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6.6 Slot Antennas

Forvfast moving vehicles, it is usually necessary to design
antennas that do not protrude appreciably from the surface of the
vehicle. Slot antennas where the slot aperture may in fact be filled
by an insulating dielectric fit the above requirement of a smooth sur-
face perfectly. A slot antenna may be fed by a transmission line con-
nected across it at lower frequencies or is fed by a waveguide at
microwave frequencies. 1In order to dérive the radiation pattern of
a slot antenna, we shall first show that the radiation pattern of a
thin rectangular slot is identical to that of a complementary metallic
(dipole) strip which would just fit the slot opening. The only dif-
ference is that the orientations of ﬁ'and H are interchanged in the
two cases. Y

A slot antenna and its complementary (flat strip) antenna are
shown in Fig. 6.10.

In order to derive the property that the radiaton pattern of
a slot antenna resembles that of a complementary metallic strip dipole
(except for the interchange of the orientations of E and H betwegn the
two) , we use the Babinet's principle® of optics.

Babinet's principle states that the field at any point behind a
plane having a screen, if added to the field at the same point wh : the

complementary screen of case 2 (Fig. 6.11) is substituted, is cqual to

5> F. A. Jenkins and H. A. White, Fundamentals of Optzcs McGraw-Hill
Book Company, New York, 1957
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(a) (b)

Fig. 6.10. (a) A slot antenna in a conducting screen and its
(b) complementary (flat strip) metallic antenna.

Note: In drawing the complementary antenna, the metal portions of
the original antenna are replaced by free space and vice
versa. The name complementary is used because of this property.
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Fig. 6.11. Optical illustration of Babinet's principle.
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the field at the point when no screen is present.
The optical illustration of Babinet's prinqiple is shown in .
Fig. 6.11. 1In case 1, let a perfectly absorbing screen be placéd at
plane A. Then at plane B of the screen there is a region of shadow
as indicated. Let the field at plane B be some function fl(x, v, 2).
For case 2, the screen S is replaced by the complementary
screen such that the metal portion is replaced by a free space and
vice versa, and let the field at plane B be given by f2 x, v, z).
In case 3 with no screen present at plane A, let the field at plane
B be given by fl (x, v, 2).

From the Babinet's principle, therefore,
) G, v, 2) 4, (5, 5, 2) = £ (x, y, 2) (6.84)

From Fig. 6.11 it is easiiy seén that the shadows created at plane B
are complementary. The source may be a point soutée as in the ex-
ample above or a distribution of sources. The principle applies also
when the points of observation are not necessariiy on a plane as in
Fig. 6.11.

Babinet's prinéiple has been extended and generalized by
Booker® to define the vector nature of the electromagnetic filelds.

By looking at Fig. 6.12 illustrating a thin slot in a metallic

51, G. Booker, "Slot Aerials and Their Relation to Complementary Wire
Antennas," JIEE, London, Vol. 93, Part IIIA, No. 4, 1946.

- 6.39 -



~

n
T ‘\S) E&zefo at ends

(a) ()

Fig. 6.12. (a) Thin slot in a métallic screen.
(b) Complementary (metallic sheet) dipole.

screen and its complementary (metallic sheet) dipole, it is obvious
that the source of radiation in (a) is the distribution of the elec-
tric field and its equivalent Schelkunoff magnetic sheet current

jﬁs (parallel to the orientation of the slot which is the § axis)
which is zero at the two ends of the slot (since E{ being a tangen-
| 3 * ’ -> A >i
tial field to the slot edges, is zero at the edges and Jms =nx E

where n is the unit vector normal to the plane of the slot). The

source of radiation in Fig. 6.12, on the other hand, is an electric

current (which may be expressed in terms of the surface of sheet cur-

rent by dividing by w the width of the strip) which, too, is zero at

the two edges. The radiation pattern due to the linear antenna of

- 6.40 -
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Fig. 6.12.b has been studied at length in Chapter 2.

In section 2.9,

the electric and magnetic fields due to a current distribution were °

derived as being'é and $ directed, respectively.

The following comparison of the radiation from the complemen-

tary dipole and that due to the slot antenna may be drawn.

Fields Due to a Linear Antenna (c)

Fields Due to a Slot Antenna (s)

(complementary metallic strip an-

tenna)

Source of radiation: electric
. >

current dlstributionVJes.

From Eq. (2.76)

j ej(wt - kR)

_1 “es
Kc T 4r f . R ds'
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oz (6.86)
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Schelkunoff surface current equiva-

lent to the electric field distri-

bution,

I o=axut (6.85)

ms
From Eq. (6.6),
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wvhere h is the half length of the slot or its complementary dipole.

