INTRODUCTION

P. Pramanick and P. Bhartia

The history of the development of microwave circuits has in many ways fol-
lowed that of the lower frequency elecironics circuits. There have been constant
pressures in both these disciplines to move from tubes to solid state devices and
from large componenis to small and to the development of integrated circuits,
devices, and sysiems. However, unlike the electronics fieid, where a large public
impact was possible and sirong consumer demand generated through owner-
ship of radios, digital watches, calculators, television seis, video cassette
recorders, and so on, the microwave oven seemns to be the single piece of
equipment that comes io the layman’s mind when the word microwaves is
mentioned. The greatest impact and perhaps use of microwave circuits and
systems has been in areas such as communications, radar, electronic warfare,
navigation, surveillance, and weapon ganidance systems, which are largely mili-
tary in nature and have been supported strongly by the defense community.
Although there is also a lucrative market for defense-products-oriented in-
dustrics, the profits are often limited by small-velume, limited customers due to
export restrictions, and hence the drive for development in the area of micro-
wave circuits seems traditionally to have lagged behind that of electronic cir-
cuits. For example, electronic integrated circuits (ICs} on chips were available
commercially long before microwave integrated circuits (MICs) were.

The current trend in microwave technology is toward circuit miniaturiza-
tion, high-level integration, improved reliability, low power consumption, cost
reduction, and high-volume applications. Component size and performance are
prime factors in the design of electronic systems for satellite communications,
phased-array radar systems, electronic warfare, and other military applica-
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2 INTRODUCTION

tions, while small size and low cost diive the consumer electronics market.
Monolithic microwave integrated circuits (MMICs} based on gallium arsenide
(GaAs) technology are the key to meeting the above requirements. They play
an increasing role in consumer electronics dealing with information transfer,
commuuications, automotive applications, and entertainment. With MMIC
iechnology a typical microwave subsystem can be produced on a single chip at
cosis of less than $100 while simpler single-function chips cost less than $10.
Some very simple fonction chips are now produced at costs as low as $1. While
most MMICs currently in production operate in the 0.5- to 30-GHz microwave
range, there are increasing applications in the millimeter-wave (mmW} spec-
trum (30-300 GHz) as higher frequency transistors mature. Monolithic tech-
nology is particularly beneficial to mmW applications through the elimination
of the parasitic effecis of bond wires that connect discrete components in con-
ventional hybnd structures.

1.1 CHARACTERISTICS OF MICROWAVES/MILLIMETER WAVES

The term microwave/millimeter wave generally refers to the frequency range
where wavelengths are of the order of centimeters down (o 1 mm. Some au-
thors have suggesied that microwave/millimeter-wave spectrum corresponds to
the frequency range 1-300 GHz (wavelength 30 cm—1 mm), but the generally
accepted convention is that the frequency range 300 MHz-300 GHz (wave-
length 100 cm-1 mmj) is more appropriate. Figure 1.1 depicts the position of
the microwave and millimeter-wave part of the spectrum in relation to the rest
of the electromagnetic spectrum.

In the microwave/millimeter-wave region, for convenience, a letter band
designation has also been used to indicate the portion of the spectrum being
referred to. Over the vears, the radar community, for example, has created its
own band designations, leading to general confusion. For example, K-band
designaies the frequency ranges 18-26.5 GHz, 19-27 GHz, 10.9-36 GHz, and
20-49 GHz in the radar users terminology, the U.K. frequency designation, the
old U.S. military, and the new U.S. military designations, respectively. For the
sake of clarity and uniformity, only the new U.S. military designation should
be used. Figure 1.2 depicts the frequency band breakdown for the microwave/
millimeter-wave region of inferest for the purposes of this test.
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Figure 1.1 Eleciromagnetic spectrum.
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Figure 1.2  Band designation chart.

Soime other features of microwave/millimeter waves are worth noting; for
exampile, the decrease in wavelengih as frequency increases corresponds to a
reduction in component size, resulting in more compact systems and narrow
beamwidths, which allow, for example, for greater resolution and precision in
target tracking. Many advantages and disadvantages of microwave via-3-vis
millimeter wave are discussed in Bhartia and Baht [1).

