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Preface

Quadrature hybrids have wide application in radio frequency (RF) and
microwave circuits and systems. In answer to this need, considerable atten-
tion has been paid to distributed circuits with the quadrature properties, par-
ticularly for microwave applications. RF engineers too find quadrature
hybrids useful, although they prefer lumped element circuits for reasons of
size. However, they have been disappointed with the availability of material
on the subject, which has received far less attention than the distributed
counterparts. This is a pity as there is much to say on the subject. In addi-
tion, with the trend towards miniaturization of microwave circuits, lumped
element circuits are of increasing interest. Microwave engineers will be sur-
prised by the breadth of applications for lumped element quadrature hybrids,
which offer the prospects of reduction in circuit size, ease of fabrication, and
remarkable performance. RF engineers will also find the material presented
in this book useful as, at the time of writing, there has been no other
substantial text written on the subject.

The inspiration for this work grew originally out of my experience with
RF and microwave amplifier design. Quadrature hybrids are a useful compo-
nent for this purpose, where two amplifier stages placed between two quadra-
ture hybrids form what is known as a balanced stage, after an article by K.
Kurokawa, “Design Theory of Balanced Transistor Amplifiers,” in the Bell
System Technical Journal, Vol. 44, No. 8, October 1965, pages 1675-1698.
The structure exhibits enhanced input and output match characteristics and
double the power output of a single stage. In a system, the performance of a
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cascade of balanced stages is greatly enhanced, as the reflection between
stages is much reduced. However, the desire for wider operating frequency
ranges places severe limitations on the use of distributed circuits, so other
solutions were sought. The quest for improved bandwidth led to my personal
discovery that lumped element circuits of modest complexity could perform
the quadrature hybrid function over much greater relative frequency ranges.
It was discovered too that there was a lack of information on the subject, and
this became the grounds for a research project at the University of Surrey,
England. During the course of the research, the lack of information was con-
firmed, although it became evident that there was a little information on the
subject that had not been publicized well. This book is based largely on my
Ph.D. thesis of a similar title, although more material has been added since,
particularly on the subject of phase delay circuits. Some material found in the
thesis has been omitted from this book, as the focus has been on equipping
the designer with the most useful aspects of the subject. There was no value
in adding “man of straw” arguments to the book.

The book is structured in a similar manner to the treatment of filter
theory, because the subjects have much in common. Chapter 1 gives an
overview of the various forms of quadrature hybrids and their applications,
then shows a method for assessing the relative performance of a particular
design. Chapter 2 examines the constraints that theory places on quadrature
hybrid circuits and, more particularly, lumped element forms. Chapter 3 is a
treatment of the subject of approximation, a concept familiar to the filter
designer. Quadrature hybrids are also filter circuits, and their performance is
one of optimization rather than perfection. Chapter 4 deals with the subject
of circuit synthesis and shows how the various approximation functions can
be given their expression in electrical networks. Chapter 5, titled “Practical
Design,” might also be titled “Realizations” and shows how the theoretical
circuits can be made in practice. A number of concept circuits are described,
illustrating most of the aspects described in the theoretical chapters. The
final chapter, “Special Topics,” shows how the theory and application
of quadrature hybrids can be extended to related matters, which are of
themselves also useful.

Like any other text on filter theory, this book makes considerable use of
mathematics. The reader is encouraged to grasp the theory as it will improve
his or her understanding of the subject. However, in recognition that many
engineers prefer a quick route to design, graphs and tables have been pro-
vided to help with the simpler applications. To illustrate the mathematics, a
number of worked examples are provided. The reader might notice a lack of
reference to computer-aided design (CAD) tools in the book. This is because
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these vary widely in scope and capability. CAD may be used at any stage to
check element values, optimize numerical solutions, and compensate for
practical limitations. Such tools are no substitute for an understanding of the
underlying principles. This is not to say that CAD tools are not useful in the
design of quadrature hybrids. Indeed, mathematical and circuit design soft-
ware were both used in the solution of numerical problems and optimization
of element values for circuits described in this book.

The reader is assumed to have a graduate-level knowledge of RF and
microwave circuits and theory. I never intended to take the material back to
first principles. For further treatment of the underlying principles, the refer-
ences and bibliography should be consulted. Where references have been
used, they usually refer to the original work. However, this is not always the
case, as the original work is sometimes contained in an obscure publication,
or it contains numerous errors and, as such, is likely to lead to confusion. In
such cases, the original reference is replaced with a more readily available or
accurate one.

In the preparation of circuit diagrams, use has been made of an interna-
tional style of symbols such as might be found in electronic magazines. The
main reason for this is cosmetic; in addition, because engineers have used
them for some time now, the eye more readily appreciates them. Thus, the
rectangular box has been discarded in favor of the zigzag pattern for the resis-
tor symbol, and the former has been reserved to denote generic impedances.
The curly form of the inductor symbol is used rather than a series of semicir-
cles, which was only introduced for the convenience of the drawing offices of
a bygone era. The book makes frequent use of mutual inductance, indicated
by a double-headed arrow between the coupled inductors. The coupling is
indicated either as an absolute value or a coupling factor. To avoid confu-
sion, coupled inductors are always drawn in such a way as to make the dot
notation unnecessary.

I would like to acknowledge the help given during the preparation of
this book. Mr. Allen Podell, who himself has authored several patents on
hybrid circuits, has helped me particularly with the practical aspects of phase
delay circuits. I would like to thank Mr. Mike Davis, a fellow director at
Vectawave Technology Limited, who fabricated several of the circuit boards
used in the original research, the results of which are featured in the practical
design section of this book. I would like to acknowledge the contribution of
my former supervisor, Professor Colin Aitchison, who guided the develop-
ment of the original research upon which this book is based. Finally, I would
like to acknowledge the help of those many engineers and teachers who have
inspired me along the way.
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Overview of Quadrature Hybrids

1.1 From Distributed to Lumped Element Design

The reader is likely familiar with distributed versions of quadrature hybrids,
as these have been covered extensively in the literature, both in books and
technical papers. A simple example of these is the branch line hybrid, as
shown in Figure 1.1 [1]. At center frequency, power applied to the input
port is transferred equally to the two output ports, with the fourth port in
isolation. Input match is perfect at this frequency. The upper output as
shown in the diagram leads the lower output by 90°. Acceptable performance

V2
— I |
Input —90°
Z, Z,
Isolated — — —180
Z,N2

Figure 1.1 Quarter-wave branch line hybrid circuit.
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is achieved at frequencies on either side of the center frequency, but perfor-
mance degrades rapidly thereafter. Figure 1.2 shows the insertion loss to the
two outputs, Figure 1.3 shows the phase balance between outputs, and Fig-
ure 1.4 shows the input match and isolation.

Another form of distributed quadrature hybrid makes use of an in-
phase divider with a quarter-wave line extension to one output. The in-phase
divider may be of the Wilkinson type, as shown in Figure 1.5. In this circuit,
a quarter-wave line has been added to the lower output to give a 90° offset.
The circuit gives good input match over a reasonable bandwidth, but phase
balance deviates rapidly from quadrature on either side of the center
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Figure 1.2 Branch line hybrid insertion loss.
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Figure 1.3 Branch line hybrid phase balance.



