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Summary—This paper describes an experimental investigation of
surface wave launching efficiency. Wires, rings, and slots are con-
sidered as exciters of the HE;, mode on a dielectric rod image line.
A formula is derived which relates the efficiency of a launcher to its
impedance as a scatterer on the surface waveguide. Efficiency is ob-~
tained by using this formula and also by applying Deschamps’
method for determining the scattering matrix coefficients of a two-
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port junction. Graphs are presented which illustrate the variation of
efficiency with the dimensiens of the launchers and with the param-
eter \,/)\, the ratio of the guide wavelength to the free space wave-
length.

INTRODUCTION
THE THEORY of wave propagation on dielectric

rods has been treated extensively by a number of

investigators [1]-[3]. In recent years the dielec-
tric rod waveguide has been employed with consider-
able success as a dielectric antenna [4], [5]. The mode
which is most often used for dielectric rod antennas is
the HEy; (or dipole) mode. It is the lowest order mode
which can propagate on a dielectric rod and has no
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Fig. 1—Typical electric field line of dipole
mode on a dielectric rod.

cutoff frequency. Very little information appears in the
literature on methods of launching the dipole mode on a
rod. The dielectric rod antenna is usually excited from
closed metal waveguide or a horn. It appears that the
first experimental study of dipole mode launching
efficiency was conducted by Margerum at Northwest-
ern University [6]. He measured the launching effi-
ciency of circular metal waveguide which was excited
in the TEy mode. Recently, King and Schlesinger meas-
ured the radiation loss from a circular aperture in a thin
metal sheet placed on a dielectric image line [7]. The
purpose of this work was twofold. First, a new method
of measuring launching efficiency was investigated and
compared with a conventional method. The new method
requires a measurement of the impedance that the
launcher presents to a surface waveguide when used as
a scatterer. The efficiency is simply related to this im-
pedance. With this technique, it is relatively easy to
study the variation of launching efficiency with the
dimensions of the launcher and the parameter A,/
Although this method was used only with the dielectric
image line, it may be applied to other types of sur-
face waveguides. The second purpose of this work was
to investigate various types of simple wire and slot
launchers. Curves showing the variation of launching
efficiency with launcher dimensions and the parameter
Ao/ are presented.

THE DIELECTRIC IMAGE LINE

The characteristics of dielectric rod propagation and
the dipole mode will be briefly reviewed. The HE;; mode
is an asymmetric, hybrid mode which has components
of both the electric and magnetic field in the direction of
propagation. A typical electric field line outside the rod
is shown in Fig. 1 [8]. The cutoff wavelength of a mode
is a function of the rod radius b, and free space wave-
length XA [3]. For a polystyrene rod with dielectric
constant e=2.5, higher order modes can propagate only
when the rod diameter exceeds 0.626A. The ratio \,/\
is a function of the parameter 5/A [3], [5]. As &/\ ap-
proaches zero, \,/A approaches unity and most of the
power is propagated in the space surrounding the rod.
The transverse field distribution of the dipole mode is
such that a metal sheet may be passed through the axis
of the rod without disturbing the field. A half-round
rod mounted on a metal ground plane is the dielectric
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Fig. 2—Surface waveguide and scatterer.

image line first proposed by King [9], who has devel-
oped various circuit components for the dielectric image
line and describes a conical horn and parabolic re-
flector as transitions from image line to closed wave-
guide [10]. It is possible to measure standing waves
along the image line by means of a slotted section in
the ground plane [10]; thus, the impedance of a scat-
terer may be readily determined.! In this paper an ex-
pression is derived which relates the efficiency of a
launcher to its impedance as a scatterer on the surface
waveguide.

LAUNCHING EFFICIENCY FROM THE
SCATTERER IMPEDANCE

Referring to Fig. 2, consider a cylindrical strface
waveguide of arbitrary cross section. The guide is as-
sumed lossless with a surface wave E¢ H‘ incident
from the left and a perfectly conducting scatterer, de-
noted as surface S, located at 2=0. The surfaces .Sy and
Sz are infinite transverse planes normal to the 2 axis lo-
cated at =2 and z=2, respectively.