Another interesting and important characteristic is the free-space propaga-
tion attenuation over the frequency range. As shown in Fig. 1.3, atmospheric
absorption increases with frequency, but in addition, there exist high absorp-
tion windows in the millimeter-wave band due to atmospheric water vapor and
oxygen. While this characteristic is not of significant interest for the purposes of
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Figure 1.3 Aimospheric absorption as function of frequency,
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this book in microwave circuits, it should be realized that a similar behavior
occurs with transmission media, and one must choose the appropriate low-loss
media for the frequency of operation of one’s circuit.

1.2 HISTORY OF MICROWAVE PLANAR CIRCUITS

The first evolution of the conventional waveguide and coaxial line was a flat-
strip ¢oaxial transmission line used by Rumsey and Jamieson—as mentioned,
for example, by Barrett [2] for producing an antenna system and power division
network during World War i, This was gradually integrated with printed-
circuit technology to result in the “microwave printed circuit” (MPC) reporied
by Barreit and Barnes 3] and soon developed into a printed-circnit waveguide
handbook [4}. Shortly after Barrett and Barnes’s [3] report on MPCs, the Fed-
eral Communications Research Laboratories announced the microstrip [5] and
King [6] reported the “dielectric image line.” The MPC concept was used in
fabricating many components, such as directional couplers, filters, attenuators,
and antennas. The microsirip is fundamental to IC design and is today being
used extensively in its many forms in a large variety of circuits. Finally, the
image line is an excellent transmission mediur, particularly for millimeter-
wave circuits,

Following the preceding developments, the MIC area grew rapidly in the
1960s. Between 1964 and 1968, the largesi quantity production for a MIC was
perhaps the 600 transmit/receive (T/R} modules produced by Texas Instru-
ments for the molecular electronics for radar application (MERA) radar [7).
Many other significant developments also occurred over the 19601980 period,
and it was evideni that the field of MICs was fast maturing. Over these years,
the idea of MMICs also evolved, where all microwave functions of analog cir-
cuits, as well as new digital applications, could be incorporated on a single chip
i8]. In the earlier MICs and MMICs, high-resistivity p-type (boron) silicon was
used as the microwave substirate and host {or the devices. However, two factors
have been primarily responsible for the emergence of GaAs in the development
of MMICs. First, the semi-insulaiing subsirate is almost an ideal diclectric
medivmn for microstrip transmission; second is the GaAs feld-effect transistor
(FET), which is the workhorse of all analog ICs. The latter has benefited from
the application of silicon processing technology. Thus, GaAs technology
promises a new breed of components that will allow designers greater fexibility
and lower cost approaches to achieve their design goals.

1.3 APPLICATIONS OF MICROWAVE PLANAR CIRCUITS

Microwave pianar circuits can be applied to and substituied for the conven-
tional form of microwave circuitry in virtually every application in the fields of
communications, electronic warfare, radar, and weapon systems. In general,
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the limitations are few, one fundamental one being the power-handling capa-
bility. However, realization of good matching circuitry has allowed high power
levels fo be achieved in some laboratory MMICs, but to achieve high powers
while maintaining high vield still requires hybrid MIC as well as conventional
waveguide and coaxial-line techniques. In many cases, requiring high power,
such as space-based radar and the use of thousands of solid-state transmitter-
receivers for an active aperture phased array, allows for power distribution and
hence use of MMICs or MICs. Hopefully, the extensive number of T/R mod-
ules required will allow for a substantial cost reduction for MMICs over hvbrid
MICs or conventional circuiiry.

Another area that should see high microwave planar circuit usage is elec-
ironic warfare. In particular, expendable sysiemis such as expendable jammers
and smart munitions using microwave/millimeter-wave guidance systems, both
passive radiometer type and aclive radar, should benefit from the cost reduc-
tions and lower weight properties of these circuits. Naturally, satellite systems,
where weight is an all-important issue due to high cost per kilogram of
launched payload, also stand to benefit significantly from the use of this tech-
nology.

