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Abstract

Sixteen specific deliberate aireraft antennas are analyzed in this report.
The parameters of the Thévenin equivalent circuit for each antenna, namely, the
‘effective height and the input impedance, are evaluated and presented in graphical

form. The principles of operation of each antenna are also discussed.




PREFACE

This report contains the analysis of sixteen deliberate aircraft antennas,
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INTRODUCTION

In this report, we are concerned with the coupling of EMP energy into an
aircraft via some specific antennas. With the possible exceptions of some HF
and VLF/LF antennas, the deliberate antennas are physically small compared to
the aircraft. The antennas are mounted on the aireraft in one of the following
ways (Fig. 1): externally mounted, flush mounted, mounted inside a radome, or
being part of the aircraft itself such as the vertical stabilizer.

In analyzing the EMP response of an antenna, we are concerned with the
available induced current and voltage across a pair of accessible terminals
of the antenna. This amounts to calculating the parameters of the Thévenin
equivalent circuit (Fig. 2a) that completely describes the properties of the
antenna at the terminals A,B. Sometimes, it is preferable to use the dual
representation of the Norton equivalent cirecuit (Fig. 2b). In Fig. 2, Voc is
the open-circuit voltage, Zin is the input impedance, ‘ISC is the short-

civcuit current, and Yin is the input admittance, all being referred to the

N
- \_../

terminals A,B. It has to be emphasized-that the structure of a typical air-
craft antenna, especially the matching network, is usually very complicated and
each antenna modeling therefore requires individual attention.

Another important consideratvion that is foreign to the usual antenna
analysis is that one needs to perform the analysis over the broad frequency
range within which the nuclear EMP has a significant amount of energy. This
range is generallyrnot within the in-bands of the antennas and special care has
to be.exercised in order to correctly apply the available formulas for this broad
frequency range. Often, the desirable formulas are not available (in particular,
those for the induced voltage or current)}, and it is necessary to derive
appropriate expreséions from first principles. Indeed, a few boundary—value
problems have been solved to obtain appropriate formulas (SSN 193, IN 171, IN 175,
IN 179, IN 182) in the course of analyzing specific antennas. Usually, over the
frequency range within which EMP is important;‘the antennas are electrically
small and quasi-static analyses yield sufficiently accurate results.

The first step in the analysis is to represent the components of an antenna
- by an equivalent circuit consisting of lumped circuit elements, transmission

.

lines, equivalent sources, etc. The reduction of this equivalent circuit to the
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Fig. 1 Antennas mounted on an aircraft.
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Fig. 2 Equivalent circuits of an antenna at the accessible terminals A,B.

The parameters are related by : rZinYin==l, Voc:=Isczin'
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Thévenin equivalent circuit is then accomplished by applying circuit analysis
techniques. Elements of the equivalent circuit can be divided into two types:
external elements and internal elements. FExternal (or radiation) elements
account for the transmitting (and/or receiving) characteristics of the antenna,
and they are usually represented by a series combination of an induced {(open-
circuit) voltage source Vind and an antenna impedance Za’ or a parallel
combination ¢f an induced (short-circuit) current source -Iind and an antenna
admittance Ya. These quantities are shown in Fig. 3. Internal {(or matching)
elements accountrfor the built-in matching networks that érg necessary for the
antenna to have a certain bandwidth and impedance level. The external quantities
can usually be calculated by applying the simple existing antenna theory, or if

necessary, by solving quasi-static boundary-value problems. The internal

elements are usually passive elements, and often contain transmission lines.

The above division of the equivalent circuit eleménts can be illustrated
by the following example. Consider the dipole antenna loaded by an inductance
L as shown in Fig. %4a. At frequencies such that the wavelengths are much
larger than the antenna length, the equivalent circuit is shown in Fig. 4b.
Here, the division of internal and external elements is clearly illustrated.

With the exception of the HF and VLF/LF antennas, which will be described later
it is useful to relate the induced voltage Vind and the induced current Iind
to the total local electric field and the total local magnetic field. The choice
of the excitation field is important. First, the total local field is the com-
bination of the incident field and the scattered field from the aircraft in the
absence of the antemna. Second, the polarization of the incident field is so
chosen that the maximum voltage or current is induced on the antenna. Specifi-
Cally, the total local electric field En normal te the surface is related to

the local surface charge density ¢ by
E =o/e 1)
n o

and the total local tangential magnetic field E{ is related to the local surface

current density K by
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(ii} Fig. 4 (a) A dipole antenna with a series inductance and
(b) the equivalent circuit for 2 << A.



= Kxi (2)

where n is the unit outward normal to the aircraft surface. The quantities o
and K can be obtained either by measurements or by external coupling calcula-
tions for a given incident excitation field.

For an electric-field excited antenna such as a monopole antenna, the ex-

ternal effective height hz is defined such that
_.e
Vind(m) = he(w) En(w) (3
and the external equivalent area A:q is defined such that -
e
= 4 _ 4
Iind(m) jue Aeq(m) En(w) | (4)

Here, the superscript e denotes external quantities. For a magnetic-field
excited antenna such as a loop antenna, we can similarly define the effective

area (or effective aperture) Az and the equivalent iength 2:q as follows:

, = = 5
Vind Jum Ae(m) H (w) (5}
and
e : ,
= . 6

LI zeq(w) 0, (w) (6)
For a detailed aiscussion of hi, Azq, £zq, and Az the reader is referred to
SSN 38. '

Once the equivalent circuit in Fig. 3 is obtained, the reduction to the
Thévenin equivalent circuit of Fig. 2a can be accomplished using circuit analysis
techniques. In this case, the open-circuit voltage -Voc' of Fig. 2a depends on
the total local electric field. The effective height he at the terminals A,B

is defined such that
Voc(w)‘= he(m) En(m) . (N

10
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Throughout this report, the effective height he and the input impedance

will be calculated and presented in graphical form.
We now return to the cases of HF and VLF/LF antennas, which are not physi-

cally small compared with the aireraft. Due to the strong interaction between

the incident field and the aircraft itself at the in-band frequencies of these
antennas, it is preferable to relate the effective height of the antennas
directly to the incident field. This amounts to solving both the antenna and

the external coupling problems simultaneously. ‘- In these cases, .the effective

height he is given by

hy () = V__(@)/E™ () | ()

where E'"C is the electric field of the incident EMP.

11



CHAPTER 1. AT-536/ARN MARKER BEACON ANTENNA ON AABNCP

I. General Description

The marker beacon antenna is flush mounted at the bottom of the fuselage
at Station 1025. It is designed to receive the 75 MHz horizontally polarized
(E) signals generated by the marker beacons located near the runways. A
schematic diagram of the antenna is shown in Fig.l. The dimensions of the
antenna (approximately 25.4 cm % 7.6 cm % 15.2 cm) are small compared with the

operating wavelength, which is about 4 m.

II. Analysis

The antenna, as shown in Fig.l, is a loop inductively coupled by a much
smaller loop to the coaxial feed line, which usually has a characteristic
impedance of 50%. The antenna is series resonated by a capacitor, and the
inductance coupling is adjusted to yield impedance matching to the feed line'
at the operating frequency.

This principle of operation suggests the equivalent circuit in Fig.2. The
inductances L, and L, are associated with the small and the big loops, .
respectively, with a mutual inductance M between them, The capacitance C is
the combined value of the tuniﬁg capacitance and the stray cabaciténces. R is

the radiation resistance of the big loop. The voltage source, Vind? is the

voltage induced on the big loop and is given by

= - 1
Vind JwF BF Ae | (1)

where -Bt is the total magnetic field tangential to the aircraft skin in the
absence of the antenna. The effective area Ae of a loop is about the same
as the physical area of the loop. The factor F accounts for the reduction
of the total magnetic flux into the antenna cavity. This factor is
treated in detail in an Interaction Note (IN 179). For a cylindrical
depression, F has been calculated in IN 10.

| The circuit in Fig.2 is represented by a Thévenin equivalent circuit in
Fig.3 at the transmission line terminals. Essentially, the feed line sees the
antenna with input impedance Zin and an open-circuit voltage Voc' These <ﬁ)

o

quantities are given by

12
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L' = L [mM/(—1—+'mL +R)]2
2 juC 192
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R' = R [aM/ ( Lx + juL, + R) ] 2
jul I8,
o . 1,
Voc_ Vind {juM/ ( 3l + ;uuL2 + R)]

Fig.3 Thévenin equivalent circuit of the marker beacon antenna.
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2. 201 . -1 2
Z, =w M [——ij+JwL2+R] (2)
and
- 3
Vo = N@) v, . (3)
where
N(w) = juM [=== + joL, + gt (4)
JeRLyuc 2

The above expressions are obtained by assuming that the inductance Ll is
negligible compared with L2; this is the case when the small loop is
considerably smaller than the big loop. The factor N(w) may be regarded as
tﬁe frequency~dependent transformer ratio.

For impedance-matching purposes, the antenna is designed so that at the
operating frequency of fo = 75 MHz, the input impedance of the antenna is '
resistive and equal to the characteristic impedance Z0 of the transmission

1ine. This requires the series resonant condition at fo-
2 = ' (5)
1 w L2 c =0, ,

thus making Zin. in equation (2) purely resistive.

III. Numerical Results

In this section, the circuit parameters of the Thévenin equivalent circuit
are estimated and Zin(w) and N(@) are evaluated. It is observed that these
two quantities are extremely narrow banded with vanishing out-of-band values.

We present only the in-band values. Due to the lack of precise values of the
dimensions of the antenna, reasonable guesses have been exercised.

The radiation resistance for a loop small compared with the wavelength A

is given by

R = 31200 (a/2%)? Ohms (6)

16
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where A 1is the area of the loop. It is to be noted that R affects the values
Zin and N(w) only at the operating frequency, and hence we use A = c/f0
where ¢ is the speed of light. For out~of-band operations, the reactance

dominates and the effect of R is negligible. The inductance L2 is given by
a1 ‘
L, = (2m) u, P &n (p/2wa) (7

where p is the perimeter of the loop and a 1is the radius of the wire. The
estimation of the value of M is more complicated and may be detailed in a
forthcoming Interaction Note. The capacitance C is obtained from (5).

From equations (5), (6) and (7) we find that R = 25 m®, L2 ~ 90 nH,
M~ 2.5 nH, C= 50 pF. These values combine to yield a resonant frequency of
75.03 MHz with a resistive input impedance of 55.602 and transformer ratio of
j47. The responses show very narrow band behavior and only a small frequency
range is plotted in Fig.4 for zin and Fig.5 for N(w).

Equations (1) and (3) show the dependence of Voc on the product
F BtAe . The magnetic field Bt“ depends on the induced current on the
aircraft and should be measured just outside the antenna. Because of the
extremely narrow band characteristics of the antenna, only this very small
frequency fange of Bt value is important. Very roughly, in the frequency

domain, Voc(m) vanishes except at A where it is given by

Voc(mo) =3 x lO8 Bt(mo) volts {(8)

Time domain response of the open-circuit voltage can be obtained by the Fourier

transform.

17
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CRAPTER 2. 137A-5 LF-MF ADF LOOP ANTENHA AND
65806732 LF-MF ADF SENSE ANTENNA

I. General Description

The LF-MF automatic direction finder antennas are used to receive
vertically polarized signals in the frequency range 0.19 - 1.75 MHz (wavelengths
= 170 meters to 1600 meters). There are two identical systems, each system
consisting of one-loop antenna and one sense antenna, which is a ''rectangular
annular" slot. In the ADF mode of operation, the omnidirectional receiving
pattern of the sense antenna, whose radiation pattern is identical to that of
a short monopole, is combined with the figure—eight receving pattern of the
loop antenna to produce a resultant cardioid pattern, as shown in Fig.l. This
principle of operation gives the null detection of the direction and sense
of the received signal:

The loop antenna, as shown in Fig.2, is mechanically fixed with an
electrically rotatable pattern. The antenna consists of two pairs of mutually
perpendicular coils wound around four ferrite arms, with the parallel coils
electrically connected in shunt. The coils are housed in an area measuring
about 30,.5cm x 42.5¢m. The two pairs of coils are connected to the two
orthogonal goniometer windings, and the incident field is reproduced within the
shielded enclosure of the goniometer. This field is picked up by a small rotor
coil which operates exactly like & loop. The cardioid pattern is obtained by
properly combining the output of this rotor coil with the output of the sense
antenna. It is to be noted that the cardioid radiation (or receiving) pattern
will be modified due to the presence of the aircraft, especially at the upper
operating frequency (L.75 MHz) which is close to the first resonaﬁce frequency
of the aircraft. The two loop antennas are flush mounted on the bottom center
line of the fuselage at stations 1005 and 1068.

Each sense antenna, as shown in Fig.3, is a "rectangular annular" slot
antenna. The two sense antemnas, which are flush mounted, are located at the

bottom of the fuselage at body station 1490, and at right and left buttock line

89, respectively,

II. Analysis

I1.1 ADF Loop Antenna
- The Thévenin equivalent circuit of an electrically small receiving loop

20
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Fig.2 %c’hematic.: diagram of the LF-MF ADF loop antenna:
a) physical layout, (b) electrical conmection.
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antenna is shown in Fig.4. The parameters of a loop antenna with N-turns closely
wound on a ferrite core with cross—sectional perimeter p, length 2 and

permeability u are given by

L= N2 A/R (1)
. ,
ind Jw(ue/uo) Bt Ae ( )
d
an R = 31200(NA/3%)%  ohms 3)

Here, LA is the effective permeability due to the presence of the ferrite core
‘ and is plotted in Fig.35, Ae is the effective area of the loop and is about
N times the cross-section area A of the coil, and Bt is the total magnetic
field normal to the loop.
We now apply the above results to the ADF loop antenna. Since there is
no significant interaction between the two pairs of orthogonal coils, they can
be treated independently. However, in the following analysis, we have to take

into account the mutual inductance M between the coils in each pair of parallel

Y
N

coils. The equivalent circuit for each pair of shunt-connected parallel coils
is shown in Fig.6(a), where the terminals ‘A, B are the feed points of the
antenna. Circuit analysis reveals that the two equivalent sources, -Vind’ must
"have polarities as shown in the figure in order for voc to be non-zero. The
resultant Thévenin equivalent circuit is shown in Fig.6(b). 1In gene;al, M is
considerably smaller that L.

In the equivalent circuit of Fig.6(b), the open-circuit voltage and the
input impedance depend on the physical properties of the antenna structure and
the total magnetic field tangent to the aircraft skin. It is recommended that

these two parameters be determined from suitable measurements.