The incident surface wave will induce a current on
the scatterer which will produce a scattered field that
consists of guided waves to the left and right plus a
radiation field. An expression for the reflection coeffi-
cient, I', at the scatterer may be determined by apply-
ing the Lorentz reciprocity theorem [11] over the sur-
tface of the closed volume defined by .Sy, S, Ss, and the
cylindrical surface of infinite radius between Sy and Se.
Denoting the scattered field by E¢, H*, we have

ff [BX T —FEX ] -da=0 (1)
S1+89+82

where the integral over the cylindrical surface of in-
finite radius vanishes because of exponential decay of
the surface wave fields and the radiation condition.
Since the scatterer is a perfect conductor Ei= —F*
on S;. Thus, the integral over .S; takes the form

f fS (B X (4 1) -nda @)

Because  of the orthogonality relations [12], [13]
between the surface wave modes and the radiation

! For details of the dielectric image line and measurement of
scatterer impedance, see [5].
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field, the only component of the scattered field E*, H*
which contributes to the integration over S; and .S; is a
surface mode of the same type as the incident wave.
Moveover, only the transverse components of the sur-
face mode apply in (1), hence we express the transverse
components of the incident surface wave in the form

Fﬁe—]“
—H-tie-ﬁg‘z. (3)

The transverse components of the scattered field propa-
gating in the negative z direction are

TE etz
—TH et (4)
and for the positive z direction are
AE, ieite
AH et (5)

where E,, H,' are transverse field vectors normal to
the 2 axis, { is the axial propagation constant, T’ is the
reflection coefficient for the wave propagating in the
negative z direction, and A is a similar coefficient for
the positive g direction.

When the field expressions (3) and (5) are substituted
into (1) in order to evaluate (1) over the surface .Ss, the
integrand of (1) is identicallv zero. Only integration
over surfaces .S; and S; contributes to (1). Thus, sub-
stituting (3) and (4) into (1), with (2) as the form of (1)
over surface S, (1) reduces to

zrff By X T ida —ff T X (A + T iida.
St 83

Note that the exponential factors in (3) and (4) vanish
in this expression. Hence, the complex reflection coeffi-
cient I' at the scatterer is given by

1 _ _ _
—?ff E' X (H + ) -ida
r - - . ()

ff Etl X B—tl‘ﬁdd
S,

The density of current J* on the surface of the scatterer
is equal to 7 X (H'+H*) where (Hi{+H*) is the fotal mag-
netic field on Sis. The scattered field produced by this
current is E-.

We shall now consider the scatterer as a surface wave
launcher (i.e., a source). The efficiency of a launcher is

defined as

surface wave power Pyw

n = - (D

total power input to launcher  Piotal

If the current distribution on .S; as a source is identical
to J* of the scatterer, then the field produced by the
launcher is identical to the field Es of the scatterer.
Thus, the total power input to the launcher is given by

DvHamel and Duncan: Launching Efficiency of Wires and Slots

279

1 _ — —
Piotal = ? Re ff Es* X (II‘ + IYS) -fida (8)
S

where Es is the field produced by the source current
Je=aX (Hi+H*) on the imaginary surface .S; but with
the perfectly conducting metal launcher removed. The
asterisk (¥*) denotes the standard operation of taking the
conjugate of a complex quantity.

Assuming the field is symmetric about the launcher,
the total power in the surface wave propagating in the
positive and negative 2 directions is equal to twice the
power in the negative 2 direction. Thus, we write

Py = z[% Re fng X Hs*-(_ﬁ)da] (9)

where only the surface wave part of the scattered field
Es, H* applies in (9). As with (1), the form of (9) re-
quires only the transverse components of the field. Sub-
stituting (4) into (9) vields

Py = | T[2Re ff Ej X H* iida (10)
St

where the exponential factors of (4) cancel when the

complex conjugate of H* is taken.

Substituting (8) and (10) into (7) gives the expression
for launching efficiency as

T

re [[ X T
. Sy

= N an
- Re ff E=* X (Hi X H)-#ida
83

We wish to remove the conjugate asterisks (*) ap-
pearing in (11). First consider the integral over surface
S1. Since B, and Hf are in time phase, they may be de-
fined to be real vector functions of the transverse co-
ordinates. Thus, the conjugate sign may be removed
from H, in the integral. Moreover, the integral over S
is now a real quantity so the Re sign before the integral
may be removed.