Similarly, recetvers and transmitters for communications, elecironic support
measures, electronic countermeasures, and systems for electronic communi-
cation or signal intelligence (ELINT, COMINT, SIGINT) all make exiensive
use of microwave/millimeter-wave circuits and devices. As systems become
more complex due to the nature of the elecironic threat, hardware complexity
increases, resulting in larger and heavier systems. Use of planar technology,
and in particuniar MMICs, helps to achieve significant reduction in both these
factors, thus making it possible to deploy these systems easily on alrcraft, where
space and power are driving constraints.

Most radars being built currently use hybrid circuitry that needs tweaking
for optimum performance. In these cases, microwave planar circuits offer the
advantages of smaller size, lighter weight, potentially lower cost, high reliabil-
ity, broad-bandwidth capability, and function reproducibility. These advan-
tages allow the development of active elemaent phased radars with significant
beam agihty, multifunciion capability, and reliabilily. In addition, in most
applications the redundancy of the T/R modules that can be built in allows for
the desirable feature of graceful degradation in case of failure. A typical active
elemient configuration for one of these is shown in Fig. 1.4.

While the military and space applications stand to gain the most from use of
planar microwave/millimeter-wave circuits, other vaconventional applications,
such as highway-traffic control using microwave sysiems and microwave seasor
systems used in microwave heating and drying, will likewise see cost reductions
and smaller sizes with the availability of multifunction monolithic circuits.

The advances in microwave/millimeter-wave planar circuits coupled with
advances that are currenily occurring in electro-optics, magneto-optics, micro-
wave oplics, and microwave acoustics point to exciting decades ahead for
engineering and the sciences. In particular, these fields will have strong impact
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Figure 1.4 A T/R module using GaAs MMIC chips.

on consumer electronics and gadgets, whiie at the same {ime contsibuting in a
large way to fields such as robotics, smart weapons, satellite technology and
capabilities, smart-skins for aircraft, photonics, and smari buili-in testing.
Toward this objective, this text should serve as a reference for ihe fundamental
microwave/millimeter-wave planar circuit active and passive components.

To make the book self-contained, in the next section, we discuss some fun-
damental concepts of microwave network theory and matrices of importance
for circuit analysis and design.

1.4 MICROWAVE NETWORK THEORY

Microwave passive and active networks can be classified as multiport networks,
Such networks are also known as N-port networks. Assuming the inpul and the
output poris of an N-port microwave network are known, its frequency- and
ume-domain responses to a known excitation can be determined. For instance,
if one of the ports of a transistor is terminated in a short circuit, the frequency
response of the remaining two-port network can be obtained from the knowl-
edge of the original three-port network. Also, in any microwave circuit, system
or subsystem, there are many components connected in a certain fashion. The
frequency response of this system can be obtained from knowledge of the indi-
vidual components.

There are many equivalent ways in which the frequency response of a linear
microwave network can be calculated [9]. This chapter deals with the repre-
sentation of linear microwave networks as multiport black boxes,
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1.4.1 Concepts of Equivalent Voltage and Current

The determination of network characteristics at microwave frequencies in-
volves concepis that are substantially different from those used for low-
frequency radio-frequency (RF) circuits for which voltages and currents, which
determine impedance, can be uniquely defined. At microwave frequencies, use
of neither high-frequency probes nor low-impedance current measurements are
possible, because parasitic impedance and capacitance cannot be made small
enough. In addition, the physical dimensions of a microwave circuit are no
longer small compared to wavelength. Therefore, in most cases, the concepts of
equivalent voltage and current are used. The equivalent voltage and current are
so chosen that power transmitted along a transmission line is computed cor-
rectly using the equation

P=%ReL(ExH)ds=%Re(VI*) (L.1)

where ‘“** denotes the complex conjugate, and the power P is assumed 1o be
flowing in the z direction; ¥ and I are the equivalent veltage and current,
respectively; F and H are the electric and magnetic fields, respectively, in the xy
plane; and § is the cross-sectional area of the transmission line.