II.2 ADF Sense Antenna
The Thévenin equivalent circuit for an electrically small "rectangular
annular” slot antenna is shown in Fig.7. Such a slot has a radiation pattern
identical to that of a short monopole. The capacitance C and equivalent area

Aeq of this slot antenna can be calculated from the results in SSN 98 and S8SN

106 _ $
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Equivalent circuit of an electrically small receiving

loop antenna.
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(a) Equivalent c¢ircuit of a pairrof parallel coils connected in

shunt. (b) Resultant Thévenin equivalent circuit of (a).
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Fig.7 Thévenin equivalent circuit of an electrically small

"rectangular annular" slot antenna.
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119 pF

]

A = 0.93 n? (%)
eq

from which one gets for the effective (equivalent) height

£ Ae
h =—=9 =6.9 cn
e C

The radiation resistance is the same as that of a short monopole and given by

R = 1580(he/A)2 ohms (5

The open circuit voltage is given by
V. =h E (6)
e

where En is the total electric field normal to the aircraft skin when the

slot is short-circuited.

e

Even though the information on the matching networks for these two
antennas is not available, there must Ee some circuit elements at the driving
points to provide impedance matching in the operating frequency range. For
@ut-of?band operation, the impedances looking into the antennas through the
matching networks would be high, and the short-circuit current across the
observation terminals would be small. For EMP responses, it suffices to consider
only the in-band frequency range (0.19 - 1,75 MHz), within which EMP energy is

quite significant,

29



CHAPTER 3. AT-1076A/A UHF BLADE ANTENNA ON AABNCP

I. General Description

The UHF blade antemmas are used for transmission and reception of vertically
polarized signals in the frequency range 225 - 400 MHz (wavelengths = 0.75 -
1.33 m). There are fourteen such antennas, externally mounted at various
locations on the top center line and the bo;tom center line of the fuselage.
The one undergoing the AABNCP low level tegting is located at the bottom center
line of the fuselage at station 690. The antenna, as shown schematically in
Fig.1l, has a height of 22.9 cm, a width of 8.7 cm and a maximum thickness of
1.9 cm. It operates as a capacitively top-loaded sleeve monopole, with a shunt
stub forming a d.c. path from the upper part of the antenna to the aircraft skin.
The stub thus provides protection to the tramsmitter and the receiver against

large low-frequency excitations such as those due to FMP or lightning.

JI. Analysis

The antenna is re-sketched in Fig.2(a) to show the salient features of

L

the electrical connections. In the frequency range of interest, the potential . {:
1s constant on each half of the antenna, i.e. points marked by D are at omne
potential and points marked by A_are at another potential. An equivalent
circuit of the antenna is shown in Fig.2(b). The three transmission lines with
characteristic impedances zOl’ 202, 203 are used as the transformer sections,
as detailed in Fig.l. They provide impedance transformation for matching
purposes. Another impedance matching arrangement is the small capacitance
between points G and D. Within the frequency range of interest, this
capacitance appears as a capacitive‘load between foints F and D. The load
is represented by the capacitance Ce(m), the value of which can be evaluated
by using transmission—line theory. The shunt stub, short-circuited at both ends,
appears inductive across D and H and across A and H within the frequency
range of interest. The resultant effect of this stub can therefore be
represented by an inductance L(w). It is obvious that the stub provides
protection to the transmitter and receiver against large low frequency signals.
The capacitance Cp accounts for the effect contributed by the two

metallic plates, separated by a dielectric spacer. Again, this capacitive

\)
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value can be adjusted for matching purposes. The radiating properties of the
antenna is represented in the equivalent circuit by the external antenna
admittance Ya(m), whose value can be obtained from the theory of the sleeve

monopole. is the induced short-circuit current on the blade at the gap,

Iind
and is given by

ing = 0B, 38;,'“&1:[1-(b_/a)2][1-<c/ao2]*i

[4@/a) {F(o\w) - E@\w] ™ &

where

¢ = sin-l[l-(c/a)zj%
-1 2 2 %
o = gin [(1—(b/a) )/( 1-{c/a) ):I

and En is the total electric field at the location (but in the absence) of the
antenna, and is normal to the fuselage. In this case, a = 22,9 em, b = 4.3 cm

and ¢ = 1.0 ecm. Numerically,

P -13 | )
Iind = 6,67 % 10 jwE  amperes (2)

The detailed derivation of Iin has been presented in SSN 193,

d
The Thevenin equivalent circuit, as shown in Fig.2(c), is readily obtained

by circuit analysis. The open-circuit voltage is expressed in terms of a

complex equivalent height he(m), which is defined by

V.~ he(m) E | : (3

Both the input impedance Z; (w) .and the equivalent height h_(w) ‘depend on

the external antenna admittance Ya(m).
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Low-frequency circuit model

At low frequencies, some otherwise negligibly small induced signals may
become more significant. In Fig.3(a), we present a modified equivalent circuit
to take into account these low-frequency contributions. One such contribution
comes from the small region enclosed by the dashed linmes in Fig.2(a). This
region forms a small loop with a small inductance Ll in series with the
capacitive load Ce and the inductance L which represents the effect of the
shunt stub. The voltage Vi induced in this loop is given by Faraday's law of
induction and is related to the time derivative of the magnetic field normal
to this loop.

Also, there will be some small but nonzero induced charges on the center
conductor of the driving element of the antenna. These charges produce a current

I

;> as shown in Fig.3(a), between the center conductor and the rest of the
antenna, i.e., between ¥ and D in Fig.2(a).

At low frequencies, the three transmission-lines (Flg 2(b)) can be
represented by lumped elements as shown in the following way. Since the

impedance Z, looking into the right at FA is mainly capacitive and its

, L
magnitude is large, the input impedance of the driving transmission-line with

length 23 is

Z. +j Z
B A 3

37 703 Zpy+j 2z tan Bl

tan BL

! o »
T 1/z +ij3 3 (4)

where 203 and B are the characteristic impedance and propagation constant

of the transmission-line, respectively, and
1
C3 = /e Zpy

is the distributed capacitance per unit length. Hence the influence of the
transmission—-line can be represented by a shunt capacitance C‘3. ‘Since the

resultant impedance of Z and this shunt capacitance still has a 1arge

L

magnitude, the other cascading transmission-lines can alsobe 51m11arlyrepresentedty
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lumped capaciltances Ct2 and Ctl'

The two remaining equivalent circuit elements in Fig.2(b), namely, the
capacitance Cp and the admittance Ya’ have very small effect at low frequencies
and can be neglected.

The low frequency Thévenin equivalent circuit is shown in Fig.3(b) where

z} = 1/50(C  + C,) (3
vie=(@+c/C)Gel I+ V, + Ii/jwce) : (6)

and

t tl t2 t3

In the above expressions, it is assumed that

1/jwC >5 ju( + L) @ p
e 1 {j}

The low-frequency values of C, and L are derived from transmission-line

theory similar to that of (4).

I1I. Numerical Results

The model presented in Fig.3 is applicable only at very low frequencies.
However, the valid approximation of (7) indicates that the addition of low
frequency components in Fig.3 does not affect the input impedance appreciably
compared to the model in Fig.2(b). Further, sincé the quantities Vi " and Ii
are assoclated with a very small area and a very small surface, respectively,
their contribution would not be very significant, and the open circuit voltage
given by Fig.2(c) is adequately accurate even at low frequencies, The numerical
evaluation of Zin(w) and he(w) is based on the model of Fig.2.

The admittance Ya(m) of the sleeve monopole is presented in Fig.4. Other

circuit quantities are evaluated using the methods outline in section II.

()
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The input impedance is presented in Fig.5. We notice the reasonably well-

matched impedance level at the in-band frequecy range and the striking mis-

match at the out-of-band range. The complex equivalent height is presented

in Fig.6.
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CHAPTER 4, HF WIRE ANTENNA ON THE AABNCP

I. General Description

The HF wire antenna is used for long range communication. It op-
erates in the 2-30 MHz region {wavelengths, 10-150 meters). The an-
tenna is of total length, 28.3 meters, and consists of a WS 25 U single
conductor cable with polyethelene dielectric cover. The driving point is
located at station 1328 on the top of the fuselage, and the termination is
electrically connected to the vertical stabilizer at station 245. The an-

tenna as it appears on the AABNCP is shown in Figure 1.

II. Analysis

For frequencies below the first major resonance of the loop formed
by the HF wire, the fuselage, and the vertical stabilizer, coupling to the
HF wire antenna may be approximated using the analysis of an electrically
small loop. Hence the analysis presented in this chapter isvalid for fre-
quencies below about 1.5 MHz. For frequencies near or above 1.5 MHz,
the HF wire antenna cannot be considered as an electrically small loop.
The problem of determining the coupling to this antenna for these higher
frequencies is a complex boundary value- problem. This boundary value
problem requires consideration of the interaction of the HF wire with the
total aircraft structure. The analysis of this antenna above 1.5 MHz is

presently being investigated and may appear as a future Interaction Note.

The triangular loop formed by the HF wire antenna, the fuselage,

and the vertical stabilizer is shown in Figure 2 along with the appropriate

dimensions. The radius of this effective loop is assumed to be the radius

of the HF wire antenna itself. The restriction imposed for small loop
analyses may be used to determine the approximate upper limit of the
frequencies which may be considered. This restriction requires that the
largest dimension of the loop measured from its terminals (points A-B in

Figure 2) must be less than or equal to approximately one-seventh of the
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smallest wavelength to be considered in the analysis. For the loop con-
taining the HF wire antenna, the largest dimension, dmax’ is approxi-

mately 28 meters. Hence,

max 1
= 1
. S 7 (1)
min
or
o ‘
2
fmax < 7d ’ @)
max
and
< 1.5 MHz (3)
max

Therefore, since this analysis uses the small loop approximations, it will

not be valid above about 1.5 MHz, R

According to the standard expressions for electrically small loops,
the radiation resistance is given as
A 2 '
R =~ 3207 (—) Q (ohms) : (4)
2
A
where A is the effective area of the loop in meters2 and A is the wave-
length in meters. For this loop, the effective area is

- (28m)(5m) = 70 m° (5)

ja—y

A=~

oo

4t

e
A ™,

'-/}



Then R may be written as a function of frequency,

4

R{f) =~ 32(;” A% Q for t < 1.5 MHz , (6)
c‘
or
REE ) =~2067  x 1073 Q fort < 1.5 (7)
MHz' ~ °° ‘MHz - Or b =

The inductance of a small loop is related to the loop size (perim-
eter) and the radius of the wire forming the loop. This inductance may

be written as

oy 2o B
L= Ho 27 fn 27ra (®)

where p is the loop perimeter in meters, a is the radius of the loop wire
in meters, Ko is the free space permeability in farads/meter, and L is

the inductance in henrys. For the loop under consideration,

L = (4:11' x 10 ) 2 £n ) (0 002) henrys 3 ( )

or
I, = 104 phenrys for f < 1.5 MHz . (10)

The input impedance, Zin’ looking into terminals A-B in Figure 2

is
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Z. =R + jwuL. (11)
in

For this loop

-3 4
= j L9 12
Zin(fMHz) 20 x 10 free T j653 fMHzQ for fMHz <1.5 (12)

The equivalent circuit to determine the coupling into the loop is
shown in Figure 2. The circuit elements are evaluated according to the
equations given above. The open-circuit voltage is determined from the
effective loop area and the local fields near the loop. These local fields
must be calculated using an aircraft model or must be measured in the

test environment. The open-circuit voltage is given as

V = -juB

13
oc TAe (13)

ff’

where Aeff is the effective area of the loop in Ine‘clers2 and BT is the com-
ponent of the total magnetic fl‘ux density normal to the loop. (NOTE: BT

must be known from previous theoretical or experimental determinations

of the local fields on or near the airframe in the immediate vicinity of

the antenna itself. )

The open-circuit voltage, Voc’ actually represents a pair of volt-
age sources in series. The magnetic field normal fo the loop is enhanced
by the presence of the large cylindrical current-carrying fuselage. This
field enhancement comes from two distinct considerations. First, inci-
dent electric field components along either the fugselage, wings, or ver-
tical stabilizer induce currents on the fuselage. These currents on the
fuselage produce circumferential magnetic fields around the fuselage and
consequently through the loop under consideration. The voltage induced

in the loop, -Vgrll:], by this means is given by

46
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(1) . (1)
v ) = juu_ ffH¢ (0)dA (14)

loop
area
where
I (w) ‘
g (,) - mex 7 (15)
[\ 2rr

and r is the cylindrical coordinate measured outward normal from the
axis of the cylindrical fuselage. Imax(u) is the magnitude of the current
induced on the fuselage (assumed to be a uniform current distribution) as
a function of frequency. The second consideration in the enhanc‘ement of
the magnetic field normal to the loop is the actual distortion of the inci-

dent‘magnetic field due to the presence of the fuselage. The voltage in-
(2)
Vind’

(2) o (2)
Vind(w) = Jup ffH¢ (w)dA | (18)
loop

area

/ﬁ) ' duced in the loop, by this means is given by

2 : ,
where H; )(w) can be approximated as the golution to the magnetostatic
problem of the perfectly conducting infinite cylinder immersed in and

perpendicular to a uniform magnetic field.

. 2 .
The expression for Hq(b )(w) may be written as

2

H;z)(u) = (1 +a—2)H0(u) cos¢ (17)

r

&
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where Ho(w) is the magnitude of the uniform magnetic field surrounding

the conducting cylinder.

I11. Numerical Resulis

In order to simplify the discussion of the actual coupling to the loop,
suppose a cartesian coordinate system is superimposed on the aircraft in

flight as indicated in Figure 1. To determine the sign of the voltage,
(1)
Vind’

lage in the positive y-direction generate a pogitive potential drop from

terminal A to terminal B. Similarly, Vii()i shall be positivé from Ato B

the convention shall be adopted that currents induced along the fuse-

when the incident magnetic field, ﬁo-’ ig in the positive x-direction. Con-
sequently the incident fields as ori'ehted in Figure 3 induce additive volt-

ages across terminals A-B.

The model considered here is useful only at those frequencies below
the resonance of the loop where the loop may be considered electrically
small. The input impedance as defined by equation (12) is plotted as a

function of frequency in Figure 3.

: As indicated in the previous section; the open-circuit voltage source,
Voc’ may be approximated as a pair of voltage sources in series. The |
magnitudes of the two sources are determined by evaluating the integrals

given in equations (14) and (16). These two voltage sources are defined

as follows:

M, . "’“o) ‘
or
AT WU Ty S SR N (19)

ind MHz MHz max MHz
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and

ind MH=z

(2) . WH,
Vlnd(w) = J(].O?)(_n'o—') Eo(b.)) ’
or
V(z)(f ) =~ j2,24f E (f

MHz o NMH=z

(20)

(21)

From equations (18) and (20) it is possible-to define two parameters

useful in representing the coupling to the loop. The inductive magnetic

coupling coefficient, £, is defined as -

Vgl)(w) > jpLl (w).
ind max
Hence, using equation (18),

£ = 3.2 phenrys

The effective area of the loop ‘is defined as
(2} s '
Vind(w) B J"JMOHOAeff-

From equation {(20),

Aeff ~ 107 m

50

(22)

(23)

(24)

(25)

-
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R

Finally, it is desired to determine the voltage across a 502 resis-
tive load attached across the antenna terminals A-B. Figure 4 presents
the magnitude of the ratio of the 509 load voltage, Vo to the open cir-

cuit voltage, V
oc

Iv. Conclusions

For frequencies below about.1.5 MHz the HF wire antenna has been
modeled as an electrically small loop antenna. An equivalent circuit rep-
resentation and appropriate lumped element values have been determined
and presented. As expected, the radiation resistance :}ncreases rapidly
with frequency. However, it is negligible when compared to the high in-
ductive reactance of the loop over the frequency range of interest. It is
demonstrated that at relatively low frequencies, f < 10'KHZ, almost all
of the voltage induced in the loop appears across the 50Q load resistance.
As frequency increases, the voltage across the 50 load decreases and
I‘éprésents less than 10% of the voltage induced in the large loop for fre-

quencies near 1 MHz.

