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Spectral-Domain Analysis of E-Plane
Waveguide to Microstrip Transitions

T. Q. HO anp YI-CHI SHIH, MEMBER, IEEE

Abstract —The spectral-domain technique and a residue calculus theo-
rem are used to compute the input impedance of a microstrip transition to
a rectangular waveguide. The transition consists of a printed circuit board
inserted into a waveguide housing along the E plane. The effects of the
dielectric layer are considered in the present analysis. The behavior of the
input impedance of the transition is studied with respect to the critical
dimensions of the probe length and backshort location. Calculated results
by the new formulation agree well with those computed using an integral
equation and those measured at Ka-band frequencies.

I. INTRODUCTION

N MANY microwave planar and quasi-planar circuit

applications, it is often necessary to combine a wave-
guide circuit with a microstrip line circuit. One of the most
widely used ways is the E-plane waveguide to microstrip
line transition shown in Fig. 1. This transition consists of a
printed probe on one side of the circuit board inserted into
a rectangular waveguide. A waveguide backshort is placed
behind the probe to maximize the power from the wave-
guide to the microstrip line circuit. The E-plane transition
is attractive because of its simple structure, tuning flexibil-
ity, and broad-band performance.

Early work on the theory of waveguide to coaxial line
transitions has utilized the waveguide Green’s function
and sinusoidal current distribution for the input impedance
calculations [1]-[4]. Both touching and nontouching cases
were considered. In the past, the waveguide to microstrip
transitions have been designed based on these analyses
because of the geometrical similarities. Due to the approxi-
mation, fine tuning is always required for broad-band
performance. As the operating frequency becomes higher,
the design based on the approximation becomes less accu-
rate because of the more pronounced dielectric layer ef-
fects. Therefore, a more rigorous approach, one that takes
into account the dielectric effects, is essential for millime-
ter-wave applications.

This paper presents an analytical approach for comput-
ing the input impedance of an E-plane waveguide to
microstrip transition. The formulation combines the spec-
tral-domain technique [5] with a residue calculus theorem
[6] utilizing a self-reaction concept to calculate the power
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Fig. 1. Geometry of an E-plane waveguide to microstrip transition.

radiated from the probe into the rectangular waveguide.
Compared to the space—domain integral equation tech-
nique, the present method is preferred because of the
closed-form spectral-domain Green’s function and simple
algebraic equations involved. The dielectric layer is easily
incorporated into the formulation of the Green’s function.

The behavior of the input impedance of the transition is
studied with respect to the critical dimensions of probe
length and backshort location. The computed results for
an air-dielectric case (€, =1.0) agree well with those ob-
tained by the integral equation technique. Based on the
numerical calculations, several Ka-band transitions have
been designed and tested. Good agreement on the input
VSWR has been obtained between the measurement and
the theory.

1I. FORMULATION

Fig. 1 shows the geometry of an E-plane waveguide to
microstrip transition where a printed circuit is mounted
inside a dominant TE,, waveguide. Perfect ground planes
formed by the waveguide walls are located at x =0 and aq,
y=0 and b, and z=0. For simplicity of analysis, we
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assumed that the dielectric slab with thickness d, is uni-
formly extended throughout the waveguide, and also the
current strip is infinitely thin in the y direction and narrow
in the transverse direction with respect to the metal strip,
so that the current in the z direction is neglected.

In the spectral-domain technique, the input impedance
of the E-plane transition Z; seen by the microstrip line is
obtained through the self-reaction concept of the following
equation:

Zo==17z (szlf E (a,v.8) - (a,7.B)dB|.

mn (1)

The quantities with a tilde (~) are the Fourier transforms
of the corresponding quantities. The product £ (a,7, 8)-
J.(a,7,B) represents the power radiated within the con-
fines of the waveguide walls; «, vy, and B are the transfor-
mation variables of x, y, and z. I is the total input
current at the reference plane x= 0 E (a,v,8) and
J.(a, v, B) represent the x-directed electric field and cur-
rent distribution, respectively. Ex(a~ Y, 8) is derived
through the dyadic Green’s function G (a, vy, 8) and the
current distribution J(«, v, 8):

