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Optimum Design of Waveguide E-Plane
Stub-Loaded Phase Shifters

JOACHIM DITTLOFF, FRITZ ARNDT, SENIOR MEMBER, IEEE,

AND DIETRICH GRAUERHOLZ

,4fmtract —Novel broad-band low-insertion-loss E-plane stub-loaded

rectangular waveguide phase shifters are designed with the method of field

expansion into normalized eigenmodes, which includes higher order mode

interaction between the step discontinuities. Computer-optimized three-shrb

prototypes of 90° differential phase shift with reference to an empty

waveguide of appropriate length, designed for R140-band (12.4-18 GHz)

and R320-band (26.5-40 GHZ) wavegaides, achieve typically + 0.5° phase

shift deviation within about 20 percent bandwidth. For two-stub designs,

the corresponding values are about + 2.5°/ – 10 and 17 percent. Both

designs achieve minimum return loss of 30 dB. The theory is verified by

measurements at a compact R 120-band (10-15 GHz) wavegnide phase

shifter design example milled from a solid block, showing measured

insertion loss of about 0.1 dB and about + 2.5°/ – 0.5° phase error

between 10.7 and 12.7 GHz.

1. INTRODUCTION

STUB LINE LOADING of transmission lines [1]-[7] is

a well-known technique for building simple low-inser-

tion-loss phase shifters for many circuit applications, such

as switchable diode phase shifters realized in microstrip

[4], [6], [7] or high-power coaxial line [5] configurations.

This principle may advantageously be utilized for design-

ing fixed waveguide phase shifters with broad-band nearly

constant differential phase shift with reference to an empty

waveguide over a desired frequency band. Fixed waveguide

phase shifters are of considerable importance for com-

posed components, e.g. for antenna beam-forming net-

works [8], where compact design and good overall perfor-

mance depend on the requirements that the individual

parts be sufficiently short and have appropriate electrical

characteristics.

This paper presents a rigorous field theory method for

designing simple compact broad-band rectangular wave-

guide phase shifters (Fig. 1). The advantages of the E-plane

stub loading principle are such that convenient milling and

spark eroding techniques from a solid block allow compact

low-weight designs, that no severe problems may arise to
meet the power specifications as no dielectric or ferrite

materials are necessary, and that good VSWR and phase

shift characteristics may be obtained by appropriate com-

puter optimization of all relevant parameters. Moreover,

the E-plane stub technique is highly compatible with
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Fig. 1. E-plane stub loaded fixed phase shifter. (a) Waveguide with the

stub sections, and the reference waveguide. (b) Sections for the field
theory treatment.

printed E-plane components, [9], [10], and highly ap-

propriate for millimeter-wave designs.

Many analyses of E-plane stubs in rectangular wave-

guides have previously been reported, e.g. [11]–[15]. More-

over, the technique of iris-loaded waveguide phase shifters
is well known [16]. These theories, however, utilize equiv-

alent circuit representations of the discontinuities. As for

dielectric or ferrite phase shifters [17], [18], the theory

necessary for a rigorous treatment of the phase shift struc-

ture of Fig. 1 should take into account the higher order
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mode coupling effects at all discontinuities. The method

foT the computer optimization given in this paper, which is

based on field expansion into normalized incident and

scattered waves [19], meets these requirements and yields

directly the overall scattering matrix along the stub-loaded

structure. The theory is verified by measurements.

II. THEORY

In solving for the modal S-matrix representation of the

stub-loaded phase shifter (Fig. 1), we require only the field

theory solution for a single waveguide discontinuity: change

in waveguide height (Fig. l(b)). Note that for the inverse

discontinuity, from higher to lower waveguide, only the

port designations of the related modal scattering matrix

(i.e., from lower to higher waveguide) need to be inter-

changed. The total scattering matrix of the structure under

consideration is formulated by suitable direct combination

of the individual modal scattering matrices (S~) by an

iteration process already described [20], and by including

appropriately the known scattering matrices (~) of a ho-

mogeneous waveguide section, for consideration of the

distances between the individual discontinuities (Fig. l(b)).

This procedure preserves numerical accuracy, avoids insta-

bilities, and requires no symmetry of modes [20].