Next consider the integral over surface S;. On Sj,
Es= — Ei. If the axial dimension of the launcher is quite
small, then the integration over S; may be taken as
entirely in the transverse plane. Therefore, only the
transverse component of E* contributes to the integral,
and the substitution of — E,e~%: for E¢ in (11) is
valid. Since E,' is real and e #2=1 at g=0 for 2/AK1,
the conjugate sign may be removed from E¢. Hence (11)
may be written in the form

’ T 2]‘[ Eﬁ)(ﬁti-ﬁda
. S1

n = - (12)

1 o
— Re ff e X (A X H*)-nida
2 S5

Comparing (6) and (12) we see that
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ReT )

n =

Note that I' in this equation is the reflection coefficient
at z=0 for the composite load of the scatterer and the
infinite surface waveguide to the right. It is preferable
to express efficiency in terms of a measurable parameter
which represents just the scatterer and not the scatterer
plus the infinite surface guide. Consider the particular
case of the dielectric image line where one measures the
normalized shunt impedance, z, of the scatterer, by
placing a short circuit plate an odd multiple of \,/4 to
the right of the scatterer [5]. This isolates the scatterer
from the dielectric rod to the right of 2=0 and allows
greater accuracy in the standing wave measurements.
Therefore, rewriting (13) in terms of the normalized
shunt impedance z of the scatterer alone, one obtains

1

1 2 R |
{} res

Eq. (14) 1s valid under the following conditions:

7= (14)

The current distribution on the launcher whenT]
used as a source is identical to the current dis- 15
tribution on the launcher when it appears as a (15a)
| scatterer on the surface waveguide. _

" The axial dimension of the launcher is very’] (15b)

|_small compared to the wavelength. "

In a similar manner it may be shown that the launch-
ing efficiency of a slot or aperture in a perfectly conduct-
ing transverse sheet is given by

1

2

14 { } Rey
1

where v is the normalized shunt admittance of the slot

or aperture. Eq. (16) is valid under the following condi-
tions:

(16)

"The electric field distribution in the slot whenT]

it is used as a source is identical to the field
(17a)

distribution in the slot when it appears as a

|_scatterer on the surface waveguide.

[ The axial dimension of the aperture is veryT

(17b)

Lsmall compared to the wavelength.

In the above equations, the factor two should be used
for bidirectional launching. If a short circuit plate is
placed an odd multiple of A,/4 to one side of a wire
launcher, or if a cavity is placed on one side of a slot
launcher (i.e., unidirectional launching is obtained),
then the factor one in (14) and (16) must be used. In all
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Fig. 4—Launching efficiency of a vertical wire.

of the results to follow, only unidirectional launching is
considered.

LAUNCHING EFFICIENCY FROM SCATTERING
MaTrix COEFFICIENTS

In several cases a slot or wire launcher was excited
from rectangular waveguide and was the source of the
surface wave on the image line. For example, excitation
of a slot launcher is illustrated in Fig. 3. Efficiency was
determined by considering the transition from rectan-
gular waveguide to surface guide through the launcher
as a two-port waveguide junction. The scattering ma-
trix coefficients of the launcher were determined by
Deschamps’ method [14], [15] and the “matched” ef-
ficiency was calculated from the coefficients [16]. This
method provided a direct measurement of efficiency
under operating conditions where the launcher was the
source of the surface wave. It was used to check the
validity of efficiency as predicted from the scatterer im-
pedance.

A comparison of efficiency by the two methods is
illustrated in Fig. 4 for a vertical wire or monopole.
The monopole was excited from rectangular waveguide
which was mounted below the ground plane. The results
agree within 6 per cent for wire lengths less than 0.35\.
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Efficiency calculated from the scatterer impedance is in
serious error for wires longer than 0.35A. This is because
condition (15a) was not satisfied by long wire launchers.

A slot launcher was constructed by milling a narrow
slot in a large, thin brass sheet. The slot was above, and
parallel to, the ground plane. It was excited from rec-
tangular waveguide as shown in Fig. 3. The variation of
launching efficiency with slot length is illustrated in
Fig. 5. The two methods yielded results which were
within reasonable agreement. If the slot length is small
compared to the wavelength, then condition (17a) will
usually be satisfied and efficiency calculated from the
scatterer admittance should be accurate.

A ring launcher was excited from rectangular guide
below the ground plane. Details of this launcher are
shown in Fig. 6. A balanced, symmetric excitation of the
ring was necessary because the field distribution of the
dipole mode requires a current null at the top of the
ring. The mean ring radius was 0.715 cm. A comparison
of results for this launcher is given in Table I.