For frequencies near or above 2 MHz, the HF wire antenna cannot

be considered as electrically small., The problem of coupling to this an-

tenna in-band and above-band is a complex boundary value problem.
This boundary value problem is currently being investigated and may ap-

pear as a future Interaction Note.
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CHAPTER 5. B559 & B561 GLIDE SLOPE TRACK
ANTENNA ON AABNCP

I. General Description

The two glide slope track antennas are installed on the front edges of the
aft nose wheel doors of the aircraft. They are used for the reception of
horizontally polarized signals in the frequency range 329-335 MHz (wavelength =
0.90 - 0,91 m) after the landing gear is lowered on the approach. The track
antenna, as shown schematically in Fig.l, is in the form of a planar slot with
maximum dimensions 20.3 cm X 3.8 cm. The antenna is sandwiched between two
dielectric boards, each with a thickness of 0.3 cm and a relative dielectric

constant 3.5,

IT. Analysis

The relationship between the input impedance Zin of a slot antenna and
the input impedance Zin of the complementary dipole antenna is well-knowm,
and is given by

28 zd
in in

22 (1)
(o]

&=

where Zo is the intrinsic impedance. We will derive the input impedance

Zin of the track antenna by first finding that of the more familiar dipole
, d

antennas, i.e., Z,

The track antznna is re-sketched in Fig.2(a), with its complementary
antenna shown in Fig.2(b). The complementary antemna is a planar folded dipole
antenna, loaded at both ends by two metal strips. The analysis can be carried
out by decomposing the voltage and current into a symmetric mode, as shown in
Fig.3(b}, and an antisymmetric mode, as shown in Fig.3(c).

The symmetric mode is easily identified as the main contributer to the
radiation. For this mode the currents on both branches are identical; so one
can replace this structure by its equivalent dipole antenna (Fig.3(d)), loaded
at both ends, and with an effective wire radius given by

a t-;rcI)_I'5 (2)

1
eff z(
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The complementary folded dipole antenna, shown in (a), can

be decomposed into (b) a symmetric mode and (c¢) an anti-

symmetric mode. The symmetric mode can also be represented

by an equivalent dipole antenna in (d).
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where, as shown in Fig.2(b), w is the width of the strip and d is the
distance between the two strips. The input impedance Zr for the symmetrical
or radiation mode can thus be evaluated from dipole antenna theory, and is

given by
z = (V/2)/(21) | (3)

The antisymmetric mode is basically a transmission-line mode and contributes

little to the radiation. The impedance Z¢ Ilooking into either short-circuited

transmission-line at the voltage source points is given by

zt = v/zxt (4)

and from transmission-line theory

z, = j Z_ tan BL | (5)

! *
e where ZC and B are the characteristic impedance and the propagation constant,

respectively, of the transmission line. Specifically,

7 -z Km) ' (6)
c o K(ml) .
where
- 2d-w 2
2d+w
ml =1 -m

and K(m) is the complete elliptic integral of the first kind. Equation (6)
has been obtained by conformal mapping and its detalled derivations have been
reported inan Interaction Note (IN 182).

The input impedance of the complementary folded dipole antenna is
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Zin = VI A__It)
/1 1 y-1
= (E" * 97 ) @
T t

In the frequency range of interest, i.e., from d.c. to 400 MHz, the equivalent
dipole antenna and the transmission-lines are considerably less than a quarter
wavelength; hence Zt is a purely inductive quantity, and Zr has a negative
imaginary part. The equivalent circuit of the complementary folded dipole is
presented in Fig.4(a), with the sources to be described later.

The input imﬁedance of the track antenna is given by (1) and (7)
-2 () ®

in 27
r-

Now, the first term in (8) contains a positive imaginary part and represents

an inductive quantity, whereas the second term is purely capacitive. The

equivalent circuit can be viewed from Fig.ﬁ(b) together with the induced

sources which are now detailed. —
We will first examine the induced sources on the complementary folded ;T

dipole. As shown in Fig.4(a), the folded dipole has two induced voltage

sources. The one denoted by Vgn is twice that of the induced voltage in

d
the equivalent dipole antenna (Fig.3{(d)), i.e.,

V, ,=2h E | (9)

where hi is the effective height of the equivalent dipole antenna and Et

the total incident electric field parallel to the dipole antenna as shown in
Fig.4(a). This result is readily obtained by decomposing the antenna currents
and voltages into symmetric and anfi—symmetric modes as we did in the derivatiom
of the impedance. The other source Vi is attributed to the voltage induced in
the loop (Fig.3(d)) formed by the two sections of the short-circuited
transmission~lines, and

d _ . N '
Vi = —juB_ A (10

O
where Bn is the total incident magnetic field normal to the loop with area A, W

Except at low frequencies, the open circuit voltage across A' B' is mainly
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d
: ind
The induced sources of the track antenna are shown in Fig.4(b)}. In this

contributed by V

. s .
case, the counter part of Vg is Ii’ given by

IS = jue E_ A (11)
i n eq

where En is the total electric field normal to the slot antenna when the slot
is short-circuited and AEq is the equivalent area of this configuration (see
IN 89 and IN 92). The other source term Vin is related to an effective height

d
hz for the track antenna by the following relationship

vi =nSE : (12)
ind e ' p
where Vind is the counter part of Vind of the complementary folded dipole

antenna and EP is the incident electric field in the plane of the antenna but
perpendicular to the long-side of the track antenna, as shown in Fig.4(b). It

{
is found that the effective height hz is given by ' K:>

s _ ,d
h, =h (Z /2) . , (13}

where Z. has been previously defined. The derivation of (13) may be reported

in a future Interaction Note and is briefly outlined here. From Maue's integral

formulation of Maxwell's equations, it is observed that %-vind of the track

antenna is the dual of an of the complementary equivalent dipole antenna,

ind .
q = Vq /Z_. Further duality between qunc in the track antenna
ind ind’ "r : =
ﬁrbblem and —sElnc
(9) and (12) yields the result of (13).

At low frequencies one sees essentially a small loop in the complementary

where I

in the complementary dipole antenna problem, together with

folded:dipole antenna. This is equivalent to neglecting Zr and Vgnd’ which
have very small.influence. ‘This low-frequency equivalent circuit is presented

in Fig.4(c). Similarly, at low frequencies, the essential contribution of the

track antenna is due to the current source term Ii and the low-frequency

equivalent circuit is presented in Fig.4(d). _ : (j)
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ITI. Numerical Results

The input impedance Zin of the track antenna is calculated from (8),
where Zt is given by (5) and (6) and ?r is the impedance for the equivalent
dipole antemna with end loads. In Fig.5, Zin(w) is plotted against frequency.
It is evident that the track antenna is a relatively narrow band device. The

open-circuit voltage Voc(w) at the terminals A B of the track antenna, from
5

ind’
smaller quantity (except at low frequencies), i.e.

Fig.4(b), is approximately equal to V since Ii .is in general a much

5 =ng 14)

vocGU) = Vlnd e p

The complex effective height h:(w) is presented in Fig.6.
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CHAPTER 6. B558 GLIDE SLOPE
CAPTURE ANTENNA ON AABNCP

I. General Description

There are two sets of glide slope capture antenna arrays on the AABNCP,
‘each‘set consisting of two slot antenﬁas. The arrays are flush mounted at
the two aft nose gear doors. These antennas are used to receive the
horizontally polarized signals in the frequency range 329 - 335 MHz (wgvelengths
~ 0,90 - 0.91 m) when the gear doors are closed. The capture antennas, as '
shown schematically in Fig.l, consist of a planar slot with dimensions 12.2 cm
x 1.3 cm. The slot is capacitively coupled to a microstrip transmission-line
via a tuning slug capacitor. The microstrip line itself also forms part of the
impedance matching network, and is sandwiched between two dielectric boards

each with a thickness of 0.3 cm and a relative dielectric constant of 3.5.

1. Analysis

A detailed drawing of the capture antenna is shown in Fig.2. The
microstrip transmission-line, which feeds the slot via a tuning slug capacitor
at F, has its strip conductor connected to the center conductor of a coaxial
feed at E. The outer conductor of the coaxial line is in electrical contact
with the aluminum ground plane. The antenna is equipped with two impedance
matching mechanisms, one being the tunable capacitance at F between the slug
and the strip conductor, and the other being the shunt stub section between
'D and H of the microstrip line. This shunt stub provides a reactive impedance
compensation. '
The input impedance Zr of a simple slot antenna is related to the input

impedance Zd of the complementary strip antenna by

1.2 1
Z, Zy = 7 %o (1)

. 8
where Z0 is the intrinsic impedance. The effective height he of the slot
antenna is related to the effective height hi of the complementary strip

antenna by

s d
h = h (zolzzd) (2)
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Fig.1(a). Location and schematic diagram of the capture antenna.
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Here, hz is related to the induced voltage Vind by
V., . =h°E (3)
e

where Ep is the incident electric field in the plane of the antenna and
perpendicular to the long side of the slot. The orientation :f Ep - is shown
in Fig.2. All the above formulas were explained in Chapter 5 .

Alternatively, equations {2) and (3) can be derived in the following way.
InfrodUcing a vector equivalent length & LI oriented in the direction of the
long side of the slot, the short-circuit current I, ind induced in a thin wire
placed across the center of the slot due to an incident magnetic field H
is '

inec

I, , =20 - H ' (&)
ind —eq = .

which can be deduced from the ideas of Babinet's principle. We can also express
Iind in terms of the skin current K in the absence of the slot, (i.e., when
the slot is completely covered by metal),

- - - = . - £ .
Iind Eeq (Kxn) K (nx—eq)‘
where n 1is the unit vector normal to the screen (airecraft skin) surface. The

induced voltage V is then given by

ind

inc
= . 5
Vind I1nd r = (2 IZZd) Eeq (Zo-ﬂ ) (%)

d
It turns out that &eq' is equal to the effective height he of the complementary
strip antenna, as may be shown in a future Interaction Note. For the field

excitation shown in Fig. (2),

*The two effective height expressions in this Ghanter and Ch. 5 differ by a factor
}. It is to be noted that the expression in Ch. 5 is applicable to the case of

a folded slot antenna.
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) a
Vina = (B/229) B (Z HY)

where Ht is the incident magnetic field tangential to the antenna surface
along the long side of the slot. This above equation is thus identical to (2)
and (3), since the ratio of E to H- for an incident plane wave is ZO.
The equivalent circuit of the capture antenna is shown in Fig.3(a). The
points marked by the letters A, B, D.... etc., can be identified with the
physical locations in Fig.2. The capacitance C ‘between points F and G
accounts for the effect of the tuning slug and compensates in part the reactive
part of Zr' The different sections of the microstrip line in the present
configuration have nearly identical characteristic impedance Zc' The value
of Zc can be obtained from the results tabulated in SSN 90. . The impedance
Z . represents the impedance at H of the two identical open-circuit stubs

H
HJ and BK (Fig.2). This impedance is given by

__1.
Zg = -5 3 Z, cot BY, _ (6)

‘
where £ 1s the propagation .constant of the microstrip line, and 24 is the
length of each stub. When one end of a transmission line of length & is
excited by a generator whose source impedance is ZR and open—-circuit voltage
is VL’ the input impedance ZS and the open~circuit voltage VS at the other

end of the transmission line are given by

Z,+j Z_ tan B2
- ¢ €5

Z =12 :
s c ZC+J ZE tan B2

and

v . . -1
VS = VLZc[Zc cos BL + j ;2 sin BL] (8)

Equations (7) and (8) together with other circuit analysis techniques enable us
to obtain the Thévenin equivalent circult of Fig.3(b). We define a new complex

effective height heff such that at the terminals AB, the open-circuit voltage
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Otvoc= heiEp

(b)
Cy4+C
A ||

a)ivéc

B

Fig.3. (a) Equivalent circuit of the capture antenna.
(b) The Thévenin equivalent circuit.

(¢) Low frequency equivalent circuit.
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Voc is given by

=h (9)

Voc eff Ep

At low frequencies, as outlined in Chapter 3, each of the transmission
lines can be represented by a shunt capacitance equal to the total capacitance
of  the line (product of the distributed capacitance per unit length and the
length). We represent the total effect of all these lines by the capacitance

Ct’ which is given by

a -1
C, = (ch) (nl + 8yt 8yt 2n4)‘ (10)

2, and &, are shown in Fig.3(a). At these

10 by A3 and 4y
frequencies, Zr can be neglected and we have the low-frequency equivalent

where the lengths £

circuit as shown in Fig,.3(c}, where the input impedance and the open-circuit

voltage are given by . ;

; il
- g
—

L - =
AN 1/3w(g+ct) (11)
and
] _
Voe = Vind C/(C+Ct) , (12}

ITI. Numerical Results

The input impedance Zin(w) at the terminals A,B of the capture antenna
is calculated and plotted against frequency'in Fig.4. 1In Fig.5, we present the

complex effective height he It is observed that the antenna is a narrow

ff°
band device.
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CHAPTER 7. DMPN3 LOW RANGE RADIO ALTIMETER ANTENNA
ON AABNCP

I. General Description

The low range radioc altimeter (LRRA) system provides information on the
absolute altitude (height above terrain) during approach and landing phases of
the flight operation. The antennas used for this purpose are the same for both
the AABNCP and the B-1. Each aircraft carries two LERA systems, and each
system uses two identical horn antennas: one for transmitfing the signal and
the other for receiving the reflected signal from the ground. The antennas
operate in the frequency range 4.2 - 4.4 GHz (wavelengths = 6.8 - 7.1 cm).

On the AABNCP, the four antennas are flush-mounted at the bottom of the
fuselage around station 913 and station 933; on the B-1, they are flush-
mounted at the bottom of the fuselage around Yo 440, The antenna is a
dielectric foam filled pyramidal horn and fed by a probe (see Fig.2).
Externally, the antenna has a height of 7.4 em and maximum cross-sectional
diagonal of 13.2 cm. In Fig.l, the locations of the antennas on the two
aircrafts and the external appearance of one horn are shown. In Fig.2, we

present the internal view of the antenna having the dielectric foam removed.

II. Analysis

The wavelengths corresponding to the important part of the EMP spectrum
are very large compared to the physical dimensions of the LRRA antenna. In
calculating the effect of EMP on the horn antenna, it is therefore sufficient
to carry out a quasi-static analysis. We will first consider the open-circuit

voltage and then the input impedance. From theview point of mathematical

tractability,the LRRA antenna can be described as a quasi-pyramidal horn

with an infinite flange (Fig.3). The electrostatic potential distribution
of Fig.3 can be found by the method of separation of variables in the spherical

coordinates. JInside the horn, the potential V is given by

o v 2v+l -v -1
q q

V(r,0,¢) = ¥ a 9 .,
(r,8,9) _P=Z~m q£1 ol T Ty T

[t » P /Q.P(cos 0)) }Q.P(cos &)]sin(u ) (D
y (cos 8) - { “q cos 61) qu(cos 61 }qu cos sin up¢
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——> FWD /”‘Oui'side Aircraft

Dielectric Foam
(removed)

(b} Cross-sectional view through the probe.