We can use the familiar definitions of vollage and current only in electro-
statics. As soon as the electric field becomes time dependent, it generates a
time-varying magnetic field, which in turn gives rise to a dynamic electric field.
The electric voltage corresponding to this new dynamic electric field depends
on the path of the line integral chosen to calculate the voltage,

Let us consider the transverse part of the electromagnetic {EM} field in a
transmission line, for example, a coaxial line or a waveguide,

E} = ter(x, y)e® (1.2a)

Hf = Ehr(x, y)e (1.2b}

where £ is a constant of proportionality, er(x, y) and A7(x, y) are the normal-
ized modal functions such that

J fertx ) shr(a s =1 (1.20)

and # is the propagation constant in the z direction.
According to Collin [9], the above fields are proportional te the equivalent
voltage and current. Therefore,
E} = KyV%er(x, y)e (1.3a)
HF = K hyix, y)e ™ (1.3b)
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where Ky is a constant of propostionality and ¥* and I* are the forward-
going equivalent voltage and carrent, respectively. The transmitted power
associated with the forward wave is given by

P+ =%ReL(E‘,ﬁ x HE) ds (1.4)

Combining Eqs. (1.2¢), (1.3a), {1.3b), and {1.4) gives
P = 1Ky K; Re(V*I*) (1.5}
Comparing Egs. (1.1) and (1.5) gives
KyKy =1 (1.6)
Using transmission line theory, we can write

V+
= Zy (1.7
where Zg is the characteristic impedance of the line. Comparing {1.2), (1.3},
and (1.7}, we get

K
Solving Eqgs. {1.6) and (1.8) gives
K ! (1.92)
po=———= .
VZo
K =+/Z, (1.9b)

The characteristic impedance Zy of a coaxial or two-conduclor transmission
line can be uniquely defined for the fundamental transverse-electromagunetic
(TEM) mode. Therefore, the equivalent forward voltage and current can be
uniquely expressed using Eqs. (1.2), {1.3), and (1.9) as

V* =c/Zo (1.10a)

It =2 {1.10b)

VZs

Similarly, the backward voltage and current can be writien as
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VT =xZy {1.11a)

= {1.11b)

VZo

In Eqgs. (1.10) and (1.11} ¢ and rc are proportionality constants.

If the transmission line supports a non-TEM mode, that is, transverse-elec-
tric (TE) or transverse-magnetic (TM) mode in a waveguide, the definition of
the characieristic impedance cannot be unique. For example, if one considers
the ratio of the fundamental mode average power flowing through a rectangy-
lar waveguide and the voliage at the center of the broad wali, the characteristic
impedance assumes the form

2b %o

a iy

where a and b are the width and the height of the waveguide cross section,
respectively; #, is the free-space impedance; f is the operating frequency; and
£ is the cutoff frequency of the fundamental mode.

If one considers the ratio of the same voltage and the total longitudinal cur-
rent, then the characteristic impedance assumes the form

Zo(f) = {1.12a)

(TN
Zo(f)—(za) Sy (1.12b)

Also, if one considers the ratio of the fundamental mode average longitudinal
power and the total longitudinal current, one gets

_ @____’?2__“__
am—QJ e (1126)

Therefore, unique definitions for equivalent voltage and current are not
possible.

14.2 Admittance and Impedance Matrices

Consider Fig., 1.5. The accessible poris are denoted by 1,2,3,..., N. In addi-
tion, there is a ground ferminal at each port. Let us assume that the
L(i=1,2,3,...,N) denote the port currents and the V; (i=1,2,3,...,N)
denote the port voltages, respectively, at poris 1-N. The admittance matrix of
the network is defined as

i1 =[Y][¥] (1.13)

where
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Figure 1.5 Schematic of A-port network.
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The admittance matrix [Y] is obtained by nodal analysis of the network and
then solving for the port currents or voltages. The corresponding impedance
matrix is defined as

(2} =[] (1.15)

The above admittance and impedance matrices are also known as unnor-
malized admiltance and impedance matrices, respectively.