Im is the peak value of the
current at the location of
the chrrent maximum on the

radiator. From Eq. 2.78

> J— A
H=1Vx KC = jkA__ sin 0 § (6.88)

From the Maxwell's equation,
Eq. 1.40, since 3 = 0 in free

space,

T .

FoYxH_ I—Q jkA_ sin 0 6
juwe e, cz

(6.90)

Em is the peak value of the
electric field at the location
of the maximum in the slot.

From Eq. 6.8
E=vxk = jkASz sin 6 $ (6.89)

s

From Eq. 1.39

The coordinates (r, 6, ¢) and the respective unit vectors are marked

in Fig. 6.10 (b).

It can therefore be seen that the field produced by a thin

slot is the same as that of a complementary metallic sheet antenna

except that the directions of E and ﬁ are interchanged. Whereas for

linear sheet antennas the E is 6 directed and i is @ directed, for

slot antennas the electric field is $ directed and H is 0 directed.

The Poynting vector or the radiation intensity distribution

> >
for the two antennas, being the product of E and H, is identical for

the slot antenna to that of the complementary metallic sheet dipole.

As with linear antennas, there is no radiation for 6 = 0, so also for

slot radiators there is no radiation along the length of the slot.
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The same doﬁghnut shaped variation of the radiation pattern is ob-
tained from a slot of length 2h as with a linear antenna of length

2h.

6.6.1 Typical Slot Antennas and Their Impedances

A typical slot antenna for relatively broadband operation and

its complementary dipole are shown in Fig. 6.13 (a) and (b). The

Fig. 6.13. Slot antenna and complementary dipole antenna.

driving términalsAfor each antenna are given by DD' and it is assumed
thaf they are separated by an infinitesimal distance. For the
complementary linear antenna, the current is continuous across DD'
while voltage is not, and the converse is true for the terminals of
the slot.

Let us develbp a relationship between the feed poiﬂt impedances
of a slot and equivalent dipole antennas.

Feed point impedances of a slot and complementary dipole
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- antennas:

For the complementary dipcle

The potential difference VDD' betwe

For the slot antenna

en the feed points can be expressed

in terms of the line integral of the electric field.

P d

.
=

€2 (6.92)

where the integration is taken

indicated in

over the path <,

Fig. 6.13 (b).

VDD' = Lim
cl+0

> —
J Eslot - di

C1 (6.93)

The integration in this case is
over the path of the electrical

field ¢y marked in Fig. 6.13 (a).

The feed point currents can similarly be written as follows:

I, =2Lim| H T
DD 50 dipole
‘1 (6.94)

—

Sy
¥

[0}

H

e}

rt

®
1

st

c (6.95)

The factor 2 enters because one-half the enclosed integral is taken,

the line integral over the other side being equal by symmetry.

Driving point impedance Zdipole of

the complementary antenna there-

- fore is

DD'

g
- “dipole IDD'
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Lim J E Li J E dz
. . im .
c2+0 dipole ci+0 . slot
> >
2Lim [ H, . L 2Lim [ H - dg
Ci+0 . “dipole c2+0 . slot
‘1 (6.96) €2 (6.97)
But from Eqs. 6.90, 6.91, and 6.88, 6.89,
u I
o > m
dipole t Hslot B (6.98)
o T m
and
> Im >
Hdipole = E;'Eslot N (6.99)
From Eqs. 6.96 to 6.99, therefore,
I o
2 02 1im J i . di
E ¢ slot
m o c,>0
2 CH n2
= - = 6.100
zdipole I 47 ( )

m > >
E 2Lim j ESlot dg
m c,~>0

-1 c1

where n = ﬂuoleo = 377 ohms is the intrinsic impedance of free space.
From Eq. 6.100 the driving point impedance of a slot antenna
is given by (377) /4Zdipole where Zdipole is the driving point impedance

of the metallic sheet antenna complementary to the slot.

Some typical electric dipoles,’ their complementary slot antennas

7 3. D. Kraus, Antennas, McGraw-Hill Book Company, New York, 1950,
Chapter (3.
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and the methods of feeding these are illustréted in Fig. 6.14. 1In
each of the cases of Fig. 6.14, the slot width w is taken to be
twice the diameter D of the circular conductor of electric dipole.