E.(a,v,B) =G, (a,v,B)-T(a,7,B) (2a)
where
- B? o’
— e h
G, (a,y,8)= a2+,322 + a2+,822 . (2b)

Z¢ and Z" are the eigenvalue equations of the LSE and
LSM modes. Both quantities can be arrived at through the
transverse resonance condition, as follows:

Py N -1

Y, Y,
— cothy,d, cothy,d, + —

A A

Y, Y, v Y
VAR hlcothyld1+—3- - = 2
N Y. Y Y,
— cothy,d; + — cothvy,d,
"1 Y2
(3a)
Y v\
— cothy,d, cothy,d, + =
n Y1 . 4 Z)
Z" = | & cothy,dy + > - 7
Z Z o cothy,d; + = cothy,d,
Z, Z, .
(3b)
Here d,, d,, $,, J,, £, and £, are the thickness, admittiv-

ity, and impedivity of regions 1 and 2, respectively. The
quantities y, and y, are the propagation constants in the y
direction and can be derived through the characteristic
equation

a2+ B2, = eonge, + 2, i=12 (4)

where ¢, is the relative dielectric constant of region 2, w is
the angular frequency, and m and » are the mode index
numbers. J;(a, v, B) is obtained through the Fourier trans-
formation of a sinusoidal wave with appropriate applied
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boundary conditions [7]. An application of image theory
[8] is used to expand J («a,v, 8) into the final expression:
7 47, [ mwnd
(a,v,B) = g sm( .
k
. m(cos(axl) —cos(kx;)). (5)

Here z; is the backshort location, and x; and w are the
length and width of the metal strip, respectively. J, is the
magnitude of the input current, k& is the medium
wavenumber, and d4; is the distance between the metal
strip and y =0 in the transverse direction.

Since poles exist in the right-hand side of (3a) and (3b),
equation (1) must be further formulated to yield its simpli-
fied expression. To evaluate the product ]::x(a, v, 8)-
J.(a,v,B), the discrete value of 8,,, must first be deter-
mined from the dyadic Green’s function G (a, v, 8). Once
B,.» has been obtained, the complex residue theorem can

be applied to (1) to compute the input impedance Z,:

o - £ B - 200

2 ) sin( Bz,)sin(Bw)

oz, sin®(kx,) Bw

4 )(cos (ax, ) —cos (Kx,))?

BZ aZ

The input VSWR at the reference plane x = 0 is deter-
mined as follows:

-sin ( Bz,) sin? ( nT

ej321 k 2
' (kl—oﬂ)

a

+ (me ZO)2+X2
(Rin + ZO)2+ X2

— )
B \/ (R~ Z)'+ X2

VSWR =

(Rll’l + ZO)2+ X2

Z, is the characteristic impedance of the input microstrip
line, and R;, and X, are the real and imaginary parts
of Z;,.

1L

In verifying our calculations, the standard Ka-band
waveguide dimensions are used to compute the input
impedance of the transition. The quantities d; and w are
fixed at 3.5 mm and 0.187 mm, respectively. The large
values of m and n are chosen so as to ensure the conver-
gence of the input impedance. Fig. 2 shows the numerical
data obtained from the spectral-domain approach and
Collin’s method [2] for an air-dielectric case (¢, =1.0). The
backshort location z; and the probe length x, are fixed at
2.8 mm and 2.1 mm, respectively. Data computed by the
two methods show good agreement in the input impedance
of the transition calculated from 27.0 and 40.0 GHz. The
input resistance reaches its maximum at approximately
36.0 GHz, and the reactance remains capacitive through-
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Fig. 2. Input impedance versus frequency. E-plane transition with x; =

21 mm, z,=28 mm, d;=3.5 mm, w=0187 mm, and ¢, =10.
Spectral domain techmquc ——~~ Collin’s method 21

Integral equation technique.

out frequencies. Data obtained by the integral equation
technique using the current source are also presented in
the same figure for comparison.

