The Cutoff Region of a Rectangular
Waveguide with Losses,
Its Properties and Uses*

By L. U. KIBLER
(Manuscript received February 10, 1969)

The effect of the wall and the dielectric losses on the operation of a
rectangular waveguide at frequencies in the culoff region was investigated
both theoretically and experimentally. A new measurement technique that
permits determining the electrical properties of metals and dielectrics at
microwave frequencies was developed from these investigations.

I. INTRODUCTION

Physical waveguides have walls with finite conductivity and enclose
dielectric regions that have finite losses. The usual high conductivity
metals and low-loss dielectrics have little effect on wave propagation
at frequencies well above and below the cutoff frequency region.!
These metallic and dielectric losses, however, have a pronounced ef-
feet in a small frequency region that includes the nominal cutoff fre-
quency for a particular mode as determined for a lossless waveguide
of the same geometry.* The purpose of this paper is the theoretical and
experimental investigation of the properties of a physical waveguide
operated at frequencies in this latter region.

The scope of this investigation is limited to a rectangular wave-
guide operated in the 8.2 to 12.4 GHz band of frequency (X band).
The dominant mode of the lossless waveguide, the TE; mode, serves
as the initial model for an analysis of a similar mode configuration
when losses are present. The analysis is divided into two parts: first,
the waveguide is assumed to have two narrow walls with conductivity

* From the disertation submitted to the faculty of the Polytechnic Institute
of Brooklyn in partial fulfillment of the requirements for the degree of Doctor
of Philosophy (electrophysies), 1968.

t For a lossless waveguide, the cut frequency.is a singular point for the propaga-
tion constant of a waveguide mode.
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oy, and the two broad walls with conductivity o,; and second, the
same waveguide is analyzed with a lossy dielectric slab centered be-
tween the narrow walls of the waveguide.

The results of this analysis are examined experimentally using
waveguide sections that have several different wall conductivities.
Additional experiments were conducted with two types of lossy di-
electrics. The results of these experiments demonstrate the effect of
wall losses and dielectric losses on propagation in the cutoff frequency
region of the waveguide.

The major use motivating this study of the cutoff properties of a
lossy waveguide is that of determining the electrical constants of
metals and dielectries. The conductivity of three metals, and the
dielectric constant and loss tangent of two dielectrics are determined
experimentally using the cutoflf properties of the waveguide. Copper,
nickel, and a nichrome-copper composite were chosen. The effect of
a de¢ magnetic field on the conductivity of copper and nickel were
also investigated. The magnetic field produced no measurable effect
on copper; however, the apparent conductivity of nickel decreased. A
tentative explanation of this observation is advanced. Lucite and
micarta were chosen for the dielectric experiments.

Experimental values of these physical constants are determined to
within an aceuracy of less than 2 percent. Where published
values of these constants are available, they are found to agree within
a few percent with the electrical values we obtained. The difference
between published values and the values determined by this cutoff
measurement technique reflect the use of certain approximations in
the analysis and the experiment errors. These two sources of error
are not separable, but it is evident that they are quite small.

This experimental technique provides a marked departure from
the classical resonant cavity techniques used in the past.? The chief
advantage of the waveguide cutoff measurement technique lies in the
ability to measure the properties of metals accurately at microwave
frequencies. The properties of dielectrics can also be measured al-
though the accuracy of the cutoff technique is about the same as that
of the classical resonant cavity techniques. There remains, however,
the general advantage of having alternate measurement techniques
which may be more convenient in some instances.

II. ANALYSIS

There are many analyses of the effects of losses in waveguides.®*
These efforts have been concerned with the effect of wall or dielectrie
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losses at frequencies well above or below the cutoff frequency of a
particular mode. Barrow and Lender treated the effect of a finite wall
conductivity on the propagation constant near the nominal cutoff of
a circular waveguide.® Southworth noted that a decrease in the wall
conductivity will decrease the frequency at which the cutoff region
oceurs,?

The classic method of treating wall losses and dielectric losses of a
single mode in waveguides in the propagation region of the guide is
to consider the power loss in the walls.*® These approximate solutions
are not valid in the vieinity of cutoff, since the lossless analysis on
which they are based has a singularity at cutoff.

In order to accurately calculate the propagation constant of a
waveguide with lossy walls and possibly containing a lossy dielectric,
we must consider what field components must be present in the walls
and in the dielectric. We will direct our attention to the TE;p mode in
the lossless waveguide as a starting point.

Refer to Fig. 1. The TEy, mode in the lossless rectangular waveguide
has the following field components; a y-directed electric field, a z-di-
rected magnetic field and an 2-directed magnetic field.

From these fields of the lossless waveguide, we can consider what
other field components are necessary when the bounding walls have
finite conduectivity. At the side walls # = 0, x = a, there must be a
y-directed electrie field at the wall. On the top and bottom walls there
must be an a-directed electric field and a z-directed electric field in
the metal as a result of the finite currents in these directions. These
fields must be supported by like directed fields in the dielectric region
of the waveguide since the tangential electric and magnetic fields
must be continuous across the dielectric-metal boundaries. Figure 1
shows the required field distributions.

In order to solve the field in the waveguide we must find a solu-
tion of Maxwell's equations for a possibly lossy dielectric surrounded
by walls with finite econductivity. The finite conductive walls will be
considered to be deseribable by their intrinsic impedance.

In a source free region, Maxwell’s equations for a source free re-
gion with sinusoidal time dependence can be written for solution by
vector potentials.! These vector potential equations became

E —VXF—zA-}—%V(V-A) (1)

o
Il

VXA~ yF+ V(VF @)
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Fig. 1 — Field distribution of a lossy waveguide.

where A = magnetic veetor potential
F = electric vector potential
Y(w) = ¢ + juw(e¢ — j€') (admittance per unit length)
2(w) = jup (iimpedance per unit length)
i=(1

and

= dielectric constant
dielectric loss factor
conductivity
permeability.
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The choice of a y-directed complex magnetic vector p.tential of the
form

A = yA,sn K,z cos K,y exp (—72) (3)

where 4., is an arbitrary constant yields, after substitution in equations
(1) and (2), the complex electric and magnetic field vectors in the
dielectric region.

H: = A,ysin K.z cos K,y exp (—v2)u: (4a)
H,, = A,K., cos K.,z cos K,y exp (—y2)u. (4b)
E., = ALK Ky, cos K.,z sin K, .y exp (—vy2)u. (4c)
E, = A, sin K:;c cos K,y (k2 — K2) exp (—y2)u, (4d)
E., = Anl,y sin K,z sin K, yu. (4e)
K: + K, — 7" =k (4N
where
lrf»i = —Yo2s
and

v = complex longitudinal propagation constant
K., , K, = complex transverse propagation constants.