Fig.2. 1Internal view of the LRRA Antenna.
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where

= = 2
u, pﬂ/¢o, p=1,2,3.... (2)

and the values vq(q = 1,2,3....) depend on el and up, and are the roots

of the following transcendental equation

", M, ", M, ;
qu(cos 81) qu(—cos 91) - qu(—cos Bl) qu(cos 81) =0 )

In the above equations, s 61 and ¢0 are the horn parameters as defined
in Fig.3, Pg(cos 8) and QS(cos 6) are the associated Legendre functions of
degree v and order 1y, of the first and the second kind, respectively. The
coefficients Ap are determined from the field distribution in the aperture.
 Solution of (3) and the evaluation of qu are very time-consuming processes.
For the present study, another simpler but reliable approach is adopted.

By studying the potential distribution inside the rectangular well

depicted in Fig.4, upper and lower bounds of the voltage picked up by the : .fﬁ)

P
{

probe in the horn can be obtained and, thus, the EMP induced voltage in the LRRA
antenna can be estimated with a reasonable accuracy. In this chapter, we assume
that the normal electric field Ep inlthe aperture of the horn to be the same
as the electric field perpendicular to the fuselage, this field being due to.
the induced charge density on the aircraft. This assumption of the field
distribution in the aperture over-estimates the result by a factor of

approximately 1.5 (see IN 10). Thé potential in the trectangular well is found

to be
- 3 P 2 2.1 -1
V(x,y,2) =~(16 E_/1") ) z -{mn[(m/a) + (0/b)“] % cosh kmnh I
P m odd n odd
sin(mrz/a) sin(nwy/b) sinh(kmnx) (&)
where
kmn = 'n[(m/a)2 + (n/b)z:ll‘5 (5) Cj)
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horn

Actual LRRA
anienna

Curved surface
(not shown)

Fig.3. The LRRA Antenna and its geéometrical approximation: the
quasi-pyramidal horn. '
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(a) Three-dimensional view.
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f—— b ———

(b) Cross-sectional view through the probe.

Fig.4. Scheématic diagram of the rectangular well.

80

R



O

It has to be pointed out that in the above expressions, the dielectric constant
of the dielectric foam is taken to be that of free space. From (4) and (5),

the open-circuit VOC at the terminals AB (Fig.&b) can be obtained. Defining
the effective height he of the antenna in Fig.4 as follows:

h =V /E (6)
e oC P ) -

we obtain, from (4) and (6) that

| -1
ho=ae/r I 1 {mlw/a?+ @i
m odd n odd _

*sinh(k _d)/cosh(k_h) | | ' (7)

where x = d is the vertical distance between the probe and the bottom wall of
the well., ,

In Fig.5, we present the graph of he versus a/h with fixed values of
d and h, and with b/a as a parameter. The point F in the graph
corresponds to a rectangular well whose cross-sectional dimensions are those of
the LRRA horn aperture, and this value of he is larger than the effective
height of the LRRA horn antenna. The point G corresponds to a rectangular
well with the cross-sectional dimensions of the small end of the LRRA horn,
and this value of he is less than the effective height of the LRRA horn -
antenna. Thus, the effective height of the LRRA antenna varies between 10 " m
and 1072 m. A reasonable estimate of this value is 2 x 107 a.

We now consider the input impedance of the LRRA antenna. Due to lack
of information, the matching network will be left out in the following analysis.
Since the wavelengths of interest are very large compared to the dimensions of

the horn the input impedance is similar to that of a small dipole antenna in

free space except for some factors (f,* and fc) which account for the fact

R
that the antenna is inside the horn. Hence, at low frequencies, the input
impedance can be represented by a resistance R in series with a capacitance

C, as shown in Fig.6.
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Fig.5. The effective height versus a/h with b/a as a parameter. Points
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Fig.6. Thevenin equivalent circuit of the LRRA Antenna at terminals A,B.
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The resistance R is given by
R=f R (9)

where Rb is the radiation resistance in free space of a dipole antenna of

length 22 and it is given by

Winrs

Ro=2rz @m? (10)

[+

where Zo = 377 & 1is the intrinsic impedance of free space.' The factor fR

is roughly given by

9 —2kll(h—d)

fR = (aobolﬁﬂro) e (11)

where a and bo are the dimensions of the aperture, and r, is the
distance from the vertex of the pyramidal horn to the aperture (see Fig.3).

The quantity k is given by (5) with m = n = 1.

11
For the present problem,

fo= 1.5 % 1074 . (12)

For frequencies up to 100 MHz, the radiation resistance R is less than 1 [iR.

The input capacitance C 1is given by

c=f_¢C (13)

where Cb is the 'capacitance of a dipole antenna in free space with
length 22 and radius T 5. it is given by

= : 14
C e 2 En(22/ra) (14)

(o}

The factor fC can be evaluated approximately from image theory. Thus
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(15)

As expected, (15) indicates that the walls of the horn cause an increase in the

capacitance. For the present problem

f. = 2.5 (16)

and the capacitance is approximately 0.3 pF. Thug, the input impedance
of the horn antemna is predominantly capacitive and it is about -j 5000 Q

at 100 MHz.

-
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CHAPTER 8. AS-1918/AR UHF/IFF-TACAN BLADE ANTENNA ON B-1

I. General Descriptioen

The blade antenna described in this chapter is used for transmission and
reception of vertically polarized signals in two frequency ranges: a UHF range
of 225-420 MHz (wavelengths = 0.75 - 1.33m) and an L-band range of 900 - 1220 MHz
(wavelengths = 0.25 — 0.31m). The antenna, as shown schematically in Fig..l,
consists of two sections: the UHF section which is fed via a low-pass filter,

and the L-band section which is fed via a high-pass filter. Each section is
basically a capacitively top-loaded sleeve monopole; hencg the principles of
 operation are similar to those of the blade antenna AT-1076A/A analyzed in
Ch. 3. The filters are installed to minimize band interferences. The two
probes in Fig. 1 monitor the radiated signals and they play no role in the
operation of the antemna. The following analysis will therefore not include
these probes.

The antenna has a height of 20.5cm, a width of 15.2cm at the base and
12.7cm at the top. The maximum thickness is 1.2cm. There are two such antennas
on the B~1, mounted externally on the top of the fuselage at stations YF 390 and
YF 720, The two UHF/IFF-TACAN blade antennas (4S-1919/AR) mounted externally {:)
- on the bottom of the fuselage at YF 1030, LXF 145 andRXF145, respgptively, are
very similar in operation to the one under study in this chapter.

‘The theory of operation, and hence the analysis of each section of this
antenna is analogous to that of the AT-1076A/A antenna. However, there are
some important differemces that have to be carefully taken into account in the
present analysis, they are: (i) the low-pass filter in the UHF section and the
high~pass filter in‘khe L-band section; the presence of the filters may affect .
the out-of-band operation to a significant extent, (ii) the four chokes in the
upper half of the antenna; and (iii)} the effects of the elements in one section
on the performance of the other section, e.g., the effect of the UHF radiation 7
gap on the L-band characteristics.

Another important consideration is the dc 'paths linking the three parts
of the antenna. The dc paths formed by the shunt stubs provide protection to
‘the transmitter and the receiver against large low-frequency excitations such
as those due to EMP or lightning. As shown in Fig. 2, parts denoted by D and D'
are connected by the stub passing through the point H. This stub forms the (::
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(all dimensions in cm)

Fig.2. The sketch of the blade antenna, showing electrical connections.
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center conductor of a coaxial line with the outer conductor broken at the gap
G. This gives rise to a dc path between D and D' without destroying the
radiation properties of the gap. Similarly, parts D' and B are connected by
the tube passing through the point H'. This tube is the inner conductor of a
coaxial line with the outer conductor broken at the gap G'. In addition, the

tube also serves as the outer conductor of the driving transmission line for

the UHF section.

II. Analysis of the UHF Section

The antenna is re-sketched in Fig. 3(a) showing'the salient features of
the: UHF section. The frequency range within which most EMP energy is confined
is well within the pass band of the low-pass filter. This filter can thus be
left out in the analysis without any noticeable error. The equivalent circuit
of the UHF section ié shown in Fig. 3(b).

The radiation properties of the UHF section is represented by the external
admittance Ya(w), whose value can be obtained from the_théory of an asymmetrically
driven monopole. When it is used as a receiving antenna, the induced short-circuit

current Iind on the blade across the gap G 1is given by (see SSN 193)

I, = jUJEoEnTFaz[l - (X/a)2][1 - (b/a)z:l[l - (C/a)z],EEF((P\a) - E(EP\G)]-l (1)

ind

where

1
sin”[1 - (c/a) ,

<.
il

5
sin {1 = /a)2}H1 - (e/)?]]

Q
]

F(p\a) and E(p\o) are incomplete elliptic integrals of the first and the
second kind, respectively. The quantities a, b and c .are the total height,
the half width at the base and the half thickness at the base, respectively.
Furthermore, x denotes the height of the gap above the base of the antenna.
The quantity En is the total electric field near the location of the antenna

and is normal to the fuselage. Substituting the appropriate dimensions of the

UHF blade in (1), one gets
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-2 .
ind = 6.97x10 JweoEn

6.17><10_13 ijn Amperes.

1

The other elements in Fig, 3(b) are now identified with the aid of Fig. 3(a).
The quantity C_  represents the capacitance between the two metallic plates at
the gap G. The shunt stub from D to D' through the point H is actually
a transmission line short-circuited at both ends, and therefore the influence
of the stub&appears as an inductive load and is represented by the inductance
L. From the point F to the point D, there is a short section of an open-

circuited transmission line for impedance matching purpose. This transmission

- line appears as a capacitive. load and is represented by the capacitance Ce'

.The UHF section is fed by a transmission line with characteristic impedance Zc

and length £.
The inductance Lc accounts for the chokes in the upper half of the
antenna. The purpose of these chokes is to reduce the coupling between the
UHF section and the L-~band section at the L-band frequencies. The inductance
L' and the capacitance Cé are due to the presence of the gap G'. These
quantities represent the effect of the gap G' (for.the L-band section) on the
UHF section.
The equivalent circuit in Fig. 3(b) can be reduced to the Thévenin equivalent
circuit in Fig. 3(c) using circuit analysis techniques. The open-circuit voltage

Voc is expressed in terms of a complex effective height he(w), which is defined

by

V.. =h WE. | )

Low-frequency circuit model

At low frequencies, some otherwise negligibly small induced signals may
become more significant. A low-frequency equivalent circuit is shown in Fig. 4(a)
which takes into account these low-frequency contributions. One such contribution
comes from the small regiqn_énclosed by the dashed lines in Fig. 3(a). This

region forms a small loop with a small inductance Ll in series with the
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capacitive load Ce and the inductance 1L which represents the effect of the
shunt stub. The induced voltage Vi in this loop is given by Faraday's law

of induction and is related to the time derivative of thé magnetic field normal
to this loop. Another low-frequency contribution is due to some émall but non-
zero induced charges on the center conductor of the open-circuit transmission
line, These charges produce a current Ii, as shown in Fig. 4(a), between the
center conductor gnd the rest of the antenna, i.e., between F and D in

Fig. 3(a).

As pointed out in Chapter 3, at low frequencies, the influence of the
transmission line in Fig. 3(b) can be represented by a capacitance Ct’ which
is equal to the product of the distributed capacitance per unit length and the
length of the transmission line. As observed in Fig. 4(a), other elements, such
as Cp, Y» C;, L. and L' are neglected since they have very little effect
at low frequencies.

The low frequency Thévenin equivalent circuit is shown in Fig. 4(b),

where the open circuit voltage is

. Y
= i + 3
Vo,zf a + ce/ct) (;]_mLIind + V. Ii/JmCe) (3) »
and the input impedance becomes
= 1 . . 4
Zi,R,f I/Jw(Ce +C.) | (4)
In the above expressions, it is assumed that
1[JmCe >> jo(L + Ll)
Numerical results
Based on the above circuit model (Fig. 3(b)) the values of input impedance
and effective height are plotted versus frequency in Fig. 5 and Fig. 6,
respectively. As expected, we observe the capacitive behavior of the antenna
at low frequencies and the fairly well matched behavior at the in—band frequencies
(225 - 420 MHz). , - ! ' (.“)

92



Ct - LGH ILind

(a)
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(b}

Fig.4. Low frequency model of the UHF section
(a) the equivalent circuit

(b) the Thévenin equivalent circuit at terminals A,B.-
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ITYI. Analysis of the L-Band Section

In principle, the L-band se¢tion works very similarly to the UHF section.
However, the high-pass filter has to be taken into account at the frequency
range of interest. This filter is aétually a capacitor in series with the
driving transmission line at the input terminals. We represent it by C% in
the equivalent circuit in Fig.7(b). The rest of the circuit resembles that
of Fig.3(b), with the prime to indicate the L-band quantities, e.g. Y; is
the L-band external admittance corresponding to Ya of the UHF section. The
parallel circuit of L and Cp represents the effect of the UHF gap G on
the L-band section. It has to be pointed out that this equivalent curcuit,
while it is correct for the EMP frequencies, is not valid for the in-band
operation. The in-band model will be detailed later.

In Fig.7(b), the induced current Iind is again given by (1) with a
being the full height of the antenna and x the height of the gap G' above

the base. We obtain

-2
[ ] »
Iind 9.15x10 JweoEn

il

8.10><10-13 ijn Amperes.

The Thévenin equivalent circuit is shown in Fig.7(c), where the open circuit

voltage Véc is related to the complex effective height hé(w) by

vc')c = hé (m)En (5)

In-band circuit model

For the in-band oﬁération around 1 GHz , the chokes block current flow

between the upper half and the lower half of the antenna. Thus, the effective

radiator, as shown in Fig.8(a), contains only the lower (B) and the middle

(D') parts of the blade antenna. The equivalent circuit is shown in Fig.8(b),
where we remové the choke Lc and the influence from the UHF gap G, namely
L and Cp. The effect of the filter C% can be neglected in this frequency

range because the operation is within its pass band. The external admittance
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Fig.8. The in-band model of the L-band section

(a)r the L-band section

{b) the eﬁuivalent circuit
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Y; and the induced current Ign can now be calculated for the antenna in

d
Fig.8(a), and

"
;ind

2
3.15%10 JmEoEn

2.79x107 13 4o

E_.
n

‘Since the EMP contains very little energy in the L-band, we will not

make'any detailed numerical calculations for this frequency range.

Low~frequency circuit model
The low-frequency equivalent circuit resembles that of Fig.4 with the
addition of the capacitance C%. This is shown in Fig.9.

Numerical result

Based on the circuit model of Fig.7(b), the input impedance and the complex
effective height are numerically calculated and plotted versus frequency in
Fig.10 and Fig.1l1l, respectively. It is noticed that for frequencies below

400 MHz, the input impedance is primarily due to the filter C%, as expected.
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Fig.9. Low frequency model of the L-band section
(a) the equivalent circuit

(b) the Thévenin equivalent circuit at terminals A'.B
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CHAPTER 9. RADAR ALTIMETER ANTENNA ON B-1

I. General Description

The radar altimeter system provides information on the absolute altitude
(height above terrain) during approach and landing phases of the flight operation.
There are two such systems on the B-1, and each system uses two identical horn
antennas (Transco part no. 01-34-04550): one for trénsmitting the signal and the
other for receiving the reflected signal from the ground. The antennas operate
in the frequency range 4.25 - 4,35 GHz (wavelengths = 6.9 - 7.1 cm), and they
are flush-mounted at the bottom of the fuselage at about YF &40, Ianig. 1,
the approximate location of the antennas and the external appearance of one

antenna are shown. The antenna is in the form of a pyramidal horn, with a

" height of 4.4 cm and an aperture of 7.6 cm x 10,2 cm. The feeding element is a

slotted coaxial line (Fig. 2).

