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Spreading Resistance as a Function of Frequency

LAWRENCE E. DICKENS, MEMBER, IEEE

Abstract—The equivalent circuit applicable to most semiconductor
diodes contains a term R, cailed the spreading resistance which is a very
critical parameter of any diode. In a mixer diode, R, limits the conversion
efficiency and increases the noise temperature. In parametric amplifiers,
R, affects the overall impedance levels and determines the minimum
noise figure of which the amplifier is capable. In harmonic generators it
drastically affects the conversion efficiency, as it dissipates power not
only at the input and output harmonic frequencies but also at every idler
frequency for which current may flow through the diode.

This paper details more specifically the problems encountered when
high frequency operation must be evaluated. The cylindrical capacitor is
examined with emphasis on the configuration which applies to the variable-
capacitor diode, which is used primarily for harmonic power generation.

The point-contact diode configuration is examined and the field equa-
tions are derived in terms of the oblate spheroidal coordinates. It is
shown that this is the natural coordinate system for such an analysis and
that the spreading resistance is quite easily derived in this system.

I. INTRODUCTION

HE EQUIVALENT circuit applicable to most semi-

conductor diodes contains a term R, called the spread-

ing resistance which is a very critical parameter of
any diode. In a mixer diode, R, limits the conversion effi-
ciency and increases the noise temperature. In parametric
amplifiers, R, affects the over all impedance levels and deter-
mines the minimum noise figure of which the amplifier is
capable. In harmonic generators it drastically affects the
conversion efficiency, as it dissipates power not only at the
input and output harmonic frequencies but also at every
idler frequency for which current may flow through the
diode.

The calculation of R, becomes a problem with geometrical
dependence, and, as skin effect will play a dominant role in
the control of the flow of high-frequency electric current, the
calculations must accurately include this effect. In all the
cases to be considered in the following sections, cylindrical
symmetry will be maintained in the device configuration as
an aid to computation; however, this imposes no limitations
as it is a thoroughly practical assumption.

This paper presents the theory of skin effect as it applies
to parametric (capacitor) diodes and point-contact diodes.
Most references give no more than a passing glance at the
subject of skin effect; thus, credit must be given to the text
by King [1] which is most notable for its completeness.
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II. SkiN ErrecT AND RF IMPEDANCE

The constriction of current flow through a small disk elec-
trode and the calculation of the resulting distribution is suffi-
ciently complicated at zero frequency that the use of high
speed computers is the only feasible way of obtaining any
amount of data. This has already been demonstrated in
another paper [2]. With the consideration of high-frequency
operation, one must consider the influence of skin effect*
and the degree to which it forces the further constriction of
the current to the outermost surfaces of the region of current
flow.

A. Field Equations

As the current distributions maintain general rotational
symmetry and in particular all configurations maintain
cylindrical symmetry, all the formulas for the field will be
derived subject to this restriction.

1) General Rotational Symmetry: Given the system of co-
ordinates (£, 7, 6) with rotational symmetry, the metrical
coefficients are defined by the equation

ds® = he?dg® + ho'dn® + r2d6® 1)

where 7 is the perpendicular distance from the axis of rota-
tion. If the field has the same symmetry as the coordinate
systems, its components are independent of 6, and, follow-
ing Stratton [4] one finds that

curl E = — jopH @
and
YE
curl H = (o + jwe)E = — (3)
Joop
break up into the following set (for H= H;0)
1 9 +y?
— — (rHy) = — Ej, (4)
’/'hz 617 Jwi
1 4 —?
— — (rHo) = —— Ey, (%)
thy 0 Jou
[ uBy = B0 | = = ol ®)
lamad o —_—— = - I s
hibs Lot 0" ag ot Jorie

and that these relations are satisfied by the scalar function Q
which is defined as

Q = rH,. .