As the modal scattering matrix of the discontinuity

change in waveguide height has already been derived in

[19], the theory is given here in abbreviated form only

using the present notation. For details, the reader is re-

ferred to [19].

A TEIO wave incident in port 1 (Fig. l(b)) excites

longitudinal section TE;m waves [21] at all step discontinu-

ities. As in [19], therefore, for the homogeneous subregions

u = I, II (Fig. l(b)) the fields [21]

~(~) = – jq.w x fit; #0 =V x v x 13f” (1)

are derived from the x component of the magnetic Hertzian

vector potential fik, which is assumed to be a sum of

suitable eigenmodes satisfying the vector Helmholtz equa-

tion and the boundary conditions:

2

‘PJ=7Z=” & “s’n(kXx)

[

— .— ‘1“.!O&i/&/&‘COS k:)y)

[
A(#-J~:)Z – B;u)e+J/3$)z 1 (2)

where

a = waveguide width,

b(”) = waveguide height in the subregion U,

k2=ti2pc, kX=Z,
a

Zpj . Y
p;.) ‘

k;) = ~ ~On= Kronecker delta,
b(v) ‘
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TABLE I

OPTIMIZED TWO-STUB PHASE SHIFTER DESIGN DATA FOR KU-BAND

WAVEGUIDES ( a ==15.799 mm, b = a/2) ANDKa-BAND WAVEGUIDES

(a= 7.122 mm, b = a/2)

~~

3 b

— —–———--
IV*’

Dimensions ( mm )

E+a
Ku-Band Ka-Band

Irt 3,747 1.807

1~, 12.627 6,089

Iw 5295 2,553

t 5.703 2750

(,f 30386 14653

and

The eigenmodes in (2) with the still-unknown amplitude

coefficients A. and B. are suitably normalized, so that the

power carried by a given wave is 1 W for a wave amplitude

coefficient of lJW [21].

By matching the tangential field components at the

common interface between subregions I and H (Fig. l(b)),

and utilizing the orthogonal prc}perty of the modes [21],

the amplitude coefficients of (2) are related to each other

in the form of the desired modal scattering matrix (S~) of

the discontinuity change in waveguide height:

For completeness, the matrix elements are

Appendix.

(3)

given in the

For computer optimization, the expansion into ten ei-

genmodes at each step discontinuity and four eigenmodes

along each intermediate homogeneous waveguide section

has turned out to yield sufficient asymptotic behavior of

the coefficients of the total scattering matrix of the struc-

ture, calculated iteratively according to [20]. The final

design data are provided by expansion into 20 eigenmodes.

The computer-aided design is carried out by an optimiz-

ing program [19] applying the evolution strategy method,
i.e., a modified direct search method [22], which varies the
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TABLE II

OPTIMIZED THREE-STUB PHASE SHIFTER DESIGN DATA FOR Ku- AND

Ka-~AND WAVEGUIDES

I

port
I

I I

L

b

Dimensions [mm )

I Ku-Band I Ka-Band I

[n 2.521 1.093

I 3.422 1570

1; 13.03B 597L

‘hz 12865 5888

Icl 5,836 2,262

1VI L 172 1935

Iref 34705 15.003

port @

input parameters statistically until the desired phase shifter

characteristics for a given bandwidth are obtained. An

error function F(Z) to be minimized is defined

F(z) = i ([sJfJ/s11D]2
/=1

( ))1-@)]2)+ [\arc(S21( j))–arc(~21ref ~1

~ Min (4)

where I is the number of frequency sample points f,; S1l~

and Arp~ are the desired input reflection coefficient and

differential phase shift, respectively; Sll and S21 are the

calculated scattering coefficients of the phase shifter (Fig.

1) at the frequency ~; and S21,,f is the scattering coeffi-

cient of the related homogeneous reference waveguide

section (Fig. 1). For desired waveguide housing dimensions
a, b, and number of stub sections, the parameters to be

optimized (Tables I, II) are the dimensions of the stub

sections, the lengths of the intermediate waveguide sec-

tions, and the length of the reference waveguide section.

The number of frequency sample points was chosen to be

ten.