In order to account for the properties of the metals that make up the
waveguide walls, we define the surface impedance of a metal at micro-
wave frequencies as

%}" = Z(side walls) = Z, = R, - jX.

E, .

7 = Z(top or bottom walls) = Z; = Rz + jX, . (5)
z lu=b

In order to evaluate the surface impedance of the metal walls of the
waveguide, we use the surface impedance for TEM waves in an un-
bounded lossy medium. This approximation is exact for a plane wave
incident on a lossy metal. In the cutoff region the dominant mode fields
can be approximately described by plane waves reflecting between the
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side walls. Thus this definition of the surface impedance closely ap-
proximates the lossy waveguide in the cutoff region.

These wall impedances can be defined from z(w) and y(w) such that

Zs.r = Re (z”)“ + jIMAG (fu) (6)
Ys,r

Ys,r

From (6) the intrinsic wall impedance for the conventional good con-
ductors where ¢ 3> we can be obtained as

Ze= (a1 5

()

i
_ (wwr ;
ZT N (20’1') (1 + J)

The determination of the propagation constants K,, K,, and y
results from application of the boundary conditions. These boundary
conditions require continuity of the tangential E and H fields at each
boundary. From equations (4) with conditions (5) and (7), we obtain

K — K2, _ (wu,y .

_'—'—_—Kr"yo tan K, a = % 147 (8a)
K,, _ w)* :
. tan Kﬂnb - (20,7' (1 + .7)- (Sb)

These equations (8) are transcendental and are solvable on a digital
computer. Solution of (8b) for K,, allows the solution of (8a) for K., for
each frequency of interest. The z-directed propagation constant y can be
determined by substituting K., and K, into (4f).

It is evident that a set of curves for v ean be plotted for various
values of Rg  and X , . Thus from measured values of v, the values
of Rs.» and X, r can be determined, and hence the values of o, or o .

The solutions represented by equations (8) can be used to determine
the characteristics of the cutoff region of waveguides that have walls
made of composite or coated metals. The intrinsic impedance of such
conductors has been solved by Ramo and Whinnery.?* The solution
is given below.

% cosh =, d
R, .

cosh 7, d + == sinh 7, d
R,

sinh 7, d +

Zeour = Ry(1 £ j) (9)

where
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d = thickness of coating metal

T, = (1 + j)(“’f#lﬁ)i

e )
1 0_1

o, = conductivity of coating metal
oy = conduetivity of coated metal
u, = permeability of coating metal
u» = permeability of coated metal.

Zeonr can be substituted for either Zg or Zp in equations (8) depend-
ing on which walls of the waveguide are coated.

The most general solution of a waveguide in the cutoff region must
include not only the effects of walls with finite conductivity but also
the effect of a lossy dielectric. When the dielectric completely fills the
interior of the waveguide the solutions just given can be used by in-
serting the complex dielectric constant defined above.

Because of a limited physical size of the available dielectrics or to
accommodate certain measurement techniques discussed later, it may
be necessary to use a thin slab of dielectric material that only partially
fills the interior of the waveguide. Figure 2 is a sketch of such a dielec-
trie slab waveguide.

WAVEGUIDE

/
DIELECTRIC
SLAB

v

Fig. 2 — Dielectric slab waveguide.
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The analysis of a lossy dielectric slab centered in a waveguide whose
walls have finite conductivity proceeds from equations (1) and (2).
The field solution if losses are assumed present only in the top and
bottom walls can be obtained by choosing a y-directed complex elec-
tric vector potential

F = we. (10)

A solution which satisfies the physical requirements of the dielec-
tric slab waveguide dominant mode can be obtained by choosing the
?
¢'S as

¢ = By cos K,d(.v ~ Yoo Kyyewp (—1) Ll g0 < 2

o= AisinKo(a — ) cos K,yexp(—v) “T%<e=<a (1)
’ . a — d

¢! = A;sin K,z cos K,y exp (—v2) 0=z =

4

where A, and B, are arbitrary constants. The field components in the
three regions of the dielectric slab waveguide are determined by substi-
tuting the electric vector potentials represented by (10) and (11) into
the field equations (1) and (2).

In the dielectric region (@ — d)/2 = v = (a + d)/2, the field com-
ponents are

E,, = vB, cos K,,(m - E) cos K,y exp (—v2)u,

2
E,, = —K,.B, cos K(’:: — g) sin K,y exp (—yz)u.
2 g2
H,, = QC*'{—Z—K"-')B: cos K,d.(a: — g) cos K,y exp (—v2)u. (12)
d

H, — % K. K, sin K”(:t: - g) sin K,y exp (—v2u,

K., . a
H, = E‘stm K”(:c — 3) cos K,y exp (—v2)u.
d &=l
where
v = complex longitudinal propagation constant

72 = Kz.r + Ki.l - kﬁ
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K., = z-directed propagation constant
K,, = y-directed propagation constant
K = w'uaea
Z4 = jwha
a = guide width
d = width of dielectric slab
us = dielectric permeability
€ = € — jei
¢, = dielectric permitivity
ey = dielectric loss factor.
In the region defined by 0 = 2 = (¢ — d)/2 the field components
become

E!, = vA,sin K,,x cos K,,y exp (—y2u,
E!, = —K, A, sin K, zsin K,,y exp (—y2)u.

2 2
H, = (ke — Kz,) A, sin K, x cos K,y exp (—y2)u.
2o
(13)
H = 4, K., cos K. xsin K,y exp (—v2)u,
Hi, = —ﬁfﬂ cos K,,x cos K,y exp (—v2)u. .

In the region defined by [(@ + d)/2] = x < a the field components are
E, = yA;sin K. (a — 2) cos K,y exp (—v2)u,
E,, = — K, A;sin K, (a — 2)sin K,,y exp (—vy2)u.

2 2
= & = Ko) 4, sin K, (a — 2) cos K,y exp (—2)e.
zﬂ
(14)
B, = Al o5 K, (@ — 2) sin K,y exp (—12),

o

H,, = A‘f’” cos K. (a — 7) cos K,y exp (—v2)u.

H.,

complex longitudinal propagation constant
PR KD — 2

K., = z-directed propagation constant

y-directed propagation constant

2.2
(|

=
I
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k; = o’poe,

z, = jop,

1, = permeability of vacuum
¢, = permitivity of vacuum.

The total field solution of the dielectric slab waveguide is obtained
by matching the tangential electric and magnetic fields at the dielec-
tric-air boundaries. Matching these field quantities yields

Keiin . @ - Ko (a - d) 5
p tan I&,,Q = cot K, 5 (15a)
szud_ __ 7
" — K°) tan K,,b = Z, (15b)
z.K,, _
W = K% tan K, b = Z, (15¢)
where Zp is the surface impedance of the top and bottom walls of the

waveguide.