1 Skin effect has been concisely defined by Holm [3]: “The effect
consists of an induction by the current’s own magnetic field pressing the

lines of flow toward the exterior of the conductor, thus diminishing the
effective conducting cross section and increasing the resistance.”
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Then, in terms of Q, the electric intensities are given as

Jou  0Q
i ®)
’I'h272 617
and
—jwp 9Q
By= - ©)
Thl'yz 61;'

The resulting second order, linear, partial differential equa-
tion that is obtained is

8 [ h: 0Q 8 (h 8Q hahe

202 )

9t \rhy Of dn \rhy 9n T

2) Cylindrical Coordinates: Now if cylindrical symmetry
is encountered so as to make desirable the use of the cylindri-
cal coordinate system, we take £=r, the radial component;
n=z, the axial component; and #=#6, the angular component.
The metrical coefficients are then #1=/4,=1, and r=r. The
differential equation takes the form shown in (11).

Q=0 (10)

TSN a0 ap
The solution to (11) is of the form
Q(z) = Ceths (12)
and
Q(r) = CirJ(Br) (13)
where the Neumann function is not allowed, and
8 = ET= 7% (14)

From (8) and (9) the electric intensities are found to be
B, = + "X ks (or) et (15)
Y
and

K, (16)

Il

— 'wl 6J0(ﬁr)eisz2,
72

where 4; and A4, are scale factors yet to be determined. Simi-
larly, the magnetic intensity, obtained from (7) and (16), is
found to have the form

Hy = A3J1(,37‘). (17)

B. Cylindrical Capacitor

A most interesting problem in the consideration of diode
resistance is the determination of the spreading resistance of
the diode capacitor. This R, is most critical in two diode
capacitor applications. The first application is to the low
noise parametric amplifier in which it represents the primary
noise source. The second application is to the varactor (vari-
able reactor) harmonic power generator. For the first appli-
cation, the radius a of the contact is equal to, or less than,
the skin depth in the metal wire contact and is much less than
the skin depth in the semiconductor. In the second applica-
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tion, the radius of the contact surface is much greater than
the skin depth of the metal contact and in most instances of
practical importance can be considered to be much greater
than the skin depth in the semiconductor also. This last
statement must usually be qualified by closer consideration
of the terminal frequencies involved as there may be as much
as an order of magnitude difference between the signal and
pump (and idler) frequencies of the parametric amplifier
and also between the input and harmonic frequencies of the
multiplier.

The question of the operation of the point-contact diode
will be put off until a later section. There it will be treated
with the assumption of equipotential contact surface.

A complete formulation of the broad area contact prob-
lem is prohibitively complex but the important character-
istics of the circular, back-biased junction may be derived
by assuming it to be a circular, planar capacitor. Consider a
capacitor consisting of two parallel circular plates of con-
ductivity oy and o, The plates are separated by a narrow
region of width d called the depletion layer [6], [7] the width
of which we will assume to be determined and fixed by an
applied reverse-bias potential. This arrangement may be
represented as shown in Fig. 1.

The plates (1 and 2) have been shown as having different
widths as well as different conductivities. The region 1 may
approximate the large area (volume) dot or disk which would
be used in the usual alloy junction forming process. The
region 2 represents the basic semiconductor wafer. The
region 3 then represents the regrowth (junction) location.

The z axis is the axis of symmetry, and it is safe to assume
that the width of the depletion layer dis very small compared
with either radius a or b and with the wavelength. That is

d<<a<b; d <<\ (18)
hence, edge effects may be neglected, and the electric and
magnetic intensities of region 3, E,; and Hjs, can be taken to
be independent of z, and (16) and (17) hold, i.e.,

Jo(Br)
E z = Ez b 19
o) (@) Jo(Ba) 19
and
gl
Ho(r) = Hosa) (Za; : (20)
By application of the circuital law,
fH dl = (¢ -l-jwe)f E ds, (21)
¢ s(cap)

the amplitudes E.s;(a) and Hpy(a) may be obtained in terms
of the total current L entering or leaving the interface be-
tween regions 1 and 3. Thus,

I J1(Br)
2za J1(Ba) ’

Hos(r) = (22)
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Fig. 1. Diode capacitor representation.