A microwave component or a subsystem is connected to a larger system. As
a result, each port of a component is terminated by an impedance offered by
the Iarger system to which it is connected. Let us assume that the impedance
vector gives the set of terminating impedances offered by the embedding system

Zl={Zn Zn --- Zw] (1.16)

We define a new set of port voltages and currents, known as the normalized
pott voltages and currents, as

v; = P}—— E=I0+/ReZy (1.17)
\/Re ij
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Noie that normalized voltages and currents have the same dimension, which is

/waitt. Hence the relationship between the normalized and the unnormalized
parameters can be expressed as

[v] = [2][¢] (1.18)

where
[ =327 =" (1.19)
and
Zn O 0 - 0
l=Re| O 2 0 0 (1.20)
0 o Zn

[z} is known as the normalized port impedance matrix, and

=0 (1.21)

is the corresponding normalized port admittance matrix.
Below we will show how normalized voltage and current matrices account
for the interaction of the network with the system that embeds it.

1.4.3 Scattering Mafrix

The scaitering mairix concept with respect to positive and real terminating
impedances was introduced by Penfield [10]. Kurokawa introduced the concept
of power wave variables in 1965 [11] and generalized the concept of Penficld.
Following the method due to Kurokawa [11], let us consider a one-port
network as shown in Fig. 1.6,
We define the following variables:

_h+Znh

M= Re Z,

(1.22a)

r Figure 1.6  One-port network.
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Vi-Zjh

2\/ Re Z“

where the asterisk denotes the complex conjugate.
Solving Eqs. {1.22a) and {1.22b), we obtain

b = (1.22b}

_Zhen+Znb
kY Re Z_r]

- b

o b
I \/RG Zn

Now, what are the parameters a; and #,?
From Fig. 1.6

(1.23a)

(1.23b)

V) = E, — Znpl, (1.24)

Combining Egs. (1.22a) and (1.24) and subsequently multiplving <, by its
complex conjugate, we obiain

|Es|

2
lai]” = “3Re Z;y

PS, 3% ( 1 -25)

The right-hand side of Eq. (1.25) is easily recognized as the maximum power
available from the source. Therefore, we can say that |a1| is the incident power
from the source into the load Z;. Using Eqs. {1.22a) and (1.22b), it can be
shown thai

la)* = {b1)* = Re{W I}'} {1.26)

The right-hand side of Eq. {1.26) is the total real power absorbed by the load.
Therefore, we can come to the conclusion that [5)]° is the power reflected from
the load to the source. At this point we define the reflection coefficient

_ b _W-zph _Z,-Z}
[#1] Mi+Znh ZL -+ Z;l

{(1.27)

Using Eq. (1.27), the difference between incident and reflected power, or in
other words the power absorbed by the load, can be writien as

Pr = Ps nax — Prea = |a]?(1 = T3 (1.28)

From (1.27), under the matching condition, when Z; = Z;,, T = 4.
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Figure 1.7 Muitiport network.

Let us consider the multiport network shown in Fig. 1.7. The scattering
matrix of a multiport network can be defined by the equation

] = [Slid] (1.29)

where [q] and [b] are column matrices whose elements are the power wave
amplitudes of the incident and reflected waves, respectively, at various ports. If
the network has N ports, then [S] is a square matrix of order N.

When the output impedances of the generators connected to the ports of the
multiport network become purely real and egual to those of the transmission
lines connected to the respective ports, ¢; and b; ( = 1,2,3,... N} become the
same as the complex incident and reflected voltages in transmission lines. Then
we can write

Vi= V¥ + Vo (1.30a)
L=Ir+1IF (1.30b)

v

i .31

¥ = 1- Zs (1.31)

H !

Combining Egs. {1.30) and {1.22) gives
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"+
ai = V; = \/fo[;v (]323)
Zy

ﬁ

b= \JZI (1.32b)

VZi

and the reflection coefficient is given as

b _Zi-Z

-a; - Zr+ 2y (133)

In Egs. {1.302)-(1.32}, the plus and the minus superscripts denote the ingoing
and outgoing parameters, respectively.