In Fig. 6.14 (a) a half wave dipole antenna and its complementary
half wavelength slot antenna are shown. For the antenna length to
diameter ratio 2h/d > 20,000; i.e., for infinitesimally thin dipole

antenna, the antenna impedance Z =73 + j42 Q (froﬁ graphs in

dipole
Fig. 2.33 (a) and (b)). The input impedance of the A/2 slot antenna
therefore is (377)2/4(73 + j42) = 363 - §211 Q. Power may be fed to
the slot antenna from a 363 Q characteristic impedance transmission
line provided the capacitive -j211 @ part of the antenna input
impedance is compensated by an inductor of value j211 Q. The slot
antenna of ‘a somewhat reduced length (~0.475 1) would, oﬂ the other
hand, present a purely resistive impedance of (377)2/4 x 70 = 530 @,
simplifying the feeder arrangement on account of the lack of need
for a compensating reactance.

It should be noted, however, that the characteristic impedances
required for the feeder lines for the slot antennas of Fig. 6.14 (b)
and (d) are too large for coaxial lines that are preferred at the VHF/
UHF frequencies where the slot antennas are advantageously used. A
reduced "full" wavelength slot antenna of L = 0,925 X would, on the
other hand, present an input impedance of (377)2/4 x 710 = 50 @,
facilitating the power feéding to this antenna by a coaxial line of
7= 50 q.

From the above discussion, it is obvious that a 0.925 X slot
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Fig. 6.14., Electric dipnles anc their compiementary slot antennas.
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is ideal from the point of view of feeding from a standard 50 ohm
coaxial line. IiIf, on the other hand, a A/2 length slot of Fig. 6.14
(b) is preferred, say on account of its radiation pattern, and a
coaxial line (rather than open wire) type feeder is desired, an off-

center feed illustrated in Fig. 6.15 may be used.

S

R

1/20 A

Fig. 6.15. A half wavelength slot antenna fed from a coaxial line
of 50 ohm characteristic impedance.

6.6.2 Fishtail or Batwing Antenna

From the foregoing discussion on slot antennas, it is seen
that a perfectly conducting sheet is needed. 1In practice, however,
the fishtail or batwing construction of tubular conductors illustrated
in Fig. 6.16 has been found to do a reasonable job of replacing a
solid infinite conducting sheet. The batwing construction has a much
lower weight and wind resistance and is quite popular for television

transmitting antennas.
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Fig. 6.16. Batwing antenna.

6.6.3 Folded Slot Antennas

3\\ N AN AN N \\\\ \\\

N T Y

Fig. 6.17. A two-folded slot antenna.

The complementary antenna of a two-folded slot is a two-folded
strip dipole which was discussed at length in Secﬁion 5.2, Since the
impedance of the complementary strip antenna for arms of identical
widths (from Section 5.2) is quadrupled, the impedaﬁce of a two-

folded slot is reduced by a factor of 4 [since z, = (377)2/42d 1.

ipole
'For a two-folded 0.475 A length slot antenna, the input
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impedance, therefore, is ]

; = 530

s~ 4 = 132.5 ohms (6.101)

which is not as high as the 530-ohm impedance of a single slot of
0.475 X length.
For a three-folded slot antenna (each arm of length 0.475 1),

similarly
Z = -—7— = 59 ohms (6.102)

and a coaxial line of 59-ohm characteristic impedance can be used to
feed such a slot antenna.

As in folded dipoles, it is necessary to keep the separation S

Moo

between the various arms much smaller than A/10.

6.6.4 Poxed-in Slot Antenna

Since the radiation pattern of a slot antenna is identical to
that of the complementary linear anteﬁna, a slot antenna radiates
‘therefore equally on both sides of the screen. In order to make the
radiation pattern unidirectional, a boxed-in slot antenna of Fig.

6.18 may be used.

For the depth d of the box of A/4, the radiation sent in the
back direction undergoes a 180° phase shift upon reflection at the
back metallic wall of the box and a 180° phase shift going and return-
ing; i.e., a total distance 2d = A/2. This results in a phase

coherent addition on the front side, meaning a four-times as much

Nt
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Fig. 6.18. Boxed-in rectangular slot antenna.

radiation intensity on the front side (half volume) as that of a
simple slot antenna radiating bidirectionally. A four-times improve-
ment in the radiation intensity for half the volume means a two—fold
improvement,ih the radiated power or a two—fold_increase in the
driving point (radiation) resistance.