and

2

Jop I <6a> Jo(Br) ) ©3)

Bal) =75 J1(8a)

,Y2 7ra2

Now we have taken this to be the case, that the frequency
is sufficiently high that the thickness of the plates and their
radii are large compared to the skin depth (61, 85) as shown
in Fig. 1. Then it may be assumed that most of the current
flowing in region 1 flows in a thin layer 8, radially along
the inner surface of the conducting region at the interface to
region 3, around the edges and then axially (in region 1) just
as was determined for the long cylindrical wire. Similarly, the
current flowing in region 2 flows in a thin layer 8, radially
along the inner surface of the conducting region at the inter-
face to region 3, and then directly radially to the return sur-
face at r=>b.

The radial current, 7,,(7), at the interface can be deter-
mined by a second application of the circuital law by taking
the cap surface to consist of a circular plate of radius r paral-
lel to the interface of regions 1 and 3, but deep within region
1, and of a cylinder of radius r through which the radial cur-
rent flows. As the plate is deep within the conductor (region
1) the integral over this surface is essentially zero. And then

Hyy(r) = %{(T_) ; 29

7’
but using (22) we obtain

() = In <i> Julér)
a Jl(ﬁa)

which can be considered the total quasi-surface current flow-
ing radially at the radius ». The surface current density 7,5(r)
is then defined as the total radial current traversing a unit
circumference, i.e.,

(25)

I.: Ju(Br)

Intr) = 2wa J1(Ba) ~

(26)

1t has been shown,? that when the above imposed condi-
tions are satisfied, that a surface impedance may be derived
for regions 1 and 2 which is

2 See King [1], ch. V, sec. 13,
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Fig. 2. Skin depth d, versus frequency.
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ads
where d; is the traditional “skin depth” given by
-
ds = /‘/ — (28)
WUG

A broad range of values of d, versus frequency and ¢ is
presented in Fig. 2.

The average power dissipated per unit area of surface is
Ap £

Ap = 3R*(I°)* (29)

Equation (29) is an expression for the /%R loss which can be
evaluated and to which an equivalent R, can be assigned.
The evaluation is performed in several parts. First the contri-
bution to R, (call it Ry;*) from only the interface between
regions 1 and 3 is evaluated. Then that contribution R;.® at
the interface between regions 2 and 3 is similarly obtained.
The contribution due to the axial flow in region 1, R,.* is
just the skin effect resistance of a simple cylindrical conduc-
tor. The contribution due to the surface flow in region 2, but
outside the radial limitation of »=ga, is the final term, call
it Rgs.

Then by (26), (27), and (29) there is obtained

1 proe 1
P = ——f Re(I,)27r dr = — Ryl % (30
2Jy, 2
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The factor (3) is used before the second two terms because
of the convention wherein I refers to peak quantities. Now
Ry is obtained from (30) and is found to be

el 20 i g )}

For the most important cases of application, it is valid to
assume Ba<<1, whereupon we can use the Bessel function
simplification for small arguments to obtain for Ris* the
formula,

Ry =

1

)
4:7I'ds 101

Ryt = (32)

which has the surprising characteristic of being independent
of the radius of the interface. It is obvious that the expression
for Rsy? is similarly given,

1

47rdsgo'2 .

R = (33)

For (32) and (33), o1 and ¢, refer to the conductivities of
regions 1 and 2, respectively ; likewise, d;; and d,, refer to the
skin depths of regions 1 and 2 as evaluated by (28). If the
formula for d, from (28) be substituted into (32) and (33),
we obtain an expression for the total interface IR loss.