The total power absorbed by all the ports is given by the difference between
the sum total of the incident and reflected powers of all the ports. Mathemati-
cally,

Pioa = i& = i laxl® - i el = la")7lal - [0"]7[6]  (1.34)
=1 k=1 k=1
Combining Eqs. (1.29) and (1.34) and the total power absorbed by the network
for a lossless condition gives
Pigsa = [a"}T{[U] ~ (7} IST]la] = 0 (1.35)
where [U/] is the unity matrix of order N. From Eq. (1.35) we get
[$71718) = (U] (1.36)
For a reciprocal and symmetrical multiport network, Eq. (1.36) reduces to
[$*18] =[] {1.37)
which indicates that the scattering mattix of a symmetrical, iossless and recip-

rocal network is unitary.
Let us write the expanded form of Eq. (1.29):

b Sn Sz - Swila

b S hY e 8

o I el | (138)
by Svi Swv2 - Swwvjle

From Eq. (1.38) it can be seen that, in general,
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by
Sy=la=0 k=123 N k#j (1.39)
;

The condition
a =40 (1.40)

for ali &’s except k = is created by perfectly matching all but the jth port. The
transmitied signal at the ith port and the incident signal at the jth port are
appropriately monitored and Sy is computed using Eq. {1.39). For a detailed
description of the procedure the reader is referred to Schiek and Gronefeld {12].

For a given network terminated by a set of real impedances given by {Z;] in
Eq. {1.16) the scattering matrix can be computed by using the following proce-
duse.

+ Obtain the port admittance matrix [¥] using nodal analysis and then solv-
ing for the node currents.

+ Invert the admittance matrix [}] to obtain the corresponding impedance
matrix [Z].
* Nommalize {Z] using

2] = 272 2]z {1.41)

where the diagonal matrix [z] is obtained from Eq. (1.20).
+ Obtain the matrix [S] from

(81 = {i} ~ (Uil + (o7 (1.42)
Solving (1.42) gives

[z = [V} - ST 101 + 1] (1.43)

For a reciprocal neiwork, all the matrices associated with the network are
symmetrical matrices, which means

Z)=127"  1s1=18)" ete. (1.44)

1.4.4 Transformation of Scattering Matrix Due to Shift in
Reference Planes

Consider Fig. 1.8. The unprimed reference planes ¢ :/=1,2,...,N are the
original reference planes with respect to which the scattering matrix [S] of the
N-port network is defined. Now, let us assume that the reference planes are
moved away from the network fo their new positions marked by the primed
letters £ : j = 1,2,..., N. The new scatiering matrix of the neiwork is given by



16 INTRODUCTION

Figure 1.8  Muttiport network

157} = [ZIIS)L) (1.45)
where the matrix
e~ihh ]
(L= e 0 (1.46)
0 0 ... g

where $, is the propagation constant of the wave at the kth port.

All ihe elements of the scattering matrix of a passive, lossless and reciprocal
network cannoi be chosen independently. Let us assume that Fig, 1.9 repre-
sents one such two-port network whose scattering matrix is given by

s[5

From reciprocity, |S] must be symmetrical. Therefore,

(1.47)

i
! [S81
f__

—
¢

Figure 1.8 Two-port neiwork. ¢,
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5] = Su Siej _ |Sui€"§” 1-5'125‘3‘{3” (1.48)
Sip Su |S120e {81yl
Combining Eqgs. (1.37) and (1.48) gives

ISl +iSu)*=1 (1.49)
Oy =0 +in {1.50)

This means that if §); is known in complex form, S;» can be obtained from
Eqgs. (1.49) and (1.50}). Equation {1.49) represents conservation of power in a
lossless two-port network,

For a lossless nonreciprocal network, the above relations become

ISul? + 1S f* = 1S2l? + 18P =1 (1.51)
SHS2+ 85,50 =0 (1.52)
B+ 0 = B2 + 6y $%7£ (1.53)

where 83 and &5 are the phase angles associated with the elements S»; and $3;,
respectively,

Scattering Malrix of a Lossless Three-Port Network. An application of
unitary condition, given by Eq. (1.36), shows that it is impossible to simulta-
neously match all the ports of a three-port lossless reciprocal network. How-
ever, it is possible to match all three ports if the circuit is lossy or non-
reciprocai. The examples are a Wilkinson power divider or a three-port
circulator.

