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ABSTRACT

In the design of electronic circuits, both linear and
non-linear, one of the goals is the reduction of the number
of elements needed to complete the design. By using distri-
buted RC networks a reduction in the number of elements by
at least 50% is usually possible. This dissertation dis-
cusses several distributed RC networks, develops detailed
design procedures for each, and applies them in the design
of electronic circuits.

The indefinite admittance matrix (IAM) for the DRURC
(double-resistive uniformly distributed RC network) and the
URC (single-resistive uniformly distributed RC network),
which have been previously derived, are used as the starting
points for the development of the IAM's for the TURC
(tapped URC) and the TDRURC (tapped DRURC), a new distribut-
ed network. The development of the IAM for the TDRURC pro-
ceeds from the interconnection of two DRURC's such that the
IAM's add. A similar procedure using URC's yields the IAM
for the TURC. These two IAM's, which have not been previous-
ly published, allow the derivation of the design equations
necessary to apply these networks to electronic circuits.

These four distributed network elements (URC, TURC,
DRURC, and TDRURC) are applied to the reduction in the num-
bers of elements needed for the following electronic cir-

cuits: RC-coupled amplifiers, multivibrator circuits, high-0Q
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(10 to 150) band-pass amplifiers, and phase-shift oscil-
lators. The application to RC-coupled amplifiers is new,
while the applications to band-pass amplifiers and phase-
shift oscillators are significant advances to work that has
been previously suggested. A prototype of each of the four
distributed networks was built by the author in 1972 using
a thin-film deposition method which is described in
Chapter VII. The phase-shift oscillator, band-pass ampli-
fier, and multivibrator circuits were also built and
tested. The results compared favorably with predicted
results.

The procedures for designing and fabricating uniformly
distributed RC networks are reviewed in detail. A review
of both thin-film fabrication by vacuum deposition and

semiconductor fabrication by diffusion is included.
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I. INTRODUCTION

A. GENERAL DISCUSSION

l. Types. Distributed networks are generally classi-
fied into one of two major classes: 1) uniform and 2)
nonuniform. Within each major classification there are
many subclassifications such as single resistive layer,
multiresistive layer, RC, GRC, etc. This dissertaticon will
deal with the uniformly distributed RC network. Under this
subclassification will be two further groups: 1) single
resistive-layer uniformly distributed RC network (hereafter
called a URC) and 2) double resistive-layer URC (hereafter
called a DRURC) .

The term "uniformly distributed" means that for a given

distributed network, the width of the network (see Figure

1-1) is a constant. Therefore, the per-unit length resistance

and per-unit length capacitance become constants as well. 1In
actual practice, this is impossible to obtain exactly, but
deviations are difficult to detect or predict. Another
assumption is that no change in the per-unit resistance or
per-unit capacitance occurs along the width of the network.
Of course, this assumption is ideal, but if the width is
sufficiently small compared to the length, the assumption is

essentially valid.



"Nonuniformly distributed" indicates that the network
elements are distributed along the length in some fashion
other than uniform (i.e., they are now functions of the
position along the network). In terms of fabrication and

analysis, the most common nonuniformly distributed networks

are the linear taper and the exponential taper. These tapers

are the manner in which a given parameter of the distributed

network varies with respect to the length (i.e., r = f(x)
where f is the function described by the type of taper--
linear, exponential, etc., and x is some distance less than
or equal to the total length). Other types of nonuniform
distributed networks have been described in the literature
[1,2,3]. As discussed in the next major section (B -
Fabrication of Distributed Networks), the nonuniform net-

work presents some difficulty in fabrication.

2. History. Although the methods useful for the
analysis of distributed networks have been a part of elec-
trical engineering for many years, the majority of the
distributed networks discussed in this dissertation are
new. A distributed network is described by partial dif-
ferential equations, and distributed networks may be used

to simulate certain classes of partial differential

equations [4]. The partial differential equations are simi-

lar in form to those describing an LC transmission line.



Some of the early modern work in the analysis, design
and application of distributed networks was done by Happ
and Castro [5], Wyndrum [6], Smith and Cooper [7] and Smith
[8]. These were done from an idealized analysis point of
view with little if any aim toward practical realization of
the distributed network. The main thrust then was to develop
an understanding of and the mathematical descriptions for
the distributed network. Primarily because of the ease of
fabrication, the earliest distributed networks were the URC
type; however, as interest grew, other types were investi-
gated. One of the first divergences from the URC was the
UGRC where the effects of the conductance of the dielectric
layer were investigated. The effect of non-zero conductance
is to add a circuit parameter which modifies the frequency

response characteristics of the resultant network [9].

3. Literature Review. Recent literature (since 1965)
and research has been concerned with the use of the dis-
tributed RC network in the areas of active and passive
synthesis of filters. For example, considerable work has
been done in the area of active filters [1,15,23,24] where
one or more URC's have been used to advantage in obtaining
a desirable low-pass frequency response. Some work has also
been done with band-pass filters where a URC and either a

lumped resistor in series with the conductive layer or a



lumped capacitor across the resistive layer has been used
to replace the Twin-T network [24]. (The Twin-T may also
be replaced by a DRURC as is seen in Chapters II and V.)

In the area of applications of distributed networks to
amplifier design, suggestions were made by Lin [25] and
Castro, et al [28] that it might be possible to replace the
lumped RC networks with distributed RC networks. They drop
the topic after brief discussions and no other authors have
pursued it any further. Lemke [27] has used URC's to re-
place the lumped RC networks in an FM discriminator. Good
frequency response is claimed by Lemke for the performance
of this discriminator.

The drawback in most applications of distributed net-
works to electronic circuit design is the inability to
fabricate a large capacitance in the distributed network
[25,26]. No work has been published that suggests a large
(e.g., 10 p Farads) capacitance can be obtained in an

integrated circuit.

B. FABRICATION OF DISTRIBUTED NETWORKS

Two methods are presently available for the fabrication
of distributed networks: 1) deposition of thin films and
2) growth of semiconductor p-n junctions. Both methods are
feasible and practical, but the choice of method depends
upon the equipment available and the intended application. In

an application demanding the use of semiconductor integrated



circuits, the semiconductor p-n junction method would be
the most practical, because it can then be formed along
with the remainder of the circuit. If, however, the in-
tended application is to merely investigate the properties
of the distributed network or where the network need not be
incorporated into the total circuit as completely as with
integrated circuits, then the thin-film method would be
preferable due to the ease with which the method yields a
distributed network. Ease here refers to capital outlay
for equipment and accuracy of results. Both of the above
methods are described in more detail in Chapter VII, but
for purposes of introduction each will be described briefly
here.