"II. Analysis

The wavelengths corresponding to the important portion of the EMP spectrum
are very large compared to the physical dimensions of the altimeter antenna.
Hence, in calculating the effect of EMP on this antenna, it is sufficient only
to carry out a quasi-static analysis. We will first consider the open=-circuit
voltage and then the input impedance.

The voltage pick-up mechanism is jillustrated in Fig. 2(b). The voltage
across AB is approximately the same as that acrogs DB. The potential at D,
i.e., the center conductor, is approximately equal to that at D' and, hence,
D", since the short coaxial line on the right hand side is short-circuited by
the wall of the antenna. The outer conductor of the coaxial line and the walls
of the horn antenna form a loop. A voltage is induced across D"B (hence AB)
due to the magnetic flux linkage through the loop. Hence, a magnetostatic problem
should be solved in order to calculate the 6pen—circuit voltage across AB.

From the viewpoint of mathematical tractability, the horn antenna can be
described as a quasi-pyramidal horn with an infinite flange as shown in Fig. 3.
The scalar magnetic potential- m* can be obtained by the method of separation
of variables in the spherical coordinates, The magnetic field H is related

*
to ¥ by
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- _Coaxial
Connector

Aircraft
Skin

Fig.l. Location and external view of the Altimeter Antenna.
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(all dimensions are in cm}

(a) Three-dimensional view.

- Flange
D, 0’
B B +D" If.lcm

(b) Cross-sectional view through the feeding element.

Fig.2. 1Internal view of the Altimeter Antenna.

@
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Flange
"':f::\\ t) _
NGLbo

-e-+----Quasi-pyramidal

Fig. 3.

horn
———Actua! Altimeter )
antenna
[ T _Curved surface
7 (not shown)
The Altimeter Antenna and its geometrical approx1mat10n
the quasi-pyramidal horn.
'S
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H=-vp . (1)

%
Inside the horn, the magnetic potential @i 1s given by

% @ 2v-+l ~v -1
P (r,0,9) = ) Z A [r "a + v /(v + Dr, 1 9]
T p=—o q—l Pq
(2)
H " u U
p P _Jd 5P d \p P
[Pv (cos 8) {de Pv {cos el)/de Qv (cos 61)}Qv {cos e)Jcos(up¢)
q q q q
where
= pw/¢o, p = 0,t1,%2,....

*

and the values vq (q =1,2,3,....) depend on 8, and My and are the roots

of the following transcendentél‘equation:
u
4 p P -
T u {cos 61) de Q q( cos 6 ) - P q( cos 61) vq(cos 61)

Thus, the normal derivative of mi in (2) vanishes on the four walls of the
horn. In the above equations, T Bl and ¢ are the horn parameters as
defined in Fig, 3, Pt(cos 8) and Q (cos 8) are the associate Legendre functions
of degree v and order #, of the flrSt and the second kind, respectively.
The coefficients A are determined from the field distribution in the aperture.

Using Green's secondidentitywith a Green's function G such that 23G/3n
vanishes on the flange of the horn (which has a normal n), the exteriocr scalar
magnetic potential ¢: is given by

* ® 3@*
‘Pe‘—‘cPO-JGS-I-I-?-dS' : (3)
5

where ?: is the incident magnetic potential., The Green's function satisfies

the differential equation

VZ_G(E;E_') =-8(zx - ") (4)
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with the condition

2 G(r;r') =0 at the flange (5)

an

The coefficients A is obtained by solving (3) together with the boundary

Pq .
~conditions
* *
?e = ?i at the aperture (6a)
and-:
% %
a@e 3P,
— == at the aperture (6b)
on sn

As can be seen, the solution of (2)-(6) is an extremely tedious and time-
consuming process and will not be carried out in this report but may be studied
in a future Interaction Note if warranted.

By studying the potential distribution inside a rectangular well with an
infinite flange as depicted in Fig. 4, upper and lower bounds of the voltage
induced across the terminals A,B of the horn antenna can be obtained from
which the EMP induced voltage in the altimeter antenna can be estimated with -
a reasonable accuracy. The magnetic potential ?i inside the rectangular

well is found to be

?:(xsy,z) = Z Z' Cmn cos(mnz/a)cos(nny/b)cosh(kmnx) (7

=—00 [}=—C0

where

1
=@/’ + @/l )

k
mn

For the rectangular coordinates shown in Fig. 4, the Green's function, satisfying

(4) and (5), is given by

‘ 5
¢ = (W[ {x - x)% + (v - yD% + (2 - 29%}

. -1
+ {(x + x')2 + (y - Y')2 +(z - 2"} f]
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(a) Three~dimensional view.

Flange

h=44cm
A e = ==
B ' - l;kl.lcrr_qk_
b —

(b) Cross-sectional view through the feeding element.

Fig.4. Schematic diagram of the rectangular well.
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For an incident magnetic field in the z-direction T

Ho = th,
we have

0¥ Z g

?0 = He2e

By imposing conditions (6), the following integral equation is obtained for Cmn'

o (=]

jzm njzm Con cos(mwz/a)cos(nﬁy/b)cosh(kmnh)
=Hz- (1/2r) } ] ¢k sinh(k b

e )=S0

arb 2 2,-%
. J J {(vy -y + (z = 27} * cos(mnz'/a)cos(nry'/b)dy'dz" (9)
o‘o

where, again

1

koo = @)+ @y’ (10)
The summation on the right hand side of (9) accounts for the coupling between

the rectangular well and the half space above the flange. A complete solution

of (9) requires considerable effort. However, if the coupling term is neglected,
the result so obtained will be over-estimated by a factor of approximately 1.5
(see IN 10 for the case of a circular cylinder). This procedure amounts to
assuming that the tangential magnetic field. in the aperture is the same as the
incident one. With this assumption, the z-component of the magnetic field inside

the rectangular well becomes

*This assumed direction of Eo gives maximum induced voltage. Tor arbitrary

direction the superposition principle applies.
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Hz = 8Ht E {mn (:osh(rmrh/a)}'-1 sin(mrz/a)cosh(mmx/a) (11)
m odd

The open-circuit voltage Voc at the terminals AB 1is given by

= —j 12
Voo = ~Jum H A (12)

where Ae is the effective area defined by

heg
]

aed
o J I (Hz/Ht)dxdz

070

1]

162> sinh(wd/a)/{ns cosh(wnh/a)}.

The quantity a is the width of the well in the z-direction, and d ‘is the
height of the feed above the base. A plot of the effective area versus a/h

is presented in Fig. 5. The point F in the graph corresponds to a rectangular

well whose cross-sectional dimensions are those of the altimeter horn aperture,

and this value of Ae is larger than the effective area of the altimeter
antenna. The point G corresponds to a rectangular well with the cross-
sectional dimensions equal to those of the small end of the altimeter antenna,
and this value of Ae is smaller than the effective area of the altimeter
antenna. Thus, the effective area of the altimeter antenna varies between 0.5
cm2 and 1.25 cmz. A reasonable estimate is

effective area = 1.07 cm2

We now consider the input impedance of the altimeter antenna. Since the
waﬁelengths of interest are very large compared to the dimensions of the hofn,
the input impedance is similar to that of a small loop antenna in free space
except for a factor fR which accounts for the fact that the loop radiates
less efficiently due to its location inside the horn. At the frequency range
of interest, the input impedance can be represented by a resistance R in
series with an inductance L, as shown in Fig. 6.

The resistance R is given by
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Fig.6. Thévenin equivalent circuit of the Altimeter Antenna at terminals A,B.
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= 13
R fRRo (13)

where Ro is the radiation resistance in free space of a small loop with cross-

sectional area A, and it is given by
2
R, = 31200(a°/c?) Q

where f is the frequency and ¢ is the speed of light in free space. The

factor fR is roughly given by

fR = (a050/4ﬂr§)e—2“(h_d)/a

where a, and b0 are the dimensions of the aperture, and r, is the distance
from the vertex of the pyramidal horn to the aperture (see Fig. 3). For the

present problem

£o = 2.5x10"2,

The resistance R 1is very small and is given by
8f4

R = 1.7x107°

where f 1is in Hz. At 100 MHz, the resistance is only about 1.7 uf.

The inductance 1L is given by
L = (uop/ZH)Rn(pIZWra) .

where p is the perimeter of the loop and r is the radius of the wire forming

the loop. For this problem,
L=325ni

Thus, the input impedance Zin of the antenna is predominantly inductive, i.e.,
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&

where f

is in Hz.

7

Z, = 3 1.6x10°° f Q

in

At 100 MHz, the input impedance is about j 16 Q.
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CHAPTER 10. HF ANTENNA ON B-1

I. General Description

On the B-1, the excitation of the HF antemna is applied across a notch
(i.e. open-ended slot), located on the vertical stabilizer. The slot is
extended parallel to the leading edge of the vertical stabilizer for the
ﬁurpose of providing impedance matching in the operating frequency range of
2 - 30 MHz (wavelengths = 10 -150 m). The location and a schematic drawing of

the notch antenna (sometimes called the shunt-fed antenna) are shown in Fig.l.

IT, Analysis

Analysis of HF antenmas on aircraftis a difficult tasks for the following
reasons: first, the aircraft resonances are within the HF frequency range and
so the complicated aircraft structure has to be taken into account in the
analysis. Second, the HF antenna itself is usually not small compared with
the main airframe. In this chapter, we analyze the HF notch antenna on the B-1
using the asymptotic theory for the current distribution on linear antennas.

The result is valid up to the middle portion of the HF range (of about 16 MHz)
where the fatness of the fuselage becomes appreciable. An accurate
analysis for higher frequencies requires a much more complicated mathematical
formulation and very elaborate numerical computation and is hence beyond the
scope of this report.

It has to be emphasized, at this early stage, that in this chapter, the
effective height and the input impedance are evaluated at the terminals A,B
(Fig.1l) of the notch antenna, thus excluding the HF coupler due to lack of
information on the coupler.. The HF coupler provides tuning to the notch
antenna so that the combined unit has a reasonable impedance level at the

in-band.

The vertical stabilizer is very thin, and so the current flowing on the
stabilizer is virtually the same as that on a plate. In Fig.2(a), we denote by I, the
total current on the vertical stabilizer in the absence of the notch, and by ‘Il
the current that flows across the terminals of the notch. Considering the vertical
stabilizer as a four—terminal network, simple circuit analysis reveals that the

driving~point admittance Yin at terminals A,B (Tig.2(b)) of the notch
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6.25 m

B

6.88m ]

4

to HF coupler

(b)

Fig.l. Location and schematic diagram of the HF notch antenna.
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Fig.2.

ot to

(b) ' _ (c)

(a) Schematic current distribution on the notch antenna.
(b) The notch antenna showing the terminals A,B.
{(c) The terminals C,D for calculating the antenna admittance Ya.
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antenna is related to the driving-point admittance Ya of the antenna showm
in Fig.2(c) by

Y, =Y 4+ (1,/I)% ¥ @)

in t 1" 2 a

where Yt is the admittance at A,B of the short-circuit transmission line
formed by the extended slot parallel to the leading edge of the vertical
stabilizer. The antenna in Fig.2(c) is formed by the vertical stabilizer
without the notch, and it is driven acrosé the gap which extends across the
entire width of the stabilizer at the location of the open-ended slot. The
equivalent circuit of the notch antenna is presented in Fig.3(a) where Iind
and Yé are the induced current and antenna admittance of the antenna in
Fig.2(c). The transmission line is due to the extended slot and has the
characteristic impedance Zc and length £. The transformer accounts for the

fact that only part of the induced current on the vertical stabilizer flows

across the notch terminals, and we define the transformer ratio n as (c.f.
an
= 2

n 11/12 2)
Also in Fig.3(a) VE is the voltage picked up by the loop formed by the slot
and is important at low frequencies. It is given by

VE = —Jmuo A Hn

where A 1is the area formed by the slot and Hn the magnetic field perpendicular
to this area. At low frequencies, the equivalent circuit is reduced to that

of Fig.3(c), where L is the inductance due to the short-circuit transmission
line.

The transmission line, as formed by the two conductors separated by the
slot, can be considered as two unequal width coplanar strips. The characteristic
impedance of this transmission line, as will be given in IN 182, is

189 ohm for the dimensions appropriate to the B~1 HF antenna.

119



A () T

I:n
{a)
Zin
+
Voc=he Eg
B e
®)
-V
+ Vo
Ae ()
N/
:%;L.= ::c; ﬂ/i:
BQ—

(¢) The low freguency equivalent eircuit.

Fig.3. (a) The equivalent circuit of the notch antenna.
(b) The Thevenin equivalent circuit.
(c) The low frequency equivalent circuit.
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The transformer ratio n, as defined in (2), can be evaluated by first
calculating the current distribution on the vertical stabilizer, and then using
this current distribution to calculate the total current Il that passes across

terminals A,B. The resulting formula is
n = I,/T; =1/2=(1/m)sin ' (1-3b/2a) (3)

where, as given in Fig.2, a is the width of the vertical stabilizer and b is
both the width of the slot and the width of the conductor between the slot and
the leading edge of the stabilizer. In Fig.4, n is plotted versus b/a. For
the present case, n is about 0.12.

The antenna impedance Za’ which is equal to the inverse of the antenna
admittance Ya, is evaluated by taking the whole airframe into account. This
impedance is evaluated across terminals C,D of the simplified models of Fig.5
using the asymptotic theory of antemnna current distribution. This theofy is
valid for all sweeps of the wings, including the aft wing position of Fig.5(a),
and the forward wing position of Fig.5(b). Using this theory, the imaginary
part of the antenna impedance at terminals C,D, di.e. the antenna reactance

Xa, is given by

1-tan(k®.)[tan(k2.) + (2Y,/Y.)tan(k?,)]
X = cot ko, + & 2 37 T M 4

a Yl 1 Y2 tan(kﬁz) + tan(k23) + (2Y4/Y2)tan(k24)

(4)

where k(=w/c) is the wave number, Ei and Yi are the length and the shunt
admittance per unit length of section 1 of the aircraft, respectively. As
shown in Fig.5, section 1 is the vertical stabilizer, section 2 is the rear

part of the fuselage, section 3 is the forward part of the fuselage, and section

~ 4 denotes either wing. The quantity Yi is given by

Jm2ﬂeo

i~ 0.116 - tn(ka,) ()

Y

where ay is the equivalent radius of section i. The real part of the antenna

impedance at terminals C(,D, i.e. the radiation resistance Ra’ can be evaluated
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(a)

(b)

Fig.5. Models used for calculating currents on the aircraft

(a) the model corresponding to the aft wing position
(b) the model corresponding to the forward wing position.
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in the following ﬁay: First, evaluate the current distribution on the aircraft
by the asymptotic theory. Second, from the knowledge of the current distribution,
evaluate the total radiated power by integrating thePOYntlngveator over all
solid angles. The total radiated power enables us to obtain the radlatlon
resistance. As can be observed in (4), at the resonances of the aircraft, the
formula is not valid. 1In these frequency regions, we combine the asymptotic
theory with a more elaborate antenna theory to get the results presented in
Fig.6, where the antemna impedance remains finite. We observe that most
resonances within the frequency range presented are associated with the fuselage
and the wings. Other resonances due to more complicated mechanisms are also
observed.