Attempts to include the effects of the finite conductivity of the side
walls in this solution were not successful. This failure stems from the
lack of conformance of the boundary conditions and the eoordinate
surfaces. However, the fields in a waveguide operated in the cutoff
region are approximately TEM waves in the transverse direction. We
can use this fact to modify equations (15) to include the effects of the
finite side wall conduetivity. For this modifying solution we turn to a
transverse resonance type of analysis.

Consider the dielectric slab waveguide in Fig. 2 at cutoff as a loss-
less parallel plate waveguide. The side wall of the waveguide is rep-
resented by its intrinsic admittance, y,. The center of the guide is
considered an open circuit. The admittance looking to the right, v,
and to the left, 2, of the dielectric-air boundary, is given by

¥, + jy, tan K(a%d)

h = U

o+ v, tan K,.(*59)

(16)

oy

Y2 = jyatan K,

where
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K., = w,(uses)! at resonance
.. = w.(ue)! at resonance
w, = resonance or cutoff angular frequency.

>
Il

The condition for resonance is then given by

Y= —Y2- (17
Substitution of (16) into (17) yields

1+ jy.z. tan K:n(‘if 4)

— jya tan K (18)

Td 9'

Yo - /
Y2, + jtan K,”(a _) () |

Since jy,2, will be a small value for practical wall metals, we ean
use the approximation

Y.z, = a X tan a. (19)

Equation (18) then becomes

1 + tan a tan i, (a :j)—i

—tan o + tan K,..( ' : d)

— Yo — jya tan K., . 5 (20)

The bracketed function on the left side of equation (20) is the
expansion of cot (A-B) ; hence (20) becomes

Y. cot [K,,‘(a‘ 5 d) - jy(.z,] = yqtan K, ; (21)

Equation (21) has the general trigonometric form of the field solution
given in equation (15a). Substituting the values for ¥, and ¥, and mul-
tiplying and dividing by K,, and K,, yields when the common terms of
Mo, € ,; € and p, are cancelled and K, and K., are reintroduced and the
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equation rearranged

K., a— d) Kz,,z.} _ K., d
cot [K“( 2 + . = tan K”2 (22)

o

Equation (22) is the same form as equation (15a) except for the
modification of the argument of the cotangent function by the effect of
the side wall impedance. Because of the evident similarity of equations
(15a) and (22), we can interpret K., as the transverse complex propaga-
tion constant that is valid not only at eutoff but over a range of fre-
quencies extending on either side of cutoff.

The term z,/z, can be expanded by using the definition of the skin

depth, 8
i
5 — (i ) (23)

WU
to yield

TC LY 24)

a ]

[

]

The argument of the cotangent term becomes

r[254+ 050 25)

& =

Argument (25) indicates that the width of the air region of the dielec-
tric-slab waveguide is increased by an amount proportional to the
skin depth. A similar result was obtained by Adler, Chu, and Fano,
who analyzed the minimum of the standing wave pattern for a plane
wave at an air-lossy metal interface.’?

The equations which furnish the solution of a lossy dielectric slab
centered in a waveguide with lossy walls in the region of cutoff are

given by

K.. cot Kh[{i-g—@ + (1%) ])—6] _ K., tan K., 5 (26a)
) < ] 24 &
z,K,, tan K, ;b
[]G.zi _ de] - A?‘ (263)
2K, tan K, b
WKL O (269
v =Ki, +Kj, -k (26d)

Vo= K+ K — (26¢)
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These are complex transcendental equations and were solved by a
digital computer.

Equations (26), which provide the solution for the propagation
constant of a lossy waveguide with a centered lossy dielectric slab
operated in the cutoff region, were derived using several approxima-
tions. These approximations are considered quite accurate for fre-
quencies in the cutoff region. At frequencies outside the cutoff region,
these approximations lead to an increasing error in the computation
of the longitudinal propagation constant. Thus, the electrical proper-
ties of materials cannot be determined accurately for frequencies out-
side the cutoff region. The accuracy of the measurements in the cut-
off region will be evident from the experimental results.

III. EXPERIMENTAL CIRCUITS

The analysis in Section IT shows that the cutoff region of a wave-
guide with losses in the walls and dielectric is basically characterized
by the complex longitudinal propagation constant. The other descrip-
tive parameters such as impedance, admittance, scattering coefficients,
and so on, depend on this propagation constant.

The propagation constant can be measured experimentally by de-
termining the total attenuation and the total phase shift of a section
of uniform waveguide whose length is known accurately. Accurate
measurement of either attenuation or phase shift is difficult to obtain.
However, differences in phase shift and in attenuation can be measured
with great accuracy.

The experimental circuit was designed to measure differences in
attenuation and phase shift. Figure 3 shows the basic experimental
circuit. It is a microwave form of the usual low frequency comparison
circuit. A common source supplies two paths. The path B is used as
a reference path. Path A, the comparison path, has two separate test
paths, A; and A,, either of which may be chosen by proper positioning
of the waveguide switches 1 and 2. The two main eircuit paths are
connected to a phase detector and to an amplitude detector by posi-
tioning switches 3 and 4.

These experiments could be conducted at any number of miero-
wave frequencies. Available tables of the properties of metals and
dielectrics show that these materials have a marked change in their
de properties in the X band of frequencies.**** For this reason and
the availability of accurate test equipment, the center of the X band
of frequencies, about 9.5 GHz, was chosen for the design of the ex-
perimental eircuit.
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Fig. 3 — Simplified schematic diagram of experimental eircuit.

The complete experimental cireuit is shown schematically in Fig. 4.
Standard commereial precision waveguide components were used
throughout. Isolators were chosen to have voltage standing wave
ratio’s of less than 1.08 and isolation greater than 40 dB. The phase
detection ecircuit was the kind deseribed by Cohn.'* It can measure
phase differences to an accuracy of 0.05°. The amplitude detection
circuit was used in conjunction with the tandem precision rotary vane
attenuators (path A, Fig. 4). This combination was capable of measur-
ing attenuation differences to an accuracy of 0.005 dB.

A precision rotary vane phase shifter was calibrated against the
phase detection cireuit and both were calibrated with selected lengths
of precision X band waveguide. The phase shifter (path B, Fig. 4)
and the phase detection circuit were used in combination for phase
difference measurements.

Two types of waveguide test sections (see Fig. 5) were designed
for use in these studies of the properties of a waveguide operated at
cutoff. We designate these as a type A and a type B test section. Both
types were clectroformed of oxygen-free hard copper. Mandrels of
the required dimensions for each test section were machined from
aluminum, and polished to remove any roughness. The wall thickness
of both types of test sections was a nominal %4 inch.