For a 0.475 X long slot this correspondg to a slot impedance
of 2 x 530 = 1060 + jO ohms. |

Slots provide a particularly desirable form of high frequency
antennas.for high speed vehiéles. By closing the aperture with
insulating material, such an antenna does not affect the streamlin-
ing of the vehicle; Slots are, however, limi#ed to use at UHF fre-
quencies and above.because to radiate efficieﬁtly, the slot length
must be on the ordér of a half wavelength or ﬁ;re and this implies

reasonable glot dimensions only at UHF or higher frequencies,
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6.6.5 Annular Slot Antennas®

In aircraft applications particularly, there is frequently a
requirement for an antenna with a radiation pattern similar to thatv
of a monopole above ground; i.e., with a radiation independent of
the angle in the plane perpendicular to that of the monopole but
which is flush mounted with the aircraft surface. Annular antennas
shown in Fig. 6.19 (a), (b), an& (¢) have the radiation patterns
desirable for such applications. The annular antennas are excited
from a coaxial line whose conductor diameters are increased to the
required diameters of the annular slot antenna. Because the electric
field of the TEM mode in the coaxial line bringing power to the
 radiator is‘pgrely radial (see Section 6.3), the equivalent magnetic
sheet curreht given by n x E is directed along the ring which is!a
situation similar to that of a loop antenna {(Section 5.7 ). The
radiation pattern of an annular slot antenné is therefore similar
to that of the complementary loop antenna of the same dimensions as
that of the slot except that the E and H field orientations for the
two antennas are interchanged. The radiation is zero in the direc-
tion normal to the plane of the annular slot and is symmetrically
distributed with respecf to the azimuthal angle. The maximum of the
radiation pattern is in the plane of the slot (8 = 90°) and the
polarization of the radlated electric field is 0-directed.

The arrangement of Fig. 6.19 (c¢) has a cavity backing which

8 W. L. Weeks, Antenna Engineering, McGraw-Hill Book Company, New York,
1968, Chapter 6.
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Fig. 6.19. Annular slot antennas: (a) Coaxial line
terminated in a plane; (b) coaxial input
line tapered to the required final dimen-
sions; (c) annular slot with cavity backing.
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would tend to reduce the bandwidth of the antenna compared to the

arrangement of Fig. 6.19 (b).

6.7 Turnstile Antennas

A turnstile antenna® consists of two identical dipoles arranged
in a crossed fashion as shown in Fig. 6.20 (a). For a 90° out-of-phase
excitation (Il = —j12 = Im), the resulting electric field is given

by (from Eq. 3.3)

~

: u I6
E = El + EZ = - i;% Z:r {F(e) sin (mt - kro) + F(%-+ é) cos (wt - kro)}

)
(6.103)

where Im is Ehe peak value of the current in antenna 1 at the point
of current ﬁaximum. For the dipole length less than or equal to A/2,
the maximum value of the current is at the driving (center) point of
the dipole.

In writing Eq. 6.103, the real parts of the two electric
fields due to the dipoles are vectorially added (from Eq. 3.3). The
fact that the angle ﬁoAthe field point is w/2 + 6 for the second
dipole carrying a current 12 = jIl (90° out of phase with Il) is also
used in Eq. 6.103.

The directional patterns of the individual antennas and of the
combination, in the plane of the turnstile, is illustrated in Fig.

6.20 (b). Since the individual radiations are in time quadrature,

% G. H. Brown, "The Turnstile Antenna," Electronics, Vol. 9, 1936, p. 15.
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(a) A turnstile antenna for
two crossed dipoles.-
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(c) The directional pattern of
a turnstile of short dipoles.

(e) Feeding by transmission
lines of different lengths.
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(b) Directionél pattern of a
turnstile antenna in the
plane of turnstile.
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|~ Vertical mast at
- axis of turnstiles
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(d) A four-bay turnstile
antenna.

i35

S

(£) Lumped element method.

Fig. 6.20. Some turnstile antenna feeder arrangements.
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the total radiation in any direction from the turnstile is the square
root of the sum of thé square of the radiatibns from the individual
antennas in that particular direction. As a result the pattern is
very nearly ciréular in the plane of the turnstile as shown in-

Fig. 6.20 (b).

If the individual antennas are short dipoles (rather than A/2

length dipoles), F(6) = kh/2 sin 6 from Eq. 3.2 and Eq. 6.103 can be

written as:

>

I
ﬁ = -60 —%;-B§-{sin 8 sin (wt - kro) + cos 6 cos (wt - kro)}
= ~60 EA;-EB- t -kr -6 ' (6.104)
EAE cos (w kr . ) .