The method of thin-film deposition deposits each of
the layers shown in Figure 1-1 as a thin film. Depending
upon the type of distributed network (URC or DRURC) one or

both of the conductive layers may exhibit a high total

S L —>
W
K
o— A -0
conductive
dielectric
Ol Ly
conductive ////

Figure 1-1. Thin-film distributed network; L = total length,
W = width of the distributed network.



resistance (5000 to 2MQ typically). The method is essen-
tially one of heating the material to be deposited to its
melting point and allowing the resulting vapors to condense
onto a substrate (the substrate is not shown in Figure 1-1).
The thickness is monitored, and when the desired thickness
of material has been deposited onto the substrate the process
is stopped. The operation is carried out under a high vacuum
to allow deposition to take place with lower temperatures
and also to help prevent oxidation of the heated material
by removing as much oxygen as possible from the system.
Semiconductor p-n junction distributed networks make
use of the doping of the p and n layers to provide the neces-
sary resistance. The capacitance needed for the network is
provided by the capacitance of the depletion region (or
barrier capacitance) that results when the p-n junction is
reverse biased. The semiconductor p-n junction method is
more difficult to control, without expensive, sophisticated
equipment, when producing a desired distributed network be-
cause the resistance is dependent upon the level of impuri-
ties in each layer and the material used for each layer.
In addition, the capacitance is dependent upon the reverse
bias that is applied across the p-n junction [11]. Since the
width of the depletion layer is determined by the impurity
density and the width determines the capacitance, consider-
able variation in capacitance occurs with a variation in

impurity level. Another capacitance, called diffusion



capacitance [11l] also exists across the p-n junction under
the condition of forward bias. This capacitance may be as
large as 20u farads, but is shunted by the low resistance
across the forward-biased junction and is, therefore,
impractical. Figure 1-2 shows a p-n junction distributed
network. Since the capacitance depends upon the amount

of reverse bias applied across the p-n junction, normally
the pe~type layer will be highly doped so that the conduc-
tance of the lower layer will be very high. Normally the
common terminal is considered negative and to insure
reverse bias, this will necessitate the p layer becoming
the common layer. Generally, the resistance of that lower

layer will be considered approximately zero.

n type

p type

Figure 1-2. Semiconductor p-n junction URC.



C. APPLICATIONS

1. Filters. Low-pass, high-pass, and notch filters
may be synthesized with distributed networks. The per-
formance of these filters (in terms of number of elements,
rate of roll-off, etc.) is comparable to the lumped version
[14,15]. With the addition of an operational amplifier,
bandpass filters may be made (Chapter V and [28]) that
exhibit frequency response characteristics as good as those
made with lumped components.

With lumped components, many procedures are available
for the synthesis of both active [12] and passive [13] fil-
ters. Fortunately, most of these procedures work equally
well with distributed networks and much work has been done

in this area [14,15].

2. Logic and Switching Circuits. There are many
applications in the field of switching and logic circuits
open to the use of distributed networks.

Hayes [16] has developed both a one-shot and an astable
multivibrator utilizing distributed networks which produce
good quality waveforms. The frequency of the output is
dependent upon the RC product of the distributed network
used. For the one shot, a URC is used and for the multi-

vibrator, two DRURC's are used to replace the RC networks



in the lumped versions. Schematic diagrams of these circuits

are found in Chapter V.

3. Amplifier Circuits. Theoretically, distributed
networks can be used to replace all of the lumped RC network
combinations in an RC-coupled amplifier.

For example [25,28], the emitter by-pass network shown
in Figure 1-3(a) can be replaced by the URC shown in Figure
1-3(b). The frequency response of the distributed network

can be shown to be as good as the lumped network.

O O—
~ $ f“'
O (3 ———
(a) Lumped Parallel RC (b) Distributed RC Parallel

Figure 1-3. Networks for use as emitter by-pass circuits.

The collector resistor, coupling capacitor, and base-biasing
resistors between two bipolar transistors can be replaced
by one TDRURC (tapped DRURC). (See Figure 6-1 for a

schematic diagram illustrating this application.)

4. Oscillators. RC phase=shift oscillators are
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dependent upon obtaining 180° phase shift between input
and output of the RC network used in the feedback loop of
an active device. This type of oscillator may be made using
a single URC as the feedback network, because the phase
shift from input to output continues to increase as a func-
tion of frequency. Therefore, at some frequency the phase
shift will be the desired 180°, and the oscillations will
occur. DRURC's may also be used in phase-shift oscillators.
The application of uniformly distributed RC networks
to both amplifiers and oscillators is discussed in Chapters
V and VI. Other authors [5,25,28] have made suggestions
concerning applications to amplifiers and oscillators but
have not treated the topic in as much detail as done in

this dissertation.
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ITI. DOUBLE RESISTIVE URC

A. INTRODUCTION

1. History. The double resistive URC (DRURC) was
first proposed by Happ and Castro [5] in 1960. Their
approach was to develop the indefinite admittance matrix
(IAM) describing the DRURC. The DRURC forms a building
block for further types of distributed networks (the TDRURC
and TURC). Although, as shown in Chapters V and VI, there
are many applications to electronic circuit design for the
DRURC, very little work has been done [5,28,29]. Most of
the past work has centered upon either single resistive
or multilayer URC's. As is seen in the next subsection on
construction of the DRURC, it may resemble a multilayer

URC but there are some differences.

2. Construction. A physical view of the DRURC is
shown in Figure 1-1 which is modified slightly and repeated
below. r is given in ohms per meter, c in farads per meter
and N is a positive constant. In the case of a URC, N = 0,
and the bottom layer becomes a ground plane with a per—unit
resistance much less than r.

When compared with the typical multilayer distributed
network [1,22], it can be seen that the DRURC is a multi-

layer URC with no low resistance conducting layer. The
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O__ ‘
r
c
O— c W)
Nr

Figure 2-1. Figure 1-1, modified slightly.

multilayer URC would have another dielectric layer below

the Nr layer and a high conductance ground plane layer

beneath that.

B. INDEFINITE ADMITTANCE MATRIX FOR THE DRURC

1. Derivation. An incremental section of the RC
ladder line representing a Ax section of a DRURC is shown
in Figure 2-2. The following analysis is similar to that
found in references [5] and [11]. Writing a Kirchhoff's

Voltage Law expression for the outermost loop yields

e(x,jw) = ril(x,jw) Ax + e(x+Ax,jw) - Nriz(x,jw) Ax
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or

e(x,jw) - e(x+hx,jw) = ri, (x,jw) dx = Nri,(x,ju)bx. (2.1)

Ax ‘—————;4
il(x+Ax,jw)

7

e (x+Ax,jw)

/
— ¢

> — AN/ & > i2(X+AX,jw)

Figure 2-2. Incremental section of DRURC.

Dividing both sides of (2.1) by Ax and taking the limit

Ax~+0, yields

9 alx,jw) = —riy (x,30) + Nri, (x,jw). (2.2)

oX

Now, writing a Kirchhoff's Current Law expression at both

A and A' gives

il(x,jw) = jwclhAxe (x+Ax,jw) + il(x+Ax,jw)

and
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i2(x,jw) = -jwchAxe (x+Ax,jw) + 12(x+Ax,jw)

oxr

il(x,jw) il(x+Ax,jw) jwcAxe (x+Ax,jw) (2.3a)

i2(x,jw) iz(x+Ax,jw) -jwchxe (x+Ax,jw) . (2.3Db)
After dividing by Ax and taking the limit, Ax>0, equations

(2.3) become

il(x,jw) -jwce (x,jw) (2.4a)

el

and

i2(x,jw) = jwce(x,jw) . (2.4b)

vl
%]

By comparing the expressions in equations (2.4) it can be

seen that

3 . N N .
% 1l(x,jw) = T 12(x,jw) = -jwce(x,jw) . (2.5)

Integrating (2.5) with respect to x yields an expression

relating il(x,jw) and i2(x,jw).

il(x,jw) = - iz(x,jw)+f(jw). (2.6)
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Substituting (2.6) into (2.2) yields

%§ e(x,jw) = i,(x,Jw) (I+N)r - rf(ju). (2.7)

Differentiating (2.7) with respect to x and substituting

(2.4b) into the result gives

2
3_5 e(x,jw) = jwc(l+N)re(x,jw) . (2.8)
X

The solutions for equation (2.4) and equation (2.8) subject
to the boundary conditions e(x,jw) and i(x,jw) evaluated
at x = 0 and x = L, give the voltages at each end and
the currents il(x,jw) and iz(x,jw).
Redrawing the DRURC gives Figure 2.3 (which is the

accepted symbol for a DRURC) and letting

i = i,(0,30) (2.9a)
i, = i,(0,3w) (2.9b)
iy = -i,(L,3w) (2.9¢)
i, = =i (L,3w) (2.94)
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vields the terminal currents; L is the total physical

length of the DRURC.