The input impedance at the terminals A,B is presented in Fig.7. It is
observed that this impedance is mainly due to the transmission line. The reason isthat
the antenna admittance is reduced by a factor n2 = 0,014 due to the transformer,
and is small compared with the transmission line admittance. Again, we want
to emphasize that the impedance curve in Fig.7 refers to the terminals A,B .
prior to the HF coupler, within which there are more impedance matching networks. ‘{u)

We now continue with the calculation of the effective height. To this
end we consider the induced current Iind across terminals C,D of the
simplified models in Fig.5. The induced current depends on the polarization
of the incident field. Two cases are of interest, namely, (i) the incident
electric field being parallel to the vertical stabilizer, and (ii) the electric
field being parallel to the fuselage. For these two cases, the asymptotic theory
gives the following results:

(i) Incident electric field Es parallel to vertical stabilizer

j2w[l—cos(k2 )]sin[k(l +4 )]

t t_
Tind E, = Zoﬂn[(ﬁ +,+h )/a]sin[k(z 2+Ja3)] 6)

(ii) Incident electric field Ei parallel to fuselage

.. £ 52“[1"cos{k(£2+2 )}]sin(kﬂ )
tind/Fo 7 Z_in(i /2)sinlk (2 +8,70, ) ] 7
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where Zo = 377Q, 24 is the length of section 1 of the airframe as defined
in Fig.5, and a 1is the equivalent radius of the airframe. In (6) and (7}, the
contribution due to the wings has not been directly taken into account in the
strict sense. However, for the B-1, the electrical path from a wing extremity

to the vertical stabilizer is about the same as that from the nose to the vertical
stabilizer, and hence the main resonances of the wings and the fuselage are in a
sense accounted for. Equations (6) and (7) are just some of the results in
Interaction Note 186 on the subject of the application of SEM and perturbation
methods to EMP coupling with aircraft-like structures.

The open-circuit voltage can now be obtained by a simple analysis of the
equivalent circuit shown in Fig.3{(a). The current source Iind is the short-
circuit current induced across the termihals C,D, and is given by either (6)
or (7) depending on the polarization of the incident field with respect to the
aircraft. The open-circuit voltage Voc thus also depends on the polarization
of the incident field. Effective heights h; and hi can be defined to relate
the open-circuit voltage to the incident electric field. For the case where the
incident electric field, Eg(w), is parallel to the vertical stabilizer, we

define the effective height h;(m) so that the open—circuit voltage Vgc(w) is

given by
-Vgc(m) = h;(w) Eg(w). | (8)

Similarly, for the case where the incident electric field, Ei(w), is parallel

‘to the fuselage, the effective height hi(m) is defined so that the open-circuit

voltage Vgc(w) is given by
f R f
Vo (@) =h (w) E (). (9)

We again observe that (6) and (7) are not valid at the rescnances of the
aircraft. As in the analysis of the antenna impedance discussed above, we
combine (6) and (7) with a more elaborate antenna theory so that the induced
current remains finite. The two effective heights at terminals A,B are

presented in Fig.8 and Fig.9. Let us emphasize again that in (8) and (9), the

incident electric fields are used in the definitions of the effective heights.
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Fig.8.

The effective height of the notch
antenna at terminals A,B for the

case that the incident electric
field is parallel to the vertical

stabilizer.
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CHAPTER 11. AL 1216-1 GLIDESLOPE ANTENNA ON B-1

1. General Description

The B-1 glideslope antenna is located on the lower forward radar J
bulkhead at location YF - 160, It has an operational frequency range of
329-335 MHz. The antenna, approximately 7.6 cm wide and 11,4 cm high,
ig situated on a ground plane which is a 96.5 cm wide segment of a 71. 8

cm radius circle. The antenna is tilted forward from the horizontal at

an angle of 17°.

iI. Analysis

The glideslope antenna, depicted in Figure 1, is a two-turn
Moebius half-loop. For low frequencies the antenna, due to its location
and orientation, is excited predominantly by the magnetic field produced
by the H anti-symmetric current mode™ induced on the aircraft wings by
the EMP. This field will be distorted due to the presence of the fuselage.
This distortion could be estimated by modeling the fuselage as a semi-
infinite axially symmetric body as in SSN 102. In that analysis the shape (\
of the body is sought which corrésponds to the known field of a given mag- A
netic source distribution and also resembles the body of interest. How-
ever, since the incident field assumed in SSN 102 is perpendicular to that
considered here, and since an extension bf that analysis to the present
case is non-trivial, distortion is not considered in this analysis. The total
magnetic field appearing at the glideslope antenna calculated here can be
used as the incident field in such an analysis of the distortion.
There are several conducting obstacles located in the radome
near the glideslope antenna such as radar dishes and electronic packages.
In addition the bu]khead itself is directly behind the antenna ground plane.
Little information is available concerning the electrical characteristics
of the bulkhead and conducting obstacles such as their electrical contact

with each other or with the glideslope ground plane.

*
- See IN 85 for definition of field conventions.
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Fig. 1.--Configuration of the AL 1216-1
glideslope antenna and geometry
used in analysis.
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Often, however, a bulkhead is a sparse metallic structure which
supports the radome and the instruments located there. For the purposes S
of this analysis it will be assumed that the glideslope antenna is mounted
on an infinite ground plane with no other conducting obstacles present.

It is realized that this is a gross approximation since we have already

mentioned that several radar dishes are mounted near the antenna. How-
ever, until more detail concerning the electrical characteristics of these
obstacles can be obtained, it is felt that they should be neglected. Al-
though the bulkhead actually represents a finite ground plane to the glide-
slope antenna with respect to the incident EMP wavelength, no detailed
analysis exists for the behavior of a two-turn Moebius half-loop oriented
above a finite ground plane, and hence the loop is assumed to be mounted
on an infinite plane.

This analysis uses a perpendicular crossed-wire model 1o predict
the skin currents on the B-1 configuration. Hence these results apply

for the B-1 in subsonic flight configuration only, i.e., the wings are not ' /v

o

e,

swept but are fully extended.

To first order the currents running along the B-1 fuselage possess
rotational symmetry about the x-axis. Such currents produce only mag-
netic fields in the y-z plane, which do not couple with the glideslope ' |
antenna. However, H anti-symmetric cﬁrren’t modes on the aircraft wings
produce magnetic fields in the ¢~direction which do couple with the glide-
slope antenna. Assuming an incident electromagnetic plane wave, the
wing currents are obtained by utilizing the crossed-wire theory of IN 85
encoded in the computef program XWIR1., The largest currents on the
wings are produced by a plane wave with an electric field polarization
parallel to the wings. Given the aircraft wing currents the resulting

magnetic field, B (W), can be simply obtained. In order to obtain an

¢ ~ ,
analytical expression for Bd)(w), the wing currents obtained from XWIR1
are approximated by '

Tz, = 1.26 e sin k(2- |z|)7] .
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Figure 2 gives the actual current distribution (solid line) and the approxi-
mated current distribution (dashed line) as a function of position near the
structure resonance (k£ = 1, 3). Since the magnetic field produced by the
wing current is proportional to its integral over the wing length, the
normalization constant of the analytical fit to the current is chosen such
that the total areas under the actual curve and analytical curve are ap-
proximately equal, To(w), the wing root current, is shown as a function
of frequency in Figure 3. Here £ is the wing half-length, and k = w/c is
the propagation constant. The magnetic field. at the glidéslope antenna

due to the induced wing currents is them1

1.26 I Io(w)

%(b('e: 0, W) = 277'; (E-Jz Jkﬂ -e_Jkﬂ Ccos kﬂ)

since the plane z = 0 passes through the glideslope. The magnitude

. of this field, normalized to the magnifude of the incident electric

field, is given in Figure 4 as a function of frequency. The B-1 wing
half-length is taken as £ = 20, 9m, The total magnetic field at the
glideslope antenna is a sum of the incident magnetic field, ﬁo(w), and

that produced by the induced wing currents.

1.
King, R. W. P., The Theory of Linear Antennas, pg. 525.

il
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Thus we write the voltage induced across the gap in the glide-

slope antenna as

c v (&) = v, )+ v, (1)
gap Bqﬁ Bo

_ 0
Vgap(t) T T et IBrﬁ(f’ 0, )+ Bo(t)] Bett.

or

Vgap(w) = -0 [Bq5 (£, 0, ) + Bo(w)] Aeff

As a worst case, we take the incident field at the antenna to have the

same phase as B (£, 0, w) for all frequencies. Then substituting the ex~

¢

pression for B, (£, 0, w),

¢

N 126 |T | o - o
|Vgap(w)| =- [*T;e—o e JEE e cosk,ﬂ|+|Bo(w)| wAeff.

Y For low frequencies we approximate each arm of the antenna by the cir-
cuit in Figure 5a). The resulting potential at the base of each arm from
the center conductor to ground is Varm (Point A to Point B in Figure 5b)).
By the nature of the Moebius 100p2, the open-circuit voltage appearing

across the antenna inputs, Voc » is twice that across the arm. Applying
Thevenin's theorem to the circuit of Figure 5a), we obtain the circuit of

5b) and the relations -

s ' - 2V (W)
V  @=2V @ = _P-.._g;
™ 1-w LC

7 = arm - ‘ij
2(1 -w? LC)

2
(‘\ Baum, C. E., AFWL Sensor and Simulation Note 7, "Characteristic of
t the Moebius Strip Loop. " o
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III. Numerical Results

In order to estimate C, we agsume the coaxial cable constituting the
antenna arms to have an impedance ZO = 5052, The capacitance per unit

length is then

C = =66,7Tx 10_12 farad/m.

1
eZ
o}

Each arm has a length
£'=9,7% em

so that the capacitance of one arm is
C =6.53 x 10”12 farad

In order to estimate L, we calculate the inductance of a circular loop with

the same area as the glideslope loop:

, |
A = [“—329-11- + (1. 62)2] cm?

.00809m>

The radius of the circular loop is then

= ,0718 m,

The radius of the coaxial cable sh_ield is

b = ,00795m.,

so that the inductance of one arm of the loop is approximately
# a
0 8a
L= n — -2
= % -o]

=5.14 x 10'-8 henry.

139



Thus

LC = 3,36 x 10719

At f = 3 MHz,w=1.88 x 107 rad/sec and

szc =1.19x 10

4
so that for frequencies of interest we can assume

\Y A\
arm gap

2
sec2/rad .

Thus the magnitude of the voltage drop across the antenna terminals nor-

malized to the incident electric field, i.e., the effective height, becomes

.v- L) T -
M Sl I B B\ |oN2ikE __-jke
e ™ 7l " ¢

Ejw | oW

This is plotted as a function of frequency in Figure 6, Here Ae £ is the

B W)

o
| | WA
cosk? | + Eo(w) eff,

fﬂ

effective loop area perpendicular to the magnetic field.

A cos 170

00774 mz.

Aeff o

In order to obtain the voltage response of the antenna to an arbitrary

incident electromagnetic field,

V., @/E_(| is multiplied by the frequency

domain function IEO(w)I . The magnitude and phase of the input impedance

are given in Figure 7 as functions of frequency. The present analysis is

valid up to approximately 15 MHz,
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Fig. 6, -~Effective height of the glideslope antenna relating
the open-circuit voltage at the antenna terminals
to the incident electric field,
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CHAPTER 12. AL 1211-1 X-BAND RENDEZVOUS ANTENNA ON B-1

I. General Description
The antenna of thg tanker rendezvous beacon of the B-1 is flush-mounted

Vs 284, ZVS
rectangular apertures of the antenna are located on each side of the vertical

near the top of the vertical stabilizer at Y 196. The two radiating
stabilizer and they are connected and fed by a WR 112 waveguide. A schematic
picture of the antenna system is given in Fig.i. The waveguide, as shown in
Fig.2, has cross-sectional dimensions of 2.85 em %X 1.26 cm and a length of
12.88 cm. The excitation element of the waveguide is a probe protruding to
roughly the center of the waveguide. The operating frequency of the antenna

is at 9.375 GHz (wavelength = 3.2 cm).

ITI. Analysis

The wavelengths corresponding to the important part of .the EMP spectrum
are very large compared to the physical dimensions of the rendezvous antenna.
Therefore, in calculating the effect of EMP on this antenna it is sufficient
to carry out a quasi-static analysis. In the course of studying this antenna
we found that it is necessary to carry out both ‘a quasi-electrostatic analysis
and a quasi-magnetostatic analysis to find the response of the antenna.

We will first calculate the open-circuit voltage and then the input
impedance. At low frequencies; the input impedance of a probe is a series
combination of a radiation resistence R and a'caﬁécitance C. The equivalent

circuit of the antenna at terminals A,B is shown in Fig.3.
II.1l Effective height

- We first consider the problem of the induced open-circuit wvoltage.
Referring to Fig.2, the potential and the electriec field inside the waveguide
can be obtained by solving a Laplace equation using the method of separation of

variables. Specifically, inside the waveguide

ve = 0 (1)

‘where ¢ 1is the potential and ¢ vanishes on'the walls of the waveguide. The

coefficients in the series solution of ¢ are obtained by matching -3¢/3z with

the total local electric field EP normal to the airecraft skin at the apertures
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Fig.l. Location and schematic diagram of the X-band rendezvous antenna.
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(a)
T
Ao—— a=2.85¢cm
B
v
— —

b=1.26 cm

(b)

Fig.2. The rendezvous antenna
(a) 3-dimensional view

(b) cross-sectional view through the probe.
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Fig.3. The Thévenin equivalent circuit of the rendezvous

antenna at the terminals A,B.
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of the antenna. This electric field, EP’ is proportional to the surface charge

density o on the aircraft skin near the apertures, i.e.
E =g/e .
p /0

In this analysis, we assume EP to be uniform across the apertures. The
calculated induced voltage due to this assumption will exceed the actual
induced voltage by a factor of approximately 1.5 (see IN 10). “The solution of
(1) with the appropriate boundary conditions can alternatively be obtained by
taking the low-frequency approximation of the evanescent TM modes resﬁlting
from a conventional waveguide analysis. Therefore, let Vgg denote the open-

circuit voltage due to this quasi-electrostatic analysis and we find

™ 1
Voc'_ §-¢tip
-8E . .
_ P 2: z: sin{nn/2) sin(nn/2) (2)
3 2 2.% . 2 2.%
7 m odd n odd|mn[(m/a) +(n/b) 1% sinh{mh[(m/a)“+(n/b)"]1~}
where ¢tip is the solution of (1) evaluated at the tip of the probe, and the

dimensions a,b and h are shown in Fig.2.