DuHamel and Duncan: Launching Efficiency of Wires and Slots

281
TABLE I
Fre- Normal- | Per Cent Efficiency | Per Cent Efficiency
/N | quency ized Predicted from Measured by
v e Ring the Scatterer Scattering Matrix
Radius Impedance Method

0.818 7436 0.177 82.3 82
0.897| 5928 0.141 80.6 78

EXPERIMENTAL RESULTS

Launching efficiency as a function of launcher dimen-
sions is presented for the vertical monopole, ring, annu-
lar slot, and horizontal slot. The efficiency was calcu-
lated from the measured scatterer impedance. Unidirec-
tional launching, as well as the satisfaction of conditions
(15) or (17), was assumed. The practical problem of ob-
taining unidirectional launching is discussed in a later
section.

Scatterer impedance was measured at six values of
A,/N extending from 0.818 to 0.987. Two efficiency
curves for each launcher are presented, and they are for
A,/ equal to 0.818 and 0.897 which correspond to
b/N equal to 0.275 and 0.22, respectively. Measure-
ments were performed in the frequency range of 5900
to 7400 mc. Surface wave attenuation due to dielectric
loss [8] introduced a slight error in the measured im-
pedance of a scatterer. This occurred because of the
lossy guide between the measuring probe and scatterer.
The effect of the attenuation on efficiency calculations
was negligible. In the results presented here, the rod was
assumed lossless and no correction was applied to the
impedance measurements.

Fig. 7 illustrates the efficiency of a wvertical wire or
monopole as a function of the normalized wire length.
The wire was silver tubing 0.15 cm in diameter and was
oriented perpendicular to the ground plane. Fig. 8
shows the launching efficiency of a ring as a function of
the normalized ring radius. The ring was positioned con-
centrically about the rod axis. The radial width of the
ring was 0.16 cm and its axial thickness was 0.08 cm.
Fig. 9 illustrates the efficiency of an annular slot in a
thin metal sheet. The slot was concentric with the rod
axis. For this case and all other slot launchers, the slot
width was 0.16 cm and the metal sheet thickness was
0.08 cm. Fig. 10 illustrates the launching efficiency of a
horizontal slot as a function of the normalized slot
length. The slot was located above the ground plane at
a normalized height %/b=0.645. The manner in which
slot height affects the efficiency of a horizontal slot is
shown in Fig. 11. Results were obtained only at A,/A
=0.818. The data are for resonant slots where the
scatterer admittance was a pure conductance. The
resonant slot length wvaried slightly for the different
measurements but was always about 14 mm which
yields #/A=0.35. The normalized slot height %/& ap-
pears along the abscissa of the graph. The optimum
height was quite critical, and maximum efficiency of
80 per cent was obtained when %/b=0.72.
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Fig. 8—Launching efficiency of a ring as a function
of the normalized ring radius.

The effect of surface wave coupling on launching
efficiency is illustrated by the curves of Fig. 12 which
show the efficiency of a resonant launcher as a function
of Ay/\. Efficiency was always calculated when the di-
mensions of the launcher were such that its impedance
or admittance as a scatterer was a real quantity. The
largest efficiency was always obtained at the smallest
A/N (largest &/N). As N\,/N approaches unity, the surface
wave is only slightly bound to the rod and the efficiency
of a source decreases considerably. This effect was par-
ticularly evident with the annular slot where the effi-
ciency at N;/A=0.987 was less than 1 of the value at
As/A=0.818.
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UNIDIRECTIONAL LAUNCHING

Unidirectional launching has been assumed in pre-
senting the efficiencies for various types of launchers.
For slot type launchers, this is readily accomplished
by placing a cavity on one side of the slot or feeding the
slot with a waveguide. If the presence of a cavity or
waveguide does not disturb the field distribution in the
slot (which is usually the case for slot sizes near reso-
nance), then the launching efficiency will be very close to
that predicted by the scatterer measurements.

However, for wire launchers it is necessary to place a
reflecting device such as a reflecting plate or a parasitic
element on one side of the launcher. The problem of re-
quired size for a reflecting plate was investigated for the
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case of a ring launcher at A,/A=0.818 and 0.897. Scat-
tering matrix measureéments of efficiency are shown in
Fig. 13. The reflecting plates were very small in axial
length, with a thickness of 0.17 cm and were spaced
A,/4 from the ring. When the reflecting plate was re-
duced to the diameter of the rod, the ring efficiency de-
creased 11 per cent for the case A,/A=0.818 and 15 per
cent for A;/A=0.897.