2 O—PFr— 4—0 ;
C
NR ? R
: 3 1y A
o—»- —— 4—O

Figure 2-3. Standard symbol for DRURC. R = rL, C = cL.

The terminal voltages may be found from the four

terminal-pair voltages,

e(0,jw) = V12 = Vl—V2 (2.10a)

e(L,jw) = V43 = V4—V3 (2.10Db)
rL

Vl4 = ) 1l(x,jw) rdx = Vl—V4 (2.10c)
L,

V23 = J\ 12(x,jw) Nrdx = V2—V3. (2.104)

The relationship of the terminal currents of equations (2.9)

and the terminal voltages of equations (2.10) yields the
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indefinite admittance matrix (IAM) of (2.11) [5,25]. This

IAM is used as the basis for the computer programs of

Appendices A-D. The elements of (2.11) are calculated bv

use of the program in Appendix C.

(1+N)R

where

2.

r _ T r T
(tanh T + N) (1 tanh P) (51nh T 1) sinh T N)
r r 1 r 1 r
Itz STt Y Cstmrro® GmrT o U
r r 1 r 1 r
T~ Y Cesmmr Tt R @ T Y Y &mR T
r r T r
(- sinh F'-N) (SIsET - o tanh ) (tanh T+ N

= et

(2.11)

r & yjuw (I+N)RC.

Transfer Ratios. As discussed in Chapters V

and VI, the voltage transfer ratio Vl/V3 and the current

transfer ratio (—Il)/I3 are the two that are needed in
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most applications. For these applications, terminal 2 of
the DRURC is connected to the supply and is therefore at
AC ground, and terminal 4 is usually connected directly to
DC ground; these assumptions then give rise to the network
of Figure 2-4 with terminals 2 and 4 grounded which is
then used to develop the above two transfer ratios [28].
Figure 2-4(a) shows the DRURC appropriately connected
to develop the voltage transfer ratio, and Figure 2-4 (b)
is then used for development of the current transfer
ratio. Both transfer ratios will take into account source
and load immittances. For Figure 2-4(a), since both
terminals 2 and 4 are grounded, the rows and columns num-

bered 2 and 4, respectively, will be eliminated from the

matrix of (2.11]). This operation yields two equations

I, = Y97V + Y5395 (2:12)
and

I, = y3Vy * v33V5- (2.13)

Writing a node equation at terminal 3 and solving for

3’
_ Vin¥g T V1¥3;
¥z = = : (2.14)
Yg 7 Y33
Letting Il = —YLVout’ Vl = Vout and substituting these plus
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2 1
0 o-
c
+
NR g gR Vout [:l YL
Z
S
- o— o +
N 3 4
V.
in
— (a) p—
2 1 I
O O
: !
w | 3n i
—= % 1
I, y
1 S
—T
(b)

Figure 2-4. DRURC set up for calculation of (a) voltage
transfer ratio and (b) current transfer ratio.
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(2.14) into (2.12) gives, after some algebraic manipulation,
the desired voltage transfer ratio.
Vout ~Y13¥g

= - (2.15)
in (Y+yg3) (Yp+yy ) - vqy3¥qy

<

The current transfer ratio can be calculated using
Figure 2.4 (b) and writing a node equation at terminal 3

and solving for V3,

I, - y,.V
vy = 2311, (2.16)
S Y33
Letting I, = -I,, V,; = IOZL’ substituting (2.16) into (2.12)
and manipulating gives
o 113 (2.17)
I, (Yphyyy) (Wg*yss) - yy3Yq

Therefore equations (2.15) and (2.17) give the desired trans-

fer functions for the DRURC. The immittance transfer func-

V0 Io
p = TI) and Yo, (YT = V;) may be found by divid-

and multiplying (2.15) by Yo respectively.

tions ZT (2

ing (2.17) by YL
3. Reduction to URC. The DRURC may be reduced to

a URC by appropriate terminal connections and by letting

N = 0. If, in Figure 2-3, N = 0 and terminals 2 and 3 are

connected together a URC results and is shown in Figure 2-5.
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10 VAV Q4

Figure 2-5. DRURC reduced to URC by connecting terminals
2 and 3 and letting N = 0.

The IAM for Figure 2-5 is found from (2.11) and is

shown in (2.18) [5]. The numerical
S S S N SR - S
tanh 6 sinh 6 tanh 6 sinh 6
Y [ S S T A S N S — -
R sinh 6 tanh 8’ ‘tanh 6 sinh 6 sinh 6 tanh 6

fuo mpefiog]  fopedion = sl e 4
sinh 6 sinh 6 tanh 6 tanh ©

(2.18)

@
>

vJwRC.

values for the elements of (2.18) are calculated by use of

the program in Appendix A. (Note: terminal 4 of Figure
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2-5 is representeé by column 3 of (2.18) in this program).
Applications in the design of electronic amplifiers and
oscillators involving the use of the IAM of (2.18) are dis-
cussed in Chapters V and VI. References [5] and [28] sug-

gest these applications but give only brief discussions.
C. DETERMINATION OF THE CAPACITANCE OF A DRURC

Since the capacitance of a DRURC is not "lumped" at
one location, it is impossible to measure directly. The
value of capacitance is an important parameter in design
(cf: Chapter VI), and a check is needed to determine if
the value of capacitance obtained during the fabrication
process is the desired value.

One of the methods that could be used to determine the
value of capacitance would be to calculate the capacitance
directly from a knowledge of the dimensions and physical
properties of the resistive layers (it is assumed that both
the resistive layers have identical geometry) and the di-
electric layer. Since the dimensions of the resistive
layers are quite small (0.1 inch width would be large) and
the thickness of the dielectric layer is difficult to
control accurately, the above method of capacitance deter-
mination is of doubtful practical value.

A novel method that makes use of the frequency response
characteristics of the DRURC ([12] and [30]) is the easiest

to use in determining the capacitance. The essence of this
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method is one of measuring the frequency at which the DRURC
will act as a notch filter. Substituting that measured
notch freguency into an expression for notch frequency (as
a function of R, C, and N) and solving for C will yield the
value of capacitance for the DRURC.