111. RESULTS

Optimized design data for fixed waveguide phase shifters

with two and three stubs, respectively, are given in Tables

I and II, for Ku-band waveguides (12.4–18 GHz, a = 15.799

mm, b = u/2) and Ku-band waveguides (26–40 GHz,
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Fig. 2. Input reflection coefficient in decibels and differential phase

shift versus frequency of the Ka-barsd twe-stub phase shifter.

a = 7.112 mm, b = a/2). Fig. 2 shows the input reflection

coefficient as well as the differential phase shift of the

Ku-band two-stub example as a function of frequency. A

minimum return loss of 30 dB is achieved within about 15

percent bandwidth; the phase shift deviation from the

desired 90° is +2.50/– 1°.

The three-stub design examples (Figs. 3 and 4) provide a

differential phase shift of 90° + 0.50, together with mini-

mum 30 dB return loss, within about 20 percent band-

width.

Fig. 5(a) shows the photograph of an E-plane fixed

phase shifter example for R120 input and output wave-

guides (a = 19.05 mm, b = a/2), which was milled from a
solid block to produce waveguide channels of identical

a-dimension milling depth, and was spark eroded to size in

the more critical areas of corners and steps. The compo-

nent has been fabricated in the antenna department of

MBB/Erno, Munich, W. Germany, by utilizing a com-

puter-aided milling technique. The realized component

shows a measured insertion loss of only about 0.1 dB, and

a phase error of about + 2.5°/ – 10, between 10.7 and 12.7

GHz. The theoretical predicted values (Fig. 5(b)) demon-

strate excellent agreement with the measured results.
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Fig. 3. Input reflection coefficient in decibels and differenti~f~se shift versus frequency of the Ku-band three-stub phase
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Fig. 4. Input reflection coefficient in decibels and differenti&f~& shift versus frequency of the Ku-band {hree-stub phase

IV. CONCLUSIONS realized incident and scattered waves, takes the higher

order mode coupling effects rigorously into account, and

Novel broad-band low-insertion-loss E-plane stub- yields directly the overall scattering matrix. The good

loaded rectangular waveguide phase shifters are designed agreement between theory and measurements shows that

which lead to compact structures highly appropriate for the design theory presented allows the direct high-preci-

composed components, such as antenna-beam forming sion manufacturing of compact fixed waveguide phase

networks, up to millimeter waves. The method of computer shifters without the necessity for additional trial-and-error

optimization, which is based on field expansion into nor- adjustment methods.
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Fig. 5. Reafized two-stub phase shifter for R120-band waveguide (10-15

GHz, a = 19.05 mm, b = a/2). (a) Photograph of the phase shifter
milled from a solid block (by MBB) to produce waveguide channels of
identical ~-dimension (photograph courtesy of Antenna Dpt.
MBB/Erno, Munich, W. Germany). (b) Input reflection coefficient in
decibels and differential phase shift versus frequency (— theory,
+ + + measured).

APPENDIX

Submatrices of (3):

(s:) = [(~)(l/&)[(K1nm) (~j] -l(E)

+(%mn)(m)]-’

* [-(~)(’/~m)[(~l..)(m)l(m)m)
+( K2mn)(l/Bn)(~)] (Al)

(s;) = 2[(~)(1/pm)[(K1.m) (~)] -’(~)

+ (K2m.)(1/Bn)(~)] ‘l(~) (l/Bin) (A2)

(Sg) = 2[(K1.m)(~j+(~) [( K2mn)(l/Bn)(~)]-1

*(m)(l/Bm)] -’(~)
(A3)

(%) = [(~lnm)(R)+(K)[ (~2mn)(l/Bn)(mj] ‘1

*(K)(l/Bm)] “

* [-(~lnm)(K)+(R)[( ~2mn)(l/Pn)(Rj] “

*(K)(l/Bm)]. (A4)

Coefficients of the Coupling Matrices (Kl), (Kl):

K=
1“” {&”{&”&

Jbcos[y(Y)].os[;(Y)]dY
(K2~n) = (K1~.)’ (’= transposed). (A5)

Elements of the Diagonal Matrices (~), (K),

(l/pm), (l/pn):

(l/pm)m =1/p:’ (l/pn)n =1/p;.
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