Each type A test section was electroformed in one piece. Standard
X-band flanges, type UG-39/1, were soldered to each end of a test
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Fig. 5— (a) Type A and (b) type B waveguide test sections. Dimensions are
in inches. * The widths of the test sections were measured with gauge blocks to
insure accuracy,

section. The flanges were machined and lapped to a smooth mating
surface. Two alignment pins were inserted in each flange. Figure 6
shows a complete type A section.

The type B test sections were made in two halves (see Fig. 7). These
halves were joined along the center of the broad faces of the wave-
guide walls. Each half of the type B test section was mounted in a
brass channel for rigid support. The joining faces of these brass mount-
ing channels were polished to achieve the required width. Alignment
pins assured accurate assembly of the two halves, The joining surfaces
were machined and lapped for accurate mating. The halves were held

e R R R R e - R R R R P

4
<

Fig. 6 — A complete type A waveguide test section,
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together by 24 10-32 bolts. Threaded holes to mate standard X-band
flanges were placed in each end of the type B test section. A dielectric
slab is shown inserted in one half.

The type B test sections were used to examine the conductivity of
various metals. These metals were placed on the walls of the cutoff
portion of the type B sections by plating or evaporation. These test
sections were made in halves for two reasons. First, it was possible
to obtain uniform metal deposit on the three walls of the channel
that results from making the section in halves. Uniform metal deposits
on the interior walls of a closed test section was difficult if not im-
possible. Second, when metal is deposited on the walls of a waveguide,
the interior dimensions are reduced by the metal thickness. At cut-

Fig. 7— Type B waveguide test scction with a dielectrie slab in the top- half,
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off these small changes (0.0001 inch or less) in the waveguide height
are insignificant. However, the same magnitude of dimension change
in the width are very significant. By using two halves and by deposit-
ing the same thickness of metal on the joining surfaces as on the walls,
there is an automatic compensation of the width change. The metal
deposited on the narrow walls decreases the waveguide width, but the
metal deposited on the joining surfaces increases the width on join-
ing the halves by the same amount. Thus, the waveguide width was
kept constant regardless of the thickness of the deposited metal.

IV. EXPERIMENTAL MEASUREMENT PROCEDURE

The general procedure for measuring the properties of a wave-
guide operated in the cutoff region is divided into three steps. We use
Fig. 3 to help in the discussion of these steps. First, the phase and at-
tenuation difference between the reference path (B in Fig. 3) and the
reference test waveguide (A, in Fig. 3) are measured. This measure-
ment includes both the transmission through, and reflection from
(C in TFig, 3) the reference test waveguide. Second, the phase and
attenuation difference between the reference path (B in Fig. 3) and
the test waveguide section (A; in Fig. 3) are measured. As above,
this measurement includes both the transmission through and the
reflection from (path C) the test waveguide section. Third, the phase
and attenuation difference between the reference test waveguide and
the test waveguide are determined from the first two measurements.

The measurement of the effect of copper walls on the properties of
a waveguide operated at cutoff required a copper type A waveguide
test section and a copper type B waveguide test section. The type A
section was placed in the position of the reference test waveguide (A,
in Fig. 3); and the type B section in the position of the test wave-
guide section (A; in Fig. 3). The three part measurement procedure
was followed.

These measurements yielded two results. The transmission measure-
ments result in the differences in the total phase shift and the total
attenuation of the cw signal transmitted through the type A and type
B waveguide test sections. The reflection measurements yielded the
difference in the total phase shift and the total attenuation of the cw
signal reflected from the type A and type B sections. From Fig. 5
we see that the type A and type B test sections have identical tapers.
These tapers were adjusted to be electrically equal. The total phase
shift and attenuation differences thus became the phase shift and at-



WAVEGUIDE FREQUENCY CUTOFF 2239

tenuation of the transmission through and the reflection from the
2-inch-long cutoff section contained in the type B test section.

The measurement of the effect of the dielectric slabs of lucite and
micarta on the properties of the waveguide at cutoff followed the same
procedure. The dielectric slabs (see Fig. 8) were centered in the type
A and type B copper test sections. Since the tapers at the ends of the
dielectric slabs are identical, the result of the measurement is the
phase shift and the attenuation of the transmission through, and the
reflection from, the dielectric loaded cutoff section of the type B test
section,

The measurement of the effect of the other metallic walls, nickel
and nichrome-copper, required only type B test sections. A copper
type B test section was placed in the reference test waveguide posi-
tion (A; in Fig. 3). An identical second copper type B test section
was placed in the test section position (A; in Fig. 3). The electrical
difference between these two test sections was determined for use in
correcting future measurements.

The type B test section (A; in Fig. 3) was removed and the metals,
nickel or nichrome, were applied over the copper walls of the cutoff
region, The type B section was then reinserted into test position A;.
The measurement steps just described were repeated. The results of
these measurements after correction for the possible electrical differ-
ence yielded the phase shift and attenuation of the signal transmitted
through and reflected from the 2-ineh long cutoff section of the type
B waveguide section. The properties of the waveguide with nickel or
nichrome walls operated in the cutoff region are determined from
these results.

r 77777 4.992—————#«——A—— 4.9927ﬁ7ﬁal Tﬁ-lr-

—_— f

(a)
ly————4.992—————>|<—1.9399ﬂ<—ﬁv — 4.992~———j TaH(ﬁ
g ——

(b)

Fig. 8 — Dielectric slabs for (a) tyvpe A and (b) type B test sections. Dimensions
are in inches,
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These phase and attenuation measurements are used to calculate
the complex propagation constant of a waveguide operated at fre-
quencies in the cutoff region. These calculations are based on an
analysis developed by Southworth (see pp. 57 and 58 of Ref. 9). He
defines a voltage wave progressing down a finite length transmission
line and suffering repeated reflections from mismatches at the input
and output of the line. Southworth derives an expression for the steady
state voltage at any point on the line. Using Southworth’s notation
we define V; as the voltage transmitted to the output of the cutoff
section and V, as the voltage reflected to the input of the cutoff sec-
tion. The difference between these two ‘“voltages” can be written
using Southworth’s results as

(Vi — Vo) = [exp (—vl) — 1]. (27)

The measurement of (V;, — Vo) yields from (27), the experimental
value of v, , the complex propagation of the cutoff region of the wave-
guide section.

The experimental measurements given by the phase shifter, the phase
detection circuit, and the tandem attenuators were used to determine
the value of (V; — V,). Figures 3 and 4 should help in the following
discussion. For the measurement of copper and dielectrics we have a
type A test section in path A; and a type B test section in path A, of the
comparison path A. We consider two voltage waves, E, and E, . D
propagates in the comparison path A, and E, in the reference path B.

The attenuation and phase shift of test path A, from the input rotary
switch to the center of the type A test section is defined as A, exp (j®,),
and from the center of the type A test section to the output rotary
switch as B, exp (j®,). The attenuation and phase shift of test path A,
from the input rotary switch to the junction of the type B section taper
and the cutoff section is defined as A} exp (j®;), and from the output of
the cutoff section to the output rotary switch, g exp (j®}). The voltage
wave in the reference path B is defined as E, exp (j8,).