Since the length 2h of the waveguide is considerably longer than the
cross—sectional dimensions, it is important to account for thé attenuation of
the modes in determining the strengths of the field surrounding the voltage probe.
From the rectangular waveguide theory, it is expected that the TE;g mode is
least attenuated among all evanscent mcodes. In fact, for the geometry under
study, the evanescent TE;; mode contributes most significantly to the induced
voltage of the antenna at frequencies above 100 KHz. The evaluation of the
TEjp mode involves the solution of a quasi-magnetostatic problem.

For the quasi-magnetostatic problem, the following equation is solved

within the waveguide
ve* = 0 (3)

where ¢* is the scalar magnetic potential and is related to the magnetic field

H by
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H=-v¢ )

In solving (3), the appropriate boundary condition to be used is that the normal

. . * . s v . .
derivative of ¢ vanishesat the walls of the waveguide. The coefficients in the

series solution of ¢* are obtained by matching —B¢*/3x with the total local
magnetic field Ht ‘tangential to the aircraft skin at the apertures of the
antenna. This tangential magnetic field Ht is equal to the aircraft skin
currents in magnitude. From the continuity equation for the skin currents and

skin charges one has the following relation:

Ht = EP/ZO {5)

where Zo = 3770 is theintrinsicimpedance of free space. It is important to
note that again, the assumption of uniform field Ht across the apertures in
(5) yields a result that is over—estimated by a factor of at most. 1.5. The
electric field Ey tangential to the voltage probe can be obtained from the

following equation, keeping in mind that Ez = 0 for the TE modes:

VXE = —juul 6)

The induced open-circuit voltage due to this electric field will be denoted by

VEE and can be obtained from a knowledge of Ey as

- raf2
TE _ 1
Voo =3 . E, dy
jwabE s
_ P E: sin{mm/2) 7
cnz m odd|m® sinh(mwh/a)

where ¢ 1is the speed of light. The total resulting open-circuit voltage is

the sum of VEE and VTE,

i.e.,
oc

148

@



We define an effective height he(w) at the terminals A,B (Fig.2) such that

Voc(m) = -h_ (@) E,(®) (8)
Hence,
8 sin{mn/2) sin{nn/2)
h (w) =—=
& > modd n odd[;n[(m/a)2+(n/b)2]% sinh{ﬂh[(m/a)2+(n/b)2]$}}

jwab sin(mr/2)

- X [2 . ] @
er m odd|{m~ sinh(mrh/a)

The effective height he(m) is plotted in Fig.4 on a log-log scale and again
in Fig.5 on a linear scale. For frequencies below 50 KHz, the effective height
is due mainly to the dominant TM mode and it is constant in frequency; above
120 MHz, it is due mainly to the dominant TE mode and is a linear function of
- frequency. A comparison of (2) and (7) with the corresponding results from the

— waveguide theory shows that the formulas are good up to -at least 500 MHz.

1I1.2 input impedance
We now consider the input impedance of the rendezvous antemnas. Since
the wavelengths of interest are very large compared to the whole antenna, the
input impedance is similar to that of a small dipole antenna in free space

except for some factors, f and f which account for the fact that the

R c’
probe is inside the waveguide. At low frequencies, the input impedance is
represented by a resistance R 1in series with a capacitance €, as sbhown in
Fig.3.

The resistance R is given by

R=f_R (10)

where R0 is the radiation resistance of a dipole antenna of length 2% and is

given by

27Z 9

R, = —52 (%) _ | an
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=27
The factor ‘fR is proportional to exp(-2th/a) and is of the order of 5x10
Thus R is very small (R = 5X10-11 € at 100 MHz) and can be left out in the
calculation of the input impedance.

The input capacitance C 1is given by
c=1f,¢C (12}

where C0 is the input capacitance of a dipole antenna in free space with

length 22 -and radius r_; it is given by

¢, = neog/inczz/ra) : (13)

The factor fC‘ can be evaluated approximately from image theory and it turns
out that

£ = 2[1 - {1/ + 2/a}]"1 (14)

c 2£n(2£/ra)‘ ,
For the present problem

fC = 2.6
C = 0,21 pF.

The  input impedance is now given approximately by

Zin =~ =] /f.l.\C

and 2, is presented in Fig.6.
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CHAPTER 13, RESPONSE OF THE HF WIRE ANTENNA ON
AABNCP IN THE RESONANCE REGION

In this chapter we calculate the response of the HF wire antenna on the
AABNCP for frequencies up to 13 MHz. The calculations are based on the
asymptotic theory of the current distribution on linear antemmas. In the
low-frequency limit (below 1.5 MHz) the results obtained here reduce to

the quasi-static results already reported in Chapter 4.

I. General Description

The HF wire antenna is used for communication purposes and operates in
the frequency range of 2-30 MHz (wavelengths = 10-150 m). One end of the
antenna is driven at station_1326 on the top center line of the fuselage and
the other end of the wire is electrically connected to the veftical stabilizer
at fin station 245. This arrangement is schematically shown in Fig.l. The
wire itself is 28.3 m long and consists of a WS 25 U single conductor cable

with polyethelene dielectric cover.

II. Analysis

When calculating the response of HF wire antennas on an aircraft, the
whole airframe has to be taken into account, since the length of the wire is
an appreciable fraction of the length of the fuselage. The asymptotic theory
of current distribution on linear antennas enables wus to directly calculate
the parameters as well as the open—circuit voltage in the Thévenin equivalent
circuit, as shown in Fig.2, of the UF wire antenna at terminals A,B {see
Fig.l). For the AABNCP, the asymptotic theory is valid up to 13 MHz.

Before we proceed with the analysis, it is important to emphasize that
the input impedance Zin and the effective height he are evaluated at the
terminals A,B of the HF wire antenna, thus excluding the lightning arrestor
and the HUF coupler due to lack of information on these two devices. The HF
coupler provides tuning to the HF antenna, so that the combined unit has a

reasonable impedance level at in-band frequencies.

II.1 Input Impedance

A simplified model of the AABNCP is depicted in Fig.3. By using the
asymptotic theory for the antenna current distribution, the reactive part of the

input impedance is found to be
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HF Wire Antenna
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HF Wire Aniennd-

N/ |
/Alrcroft Skin
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& HF coupler

(b)

Fig.1., (a) Schematic diagram and

(b) The feed point of the HF wire antenna.

155



(>

oc- Ne E

E;e

Fig.2. The Thévenin equivalent circuit of the HF

wire antenna.
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Fig.3.

:

"..'lo 3 EO
Length of section 1 = 34.4
" " " 2 = 27.6-
L] "t mn 3 = 6.2
L1} " n 4 - 28.3
" " 1" 5 = 3 2

Model of the aircraft used in the asymptotic theory.
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Im(Zin) = (4wﬂf/20){(leﬂf)sin(kﬂa)tan(k25) + cos k(£2+23) - COS(kﬁ4)
+afsin k(22+23) + (Qw/Qf)sin(kE4)]} {tan(kll)cos k(£2+23)

-1
+ gin k(£2+23) + a[tan(kll)sin k(22+23)—cos k(22+23)]} @)

where %k = w/c is the wave number, Z0 = 377 ohms is the intrinsic impedance

of free space, li is the length of section i of the aircraft. As shown in
Fig.3, section 1 denotes the forward part of the fuselage, section 2 is the rear
part of the fuselage, sections 3 and 5 are the vertical stabilizers below and
above the anchor point of the wire, respectively, and section 4 denotes the wire.

~ The quantity ﬂw is given by

a, = 2 (2, /a,) (2)
where 54 is the radius of the wire; and
Qp = 2 ln(ﬂaf/aaf) (3)

where Ea and a g are the length and the average radius of the entire

f
ajirframe, respectively. The quantity o din (1) is found to be

o= - {(Qé/ﬂf)[tan(kll)cos k(22+£3) + sin k(22+23) + fan(kls)cos(kla)]
+ sin(k£4)} {(Qa/ﬂf)[tan(kkl)sin k(22+23) - cos k(22+23)
-1
+ cos(kla)]}

By using the current distribution on' the aircraft as predicted by the
asymptotic theory, the integration of the Poynting vector over all solid angles

yields the total radiated power. The total radiated power enables us to obtain
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the radiation resistance, i.e., the real part of the input impedance. As can
be easily seen, (1) is not valid at the resonances of the aircraft. At the
resonance frequencies, we combine the asymptotic theory with a more elaborate

antenna theory to get the result presented in Fig.4, where the input impedance
remains finite. Again we emphasize that the input impedance presented in j:g.ﬁ
refers to the terminals A,B prior to the HF coupler. !

It is of interest to point out that the low-frequency limit of (1) is of
the form wlL, where L is the inductance of the loop formed‘by sections 2,

3 and 4. This result is identical to that reported in Chapter 4.

I1.2 Effective height

In evaluating the effective height at A,B, only the case that the
incident electric field Eo is parallel to the fuselage is considered (see
Fig.3). This case corresponds to the worst case that a maximum current is
induced on the aircraft. In this case, the shoft—circuit current ISc induced

at the driving-point of the HF wire antenna turns out to be

e 1 ; -
L.~ (J4wE0/zok) 1[B1—B2tan(k£1)][cos k_(22+£3)+ asin _1<(22+z3)] o By + B,

+ (Qw/Qf) Bh{tan(kQS) + a]} {(Qw/Qf)sin(kﬂh)tan(kls)

-1
+ cos k(22+23) - cos(kﬂa) + alsin k(22+£3) + (ﬂw/Qf)sin(REA)]} “(5)

where

1= 9;1[1 - cos(kzl)]

[==]
|

=]
I

-1 .
9 Qf Sln(kll)‘
B. = Q;l{cos(k23) - cos k(22+23) - [cos(kk4)_- cos(kﬂ.4 cos 60)]/cos_e0

-j[sin(kﬂasin 80) - sin Go sin(kﬁa)]/cos.eo} :
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Fig.4.

The input Impedance of the HF
wire antenna at terminals A,B.
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- 1) . . . .
B4 = (Qw cos 60) { 31n(kl4) + sin BO 51n(k9,4 sin Bo)

+ j sin eo[cos(kl&,‘4 sin 80) - cos(k24)]}

and

S .
B5 = Qf [sin k(22+23) 31n(k23)]
The angle 90 is the angle between the wire antenna and the fuselage, as shown
in Fig.3. '

The open-circuit voltage Voc at terminals A,B is given by

voc = Isc Zin (6)

and the effective height he(w) at terminals A,B 4is defined by
V@ =h () E () (7)

where Eo, as mentioned previously,is the incident electric field. The effective
height can be calculated using (5), (6) and (7) together with the result of Fig.4.
As in the analysis of the input impedance, a more elaborate antemma theory is
applied at the resonance frequencies where (5) is not wvalid. The effective height
at terminals A,B is presented in Fig.5. We emphasize once again that in the
definition of he’ the incident free-space electric field Eo is used.

Finally, we mention that the low-frequency limit of the open-circuit
voltage as given in (7) is equal to that of the loop formed by sections 2, 3 and

4., This result is, of course, identical to that already reported in Chapter 4.
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Fig.5. The effective height of the HF® ..o
P .ipdeod, Wire antenna at terminals A,B. -

162



CHAPTER 14, S65-8262-2 VHF COMMUMICATION
ANTENNA NO. 1 ON AABNCP

I. General Description

The VHF communication antenna is used for transmission and reception of
vertically polarized signals in the frequency range 116 - 156 MHz (waﬁelengths
= 1,92 -~ 2.59 m). The antenna is externally mounted at the bottom center line
of the fuselage at station 630. The location and a schematic drawing of the
antenna are shown in Fig.l. As shown in Fig.2a, the antenna has a height of

44.8 cm, a width at the base of 29.8 cm and a maximum thickness of 3.6 cm.

II. Analysis

In Fig.2a, 'a schematic diagram of the internal structure of the antenna
is shown. Basically, the antenna is a blade with an open-ended slot, the slot
often being called a notch. The slot is fed at points D and F by a 50 &
coaxial cable which goes to the coaxial connector at A,B located at the base
of the antemna. 1In Fig.2b, the coaxial feed line is sketched together with
two other coaxial cables which are introduced for impedance matching purposes.
One of the two latter coaxial cables is short~circuited at one end and its other
end is connected to the coaxial connector at A,B, whereas the other coaxial
cable is open-circuited at one end and is comnected to the feed points D,F
at the other end. A circuit diagram of the three coaxiai lines is presented
in Fig.Z2c. ~The dielectric at the open end of the slot is of G 10 material
which has a relative dielectric constant: e, = 5.

Due to the internal structure and the feed-point arrangements as shown
in Fig.2a, the antenna operates differently from the "ordipary" base~fed blade
monopole antenna. However, the external antenna characteristics, i.e., the
induced current- and the antenna admittance of the VHF communication antenna can
be derived from those of the base-fed blade anfenna by the introduction of an
ideal transformer in a way similar to the HF notch antenna on the B-1 (Chapter
10). The external characteristics of the antenna under consideration are
presented in Fig.3a in the form of a combination of an ideal transformer with

ratio mn, an adwittance Y, and a current generator I the latter two

ind?
quantities being respectively the antenna admittance and the induced short-
circuit current of the base-fed blade monopole antenna. The induced current

Iind is given by (SSN 193)
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Fig.2. (a) The internal structure of the VHF communication antenna
excluding the feeding and matching coaxial cable.
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short circuit

B & T—coaxial connector

characteristic
impedances of all
cables are 50 §

Fig.2. (b) The feeding coaxial cable and the impedance matching
coaxial cables.
{(c) Circuit diagram of the three coaxial cables,

166



z./V5

Ao — . 9 ’
508 Ya Iind
Be R 75/ ,
/500 - 5080
= | @)
Zin
A -
+
CDVGC =hg Epy
B —
(b)

Fig.3. (a) The equivalent circuit of the VHF communication antenna.
(b) The Thevenin equivalent circuit at the terminals A,B.
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Ling = Jwe By [l-(b/a)z][l-(c/a)2]$ [F($\a) - E(¢\a)]"1 W

sin“1 [l—(c/a)2]$

=
I

where

o = sin”} [{1-0/a)2} {1-(c/a)2}¥]

F(¢4\e) and E(p\a) are the incomplete elliptic functions of the first and the
second kind, respectively. The quantities a, b, and ¢ are the total height,
the half width at the base and the half thickness at the base, respectively.
Furthermore, En is the total electric field near the location of the antenna
and is normal to the fuselage. 1In fact, En is related to the surface charge

density o on the aircraft skin near the antenna by
En = U/EO.
Substituting the appropriate dimensions of the VHF antenna in (1), one gets

I, . =3 E x 0. s.
ind jwe E 0.398 Amperes
The transformer ratio n can be estimated by studying the current distribution

on an electrically small ellipsoidal antenna (SSN 193)., It is found that
n = 0.4

The other components in the equivalent circuit of Fig.3a afe readily
identified. The two transmission lines with characteristic impedance ZC are
due to the slot: the short-circuited one being due to the portion below the
terminals D,F, and the open~circuited one being due to the portion above D,F.
The section of the transmission line having a characteristic impedance ch/g
represents that portion of the slot containing the G 10 dielectrié. The
characteristic impedance of the slot is found to be Zc = 176 2 (see 1IN
182). The three transmission lines with characteristic impedance of 350

represent the coaxial cables drawn in Fig.2c.
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The Thévenin equivalent circuit at terminals A,B as shown in Fig.3b
can readily be obtained by applying circuit analysis techniques to the circuit
in Fig.3a. The effective height he in Fig.3b is defined such that the open-

circuit voltage Voc is given by
Voc(w) = he(m) En(w)

In Fig.4, the input impedance at terminals A,B is presented as a function
of frequency. It is observed that in the in-band frequencies the antenna
impedance varies within reasonable limits.

in Fig.5, the effective height is plotted versus frequency.

