errcrs), The ‘
forthcoming revised edition wiil include magnetic tape
and punched tape formats for antenna radiation pattern
data. Readers are requested to advise the IRIG Secre-
tariat of any errors found in the Standard, and to suggest
improvements for future editions,

Antenna Polarization Analysis By Amplitude Measurernent of Multiple
_Componeuts by L. Ciavtonond J.5. HoLLis  (reference 10) has a typographical
eXror in the last line of page 20, _Ej should be EZ (as can be seen by
the same equation on page 22). [:Thm error was corrected in a later

publication of this article (see Reference 10).]
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For the convenience of the reader, removable copies of the two
pages that have the Power Transfer Equation (Equation 1) and the Polar-
ization Mismatch Loss Equations (Equation 2 through Equation 7) are
included as not-numbered sheets following the next page. These removable

> (perforated) sheets are printed on translucent paper so they can be easily
reproduced, |
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(dbW)  T(dbW) T ab1)

R R

+ ZG
(dbI) (db)]

-
- L X(db) + ZA(db)]

-~ f20 logy oDy 1 y+K+20 10g) \Fpse S)]

PR = Power available at output port of receiving antenna
(in + db with respect to reference power W, ordinarily one watt).

Pp

Power into input port of transmitting antenna
( in £ db with respect to reference power W),

C'T = Transmitting antenna's power gain in direction of receiving antenna
( in £ db relative to isotropic antenna having no loss),

GR = Receiving antenna's power gain in direction of transmitting antenna
( in £ db relative to isotropic antenna having no loss).

Z G = Sum of any additional power gains (in+ db),

X = Polarization mismatch loss (in+db), (See equations on next page)

Z A = Sum cf any additional power attenuations (in+db).
D = Distance between the two antennas ( in L units ),

K = Constant depending on L, the unit of length selected; where a (picus)
is a decimal point:

L K L K
Foot, International ., =37,87 Kilometer ,... + 32,45
Yard, International ,, <28,33 Mile, Statute . . + 36458
Meter .. ..o 00e. =27,55 Naut, Mi,, Int, . + 37,82

F = Frequency, in Megacycles per Second, or in Mega Hertz (MHz),

(1)

QUALIFYING NOTES FOR THE POWER TRANSFER EQUATION:

a, In Equation ., it is assumed that there is only one signal source and
no noise sources,

b, Equation 1 is valid only when each of the two antennas is in the far-field

or

Fraunhofer Region of the other, here defined as beginning at a distance of

2d“/\ and extending infinitely, where d is the largest projected linear
dimension of the antenna aperture and where \ is the wavelength (refer-
ences 26, 56 and 64),

¢, For antennas in other than a non-bounded vacuum, Equation 1 would be
slightly in error in that the values given for K were calculated for the

vacuum velocity of propagation, V (reference 65), For most real cases,

this error is extremely small and can be ignored.

d, For antennas in other than a non-bounded vacuum, one must allow for the

effects of the medium and its boundariea. See Appendixes A through E,
e, For definitions of symbols and terms, see Appendix E,
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quations (1) thru (7) are from Air Force W :stern Test Range Techn.
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Polarization Mismatch Loss
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(141g) (472)
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-10 loglo
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N
pr————

(Cos 28) ]

(5)

-10 logm { -

N
———
slo
—

(6)

~10 log, { 1+3 ’rTC rRC]

[

Odb When ’Tc = T
=+ odb When I'T

RC

c=~Irc

(7)

Ellipticity Ratio, the signed voltage ratio of the major axis of

the polarization ellipse to its niinor axis, where (1£|[]|=<w),*5

w
1]

Polarization Mismatch Angle, (0°< B = 90°),*5

T means Transmitting; R means Receiving.

E means Elliptically Polarized;

C means Circularly Polarized.

*4: For definitions see Appendix E, Glossary of Symbols and Terms.

*5: See Appendixes A through E,
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