Test path As with a type A section inserted is connected to the com-
parison path. With the tandem attenuators set at an arbitrary value,
the phase shifter is adjusted to provide a 45° phase difference be-
tween the comparison and reference paths. The outputs of the phase
measuring circuit and the amplitude measuring eircuit are propor-
tional to

B, + b, = 6, + 45° (28a)
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and

E.AB, = M, = SWR meter reading, (28b)

respectively.

When the comparison path is connected to test path A, with atypeB
test section inserted, the outputs of the phase measuring circuit and the
amplitude measuring circuit are proportional to & + ®; + < V, and
E.AlB; | Vi |, respectively.

The tandem attenuators and the phase shifter are adjusted to return
the outputs of the amplitude measuring circuit and the phase measuring
circuit to their values when test path A, was connected to the comparison
path. This condition is expressed as

by - b+ XV, =6, + 6, £ 45° (29a)
TEAB; | Vi | = M, (29b)

where 6, is the change in the phase shifter and T, the change in the
attenuators’ reading,.

The same analysis is applied to the voltage waves reflected from
test paths A and B. The reflection from test path B is expressed as

2P, = 6, + 45° (30a)
Eo2A0 = M, . (30b)
The reflection from test path A is expressed as
20y + X V, = 6, + 6, £ 45° (31a)
T.E2AL | Vo | = M, (31b)

where 0 is the change in the phase shifter and T’ is the change in the
attenuators’ reading.
Subtracting equation (28) from (29) yields

P — B, + P — D, + XV, =0, (32a)
TABY | V| = AB, . (32b)

A calibration procedure determines the difference between &, and &},
and @&, and ®} , and the ratio of A}/A, and B;/B, . With these measured
differences, V, is determined from the phase shifter change, @, in degrees,
and the tandem attenuators’ change, T, in dB.

Subtracting equation (30) from (31) yields

X Vo + 28 — 28, = 0, (33a)
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TzAé | Vu | = An . (33b)

Again the calibration procedure furnished the values of # — &, and
Al/A, . The value of V, was determined from the phase shifter change
6! and the tandem attenuators’ change T’ . The value of V;, — Vo is
determined by the phase shifter’s and attenuators’ change in reading.
The value of v, is calculated from these experimental measurements by
equation (27).

This analysis is also applicable to measurements with type B test
sections in both the reference test path and the test path as required for
measurement of nickel and nichrome. We define the propagation con-
stant for one type B test section cutoff region (copper) as v, and for the
second type B test section (nickel or nichrome) as v, . We can then write
for the nickel or nichrome section

(Vi — Vo)a = [exp (—vi) — 1] (34a)
and for the copper section
(Vi = Vo)ew = lexp (=) — 1]. (34b)

The difference of these two equations yield
AAf::u = (V! - VO)A - (Vl - Vﬂ)cn
= [exp (=v)) — exp (—7oD)].

This difference represents the measured difference between a copper
type B test section and a type B test section with a nickel or nichrome
cutoff section. The analysis used previously to describe the copper
cutoff section measurements is applicable here to show that A,_.. was
evaluated by this measurement and v, by the copper test section meas-
urement; thus the value of v, is determined. BE

Since nickel is a magnetic material, measurements were made on the
nickel plated type-B test section with a magnetic field applied. These
measurements demonstrated qualitatively that this measuring technique
could be used to detect the magnetic induced changes in conductivity of
certain metals.

The magnetic field was obtained from a surplus horseshoe shaped
magnetron magnet. The width of the pole pieces was approximately
two inches and the gap approximately two and one quarter inches.
The measured field between the poles was approximately 2100 gauss.
The magnet was oriented with the type B test section to produce
a magnetic field parallel to the electromagnetic field lines in the
side walls of the waveguide. Because of its construction (horseshoe

(35)
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shape), this magnet produced a nonuniform magnetic field in the wave-
guide walls. Uniform magnetic field sources were not available; hence,
these experiments were qualitative.

Measurements were made with nichrome to determine the effect on
the waveguide cutoff properties of a lossy metal. A second type B test
section was inserted in test path A, in place of the nickel plated test
section. The reference type B test section remained in test path A,.
The phase shift difference and the attenuation difference between
test path A, and test path A, was measured for both transmitted and
reflected signals. This was done to establish a reference for the type
B test section in test path A.

The type B test section was removed from test path A, and disas-
sembled. The two halves of the test section were masked and nichrome
was vacuum evaporated on the two narrow sidewalls to a thickness
of 800A. The two halves were reassembled and the nichrome type B
test section reinserted in its original position in test path A;.

The properties of a waveguide partially loaded with a dielectric
was examined in the cutoff frequency region. Two types of dielectries
were used, one with low loss, lucite; and one with moderate loss,
micarta.* In addition to demonstrating the effects of dielectric at
cutoff, the dielectric constant and the loss tangent were determined
from these measurements. Figure 8 is a diagram of the dielectrie slabs.

V. BXPERIMENTAL RESULTS

In order to plaee the results of the experiments in the proper per-
spective, we note that the nominal cutoff frequency of a lossless wave-
guide 0.62150-inch wide operated in the dominant mode is 9502.030
MHz.

5.1 Metallic Test Sections

The general effect of decreasing the conduectivity of the waveguide
walls for frequencies in and near the cutoff region can be seen in Fig.
9. The conductivity ranges from the dc value of oxygen-free hard
electroformed copper, 5.8 X 10° mho/em (reciprocal chms per centi-
meter), to approximately one tenth the conductivity of copper. At a
single frequency, as the conductivity is decreased, the imaginary part
of the propagation constant, 8, increases. The real part of the propa-
gation constant, o, decreases with decreasing conductivity for fre-

* The micarta used was made of woven cotten impregnated with cresylic acid
formaldehyde resin,
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Fig. 9— Propagation constant in cutoff region as a function of conductivity.
¥y =a-+ jB.

quencies just below cutoff, but « increases for frequencies just above
cutoff.

It is interesting that in Fig. 9 there is one frequency in the cutoff
region for each value of conductivity where the real part of the
propagation constant («) in nepers per centimeter equals the imagi-
nary part of the propagation constant (8) in radians per centimeter.
This frequency is properly defined as the cutoff frequency when the
waveguide has walls with finite conductivity. Further examination
of Fig. 9 shows that this defined cutoff frequency shifts to a lower
frequency as the conductivity of the waveguide walls is decreased. We
see that a decrease in conductivity by a factor of ten causes this
defined cutoff frequency to shift by 850 KHz. Since microwave fre-
quencies in this frequency region can now be measured to 1 KHz, the
potential accuracy obtained by using this frequency shift for the
measurement of the conductivity of metals is less than 1 per cent.