The use of a parasitic monopole, as a reflector, placed
near a ring launcher was also investigated. For A,/\
=0.897 and the spacing of the monopole from the ring
equal to 0.25\,, it was found that a monopole length of
0.148\ gave a forward.to rear power ratio of 20 db.
However, the launching efficiency of the ring decreased
from 78 per cent for the case of a plate reflector to 59
per cent for the monopole reflector.

CONCLUSIONS

Of the two methods of measuring launching effi-
ciency described, the one making use of the scatterer
impedance is by far the most convenient and economical
if more than several measurements are needed. The
reasons for this are that only one measurement of scat-
terer impedance is required as compared to four meas-
urements for the scattering matrix method and the
fact that it is much easier to construct the scatterer
form of a launcher than the actual form. The scatterer
impedance may be determined from measurements on
the surface waveguide or, if this is not feasible, from
measurements in the waveguide feeding the surface
waveguide. Of course, in this latter situation, it is nec-
essary to calibrate the junction by some method such
as Deschamps’. When a simple launcher is used as a
scatterer, the feed terminals are altered; <.e., the ter-
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Fig. 13—Launching efficiency of a ring exciter as a function
of the normalized reflecting plate radius.

minals of a wire launcher are shorted and the feed ter-
minals of a slot launcher are open circuited. For example,
by comparing the ring launcher of Fig. 6 and the ring
scatterer of Fig. 8, it is seen that the scatterer form is
much easier to fabricate than the actual form of the
launcher.

The determination of launching efficiency from the
equivalent scattering matrix coefficients is accurate for
all types and sizes of launchers whereas the scatterer
impedance method is accurate only for simple types of
launchers where conditions (15) or (17) are satisfied.
Both methods may be applied to other types of surface
waveguides.

Launching efficiencies on the image line of 70 to 80
per cent may be obtained from the monopole, ring, and
horizontal slot. All are convenient transitions from rec-
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tangular waveguide to the image line. Their small size
and simplicity may offset the greater efficiency that can
be obtained with large and lengthy horns. Alternately,
greater efficiencies with the monopoles or rings may be
obtained by exciting several of them spaced at half-
wavelength intervals along the rod.

Both the monopole and ring maintain good efficiency
over a wide frequency range. In this respect they are
superior to the horizontal slot.
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Microwave Switching by Crystal Diodes*

MURRAY R. MILLETT}

Summary—This paper gives the results of an investigation of the
use of a microwave crystal as an RF switching element. Variation of
a dc bias applied to the crystal will change its impedance, thereby
providing an electronic control of microwave power. Empirical data
are correlated with the physical structure of the crystal and its
equivalent circuit to establish the frequency and power limitations
of the switch. A comparison is also made of the switching properties
of germanium and silicon crystals. Curves are given for predicting
the switching capacity of any diode once its impedance has been
normalized with respect to the characteristic impedance of the wave-
guide. Some methods are suggested for improving the bandwidth
and power capacity of the crystal switch.

INTRODUCTION

N MANY applications the need arises for a fast act-
ing waveguide switch to serve as either an on-off
device or RF modulator. The conventional mechan-

ical switch, either rotor or vane type, switches in milli-
seconds and also has the disadvantage of large size

* Manuscript received by the PGMTT, October 29, 1957; revised
manuscript received, January 23, 1958,
1 Philco Corp., Philadelphia, Pa.

when physical volume is considered. The electronic
switch of the ferrite type is smaller in size and has a
switching time measured in microseconds. However,
large peak powers are required to drive the solenoid,
and the problem of holding a large coil current for the
duration of a long pulse with fast rise and fall times
introduces complexities. This paper describes an RF
switch comprised of a crystal rectifier as the switching
element. Because of the small time constant of the
crystal and its low impedance there is evolved an
electronic switch capable of switching in a fraction of a
microsecond and requiring low driving power. The
crystal switch may also serve as an RF modulator or
variable attenuator.

The common use for crystal rectifiers at microwave
frequencies is as a mixer or frequency converter in a
heterodyne system.! When used as such, the local oscil-

1 H.C. Torrey and C. A, Whitmer, “Crystal Rectifiers,” McGraw-
Hill Book Co., Inc., New York, N. Y., p. 153; 1948.