At this point it is worthwhile to discuss the usefuiness of the scattering
matrix, The concept of a scattering matrix is more general than admittance and
impedance matrices. Many circuits may not possess an admittance or imped-
ance matrix. Typical examples are ideal transformers having nonfinite ele-
ments. On the contrary, such transformers have scattering matrices. According
to Carlin [13] and Kajfez [14] all passive networks possess scattering matrices.

In microwave engineering power flow is of primary consideration. There-
fore, the scattering matrix is extremely useful. Let us consider the network in
Fig. 1.10. Let P, represent the available power from the generator and £y the

[S} EI IZL

£

Figure 1.10 Circuit representaiion of two-port network.
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power dissipated in the load R;. Then it can be shown that the magnitude of
the forward transmission coefficient is given by

1 _ Py
|52 =7 (1.54)

Scattering Matrix and the Concept of Insertion Loss. Let us consider the
two-port network shown in Fig. 1.114. The transfer coetlicient of the network is
given by

Sy = v [R—L] (1.55)
Now,
1Sul? = S12S;, (1.56)

Therefore, from Egs. {1.55) and {1.56) we obtain

_Wel/eRy) _ Py
VIR B

where P, is the available power from the generator and Py is the power dissi-
pated in the load R;. Now, let us consider the network in Fig, 1.11a. Suppose
we have interposed a two-port network between the reference planes 1) and 1,
as shown in Fig. 1.11b. Let the voltages across the load vesistance Ry before
and after the interposition of the two-port neiwork be ¥ and V7, respectively.
Also, let the powers dissipated in R before and after the interposition of the
two-port network be Py and P7| respectively. The insertion power ratio of the
two-port network is defined as

S l*

(1.57)

F
IPL =% (1.58)

inseried
fwo

Uove s,
port | 1

()
Figure 1.11 (&) Two-port networlg; (&) with iwo-port network inserted.
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Analyzing the circuit in Fig. 1.115, we obtain

B v R

= . 1.59
P P Ry + o) 1)
Combining Eqs. (1.57) and {1.59) gives
P 4R R 1
PA = g 5 (1.60)
L (Ry+Rp)” |5l
Under a perfectly matched condition
B 1
== = 1.61
Proisul® (eh)

Equation (1.61) is a very useful relationship in network synthesis.

1.4.5 Chain Matrix (ABCD) Representation

The chain, or ABCD, matrix is particularly usefu! in cascading or chain con-
necting microwave networks. The networks may be purely two-port ones or
may have multiports. For a single isolated network, the ABCD matrix relates
the output voltages and currents to the input voltages and currents. Let vs
consider the multiport network shown in Fig. 1.12. The input voltages and
currents are F,..., Vy and Iy,....Jy. The ouiput voliages and currents are
Vnits---» Vo and Iy.y, ..., Ioy, respectively. The input and the output pa-
rameters are retated nsing the following matrix equation:

h I
v o——o1 1 N4l 0 V.,
Iz IN+2
Vzo—“’—'— b4 N2 -’-—(——-OVN.,Q
WN+3
vao-—éw— 3 N4 3 —t—o V. o
’N I2N
Vi o d 2Nt iy,

-_— Figure 1.12 MuKipori network.
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28]

Dt / —_—
Reclprocal
| two port
Figure 1.13 Reciprocal iwo-port network.
[ ] [ Vi1 |
VZ VN-!-2
Vv | _ |14l 1B || Vaw (1.62)
5 [C] D] Ins
F/) Iz
. IN i B IzN i

where {4], [B], [C], and {D] are N x N square matrices. For a two-port net-

work, Eq. (1.62} reduces to
[E’?] B [g ﬁ][f] (1.63)

For a reciprocai two-port network, shown in Fig. 1.13, it can be shown that
AD-BC=1 (1.64)
or in general,
[41[D] - {B]IC] = [V] (1.65)

where [U] is the identity matrix of order N.