5.1.1 Copper Test Sections

The copper test section was measured at two different frequencies in
the cutoff region. These frequencies, 9500.873 and 9497.960 MHz, were
chosen to cover a region where Fig. 9 shows a maximum difference in
a and g for the range of expected copper conductivity. The calculated
values of I (I in em) for the first test frequency are plotted in Fig. 10
as a funetion of the conduectivity (in mho/em.) The value of vl was used
instead of ¥ to make comparison with the measured values easier, since



WAVEGUIDE FREQUENCY CUTOFF 2245

the measurement involves the total length of the test section and since
the experimental errors are in dB and degrees. Each figure contains two
curves; one for the total attenuation in dB, and one for the total phase
shift in degrees.

The experimental values are plotted as points marked ay and B
on the figure. The vertical broken lines with markings Ae and A8
indicate the error limits in the experimental measurements. In Fig. 10,
the error limits are smaller for the 8, measured value than for the
ay value. The results at the second frequency, although not plotted,
support the plotted results.

The average value of the conductivity of copper based on the ay
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Fig. 10 — Copper experimental results at 9500873 MHz yielding experimental
value of conductivity. O ealculated al, ¥ calculated gl, and [] measured values.
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measurement at the two frequencies is 4.635 X 10° mho/em. The
average value of the 8 values is 4.685 X 10° mho/em. The average of
the mean of the maximum and minimum values of aj and 8, at the
two frequencies is 4.69 X 10° mho/em. The best value for the condue-
tivity of oxygen-free hard electro-formed copper at 9500 Mz is taken
to be the average of the o, and 8, averages, 4.66 X 10° mho/cm. The
error in this value, based on the errors in the measured values is £1.5
percent. This value of the conductivity of copper is 80.3 percent of the
de value of copper. Previously reported values for the conductivity of
copper in this frequency range, based on measurements of long lengths
of waveguide operated in the propagation frequency region, vary
between 85 and 78 percent of the de conductivity.'®

5.1.2 Nickel Test Sections

The nickel test section was made by electroplating a 0.001-inch-
thick layer of commercial grade nickel on the four walls of the cutoff
section of an electroformed copper test section. The wall conductivity
of this copper test section was measured before plating. These results
are not repeated since this measured conductivity agrees with the
previously measured value of the conductivity of the copper within
the error limits mentioned earlier.

The experimental measurements were made in the manner already
described, at two test frequencies, 9500.873 and 9497.963 MHz. The
caleulated values of vyl and the experimental points for the first test
frequency is plotted in Fig. 11 as a function of conductivity. As was
done for the copper measurements, two curves are plotted on the figure,
one for the total real part of vI, and one for the total imaginary part
of yl.

Figure 11 shows some interesting features of the cutoff region. The
total attenuation of the nickel test section is less than that for the
copper test section, indicating that the cutoff region has shifted to a
lower frequency. Consistent with this shift in the cutoff region to
lower frequencies is the increase in the total phase shift. However, as
the conduectivity is decreased helow 6 X 10' mho/em, the total at-
tenuation increases. This result indicates that the loss resulting from
the deereased conductivity is increasing faster than the cutoff region
is shifting to a lower frequency by the decreasing conductivity. This
difference leads to a net increase in the total loss of the cutoff section.

Only the experimental values for the first test frequency are plotted.
The results at the second frequency support these results. The points
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labeled o, and B, are the experimental values. The vertical broken lines
enclosing Ax and AB define the error limits in the experimental measure-
ments. The error limits in Fig. 11 are small for the phase measurement,
B, while the error limits for the attenuation measurement, a, , are
large; hence the measured g value yields the more accurate result. The
figures for the copper and nickel test sections illustrate a feature of this
experimental technique. At some frequency in the cutoff region both the
« and 8 measurement may have the same accuracy, while at another
frequency either the a or 8 measurement will yield a more accurate
result. This feature, of course, depends on the errors in the measuring
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equipment. It does allow one to choose test frequencies which will
compensate for the errors in the measuring equipment.

The 81 measurements at the two test frequencies both yield a value
of 6.10 X 10* mho/cm for the conductivity of commercial grade nickel
plating. The a measurements yield conductivity values of 8.0 X 10*
mho and 6.4 X 10* mho/cm. However, the error limits of the a) meas-
urements include the 8, measured values. In this case, one concludes
that the most accurate measure of the conductivity of nickel is the B
value. The maximum range of the measured value of conductivity based
on the 8, measurement is 6.3 X 10* to 5.9 X 10* mho/em or an error of
3.6 percent. The minimum range of the measured values is 6.0 X 10" to
6.15 mho/em or an error of 1.7 percent.

The dec conductivity of nickel as given by various tables of the
properties of metals'® is 1.28 X 10° mho/cm. The experimentally de-
termined value for the conductivity of nickel at 9500 GHz is 6.10 X
10* mho/cm or 47.6 per cent of the de conductivity. The conductivity
of copper at 9500 GHz was determined earlier in this paper to be 80.3
per cent of the de value. Electroplated metals have been reported to
be more porous than solid metals.'® This increased porosity would
account for the larger decrease in the conductivity of nickel com-
pared with copper in these experiments.

The nickel plated test section was used for a second experiment.
The test section was subjected to a magnetic field of 2100 gauss as
discussed in Section IV. The actual field applied to the nickel was
difficult to determine accurately because of the size of the Hall plate
available to measure the field. It is estimated that a field of 500 gauss
was applied to the nickel walls. This same field was applied to the
copper test section before plating. No measurable effects were obtained.

The results of the experiment with the magnetic field are plotted in
Fig. 11 as the points, ayaexer and Buaexer. It is evident from the
loecation of these points on the calculated curves that the application
of the magnetic field has caused an apparent decrease in the conduec-
tivity of nickel. The mean value of the conductivity resulting from
the application of the magnetic field is 4.95 X 10* mho/cm.

The exact cause of this decrease in conductivity is not known. Since
there was no effect of the magnetic field on the copper test section
before plating, we can assume that the decrease in the conductivity of
nickel resulted from the ferromagnetic properties of nickel. This ef-
fect can then be explained by assuming that the magnetic field in-
creases the effective microwave permeability of nickel by the ratio of
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6.10/4.95. The effect of the conductivity of the metal walls of a
waveguide enter into the calculation of the propagation constant

through the expression
§
— (@&},
= (20’)

Hence, the increase in the permeability, s, causes the same result as
a decrease in conductivity. It is well known that nickel is ferromag-
netic at low frequencies. The ferromagnetic property is described by
its permeability. Evidently, if this explanation is correct, nickel ex-
hibits a small ferromagnetic effect at microwave frequencies.