In this set of computations, all parameters are fixed at a
constant value except for the relative dielectric constant,
With the exception of d; being 3.63 mm, all physical
dimensions are the same as in the previous case. A 10-mil-
thick substrate is used for the dielectric layer. Fig. 3 shows
the dominant mode impedance of an E-plane waveguide
to microstrip transition for the cases of air (e, =1.0),
Duroid (e, = 2.2), and quartz (e, = 3.78), which are used
for the dielectric slab. The study shows that the reactance
changes from inductive to capacitive at resonance. This
response differs from the case of the total input reactance,
in which a positive reactance slope is obtained. The input
impedance lowers the resonant frequency for a higher
dielectric constant. This behavior is expected because of
higher B,,,. The characteristic of the input impedance of
the E-plane waveguide to microstrip transition is then
further studied for a number of cases with Duroid sub-
strate. Fig. 4 shows the computed input impedance of the
E-plane transition for four different cases. Here z; is fixed
to be constant, and x, is varied from 1.6 to 2.2 mm in
order to observe the frequency response of the input
impedance. The resistive part of the input impedance
increases almost linearly with the magnitude of x; while
the resonant frequency of the input reactance shifts toward
the lower end of the waveguide band. Fig. 5 shows how the
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Fig. 3. Dominant mode impedance versus frequency as a function of «,.
E-plane transition with x; =2.1 mm, z; =2.8 mm, d; =3.63 mm, and
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input impedance changes with frequency as a function of
the backshort location z,. The quantity x; is chosen to be
1.8 mm and w is also fixed at 0.187 mm. In these cases, z;
is varied from 1.5 mm to 2.4 mm and a family of curves is
generated. As the backshort moves farther from the center
of the microstrip probe, we observe that the frequency
which indicates the maximum radiation moves toward the

lower edge of the waveguide band as the reactive part of

the impedance lowers its saturation level. The input reac-
tance is more sensitive to the variation of z, in the upper
half of the Ka-band.

In the experimental study, a chemical etching technique
was used for fabricating the transitions on 10-mil-thick
Duroid substrates: The printed circuit was then mounted
on a general-purpose split block test fixture for RF evalua-
tion. Fig. 6 shows the configuration of a Ka-band wave-
guide to microstrip transition embedded inside the test
fixture. The exciting aperture is small and its effect on the
input impedance is relatively insignificant. We used the
reflection coefficient instead of directed Z,, measurement
because of the difficulties involved in obtaining a Ka-band
vector network analyzer and in developing a de-embedding
technique to extract measured S parameters. The dimen-
sions of the transition wete obtained through the evalua-
tion of (7). Z, was chosen to be 70.0 L. Fig. 7 shows the
calculated and typical measured input VSWR of an E-
plane waveguide to microstrip transition when x,=2.0
mm, z;=25 mm, d,=3.63 mm, w=0.187 mm, and
€, = 2.2 are used as the parameters. The data show that a
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Fig. 6. Ka-band waveguide to microstrip transition circuit.
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Fig. 7. Input VSWR versus frequency. E-plane waveguide to mi-
crostrip transition-with x;=2.0 mm, z;=2.5 mm, d;=3.63 mm,
w=0187 mm, and ¢, = 2.2. —— Theoretical. ———~ Experimental.

value of 1.28 or better was achieved over most of the
waveguide band. Numerical results obtained by the spec-
tral-domain technique in general agree reasonably well
with the experimental data.

IV.. CoNCLUSION

The spectral-domain technique and a residue calculus
theorem have been applied to the analysis of a waveguide
excitation problem. The formulation utilizes a self-reaction
concept to calculate the input impedance of the structure.
The analysis takes into account the dielectric layer effect,
which is important in high-frequency applications. Various.
cases are studied with respect to the probe length and the
backshort location. The new formulation yields numerical
results agreeing well with those computed using the inte-
gral equation technique and those measured at Ka-band
frequencies. '
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