As mentioned above, the 4ABCD matrix is very useful in obtaining the over-
all response of a chain connection of a number of two-port networks. Let us
consider the chain connection of two {wo-port networks, as shown in Fig. 1.14.

Let the 4ABCD matrices of the individual networks be [T1] and [73]. Then it
can be very easily shown that the ABCD matrix of the cascaded network is
given by

(7} = [7][T2] (1.66)

Equation (1.66) can be generalized for the cascade of more than two neiworks
using the same principle.
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L f f
\_h b Wi
1 %

& i

Figure 1.14  Two-post networks in tandem.

Use of ABCD Matrix in Computing Network Properties, In the previous
section we have shown that a chain of cascaded two-port networks can be
reduced to an equivalent two-port network by finding the overall ABCD
matrix, Let such an equivalent two-port network be fed at the input port by a
voltage source of cutput impedance Z, and terminated at the output port by a

load Z;, as shown i Fig. 1.15.
Using Eq. {1.63} and the relationship
Vo=2Z15 (1.67)

it can be shown that the input impedance of the neiwork is given by

ZiA+ B
" =% D (1.68)
and the output impedance is
_ZD+C
Zow Z.574 {1.69)
% h b
v y l A B 51; Z;
7\ ' [c D] f *
Za Zow

Figure 1,15  Two-port network ABCD matrix analysis.
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The reflection coeflicients looking into the input and the output are given by

Zin— 2,
Fjp = =222 :
"= (1.70)
and
Zout - ZL
Fow =07 1.71
out zout + ZL ( )
respectively. The voltage gain is given by
WV Z
Ar = V, V, ZyA+B+Z;.Z,C+Z,D (1.72)
The power is given by
_ PL _ Re Zin ZI_ 2
G"Pg " ReZy|Z.A+ B (173)
where
P = Vil (1.74)
is power delivered to the input port of the network and
Pr=Wh (1.75)
is the power delivered io the load. The transducer power gain is given by
P 2
Gr=tr _4ReZ,| ZL (1.76)

P ReZy|ZiA+ B+ Z.2,C+ Z,D

where P;q is available power from the source,

Normalized ABCD Matrix. Using the normalized voltage and current defi-
nitions in Eq. {1.17}, we can define the normalized ABCD matrix as follows
[14]. Suppose the muitiport network in Fig. 1.12 is terminated by a set of
impedances Zy (i = 1,2,...,2N). Then we can define a set of normalized
voltages and currents v; and # respectively (i = 1,2,...,2N) according to Eq.
{1.17). These normalized voltages and currents can be related using the nor-
malized ABCD matrix as follows:
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[ t ] -”N-i-] ]
L7y3 VN2
UN — [A?I] [Bfa‘] 32N (1 ‘7?)
i [Ca)  [Dn] ] | ine
iy ivi2
| i | iox ]

where [4,), {B., (Cy), and [D,] are N x N square matrices. For a two-port
network, Eq. (1.77) reduces to

MR ERIR a7

The vnsiormalized and the nommalized ABCD matrices are related through

[m i8] _ [[zmr‘-”z 0] ]“[[Anl IB,J]
€ (D] (0] [Ziw] 172 (Cul  [Dn]

[Zw] ™% (0]
{0l [Z12)
(1.79)

where [Zv] is a diagonal matrix of real elements Zy, Zp2, ..., Zyy and [Zp] is
a diagonal matrix of real elements Zyx,1), Zrwvaz)s-- .- Zaawy- In case of a
simple two-port network, Eq. (1.79) reduces to

B R i R el R

s
0 VZn 0 vZo

Obviously the nomnalized 4BCD matrix takes into consideration the effects of
the impedances terminating the ports of a network. It can be shown that the
scattering matrix of a two-port network is related to its normalized 4A8CD
mairix via

Ay + B, — C, - D, xmm-g&)]

M=[ ) D4 B —A—C, (1.81)
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