5.1.3 Nichrome-Copper Test Section

The conductivity of the walls of one of the electroformed copper
type B test sections was measured and found to agree with the original
copper test section within the stated error limits. Nichrome was ap-
plied to the two narrow walls as deseribed in Section IV, and an
experiment was conducted at 9497.936 MHz. The caleculated wvalues
and the experimental results are plotted in Fig. 12. This figure shows
the effect of conductivity on the cutoff region not present in the pre-
vious results. The « and 8 curves have a somewhat unusual shape.

These new features are not too unusual when it is considered that
we are dealing with the combination of a composite metal, nichrome
over copper, on two walls of the waveguide, and a single metal, copper,
on the remaining walls. The thickness of the evaporated nichrome is
much less than the nichrome skin depth. The effect of this combina-
tion of metals is best understood by considering the intrinsic wall
impedance defined in equation (9). The variation in this wall im-
pedance with the change in the conductivity of the coating metal for
a fixed coated metal is discussed by Ramo and Whinnery.*

The variation in the total attenuation as the nichrome conduectivity
is decreased results from two factors, the shift in the cutoff region and
the increase in the skin depth of the nichrome. The rate at which these
two factors change as the conductivity decreases governs the shape
of the « and 8 curves. This effect can be explained simply by consider-
ing the « curve. The explanation of the shape of the 8 curve is more
complicated and would involve repeating the analysis of Ramo and
Whinnery. This is not necessary for our purposes.

As the nichrome conductivity is decreased, the skin depth of the
nichrome is inereased. The presence of the nichrome has less effect on
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Fig. 12— Nichrome-copper experimental results at 9497936 MHz yielding ex-
per:{menltal value of conductivity. O caleulated al, X calculated gl, and [J meas-
ured values.

the mierowave currents and the total conductivity approaches that of
copper. However, until the nichrome conductivity decreases suf-
ficiently, the conductivity of the nichrome-copper combination is less
than that of copper and hence causes a shift of the cutoff region to
lower frequencies with an attendant decrease in the total attenuation.
As the nichrome conduetivity is decreased further, the effective con-
ductivity approaches that of copper and the cutoff region shifts to
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higher frequencies. The attenuation increases again approaching that
of a copper test section.

The experimental value of @, a, , is plotted in Fig. 12. The experi-
mental value of 8, B , lies on the flat portion of the 8 curve with error
limits that cover the extent of the flat portion plotted. Thus the £
measurement gives no accurate measure of the conductivity of nichrome.
The experimental value of nichrome conductivity at 9497 MHz based on
the @ measurement is 6.4 X 10° mho/em. The maximum error is 1.5
percent. The de conductivity of nichrome is 10* mho/cm (See Ref. 16).
The measured value of nichrome at 9497 MHz is 64 percent of the de
value.

5.2 Dielectric Loaded Cutoff Test Sections

Tt is well known that the insertion of a dielectric into a waveguide
section causes an increase in the phase shift per unit length for fre-
quencies above the cutoff region. The effect of lossy dielectries placed
in a waveguide section operated in the cutoff region is not well known.

Figure 13 shows the effect of a lossy dielectric in a waveguide over
a frequency range covering the cutoff frequency region. The curves
of the real and imaginary part of the propagation constant were
plotted for several dielectric constants and loss tangents for a dielectric
glab 0.059 inch thick inserted in a copper waveguide 0.62150 inch wide.
The unloaded cutoff frequency of this waveguide is approximately
9500 MHz. The waveguide has a wall conductivity of 4.64 X 10°
mho/cm.

Examination of these curves shows that increasing the dielectric
constant for a constant loss tangent shifts the cutoff region to a lower
frequency (a decreases, 8 increases). For a constant dielectric con-
stant an increase in the loss tangent shifts the cutoff region to a
higher frequency (« increases, B decreases). Although not shown in
Fig. 13, a decrease in the wall conductivity of the waveguide shifts the
set of curves to a lower frequency.

5.2.1 Lucite Dielectiic

The copper test section used for the original measurement of the
conductivity of copper was used for the dielectric experiments. The
0.056-inch thick slab of lucite was inserted in the copper test sections.

The experimental values of « and 3 were compared with a series of
curves calculated for various combinations of dielectric constants,
¢ /e , and loss tangents, €’/e , for the two test frequencies, 8361.653
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Fig. 13 — Propagation constant in cutoff region as a function of relative dielec-
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and 8351.945 MHz. Fig. 14 was plotted for those values which agreed
with the experimental results. The results for 8351.945 MHz are not
presented because they give the same result as in Fig. 14. The experi-
mental values, e, and 8y , are plotted on the respective curves of these
two figures. The vertical broken lines indicate the error limits of the
measured values. The curve in Fig. 14 was plotted for ¢ /e, = 2.55 and
a range of loss tangent values, ¢'/¢, .

The error in the value of the measured e, can be seen to be much less
than that of 85 . This is an example of a case discussed in Section 5.1.2
where one of the parts of the propagation constant can be measured with
greater accuracy than the other at the chosen frequency in the cutoff
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region. From the experimental results, the experimental value of the
dielectric constant of lucite is 2.55. The error limits, although not shown
on the curves are 2.56 and 2.545. The measured values of the loss tangent
are 0.0065 and 0.0066 giving a mean value of 0.00655. The error limits at
8361.653 MHz are 0.0064 and 0.0066; and at 8351.945 MHz, 0.0065 and
0.0067. The maximum error in the mean value of the loss tangent is
4.5 percent, and the minimum error, 1.5 percent.

The measured values of 8, do not lie at the same values of loss tangent
as those of a, . However, the error limits of the experimental values
of 8 enclose the error limits of the experimental values of e, . The
measured values of 8 , while not agreeing with those of a support the
more accurate values of ay .

The experimental values of the dielectric constant and the loss tangent
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Tig. 14 — Lucite dielectric experimental results at 8361.653 MHz yielding ex-
perimental values of relative dielectric constant and loss tangent. O calculated
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for the lucite dielectric at 8350 MHz can be taken as 2.55 and 0.00655,
respectively. The values reported for lucite at 10 GHz are 2.59 and
0.006, respectively.'

5.2.2 Micarta Dielectric

The lucite dielectric slabs in the copper test sections were replaced
with 0.031-inch thick micarta slabs for an experiment in which the total
attenuation and the total phase shift for various values of the dielectric
constant €/, and the loss tangent €’/e were calculated. The results
which satisfy the experimental results are plotted in Fig. 15 for the test
frequency 8477.289 MHz. Other experiments were performed at 8455.512
MHz. These experiments, although not plotted, support the results of
Fig. 15.
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Fig. 15 — Micarta dielectric experimental results at 8477289 MHz yielding
experimental values of relative dielectric constant and loss tangent. O caleulated
al, X calculated gl, and [] measured values.
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In these experiments with micarta, the experimental results at
8477.289 MHz yielded a dielectric constant ¢/e, = 3.62, and a loss
tangent based on the & measurement of ¢’/e, = 0.0575, and for the
B measurement, €’/e, = 0.0580. The results at 8455.512 MHz yielded
a dielectric constant of 3.60 and a loss tangent for the o measurement of
0.585 and for the 8 measurement of 0.0585. The mean dielectric constant,
determined from the measurement at the two test frequencies, is
€/es = 3.61 with an error of £1.5 percent. The mean loss tangent
determined from these measurements is €’/e, = 0.058 with an error
of &1 percent.