The DRURC used as a notch filter is shown in Figure

2-6. Note that terminal 3 is "floating", and the DRURC

s ()

O+
\ —0 O Vout
in
- 2 NR 3 I -

L x b,
-0 ANA- Q
WV

Figure 2-6. DRURC used as a passive notch filter.

is now used as a 3-terminal network with terminal number

3 "suppressed". The method of obtaining the IAM from
equation (2.11) of the network of Figure 2-3 that has one
terminal suppressed is explained in Balabanian and Bickart

[18]. The IAM for Figure 2-6 is shown in (2.19).
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* * *

Y11 Y12 Y14
* '3 * N
* * *

Y41 Y42 Yaq

where

1 [?thanh '+ ' + NI'(2sech T + N)

*
Y11 T TITTOR NT + tanh T

2
* Rk 1 '(l-N) (sech I' = 1) = NI'tanh T
Y12 ~ a1 (1+N)Rl: NI + tanh T ] 12.138)
* _ o _ 1l[-(NI + T sech TI')
Y14 T Y41 T R|T NT # tanh T
2
* 1 fﬁf tanh T + 2I'(1 - sech T)
Yoo © T R| NT + tanh T
* _* _1l|l'(sech T - 1)
Yoq = Y42 = R[:NF T tanh T (2.:19¢)

* _ 1| _T(1+N)
Y44 = R|NT + tanh T

Since terminal 4 is open circuited (or the load



25

impedance at terminal 4 is very much larger than R),

the current at terminal 4 can be neglected. This yields
. *
0 = Va1 Vi t Yag Vyo (2.20)

Letting V, = V. _, V4 =V and solving for the voltage

1 in out’

transfer ratio gives

\ =%
out 41. (2.21)

% *
Substituting the expressions for Ya1 and Yaa from
equations (2.19) into equation (2.21) gives the desired
voltage transfer ratio for the DRURC passive notch

filter as

Vout _ 1 + N cosh T

vin (1+N) cosh T

[2.22)
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The notch frequencies are determined by the zeros of

1 + N cosh I = 0. Letting I' = /Jw(I+N)RC = /3jf, means that
some value of @ gives a zero of (2.22). Letting @=w(1l+N)RC=

w/w0 and rearranging the numerator of equation (2.22) yields

cosh /3 6/5y = - % . (2.23)
Since
V3 w/wo = /w/2w0 (1+3) = u(l+3) (2.24)
equation (2.23) now becomes
cosh u cos u - j sinh u sin u = - 1/N. (2.25)
Equating real and imaginary parts from both sides of
(2.25) gives
cosh u cos u = - % (2.26)
and
sinh u sin u = 0. (2.27)

Equation (2.27) is satisfied for



27

u=nnm, n=0, *1, £2, *3, .

Choosing n = #1 gives u = /w/ZmO = +7. Solving for w, and

noting that

_ 1
Yo TNYRC (2.28)
gives [28]
w = 19.75 (2.29)
(14+N) RC

Substituting u = *7m into equation (2.26) yields

cosh (*m) cos (zm) = - l, ' (2.30)

or, since cosh (*m) = cosh (m) and cos (fm) = cos (m) = -1,

equation (2.30) becomes

cosh (m) = L. (2.31)
N
Solving equation (2.31) for N yields
N = 0.08627. (2.32)

This, then, indicates that for N = 0.08627, a true zero of
transmission exists for the DRURC passive notch filter
at § = 19.75. For N not equal to 0.08627 the transmission

factor is no longer zero and, as seen from equation (2.29),



28

a slight shift in frequency also occurs.

With the use of equation (2.29 and assuming N to be
small enough to produce a measurable notch, the capacitance
of a DRURC can be determined. The resulting expression
for capacitance then becomes

_ 19.75
where R is the DC resistance of the layer with the highest

resistance.
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ITII. TAPPED DRURC

A. INTRODUCTION

Occasionally it may be advantageous to utilize both
the full resistance of one side of the DRURC and to "tap"
one side in order to make a voltage divider. The result
becomes the five-terminal network shown in Figure 3-1.
The indefinite admittance matrix of equation (2.11) is,
therefore, no longer directly applicable, and a new IAM
must be derived.

Since the IAM for a DRURC is already available, it
is convenient to combine two DRURC's together to produce
a tapped DRURC (TDRURC). From Figure 3-1 it may be seen
that a tapped DRURC may be thought of as two DRURC's

connected in cascade.

10 4

20 NANAN/ O3

Figure 3-1. Tapped DRURC (TDRURC).
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It is desired to use the IAM for the DRURC, since it
is already available, and conversion to another set of
parameters would introduce undesirable complexity into the
calculations. In order to use the IAM directly, the two

networks must be connected in parallel (see Leon and Wintz

[19]).

B. INTERCONNECTION OF DRURC's

The addition of two more terminals to each of two
DRURC's yields the two six-terminal networks shown in
Figure 3-2. When the two networks shown in Figure 3-2
are connected in parallel as shown in Figure 3-3, the
result is a six-terminal network. The six-terminal net-
work may now be seen to be the cascade combination of two
four-terminal DRURC's.

The resultant IAM for the six-terminal network of
Figure 3-3 is found by merely adding together the IAM's
of each of the two networks in Figure 3-2.

The addition of the two extra terminals onto each
DRURC in Figure 3-2 does not add to the overall complexity

of the networks.
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10 AAAA 0¢ O5 1'O 4'O——— ™ A—0 5

2 O AN O3 Q6 2'0 3'O———Aamnv—0 ¢

Figure 3-2. DRURC's with two additional terminals added
to yield two six-terminal networks.

4_
1-1' O—AAA —O AMA, — QO 5-5

2-2' O——AN O—— AN —0 6-6"
3_

Figure 3-3. DRURC's of Figure 3-2 connected in parallel.
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C. INDEFINITE ADMITTANCE MATRIX FOR THE TDRURC

1. Development of the Indefinite Admittance Matrix.
Designate the unprimed DRURC in Figure 3-2 as DRﬁﬁEa
and the primed DRURC as DRﬁﬁab.
The network in Figure 3-4 is the desired network
except for terminal 3 and the renumbering of the terminals
to match Figure 3-1. The suppression of terminal 3 will

yield the desired network and the desired IAM for the

TDRURC (Figure 3-1).

4
10— —eel)—— L
DRURCa DRURCb
20 ——(3')—— —O 6
Figure 3-4. The six-terminal network resulting from the

interconnection of the networks in Figure 3-2.

Suppression of terminal 3 may be carried out in a
number of ways [13,17]. The method used here comes from

Balabanian and Bickart [18].
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Renumbering the TDRURC terminals of Figure 3-4 to

match those of Figure 3-1 yields the TDRURC of Figure 3-5

and its associated IAM shown in (3.1).

Due to the IAM

properties of a passive network [18] only 10 of the 25

elements need be specified explicitly.

(3.1) are listed in equation

Figure 3-5.

Y12

Y13

(Bl s

Y14

The elements of

Figure 3-1 repeated for

convenience.

(3.1)
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* * *
(K )2(P cschrl —l)2
* * * *
K (I' cothl + l—)+K *(F *cothr**+ l_)
Nl Nl

* * *
= K (I cothl +N

L1 1)'

* * * % * %
here K , T , K , and T are shown in equations (3.3) and

8.4),

* * * * *
(K )2(P cschl' -1) (I cschl + %—)
1
* * * * %
K (I COthl + =—)+K (I cothl  + 1,
Nl Nl

* * *
L2 = K (1-T cothl )+

(3.2a)

* %% * * * * * l
K K (I ecschl' -1) (I' c¢schl + ﬁ—)
1
- = == * FE RE F
13 K (I cothl + l—)+K (I' cothl' + l—)
N N
1 1
* k% % * * % * %
_ -K K (I eschl' -1) (I' cschl' -1)
Y19 %= * 1 T T % 1
K (T cothl' + z=)+K (I' cothl' + =)
Nl Nl

§
e Y s
i=1 1

Y15

Y21 7 Y12

2
* * *
(K )2(F cschl + %—)
K*(r* thr*+ & ) .
= co /T Tk % * *x XX *x
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* %% * * l * % * % 1
K K (I' cschl' + ﬁ~)(F cschl' + ﬁ—)
_ 1 1
Y23 © R 1 T ER FF T (3.2b)
K (I cothl + ﬁ—)+K (I' cothl' + ﬁ_)
1 1
X kk % * 1 * % * %
K K (I cschl + ﬁ—)(P cschl' -1)
1
Y = v % * *%x k% * %
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1 1
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Y31 T Y13
Y32 T ¥23 {3« 20)
Xk D k% k% ] 2
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kk Kk * 1 1
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1 1
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(3.24)

* % * % * %
)2 (r *eschrt-1)2

* % * 1 EE I X3 *%
K (I cothl + ﬁ—J+K (I' cothl' + =)

T
1 Ny

(3.2e)
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Values for the elements of (3.1) are calculated by use
of the program in Appendix D.