At a given distance s at any value of 0, the maximum value of E is
the same and is given by 30(Ilkh/ro)§. Hence the field distribution is
exactly circular as shown in Fig. 6.20 (c).

A turnstile antenna may be conveniently mounted on a vertical
mast as shown in Fig. 6.20 (d). To increase the vertical plane
directivity, several turnstile units can be stacked at about A/2
intervals and excited in phase with one another to obtain the in-
phase addition of the radiations of the various turnstile elements in
the plane perpendicular to the mast. The arrangement of Fig. 6.20_(d)
is called a "four-bay" turnstile.

In order that the currents on the A/2 dipoles of a turnstile

be in phase quadrature, the dipoles may be connected to separate
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nonresonant lines (of characteristic impedance equal to the load im-
pedance) of unequal length. For the terminal impedance of each dipole
in a single-bay turnstile being 70 + jO (0.475 A rather than 0.5 X
length dipoles), 70 Q éoaxial.lines are used as connecting lines to
P as in the schematic diagram of.Fig. 6.20.e, with the length of one
line 90 electrical degrees (A\/4) longer than the other. In such a
case, the dipoles will be driven with currents of equal magnitude but
90° out of phase. By connecting a 35 Q characteristic impedance line
between the junction P and the transmitter, the entire transmission
line system is matched. |

An easier méthod of obtaining the required phase quadrature
is by the use of lumped series reactances as shown in Fig. 6.20.f.
By introduciﬁé.a series inductive reactance of +j70 for one dipole
and a series caﬁacitive reactance of -j70 for the other, the currents

in the two dipoles can be written in terms of the feed points DD'

pD'’

voltage V
Yoty .
L =36 370 = 99 (=432 (6.103)
v
~_Vppr g .
Iy =76 —370 = 99 L343° (6.106)

so that I, and I, are equal in magnitude but 90° out of phase. The
net impedance at DD' due to the two parallel impedances 70 + j70 and

70 - j70 is given by
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Zppr = !

TG0 F 30T+ (170 = g70yF = 70 + 30 ofms (6.107)
This may be conveniently matched to a 70 Q characteristic impedance
coaxial by using a bazooka balun arrangement of Fig. 4.27.d. Note
that in the feeder arrangement ovaig. 6.20.f, the required series
reactances of + j70 Q for the two dipoles are connected in two halves
of £ j35 @ for each of the arms for balanced feeding.

In several applications it is desirable to radiate
or receive signals that are circularly polarized. For the 90° out~-
of-phase crossed dipoles forming the turnstile antenna, it can be
readily shown that the radiatién in the directions perpendicular to
the plane of the dipole is composed of two equal magnitude right
angle polarized and 90° out-of-phase components resulting, thereby,
in circular polarization of the total fields,

The reason for the A/2 separation between the various elements
of the mast-mounted turnstile antenna of Fig. 6.20.d is now clear.
This is to reduce by cancellation the radiation along the mast from
the various elements that are excited in phase but arrive at the

field points 180° out of phase from one another.

6.8 The Superturnstile Antenna

In order to obtain a low VSWR over a considerable bandwidth
and to obtain zero radiation in the directions perpendicular to the

plane of the turnstile, the turnstile described above has been modified
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to the form shown in Fig. 6.21. In this arrangement called a "super-

«- Steel most
J«0.230+

2 \ /1
/ 0.085\
{ ~0.7\ o
C.65\
Tubing ool
_ i \ B

I

ead -] Ysolia sheet

ta) ' (b) —|p-~o02m)

Fig. 6.21. Each element of the superturnstile antenna.
(a) Solid sheet batwing construction;
(b) gridded batwing construction show=
ing also method of mounting on mast.

turnstile," the linear dipole elements are fepl_aced by slotg in flat
sheets at right angles'to each other or their électrieal equivalent,
the gridded batwing type construction shown in Fig. 6.21.b., The ter-
minals are at DD', The arrangement gives a VSWR of about 1.1 or less
over about a 30 percent bandwidth which makes it convenient as a mast-
mounted TV transmitting antenna (Fig. 6.22) for frequencies as low as
50 MHz,

Unlike the simple turnstile of Fig. 6.20.Vd, there 18 relatively
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Fig. 6.22, Six-bay superturnstile antenna.

little radiation in the axial direction (along the mast). For a
narrower beam width in the vertical plane, the superturnstile bays
are stacked at intervals of about A between centers and excited in
phase with one another. The maximum allowed spacing d of nearly a
wavelength is used to obtain the minimum beam width while keeping
thé principal radiation only in the horizontal plane (see section

3.2.1).
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