Eﬁ;]
20’ 2 )

The contribution due to the flow of surface current in
region 2, but for 7> a, is obtained by substituting

) -
Ris* + Ry = ““[ o + (34)

4r ?rl

Izl
Is(r)y = (35)
2wr
mto (30); and again using R* from (27) we obtain
Rt = ——tn () (36)
s’ = —— n{—}).
g 2mdsa02 a

Finally, the total series resistance® of a large area varactor
diode which can be represented by Fig. 1, is given as

1 wul( 21,())
R, = — ey i Ik
471'{ 201 +

a
V)] o

Equation (37) reflects the fact that we had previously
made the assumption that the media of regions 1 and 2 are
relatively good conductors. That is, the inequality

we
— K1 (38)

o

% An expression for R, for the broad area varactor was first pre-
sented by Hines [11]. Details of his derivation are not available but it
appears that only the interface contribution was considered. Hines gives

1 /w11
R.= —;(\/;—1+\/;;).
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holds in both regions. Alternatively, it is said that the dis-
placement currents are negligible when compared to the
conduction currents.

The effect of non-negligible displacement currents will be
discussed in a later section.

C. The Point-Contact Diode

Skin effect at a metal-semiconductor contact has already
been briefly examined [6]. The intent of that examination
was to determine the spatial distribution of current at the
contact. A very simple model was considered. It consisted of
two semi-infinite right circular cylinders, one of metal, the
other of semiconductor having the same diameter as the
metal, and connected coaxially with a nonrectifying butt
joint. The results are given in reference to cylinders of
diameters comparable to the diameter of the point of the
practical point-contact diode. It is shown that the redistribu-
tion of current flow lines from a decided skin effect in the
metal to a negligible effect in the semiconductor takes place
mostly in the metal. Thereafter, it is concluded that, “the
skin effect is entirely negligible for all point-contact recti-
fiers at any microwave frequency and the current flow at the
contact may be treated with the dc approximation.” Not
considered was the fact that the current fans out in the semi-
conductor, and, when skin effects set in, the total spreading
resistance increases by the fan-outs becoming extreme to the
point of crowding the current lines up to the surface of the
semiconductor.

This section will deal with the problem of the point-con-
tact diode, and we will derive a fairly rigorous expression
for the spreading resistance which will include both fre-
quency dependent (skin effect) terms and terms involving
the semiconductor geometry. It will be further shown that
the junction will definitely behave just as at dc, but that
there is a significant correction to be made to R, because of
skin effect.

1) The Natural Coordinate System: The previously noted
analysis and others which have similar configuration have
contained drastic simplifications due to the complexity of
exact analysis in cylindrical coordinates, which system, be-
cause of the physical configuration, one would consider the
most applicable. But if one considers the dc case, it may be
shown that the oblate spheroidal coordinate system is the
natural system as the current flow lines coincide with the
coordinate system. Allow Fig. 3 to define the coordinate
system [9].

The rectangular (x, y, z) coordinates are related to the
(& n, ¢) oblate spheroidal coordinates by the formulas

z=a[(l — )&+ 1] 2cos ¢ (39)
y =a[(l =)+ 1)]2sin ¢ (40)
z = ant (41)
where
0<7<1 —w<EL0, 0<¢<2m
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Fig. 3. Oblate spheroidal coordinate system.

The metrical coefficients are given as

2 2\ 1/2
h1=a<g+") , (42)
.
2 o\ 1/2
s = a(ii"—> (43)
1—19
and
r=a[l — ,)E + D] (44)

Laplace’s equation, V?V'=0, is given in oblate spheroidal
coordinates as

[La-mi+t@rn|v=0 )
an T o o agl

where the ¢ dependence has already been set equal to zero.
The contact surface, taken to be the disk of radius a at
£=0, is at constant potential V. Since the contact disk is
equipotential, then Laplace’s equation shows that (9V/dn)=0
must hold through the entire region and the potential ¥,
must therefore be independent of ». Equation (45) then re-
duces to

[a<sz+1>a}v—o (46)
ot orl
which has the solution of the form

V(E) = Crtan~t £ 4+ C, 47

where C; and C, are constants of integration. If we take
V=V,at t=0and V=0 at £= — =, it can be shown that

2
V{E) =TV |:1 + —tan—! g] (48)
w
The current density is J= —oVV which is
o V(¢
= - — —— (49)
hy 8¢
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and by using (42) and (48), J becomes at the disk electrode
(¢t=0)
—2V oo

J = . (50)
wan

Integrating this current density over ihe surface of the disk
one obtains the total current I which allows the calculation
of the spreading resistance R = V,/1Ir.