* % * * % P
, I' , and T to the TDRURC.

2. Relationship of K*, K
It is necessary to investigate the TDRURC of Figures 3-1
and 3-5 in more detail in order to determine exactly the
expressions for K*, K**, F*, and F** in terms of the R and
C of the TDRURC. Figure 3-6 shows the two component
DRURC's that, when connected together; form the TDRURC.
In Figure 3-6, the R and C are, respectively, the total
resistance of the top layer and the total capacitance
between the layers of the TDRURC. Since it is desired
to relate each of these networks to the original DRURC

in Chapter II, Figure 2-3, the R and C of each of the

networks in Figure 3-6 need to be modified.
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(l—Nz)R N2R
O—Aan—0 O AAN O
(1-N,)C N..C
2
()————-NAAV————i) AAA——0
N, (l—N2)R NlNzR
(a) (b)

Figure 3-6. (a) DRURC_ and (b) DRURC, .

Letting (1-N,) R = R, (1-N,) C = c" and N, (1-N,)
R = NlR*, network (a) of Figure 3-6 hecomes Figure 3-7 (a).
* % * % * %
2R =R , N2C = C and NlNzR = NlR yvields
Figure 3-7 (b). Comparison of Figures 3-7 (a) and (b)

Letting N

with Figure 2-3 shows that they are indeed the same net-
work with different R and C values. The constant multi-
plier K as well as the complex variable I' of the matrix
(2.11) are both different for networks (a) and (b) of
Figure 3-7. The constant multiplier K and the complex
variable I' are calculated in equations (3.3) and (3.4) for
each of the two DRURC's. Substitution of the expressions
for K* and T* into the matrix of (2.11) yields the IAM for

the network of Figure 3-6 (a). A similar operation
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* * %
R R
C}————-AVNAJ——:——() O APy =)
* %
g C
A T O——amA—>0
N, R N, R**
1 1
(a) (b)

Figure 3-7. Figur§*3-6*with thi*new values for R and C.

R, R ,C, and C are calculated from
equations (3.3) and (3.4).

K = L = =
. - .
(1)) R (TN ) (1-N,) R
r* - /jw(1+Nl)R*C* = /jw(l+Nl)(l-N2)2 RC  (3.3)

r = (1-N /jw(l+Nl)RC

2)
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% %

* %
(l+Nl)R (l+Nl)N2R

* %

-3
Il

i kK%
/jw(l+Nl)R g = /jw(l+Nl)N§RC (3.4)

*k i
T = Nz/jw(l+Nl)RC

* % * %
using K and T yvields the IAM for Figure 3-6 (b). Now

each of the parameters in equations (3.2) can be calculated
in terms of the total resistance and capacitance of the

TDRURC.
D. TRANSFER RATIOS

1. Introduction. At the present time, the TDRURC
is designed to be used as a distributed network replace-
ment for the interstage coupling network between two
transistor stages. Since the two transistor stages may
be either bipolar, FET, or a combination, both the voltage
and current transfer functions are needed. In order to

cover all the possibilities, the transfer immittances are

derived as well.

2. Voltage and Current Transfer Ratios. Under the
application referenced above, Figure 3-8 shows a typical

interstage coupling network with a voltage source, source
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impedance and a load admittance. Normally, terminals 1 and
2 would be connected to the voltage supply and would,
therefore, be at A.C. ground potential. Terminal 4 would
be at both A.C. and D.C. ground potential. The input

voltage is Vi’ and the output voltage is VO‘

Figure 3-8. Typical TDRURC interstage coupling network
with both source and load immittances.
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Writing a node equation at terminal 3 yields

Y (V

s (V3 V, + Y. .V_. = 0. {3.5)

Vi) o+ Yggvy 3575

Solving (3.5) for V3 gives

vy = ; (3.6)

A similar node equation at terminal 5 yields

YV

g3vg * ¥

Ve + YLV = 0. {(3.7)

ab" & 0

Substitution of (3.6) into (3.7) and noting that
Ve = Vo yields the desired voltage transfer ratio of equa-

tion (3.8) where the Yij are those of the TDRURC.

Vo “Yo¥s3 e
Vi O+ X5l (¥ + ¥a3) = Ypa¥ay
If Ys approaches infinity equation (3.8) becomes
Yg = _:Eéi_ (3.9)
¥y Ty ¥ies

Additionally, if Y. approaches 0, equation (3.9) becomes

L
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2 (3.10)

An example where equation (3.9) would be valid is where a
MOSFET source follower stage is being coupled to a MOSFET

common-source stage.
If the current transfer ratio is desired, Figure 3-9
may be used. Again, terminals 1, 2 and 4 are considered

to be at A.C. ground and both source and load admittance

are present.

—to O—
2 1
—_—
§ -0 IO
5

o

é>* Y
-~ I > L
L
1 Iﬂ YS

Typical TDRURC interstage coupling network

Figure 3-9. :
with both source and load admittances.
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Since the input signal source Ii and the associated
admittance YS of Figure 3-9 are related to the input
voltage source and the associated source admittance of
Figure 3-8 by a Norton's transformation of equation (3.11)
and I0 = VOYL'

I, = ViY ’ (3.11)

multiplication by Y. and division by YS of equation (3.8)

L

yields the desired ratio.

(V——O) (Y—L) B A (3.12)
v.) v V.Y T .
& S 1l S i
io = (Y. +Y _??inﬁy )y - Y. Y (3.13)
i LT¥55’ ‘Yg7 33 53%35

Letting YS+O and YL+w, the current transfer ratio in

equation (3.13) becomes

H
o
i

R X (3.14)

a
=<

These cases stated above are discussed in a more
practical vein and applied to the design of RC-coupled

amplifiers in Chapters V and VI.
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3. Transfer Immittances. Occasionally the need arises

for a transfer function of a "mixed" type (i.e., voltage-

current or current-voltage). This gives rise to the transfer
immittances
\Y
=0
Zn = T (3.15)
i
and
o =0 (3.16)
T Vi :

For the determination of ZT’ Figure 3-9 and equation

(3.13) may be used. Dividing both sides of (3.13) by YL

and noting that I0 = YLVO yields the transfer impedance

Vo ~Yey

_ 0 _ . (3.17)
T I, (YaatY ) (Y +Y5) =Yg aYsg

Z

A similar procedure involving Figure 3-8 and equation (3.8)

(note that I. = YLVO) gives the transfer admittance of

0
equation (3.18).

_ To _ Y1's 753 — (3.18)
T - U, (Y H¥gg) (Y #Y53) =Yg3¥55
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IV. TAPPED URC

A. INTRODUCTION

The next step in the development beyond the TDRURC of
the previous chapter is to place a tap on the resistive
layer of a URC. This gives rise to the tapped URC or TURC.
The input coupling capacitor and base-biasing resistors
of a bipolar transistor amplifier may be replaced by a TURC.
The tap will be placed so as to provide the proper DC bias
for the transistor. As is seen in Chapter V the frequency
response is comparable to the lumped elements that are re-
placed by the TURC. 1In the case of a FET amplifier the
TURC can be replaced by a URC where the total resistance
would provide the gate biasing. In the case of a MOSFET,
biased to operate in the enhancement mode [11], the TURC
may again be used with the tap connected to the gate terminal
and the drain supply across the total resistance of the TURC.
The TURC resistive layer then provides the required positive

bias for enhancement mode operation.