Published tables of the properties of dielectric materials list dielec-
tric constants ranging from 3.42 to 3.78 and loss tangents ranging
from 0.05 to 0.08 for micarta at 10 GHz. The range of values stems
from slightly different formulations used in the manufacture of
micarta. Since the definite composition of our sample of micarta is not
known, it is evident that our results are quite justified.

The results discussed in the preceding sections are summarized in
Table I, which lists the metal or dielectrie, the frequency of measure-
ment, the measured values of the indicated electrical properties, and
the value of these properties as determined by other measurement
techniques.

VI. CONCLUSIONS

The effects of various metals and dielectrics on the properties of
the cutoff region of a rectangular waveguide operated in the dominant
mode have been investigated. It has been shown that a waveguide
with walls of finite conductivity has a cutoff region instead of a
singular cutoff frequency associated with a lossless waveguide. As
the conductivity of the waveguide walls is reduced, the cutoff region
is shifted to a lower frequency.

It is evident that the definition of the cutoff frequency for a loss-
less guide does not apply when losses are present. The definition of
cutoff frequency should take into account the conductivity of the walls.
The cutoff frequency for a given mode may be defined (for a given
conductivity) as that frequency where the real part of the propagation
constant in nepers per unit length is equal to the imaginary part of the
propagation constant in radians per unit length. For the same physical
dimensions, a waveguide operated in the dominant mode with walls
of conduetivity «; would have a higher cutoff frequency than a wave-
guide with walls of conductivity o, for o1 > o3.
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TasLE I—MEeasuremMENTS AT 72°F, 50 PERCENT
RevaTive HumipiTy

Measured Published Values*
Conductivity Frequency Conductivity Frequency
Metal (mho /em) (MHz) (mho /em) (MHz)
Copper (electroformed) 4.66 X 108 9500 5.8 X 108 0 (de)
4.64 X 108 10,000
3.15 X 108 24,000
Nickel (commerecial 6.10 X 10¢ 9500 1.28 X 108 0 (de)
plated)
Nickel (with 800 gauss 4.95 X 104 9500 None Available
H field)
Nichrome (evaporated) 6.4 X 108 9500 1.0 X 10¢ 0 (de)
Measured Published Valuest
Frequency Frequency
Dielectric €/en €' /ea (MHz) € /e e fen (MHz)
Lucite (sheet) 2.55 | 0.00655 8§350 2.59 | 0.006 10,000
Micarta (sheet) 3.61 | 0.058 8460 3.62 | 0.057 10,000

* See Refs. 6, 9, 15, and 16.
t See Refs. 9 and 13.

The introduction of a lossy dielectric into a rectangular waveguide
operated in the dominant mode with walls of finite conductivity has
a pronounced effect on the cutoff frequency region. A lossless dielec-
tric inserted into a lossless waveguide produces a singular cutoff fre-
quency at a frequeney lower than that of the waveguide alone. When
the waveguide walls have finite conductivity and the dielectric has
a finite loss tangent, there is a cutoff region rather than a singular
frequency. In this cutoff frequency region, for a constant dielectric
constant, an increase in the loss tangent causes the cutoff frequency
region to shift to a higher frequency. For a constant loss tangent, an
increase in the dielectric constant causes the cutoff region to shift to
a lower frequency. For a constant dielectric constant and loss tangent,
a decrease in the wall conductivity of the waveguide causes a shift
of the cutoff region to a lower frequency.

In the general case of a waveguide with walls of finite conductivity
and a dielectric with a finite loss tangent, the cutoff frequency may
again be defined as that frequency at which the real part of the propa-
gation constant in nepers per unit length is equal to the imaginary part
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in radians per unit length. So defined, there are generally distinct cut-
off frequencies for each combination of wall conductivity, dielectric
constant, loss tangent, and waveguide dimensions.

Having discussed the effect of metals and dielectries on the cutoff
region of the dominant mode of a rectangular waveguide, we turn to
uses of this waveguide phenomenon. The most prominent use of the
cutoff region has been examined in detail; that of measuring the
properties of metals and dielectrics at microwave frequencies.

The properties of three metals, copper, nickel, and nichrome, and
two dielectrics, lucite and micarta, were measured using the effect of
these materials on the cutoff region. The experimental values of the
metal conductivities and the relative dielectric constant and loss
tangent of the diclectrics are given in Section V. The accuracy of all
mesasured values was about =2 per cent, although some measurements
were accurate to =1 per cent.

There are little published data on the microwave conductivity of
these metals at the frequencies used for the experiments. What data are
available agrees with our results to within 5 per cent. The error limits
of the published values were not given; hence it is not possible to
check the accuracy of the experimental values in this way.

The decrease in the conduetivity of nickel in the presence of a de
magnetic field demonstrates an effect not observed in the measure-
ments of the other metals. The exact cause of this effect is not known.
It is suggested that, since nickel is ferromagnetic, the magnetic field
caused a small increase in the mierowave permeability of nickel. The
analysis of a lossy eutoff waveguide operated at cutoff depends on the
intrinsic wall impedance. Within this approximation, it is evident that
an assumed increase in permeability produces the same effect as the
measured decrease in the conductivity of nickel.

There are published data for lucite at 10 GHz. The values obtained
from the cutoff waveguide measurements agree within 2 per cent of
these values. Interpolating between the published values to obtain
values for 8.5 GHz brings the agreement to about 1 per cent. The
exact chemical composition of the miearta dielectric was not known.
There are a range of values given in Tables of Dielectric Properties
for different micarta compositions.?® These published values bracket
the experimental results obtained from the cutoff measurements.

Lucite was chosen as one of the test materials in order to establish
a known reference to determine the total error inherent in this analysis
and measurement technique. The experimental results show that the
measured value of the electrical properties of lucite agree to within
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1 per cent of values determined by other techniques.’® The analysis of
a lossy dielectric slab centered in a lossy waveguide operated in the
cutoff frequency region requires more approximations than the anal-
vsis of the empty lossy waveguide. Hence, we would expect the maxi-
mum error to be present in the measurement of the lucite dielectric.
The small error for lucite, 1 per cent, is indicative of the aceuracy of
this technique for measuring electrical properties of metals and dielec-
trics.
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