At low frequencies such that all physical dimensions of the antenna are
small compared with the wavelength, a simplified equivalent circuit can readily
be deduced. In this frequency range, the antenna admittance is almost entirely
capacitive, whereas the short-circuited transmission lines can be represented
by Inductances and the open-circuited transmission lines can be represented
by capacitances. Thus, the impedance at terminals D,F is due mainly to the
short-circuited transmission line (see Fig.3a) which can be represented by an
inductance being equal—to the prodict of the distributed inductance and the
length of the transmission line. Similarly, the two remaining transmission
lines, i.e. the one connecting the terminals A,B to the terminals D,F and
the short-circuited one at the terminals A,B are also represented by
inductances. The low~frequency Thévenin equivalent circuit as shown in Fig.6

therefore has only aﬁrinductance L
L = 49.7 nH
and a voltage generator Voc = hé E where the effective height ‘hé is
2

. hé = =~7.02 x 10-20 w meters.

The low-frequency input impedance and effective height are presented in Fig.7a

and Fig.7b, respectively.
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+
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Fig.6. The low-frequency Thévenin equivalent circuit at the

terminals A,B.
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CHAPTER 15. 60B00024 VOR ANTENNA ON AABNCP

I. General Description

The VOR (VHF Omni-Range) antenna is used to receive horizontally
polarized signals in the frequency range 108-118 MHz (wavelengths = 2.54-2.78 m).
The antenna is mounted on the top of the vertical stabilizer inside a radome.
The location and a schematic diagram of the antenna are shown in Fig. 1. The
antenna itself is a rectanghlar loop (Fig. 1) and is connected to two input
coaxial conneéctors via a hybrid circuit, a balun, and other lumped elements

which are used for impedance matching (Fig. 2b).

II. Analysis

A top view and a cross-sectional view of the loop of the VOR antenna are
depicted in Fig. 2a. The antenﬁa is fed at the terminals D,F. The other two
gaps on the antenna loop introduce capacitances to the antenna characteristics.
To one of these two gaps a trimming capacitor is shunt-connected to provide
tuning. The feeding points D,F are connected to a tuning circuit containing
parallel inductances and capacitances, aé shown in Fig. 2b. The tuning circuit
is connected to a balun, which couples the balanced loop to the unbalanced
circuit near the input terminals. The balun is a coaxial cable of about a
quarter wavelength within the in-band frequencies wound on a ferrite core so
as to limit the current flow on the outer conductor of the cable. The balun
is connected to the hybrid circuit which splits the signal into two halves
and delivers them to .the two pairs of input terminals, A,B and A',B,

The two pairs of input terminals are connected to two identical
instruments. Hence, at the terminals A,B and the terminals A',B, the
electrical characteristics are the same. In the following, the electrical
characteristics at only one pair of terminals, A,B, are evaluated.

The equivalent circuit of the antemnna at the terminals A,B and A',B

is presented in Fig. 3. The quantitiesZ and V, are respectively the
a in

d
antenna impedance of and the induced voltage in the loop antenna. The antenna

admittance Ya’ being the inverse of the antenna impedance, is given by
1 1

_1 1_ 7oL —
Ya Tz jnZ a +2 Z a ' (0
a o} o n=1 m

where ‘ZO = 3770 1is the intrinsic impedance of free space. The complex
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Fig. 1. The location and schematic diagram of the VOR antenna.
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Fig.2. (a) The top view and a cross-sectional view of the VOR antenna.
(b) The circuit between the input coaxial conmectors and the
loop antenna. '
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quantities 1/an are available in the literature. For frequencies up to

150 MHz, the antenna admittance of the considered antenna can be accurately
determined by including only the first two terms on the right-hand side of (1).
Similarly, the induced voltage is given by '

Etﬂkb 1 9
Vind = (I7a_+(2/a)) [ka a +E‘l":l (2)

where b 1is the radius of an equivalent circular loop, i.e.,

and A 1s the area enclosed by the loop of the VOR antenna. In (2), the
electric field Et is in the plane of the loop. 1In fact, Et is the total
electric field equal to the vector sum of the incident and the scattered electric
field,
In Fig. 3, the capacitance Cl représents the combined capacitance of
the twe gaps on the long sides of the loop (Fig.1l) together with the shunt
trimming capacitance. The capacitance C2 accounts for the combined effect
of the gap capacitance across D,F and the two lumped capacitors presented
in Fig. 2b. The two inductors in Fig. 2b are combined into the inductance
Ll in Fig. 3. The elements of the balun and the hybrid circuit are also
" detailed in Fig. 3. The two inductors in the hybrid are closely coupled such
that M = L,.
A simple circuit analysis can be carried out to obtain the Thévenin
equivalent circuit in Fig. 4 at the terminals A,B. The effective height he

is defined so that the 0pen—cifcuit voltage Voc is given by

Voc(m) = he(m)Et(m)_ (3)

The input impedance Zin is presented in Fig. 5, whereas the effective height
he is presented in Fig. 6. The low frequency characteristics of these two
gquantities are presented in Fig. 7.

At low frequencies, the equivalent circuit can readily be simplified to
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that of Fig. 8 where the low-frequency effective height h; is found to be
Vo AT A )
h! = jka (4)

and A is the area enclosed by the loop of the VOR antenna. The input

impedance is mainly due to the capacitance C3, i.e.,

1
zin - ij3 (5)

This 1owﬂfrequency equivalent circuit is wvalid up to at most 5 Miz.

=
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Fig. 8. The low frequency Thevenin equivalent circuit of the VOR

antenna at the terminals A,B.
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CHAPTER 16. 37R-2U VHF/UHF ANTENNA ON AABNCP

I. General Description

The Collins 37R-2U (military nomenclature AT-1108) blade antenna is used
for communication purposes at two frequency ranges: 116-152 MHz (wavelengths =

1.97 — 2.59 m) in the VHF range, and 225-400 MHz (wavelengths = 0.75 - 1.33 m)

-in the UHF range. There are two such antennas on the AABNCP, and they are

both externally mounted at the top of the fuselage at stations 830 and 1326.
The locations of the two antennas are shown in Fig. la,

The radiating elemenf of the antenna is a metal sheet which also serves
as the "ground plane" of a printed-circuit board containing most coupling
devices and impedance-matching networks on the other side of the board. The
printed-circuit board is held in position by a foamed-in-place plastic enclosed
inside a fiberglass shell. This arrangement is illustrated in the cut-away
view of Fig. 1b. The printed~circuit board arrangement is depicted in Fig. le.
The dotted area represents the radiating element on one side of the printed-

circuit board, whereas the other circuit elements represented by the hatched

area, the crossed area and the solid lines, are on the other side of the printed-

circuit board. 1In Figs. lc or 2a, the solid lines represent coaxial transmission

lines; the hatched area together with the appropriate coaxial lines represents
the VHF circuit elements used for signal coupling and impedance matching; the
crossed area together with the appropriate coaxial lines represents the UHF
circuit elements., The printed-circuit board is about 3.2 mm thick and is made
of G-10 material which has a relative dielectric constant e, = 5. The pertinent
dimensions of the printed-circuit board and a cross-sectional view are shown in
Fig. 2a and Fig. 2b, respectively. '
It is of interest to point out at this stage that the signals are

capacitively coupled from the radiating element to the driving circuits through

the rectangular plates and other microstrip line components shown in Fig. 2a.

IT. Analysis of the VHF Section

The physical layout of the VHF section is depicted in Fig. 3a. The input
coaxial connector at the terminals A,B d4is linked to the microstrip components
via a coaxial transmission line whose outer conductor is in electrical contact

with the "ground plane'" of the microstrip circuit. A short-circuited coaxial
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(c)

{(a) The location, (b) a partial cut-away view and,
diagram of the VHF/UHF antenna.
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Fig.3
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® VHF section

we coaxial line

(a) The VHF section (b) the equlvalent eircuit and {c) the
Thevenin equivalent circuit at the terminals A,B.
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line is comnected in shunt across the input terminals A,B. The microstrip
circuit consists of two transmission lines connected to two capacitive plates
which couple the induced signals on the radiating element (i.e., the "ground
plane" of the printed-circuit board) to the input transmission line. One of
the plates is also connected to a network of impedance matching elements
consisting of a length of microstrip line and an open—circui;ed coaxial line,
' The equivalent circuit of the VHF section is shown in Fig. 3b. The
current source Ip represents the total current induced on the two plates
through capacitive coupling to the induced current Iind on the radiatiﬁg

element. The current source Ip is related to Iind by

Ip = anind (L
where the induced current L4 is given by (see SSN 193)
ﬂabml
Iind - jmeoEn Y Cu— (2
and
2
n, =1 - (bfa) (3)

1

The quantities a and b are respectively the total height and the half width
at the base of the radiating element. K(ml) and E(ml) are the complete
elliptic integrals of the first and the second kind, respectively. Furthermore,
En is the total electric field near the location of the antenna and it is
normal to the fuselage. 1In fact, En is related to the surface charge density

o on the aircraft skin near the antenna by
E = a/eo.

The constant np in (1) is the ratio of the charges induced on the two plates
to.the total charge induced on the entire radiating element. For the present
configuration, a detailed evaluation shows that np is also approximately
(within 10%Z accuracy) equal to the ratio of the total area of the two plates

to the area of the radiating element. It is found that
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= 0,048 4
n, . (4)

Substitution of appropriate values into (1) gives
Ip = ijn 4.08><10_14 Amperes

The other elements in Fig. 3b can be readily identified. The antenna
admittance Ya is that of a base~fed blade monopole antenna. The capacitance
Cp is the total capacitance due to the two plates. The capacitance. Cl'
accounts for part of the microstrip line and the open-circuited coaxial line.
The inductance L represents the aggregated effect of the microstrip line.
The transmission line with length 45 cm is the coaxial line connecting the
microstrip line to the input terminals A,B, and the transmission line
shunted across A,B 1is the short-circuited coaxial line near the input
terminals.

The Thévenin equivalent circuit of the antenna at the terminals A,B
is shown in Fig. 3¢ and it can be readily obtained by applying circuit analysis
techniques to the circuit in Fig. 3b. 'The effective height he in Fig. 3¢

is defined, so that the open—-circuit voltage Voc at the terminals A,B is

given by
.Voc(m) - he(w)En(m)' : o :(5)

The input impedance Zin‘ and the effécfivé_héight he are p;ofted
versus frequency in Fig. 4 and Fig. 5, respectively. It is to be noted that
the small values of fhe effectivefheight {of the order of 2 mm) can be atfributed
to the capacitive coupling mechanism of the antenna feed. | ,

At low frequencies, the equivalent Circuif of Fig. 3b can be simplified

to that of Fig. 6. The input impedance is inductive and

Z = jwL

in 1

Jux6.1x107°  Ohms. (6)
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The effective height is given by :

he = —3.5><10“22 mz- Meters. (7)
In Fig. 7, the magnitudes of the input impedance and the effective height are
presented for frequencies up to 40 MHz, In the same figures, the graphs based
on the low-frequency formulas, (6) and (7), are also presented. It is observed

that for the input impedance, the low-frequency model is valid up to about

15 MHz, whereas for the effective height it is good up to about 30 MHz.

ITI. Analysis of the UHF Section

The physical layout of the UHF section is depicted in Fig. 8a. The
input coaxial connector at the terminals AYB is linked to the microstrip
components via a coaxial transmission line whose outer conductor is connected
to the "ground plane" of the printed-circuit board. An inductor is connected
in shunt across the input terminals A',B. The microstrip circuit coﬁsists of .
a transmission line which 1s connected to a capacitive plate and an open- kmw
circuited coaxial line. In this case, because of the considerably larger
width of the strip line, the signal is coupled to the input through both the
strip line itself and the capacitive plate.

The equivalent circuit of the UHF section is shown in Fig. 8b. The
current source IS includes the contribution from both the strip, It’ and
the capacitive plate, I;. Both I and I; are proportional to the induced

current, on the radiating element in the same way as in the VHF section

I, .,
ind ‘
(equations (1) to (3)), i.e.,

It B ntIind (8)
[ |
IP anind (9
and
(1) -
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The constants of pr?pprtionalities, i.e., n and n;, are equal to the ratios
of the charges induced on the strip and the plate, respectively, to the total
charge induced on the whole radiating element. Again, it can be shown that
these constants are approximately equal to the ratio of the strip area and the
plate area, respectively, to the area of the radiating element. It is found

that

= 0.020 (11)

=)
!

and

0.020. (12)

Substitution of appropriate values into (10) gives

1= ijnx3,52x10‘14. Amperes

The other components in Fig. 8b are now identified. The antenna
admittance Ya is that of the base-fed blade monopole antenna. The capacitance
is the resultant capacitance due to the plate and the strip. The capacitance
Ci accounts for the part of the microstrip line and the open-circuited
coaxial line. The transmission line with length 30 em is the microstrip line,
and the transmission line with length 40 cm is the coaxial line. The inductance
Lt accounts for the shunt inductor across the input terminals A',B.

The Thévenin equivalent circuit of the UHF antenna at the terminals A',B
is shown in Fig. 8c and it can be readily obtained by applyingrcircuit analysis
techniques to the ecircuit in Fig. Bb. Again, an effective height hé for
the UHF section is defined, so that the open—circuit voltage Véc at the

terminals A',B is given by
' = !
Voc(m) he(w)En(m). (13)

The input impedance Zin and the effective height hé are plotted versus
frequency in Fig. 9 and Fig. 10, respectively. The small values of the effective
height can again be attributed to the capacitive coupling mechanism of the antenna

feed.

197



ST

.‘\-_a-’

L .....002. 041

(ZHW) £Louenbaxg

L e

.

0s

006~

ol

olf

*g*‘,V STERUTWIa] 2Y3 I8 UQTI09s
dHA 2492 Jo =ouepadul Indul 2T,

6°314

00T

05T

gz

~— 08T

198



(ZHH) 4£ousnbazg

Y

08T

021~ |

*gf,V STPUTWI=] 243 IB UOTIVIS
JHN 943 IO 3YIT9Y 9aTI0RIFe oyl QT 214
(LTI LETTT FIReT IR TRNNTY IREE IR LA ITPL T IeT  IeT] iy S I RPN T

Piiteoge g ey RSN I T BRI T

[‘:

&)
N
J\'\

199



At low frequencies, the equivalent circuit of Fig.8b can be simplified to
that of Fig. 11. The input impedance is due to the inductance Lt’ and the
effective height is given by

he = -6.10><10_17 m2 Meters. (14)

In Fig. 12, the magnitudes of the input impedances and the effective height are
presented for ffequencies up to 15 MHz, In the same figures, the graphs based
on the low-frequency model is also présented. The low-frequency model is valid
up to frequencies noticeably below those of the corresponding quantities of the
VHF section. This smaller range of.validity for the low-frequency model is due
to the two transmission lines which have a large combined electrical length,

_ 80 that the model in Fig. 11 is wvalid only at fairly low frequencies.
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