B. INDEFINITE ADMITTANCE MATRIX DEVELOPMENT

The TURC (shown in Figure 4-1) may be thought of as two
URC's connected in cascade. The point where the resistive

layers are connected together forms the tap on the TURC.



47

1
(1-N)R
&
20— -4
NR
3

Figure 4-1. Tapped URC (TURC).

If a comparison is made between Figure 4-1 and Figure
3-5, it can be seen that the TURC is actually a TDRURC that
has been modified by letting Nl go to zero.

The IAM for the TURC is obtained using the same method
as used in Chapter III to develop the IAM for the TDRURC.
Two URC's (each with two additional terminals added) are
connected in parallel such that the IAM's will add together.

The result of the IAM development is shown in equation
(4.1). Equations (4.2) express the individual elements of
equation (4.1) in terms of the hyperbolic functions. Values

for the elements of (4.1) are calculated by use of the

program in Appendix B.
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Y12 Y3 Y4
(4.1)
Y42 Y43 Y44
[
%
_ *
Yll - Tx [coth 6 ]
o7 1 hoo¥
v = e | cos 5
12 .
R sinh 6
(4.2a)
Y13 =0
*
=8 _ [~ csch 6™
Yl4 = % csc
R
Y12
* * 6** 1 b 8**
-2 [g? (l - cosh*e ) o+ o ¢ cos ) ] (4.2b)
R sinh 6 R sinh 6
* % * %
0 1 - cosh © ]
* % [ * %
R sinh ©
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34
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=
Il

42

43

44

e*

e**

R*

R**
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Y13
Y23
e**
orx lcoth B¥¥] (4.2c)
e**
rewl- csch 0**]
Y14
Y., (4.24)
34
e* e**
* [coth 6*] + REF [coth 6**]
= (1-N) YJwRC
= N YJuwRC
(4.3)
= (1-N)R
= NR
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C. TRANSFER FUNCTIONS

1l. Voltage and Current Transfer Ratios. The majority
of TURC applications will involve the voltage transfer ratio
since most signal sources may be represented as a voltage
source in series with some impedance.

The typical application for the TURC is as a replace-
ment for a lumped RC coupling network. Figure 4-2 illus-
trates the equivalent circuit for just such an application

of the TURC.

TURC %‘

_ i .

|

Figure 4-2. Equivalent circuit for a TURC used as an
‘ RC coupling network. The block
represents Figure 4-1.
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ZS represents the source impedance and Y. represents the

L
input admittance of the amplifier stage to which the TURC
is connected. Terminal 1 is connected to the supply voltage

for the amplifier.

Writing a Node equation at terminal 2 gives

Solving (4.4) for v, and letting V, =V

4 out’

Yin T3 Tour Tos
vV, = - Qu . (4.5)
2 Yo+ Xy, XYy,
A similar Node equation at terminal 4 (with 14 =-1I,=
_VoutYL) gives, after some algebraic manipulation,

V4 -
LA Ys'a2 (4.6)

V-
in (Yp, + Yyq) (Yg + Yp0o) = Yyp¥,,

Equation (4.6) gives the desired voltage transfer ratio
of the TURC as a function of both load admittance (Y;) and
source admittance (Y. ). If the situation arises where the
signal source is represented by a current source and a
current transfer ratio is therefore needed, the desired

current transfer ratio is given by equation (4.7). The

1 i,
out _ Y1.¥42 (4.7)
(v + ¥44) (Yg + Yo3) - ¥g3¥p,

in
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network, from which equation (4.7) was derived, is the same
as Figure 4-2 except that the Vin - 2 combination is re-

placed by its Norton equivalent, an Iin - YS combination.

2. Transfer Immittances. The immittance transfer
ratios for the TURC are obtained from equations (4.6) and
(4.7). The admittance transfer ratio (YT) is found by

multiplying equation (4.6) by the load admittance Y and

noting that I, =V The admittance transfer ratio

0 outYL'

then becomes

v = IO - —YSYLY42 (4 8)
T vy (Yp + Yy ) (Y, + Y,0) = ¥, .¥),

To obtain the impedance transfer ratio (ZT), equation

(4.7) is divided by Y Noting that Vo =

at Iout/YL’ equation

Lo

(4.7) becomes

. - —out _ a2 (4.9)
T Iin (Y + Yy) (Y + Yo5) = Y0¥,

Therefore, the desired immittance transfer ratios are given

by equations (4.8) and (4.9).
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D. CAPACITANCE DETERMINATION

The problem of determining the value of the distributed
capacitance for a TURC is as acute as it is for both the
DRURC and the TDRURC.

As in Chapter II, Section C, the capacitance can be
determined by connecting the TURC such that it acts as a
notch filter. The connection of a lumped resistor between
terminal 2 and ground of the TURC in Figure 4-1 yields
Figure 4-3 which acts as a passive notch filter. Terminal

4 is left open circuited.

4
1 O— ,\,\,i\z\/\,—()B
2
Rsh

Figure 4-3. TURC connected as a passive notch filter.
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\Y

The voltage transfer ratio Vz for the network in
1

Figure 4-3 is [12]

Yi _ o+ u sinh u (4.10)
Vl o cosh u + u sinh u :
_ =® e v (e 2
where o = ﬁ;ﬁ and u = v g (1+3j) and Wy = @

A transmission null occurs for %6 such that
oo + u sinh u = 0. The frequency at which a null occurs
is found to be %E = 5.62, or w = 5.62 W In terms of
the total resistance and capacitance of the TURC, the

null occurs at [12]

. 11.20
o = 1L:20 (4.11)

The value of C at such a frequency becomes

_11.2

= 3R (4.12)

for o = 17.8.

The notch, for a = 17.8, is quite narrow [12] (typi-
cally 0.01 %—) and deep (typically about -60 db) and is,
0
therefore, quite easy to measure. Examples of this, and

for the DRURC as well, are shown in Chapter VI.
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V. APPLICATIONS

A. INTRODUCTION

Now that the expressions for the transfer ratios
have been developed for the DRURC, TDRURC, and TURC, four
general areas of application are discussed. In section B
on logic and switching circuits, applicationsof the DRURC

to multivibrator design are discussed. Section C is con-

cerned with the application of URC, TURC, DRURC, and TDRURC
networks to amplifier design. The main thrust here is to
replace the lumped RC networks with one of the four dis-
tributed RC networks listed above. Sections D and E
discuss the application of the DRURC to oscillator design

and bandpass filter design, respectively.
B. LOGIC AND SWITCHING CIRCUITS

A monostable multivibrator using a DRURC is shown in
Figure 5-1. As can be seen by comparison with a lumped RC
version [20, p. 370], the DRURC replaces the collector
resistor of Ql’ the coupling capacitor and the base

resistor for Q,- The pulse duration for the circuit of

Figure 5-1 is found to be [16]

t = 0.1971 (5.1)
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where
T = (1+N)RC. (5.2)
A4
cc
C
R NR RL
' * -O Output
Trigg Q !F 0,
By
AN/

Figure 5-1. Monostable multivibrator using a DRURC.