Ir =4V wa. (51)
Thus,
R, = —1— ) (52)
400

is the resistance between the source electrode and the sink at
infinity. This is the expression for spreading resistance most
often encountered in the literature.

2) Field Equations in the Oblate Spheroidal Systems: To
extend these considerations to the determination of the skin
effect, we return to the use of the scalar function Q. If the
metrical coefficients as given in (42)-(44) are substituted
into the differential equation (10), there is obtained the dif-
ferential equation for @ which must be satisfied when Q is
described in the oblate spheroidal coordinate system,

9%Q Q)

40+ (=) =@ e =0 ()
Use of
Q& m) = Q) Q©) (54
leads to a solution of (53) of the following as
QE, 1) = Ao + ewvi[Ageiern + Age=ior]  (55)

where the coefficients 4,, 4, and A4; are arbitrary constants.

It is recognized that solutions of (53) via the procedure of
separation of variables are infinite in number and may be
obtained in the form of Lamé products [9] but it can be
shown that the form given in (55) is sufficient to satisfy the
boundary conditions on Q and that Q(%, ») can take the
following form

7 .
Qe = — O] )
2r sin (ay)
From (8) and (9) the electric intensities are found to be
Jop (L ¢/27)
Byt m) =~
= VET DE T
. |:5,:eaw2 — eovk M:l (57)
sin (ay)
and
— Jesps (Ir/27)
Eﬂ M) =
& Vi =@+
'[ve“*"s — ((M)}' (58)
sin (ay)
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3) Current Distribution: The current densities are given by

J ( ) _ (]/YI T 1
S e VETDE T
-[éemt- — gt (W—)} (59)
sin (ay)
and
—a'yI T 1
Tty m) = 2ra® /(1 — 7)) (& + 77
-[nems —— (m)] (60)
sin (avy)

Equations (59) and (60) were evaluated at the contact
surface £¢=0. An average current density, J=Ir/=d, is de-
fined after which the ratios J;/J and J,/J were calculated
for various points across the contact and the results plotted
versus (7/a), the fractional radius. Again the assumption is
made that the material is a relatively good conductor.

Then as

-1+~ 1
ay = +J);Z—) (61)

8

where d, is from (28), the normalized current densities can
be plotted as a function of the ratio a/d;, which is the ratio
of contact radius to bulk material skin depth. Figures 4 and
5 show J,/J and J;/J, respectively, for three values of a/d..
But note in each case (as was calculated) there was no sig-
nificant difference between the case for (a/d;)=0.25 and
(a/d;)=0. The latter case obviously is the dc case, and the
curve of J;/T is just that which would be obtained by plotting
(50) vs. 7/a. But the case (which does not measurably differ
from the dc case) (a/d;)=0.25 corresponds to an extreme
case determined by the conditions:

a) frequency of 50 GHz.

b) a contact radius ¢=0.05 mil. This is representative of
typical microwave and millimeter wave point-contact
diodes [8], [12].

¢) bulk semiconductor resistivity p=0.0005 ohm-cm.

This figure represents the resistivity that would be en-
countered in millimeter wave-tunnel diodes and is from one
to two orders of magnitude lower than that encountered in
the more conventional point-contact diodes.

Inspection of the curve for J, shows that essentially J,=0
for (a/d,)<0.25 and becomes measurable only when (a/d,)
=(0.5. But for the same conditions as in b) and c) above, this
(a/d,) ratio corresponds to a frequency range of 200 GHz.
Further, as the IR contribution due to J, will be less than
0.1 percent of that due to Ji, it would appear that even to
this extreme value of (a/d.) the current density expressions
are good, and the contact still represents an equipotential.
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The curves for (a/d,)= 1.0 show much more deviation for
J,, and its I?R contribution now becomes about 5 percent.
But this figure, (a/d,)=1.0, corresponds to a frequency of
800 GHz which is quite beyond the range of anticipated
application of these results.

In addition to the curves for J, and J;, the curves showing
the actual current distribution are shown in Fig. 6. In this
figure I(r/a) is the total current entering the electrode in a
circle of radius . This is then normalized to the total cur-
rent Ip. Notice that the curves for (a/d;)=0, 0.25, and 0.5
essentially coincide (within the plotting ability), and that
no appreciable redistribution of the current occurs until
(a/d;) becomes greater than 0.5. The data for (a/d,)=1,
which corresponds to a frequency of 800 GHz for this case,
begin to show deviations, but are still far below the curve
shown for the case of constant current density.

With this development and this discussion it is believed
that the statement, ““at the junction, the current flow may be
treated with the dc approximation,” has been sufficiently
and rigorously proven. In addition, meaning is given to the
statement, because now the equations exist which allow
the evaluation of the associated spreading resistance, and
make it unnecessary to assume that, because the junction
can be treated with the dc approximation, the rest of the
problem can be also.

4) Spreading Resistance: To obtain the spreading resis-
tance with the skin effect contribution the following assump-
tion will be made; that the wafer of semiconductor material,
rather than being considered the infinite half space, have a
definite radius b, and that the thickness of the wafer be
appreciably greater than the skin depth in the wafer. Except
for diodes constructed on epitaxial materials this is a good
assumption. Allow Fig. 7 to show the situation. Region 1
represents the metal point contact. Region 2 is the semi-
conductor buried in the metal, high conductance return path
3. If the metal regions are of sufficiently high conductance
relative to the semiconductor, then the principal potential
drop will be across the semiconductor. If the expressions for
the electric intensities (57) and (58) are examined, it can be
seen that, for £>1 and for z=0 (ant=0), E, vanishes and
that near the semiconductor surface the current flow I, be-
comes strictly radial, as illustrated in Fig. 7, hence the
validity and necessity of applying the realistic condition at
r=>b. The potential drop across the semiconductor from r=a
to r=> can be taken as

e (62)

where the integration proceeds along any one radial line
because of the cylindrical symmetry of the situation.

Now after some manipulation of (57) in (62) the expres-
sion for the impedance Z can be shown to be

1 ] b 1 b
7z = (1+7) In <—> + tan—! <—>
2rad, a 2woa a

(63)
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Fig. 7. Point contact with skin effect.

Agreement is obtained with the dc case with infinite half
space of semiconductor, by noting that as (b/a)—>~ and
frequency «—0 we have

b T b
tan™! <——> —-—  as <~> — © (64)
a 2 a
and
ds — as w— 0, (65)
yielding, in the limit
lim Z=— (66)
w—0 40(1
b/a—s

which agrees with (52).
The real part of Z can now be taken to be the total spread-
ing resistance R, of the device shown in Fig. 7. Thus,

1 1 b 1 b
Ry=——In({—)4+—tan=1{—) |, (67)
2w Lds a a a
1 Wi b 1 b
R, = — —In|{—)+—tan~t[—]}|.
2 20 a aa a

II1. ConpucTtioN CURRENTS VERSUS
DiSPLACEMENT CURRENTS

and

(68)

In all the calculations and discussion in the paper involv-
ing the skin depth d,, the assumption has been made that the
region of interest was composed of a “reasonably” good
conductor, and thus the ratio 8 of the magnitudes of the
displacement to conduction currents was taken to be zero.
If such is not the case the attenuation term Re{yz} must
be re-examined. If we call § the true skin depth then

1

6=Re{'y} .

(69)

As v is the intrinsic propagation constant then v is given by

v? = jou(o + jwe) (70)
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and for Re {y} it may be shown that
V2

8

Re {v}

(1 + B%)'4cos [% <% + tz;n—l B)J (71)

where 8 is defined to be

we
=—>

g

(72)

where e=eqe,, in which ¢, and ¢, are the permittivity of free
space and the relative permittivity (dielectric constant), re-
spectively. o, as was defined previously, is the conductivity
of the material, d, is the skin depth (28) as calculated for
B=0, and is shown in Fig. 2.