These equations are derived using the assumption that

v ~0 and VBE=0. Equation (5.2) may be compared

cc””VeEsarT
to a similar pulse-duration equation for the lumped-RC

version shown in equation (5.3). The comparison for a

given pulse duration of t=250u seconds and an R=5 k ohms

t = 0.691 (5.3)

where

T = RC (5.4)
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yields (from equations (5.1) and (5.2)) a capacitance of
0.0231 p Farads for a DRURC (N = 10). A similar calculation
for a lumped version, using equations (5.3) and (5.4),
vields a capacitance value of 0.00725 p Farads. There-
fore, although a reduction in size of the total network
results from the use of a DRURC, an increase in the needed
capacitance occurs. As can be seen, the increase in
capacitance is on the order of 3.2. Since large distributed
network capacitance is difficult to obtain, this then is

one disadvantage to the use of distributed networks in

the design of logic and switching circuits.

An astable multivibrator using two DRURC's has also
been proposed by Hayes [16]. This multivibrator uses
DRURC's to replace all of the lumped RC combinations.

In particular, each DRURC replaces the collector resistor
of one transistor, the coupling capacitor between the two
transistors, as well as the base bias resistor of the
other transistor. Figure 5-2 shows an astable multi-
vibrator with DRURC's replacing the lumped RC components.
A lumped RC version of Figure 5-2 is found in reference
[20], page 385.

The expression governing the period of the output wave-
form is an extension of the analysis done for the monostable

Circuit. Q and the associated DRURC, as well as Q, and

l’
the associated DRURC, may each be considered as a monostable

multivibrator. Adding the expressions for pulse duration
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Figure 5-2. Astable multivibrator utilizing DRURC's.

(see equations (5.1) and (5.2)) for each yields

T = 0.197 [Cl(l+Nl) R, + C2(1+N2) R2] {5+5)

1

where T is the period of the output waveform.
The ratio of "on" time to "off" time for the pulse
train may be adjusted by varying the component values in

equation (5.5). The analysis is based on having the tran-

" "

sistors in saturation during the "on" time and completely
cut off during the "off" time. 1In other words, the time
needed by the transistor to go from cut off to saturation,

and vice versa, is neglected.
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C. RC COUPLED AMPLIFIERS
1. Coupling Networks.

a. Introduction. Theoretically, distributed RC net-
works can be used to replace all the lumped RC network com-
binations in an RC=coupled amplifier. As inspection of
Figure 5-3(b) shows, the input coupling capacitor as well as
the base biasing resistors for Ql may be replaced by a
single TURC. The collector resistor of Q;, the coupling
capacitor between Ql and Q2, and the base biasing resistors
for Q2 may be replaced by a single TDRURC. A single URC
may be used to replace the collector resistor of Q2 as well
as the output coupling capacitor. Each of these distribut-
ed networks exhibits more attenuation than does the lumped
RC combination it replaces; this attenuation is overcome by

increasing the gain of the appropriate stage.

b. TURC. (1) Driving-Point Admittances. The fre-
guency response of the coupling network is covered in the
next subsection; here the driving point immittances are
discussed. The AC equivalent circuit of the TURC with
source and load immittances connected is shown in Figures
5-4 (a) and (b). Figure 5-4 is similar to Figure 4-2, and
the block in Figure 4-2 may be used in place of the TURC
in Figure 5-4. The terminal numbering in Figure 5-4 is

arranged to match that of Figure 4-1.
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©5
o—¢
O
O
TURC
O
(b)
Figure 5-3. (a) Lumped version of a two-stage, RC coupled,

bipolar amplifier.
(b) Distributed RC version of (a).
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NR B - éNR
2 41 I, ——p 4
O — O 0 1 O O
2
(1-N)R (L-N)R

Figure 5-4. TURC set up for (a) output and (b) input
driving-point admittance calculations.

I

Letting Y0 = Vg’ and applying routine network analysis
0

Lo Figure 5-4(a), yields

I, I Ton Y42

= ol - e el (5.6a)
0 \Y Vy 44 Y, + Y

22

The Yi' are those of the TURC and are given in terms of the
elements of the Yij for a URC by equations (4.2). A similar

analysis of Figure 5-4(b) shows the input admittance, Y., to

be

Y Y
v -y - .24 42

i 22 YL + Y44

(5.6b)

It is tempting to try to reduce the complexity of equations

(5.6) by assuming that the magnitude of Y is much less than
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the magnitude of Y22 and the magnitude of YL is much less
than the magnitude of Ypq- However, inspection of equations
(4.2) shows that the calculation of the Yij magnitudes is a
formidable task that is best carried out on the computer.
Additionally, the concern here is to provide some guide to
design of the TURC for application as an input coupling
network irrespective of the magnitudes of Ys or YL'
In most applications, Ry is related to R, by R, = kR2
(see Figure 5-3(a)) and, therefore, NlR = k(l—Nl)R for the

TURC. The above relationship yields

Z
I

1 k+1’ k>1. (5.7)

Of course, N1 and R are chosen so as to meet the bias re-
guirements of Ql‘ These requirements on Nl and R are met

using standard design techniques for bipolar transistor

bias networks [10].

(2) Frequency Response. As is seen in Figure 5-5, the
frequency response for the TURC of Figure 4-2, used as shown
in Figure 5-3 (b), compares favorably to that of a lumped
RC input coupling network for ¢<1360. This response curve
is obtained by plotting the magnitude of equation (4.6)
versus ¢ (¢=wRC). The 3-db (0.707 Avmax) points

occur at ¢ = 9.2 and 1360. Unfortunately the frequency

response curve begins to drop off and approaches
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zero as ¢ is increased. The "flat" region is, however,
broad enough to allow application as a replacement for the

RC lumped version in some medium bandwidth applications.

Yo
7 /} N = 0.91, R = 10K, Y, = Y. = 0.001
0.2 —
0.1518 |~ ~=======-=-=-==
0.107 | oo . ot e o ot e e e i )
| ]
: :
] ]
0.05 — | i
| |
. ]
]
| T | N
) 7
9.2 1360 ¢=wRC

Figure 5-5. Frequency response of a TURC used as an
input coupling network.

The fact that the voltage transfer ratio of the TURC
does go to zero is explained by the distributed capacitance.
Inspection of Figure 5-3(b) shows that, since C is distrib-
uted along the total resistive length, there will be some
value of ¢ for which the signal source is presented with an
impedance, the magnitude of which approaches zero as ¢
approaches infinity. From a mathematical point of view, the
transfer function, equation (4.6), is seen to approach zero

as ¢ approaches infinity (see Appendix E). Since ¢=9— =wRC,

W
0
the upper and lower 3-db frequencies then become
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0
_ 3db
“3aqb = "RC ° (5.8)

The resistance R and the number N are determined by the
bias requirements of the transistor used; the capacitance
of C determines the 3-db frequencies.

Therefore, solving equation (5.8) for C,

%3ap P3db

R w3db 2m R f3db

(5.9a)

For the values used in Figure 5-5, C becomes (for ¢3db=9.2)

_ 1.46 X 10—4 Farads. (5.9Db)

£ 3ap

The lumped RC version coupling capacitor value is

1
C = (5.10a)
27r(RS+RB)f3db

where RS = gsource resistance and RB = parallel combination of

Ry and R, in Figure 5-3(a). Assuming R, = 1 k ohms and
RB = 820 ohms,
c = &7% x 107° rarads. (5.10Db)
3db

Unfortunately, a single expression appropriate for all

values of N, R and C is extremely difficult to obtain, and,
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as a result, equation (5.9) is good only for those values
used. In designing the TURC, a computer program would be
used to determine the magnitude of equation (4.6) versus ¢
for a given value of N and R. From this tabulated data,
the value of ¢3db is determined. Once thg . 3db value is
obtained, it is substituted into equation (5.11) to deter-

mine the needed value of C.