Now the true skin depth & is given by

8 = Kud, (73)

where the scale factor Kj is taken from (71) and is

Ky~ {vB0+ g0

-Cco8 [% <§ -+ tan—?! [3)]} _1. (74

Kj; is plotted versus 8 and presented in Fig. 8. In all the
cases where the term d, was used, if it be necessary, the cor-
rected term 6 may be obtained by evaluating Ky (reading
from Fig. 8) and scaling d, accordingly. In all cases, the
skin effect term of the spreading resistance is inversely pro-
portional to Kj, and thus the correction applies directly to
the resistance term.

To demonstrate the general range of 8, we compute for a
semiconductor of e.= 16 and conductivity ¢=1 mho/cm and
a frequency of 100 GHz, and obtain 8=1.0. For these con-
ditions the true skin depth 6 will be about 60 percent greater
than that value d,, normally used. But it should also be
pointed out that a very high frequency was taken and that
the material resistivity was at least one order of magnitude
too high for the usual millimeter wave point-contact diode
and as much as three orders of magnitude higher than the
resistivity needed for the fabrication of high-frequency point--
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contact tunnel diodes. By these arguments it is seen that
for most high-frequency diode calculations the correction
need not be applied. Similar arguments apply when the
spreading resistance with skin effect is being considered in
a transistor, While the resistivity of the transistor material
may be one to two orders of magnitude higher than in a
microwave diode, the frequency of operation is usually two
to three orders of magnitude less than the 100 GHz figure
used here. Again the correction term should prove negligible.

1V. CONCLUSIONS

Equations for the spreading resistance of the broad area
variable-capacitance diode and the point-contact variable-
resistance diode have been derived in terms of frequency,
material characteristics (u, ¢, o), and physical parameters
(b/a) and (w/a). The results are presented in (37) and (68).

The field equations for the point-contact diode configura-
tion have been derived in terms of the oblate spheroidal co-
ordinates. It has been shown that this is the natural coordi-
nate system for such an analysis and that the spreading re-
sistance is quite readily derived in this system.

A discussion is presented which shows that the effects of
displacement current in the semiconductor are, in most in-
stances, negligible in comparison to the conduction currents.
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An Exact Calculation for a T-Junction of
Rectangular Waveguides Having
Arbitrary Cross Sections

EUGENE D. SHARP, MEMBER, IEEE

Abstract—An exact method is developed for the calculation of the
electrical performance of the rectangular waveguide 7-junction. This
method is used to find the equivalent circuit of a rectangular waveguide
T-junction in which both cross-sectional dimensions of the side waveguide
are different from the cross-sectional dimensions of the through waveguide.
The theoretical calculations for a particular T-junction of this type are
verified by experimental measurements. In this method the electrical per-
formance is analyzed by using equivalent-circuit concepts applied to wave-
guide modes to calculate an admittance matrix relating propagating and
cutoff waveguide modes to each other. Then the cutoff modes are termi-
nated in their characteristic impedance, and an equivalent admittance
matrix of the junction is found relating only the propagating modes in
each wavegnide to each other. The analysis is valid when any number of
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modes can propagate in the waveguides forming the junction. The inver-
sion of an infinite matrix is required; however, any desired accuracy can
be obtained by considering a matrix of finite but sufficient size or equiva-
lently by considering a sufficient number of cutoff modes.

1. INTRODUCTION

N THE PAST few years, interest has been shown in
J:[ waveguide filters that employ waveguides operating
below cutoff. Experimental data have been published
giving the performance of a reactive filter consisting of an
E-plane T-junction in which the side waveguide of the junc-
tion is of a smaller cross section than the through waveguide
[1]. The side arm is short circuited a distance from the
junction. This structure acts as a narrowband reject filter
with the rejection band centered just above the side wave-
guide cutoff frequency.
The same type junction has been used in waveguide low-
pass dissipative filters. Instead of being short circuited, the