¢
3db
C = — (5.11)
2T R f3db

c. TDRURC. (1) Driving-Point Admittances. The
TDRURC in block form is shown in Figures 5-6(a) and (b) ar-
ranged for input and output admittance calculations.
Routine analysis using the elements of the IAM for a TDURC

(see matrix of (3.1)) yields the input and output

admittances
¢ -y - .35 's3
i 33 YL + Y55 (5.12a)
and
Y Y
35 “53
Y, =Y e (5.12b)
0 55 Ys + Y33

As before in equations (5.6) it is extremely difficult
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(a)
1
2 —
O < I
A\ L & 0
TDRURC P
3 +
Q"
Y
S
i“
(b)

Figure 5-6. TDRURC connected for calculations of (a)
input admittance and (b) output admittance.
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to determine the relative magnitudes of Y55 and Y33 such that
Y. and Ys may be ignored. Examination of equations (3.2)

shows that determination of the magnitudes of Y and Y

55 33
is even more difficult than for Y22 and Y44 of the TURC. A
program exists for the calculation of the numerical values

of Y55 and Y33; this program is listed in Appendix D.

(2) Frequency Response. The frequency response for a
TDRURC used as an interstage coupling network is very
similar in shape to that of a lumped network. The difficul-
ty with design lies in the fact that the resistance layers
of the TDRURC are connected to two different transistors.

If R* is changed, the value of N2 (refer to Figure 5-3)

must be changed to account for the needed value of collector
resistance on the previous amplifier. The value of Ny is
approximately the same as the value of N; for the TURC.

This leaves two variables, N2 and N3, that need to be chosen
to accommodate the design of the output network of Ql and the
bias network of Q-

The expression that will be used in Chapter VI is the
ratio of the base current of Q, to the collector current of
Ql' This ratio is the same as that found in Chapter III in

connection with Figure 3-9, equation (3.13) and is repeated

below as equation (5.13).

~Ypaly,

I, (U ¥¥55) (Yg¥¥a3) = Yg3¥3g

H
o

(5.13)
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Accordingly, each design necessitates the use of a computer
to generate data needed for a plot similar to that of
Figure G-2, Appendix G.

The values for the N's can be calculated from a know-
ledge of the resistance needed to properly bias the tran-

sistors. For example, in Figure 5-3(a), assume R, = 5 k ohms

*
and R5 + R6 = 100 k ohms. Therefore, N2R = 5 k ohms and
* * *
N3R + (l—N3)R = R = 100 k ohms and
_ S5k _
N2 = 100 % - 0.05. (5.14)
N3 is assumed to have the same value as Nl of the TURC

if Ql and Q2 are identical. The ¢3db values for the TDRURC
can be obtained from a plot of the magnitude of equation

(5.13) versus ¢ (¢=w(1l+N)RC). An example of such a plot is

shown in Figure G-2 of Appendix G.

d. URC. (1) Driving-Point Admittances. For the URC
used as the last coupling network, the driving-point admit-
tances may be found using Figures 5-7(a) and (b). Writing

a node equation at terminal 2 of Figure 5-7(a) and solving

for v, yields

(5.15)

Equation (5.15) substituted into a node equation at terminal
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Figure 5-7. URC connected for calculation of (a) Yi and
(b) Y..
0
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4 gives

YsaY
24742
Y, = Typp = getrgs (5.16)

i 44 YL + Y22
A similar approach applied to Figure 5-7 (b) gives the

desired output admittance Yo.

Y,sY
Y, = ¥,, - Y—s-‘%—.fi: (5.17)
(2) Frequency Response. The output coupling network
for the amplifier of Figure 5-3(b) is a URC. The expression
for the voltage transfer ratio of a URC can be found by
straightforward analysis of a network similar to that of
Figure 5-7(a). The difference is that the output immittance

of the transistor driving the URC (02 of Figure 5-3 (b))

must be taken into account.

Taking into account the output admittance of Q, (repre-

sented below by YS), analysis of Figure 5-7(a) yields

v, = —244 (5.18a)

This, combined with a similar expression for V4,

Vi¥g - Y42V2

= (5.18b)
4 Ys + Y4

gives the desired voltage transfer ratio (let v, = VO) as
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Vi You¥pp m (Yp+¥ ) (Y, +Y )

The Yij terms are found in the matrix (2.18).

This network, like the TDRURC, has several variables
that must be specified before a design can be undertaken;
the R of the URC, the output admittance of the transistor,

and the load admittance must be given.

2. By-pass Networks

a. Introduction. The URC, connected as shown in
Figure 1-3(b), can be used to replace the lumped RC emitter
by-pass network shown in Figure 1-3(a) [25,28]. Figure

1-3(b) is repeated as Figure 5-8 for reference.

}_

Figure 5-8. URC used as a replacement for a lumped
RC emitter (or source) by-pass network.

O

b. Frequency Response. Analysis of the response of
the URC shown in Figure 5-8 utilizes equation (4.2).
Routine analysis, similar to that performed on the previous

distributed networks yields the following expression [25].
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Z.
in

R

_ 1 cosh v2¢ - cos V2¢ 2

= (5.20)
V¢ cosh V2§ + cos V2§

The value of ¢ that causes the numerical value of equation
(5.20) to become 0.707 is found to be ¢ = 2.61. This value
of ¢ is confirmed by writing a program to plot equation
(5.20) versus ¢ in tabular form and by substituting

¢ = 2.61 into equation (5.20). Lin [25] has found the

value to be ¢ = 2.0 but is in error.
» = wRC = 2.61. {5.21)

Or, solving for the capacitance,

C = m ’ (5.22&)

where £ is the desired 3-db frequency for the by-pass net-
work, and R is the resistance of the resistive layer. The

capacitance needed for the lumped RC version is

_ 1
C = m . (5.22b)

3. Summary. The distributed RC network, although
attractive for use in an RC=coupled amplifier, has several
drawbacks. Calculation of the values for the needed
capacitances must be carried out with the aid of graphs
derived from computer-generated data. These capacitances,
for the audio frequency range, are larger than those pre-

sently available. In addition, the bandwidth of the
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amplifier using these distribured networks is narrower than

that of a lumped RC version.

D. OSCILLATORS

1. Introduction. Several oscillators utilizing dis-
tributed networks have been discussed [25,28]. The oscilla-
tor discussed here is different in that it uses the DRURC
to replace some of the network elements in the gain block
thereby reducing the number of components needed to build
the gain block. This oscillator is still basically a feed-
back amplifier with the DRURC providing the feedback (see
Figure 5-9).

As with all phase-shift oscillators, the feedback net-
work is used to provide the proper amount of feedback such
that the total phase shift around the closed loop is some
multiple of 360°. In this manner, a feedback amplifier can
be made to oscillate at a given frequency provided the
open loop gain at that frequency is high enough to overcome

the losses through the feedback network.

2. Analysis. The DRURC phase-shift oscillator, using
a current-controlled voltage-source (ICVS), is shown in
Figure 5-10. Due to the low input impedance of the ICVS,
terminal 2 is at ground potential while terminals 1 and 3 are
connected to the common side of the ICVS. Routine analysis

of the DRURC feedback network yields the transfer admittance



Figure 5-9.
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Feedback amplifier using a DRURC as the
feedback network.
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