
 

 

 

 

 

 

 

 

 

Copyright © 1970, by the author(s). 
All rights reserved. 

 
Permission to make digital or hard copies of all or part of this work for personal or 

classroom use is granted without fee provided that copies are not made or distributed 
for profit or commercial advantage and that copies bear this notice and the full citation 

on the first page. To copy otherwise, to republish, to post on servers or to redistribute to 
lists, requires prior specific permission. 





































































COLLECTOR

\
BASE

a.
\~

(a)

ISOLATION WALL

EMITTER N+R,NG
^

!
1.2 1.5

CONTACT

WINDOWS

.6^

2.0

(b)

DIMENSIONS

IN MILS

Fig. 4.1; (a) Minimum area planar device geometry--n = 1, n, = 1 and
e ' "bminimum emitter stripe length, I - .6 mil.

(b) Device structure with n =1, nLI 2 and
e b

nonminimum % .
e

26



27

The device geometry design parameters are the emitter stripe length,

£ , the number of emitter stripes, n , and the number of base contact

stripes, n,= (n + 1) or n . These variables govern the dependence of

the ohmic resistances r/ and r' and junction transition capacitances on

the planar geometry; this dependence reflects the principal effect of

geometry on the frequency response in the amplifier configurations to be

considered. Minimum values are used for all planar dimensions except the

emitter stripe length.

The structure shown in Fig. 4.1(a) represents the minimum size device

allowed; it has a single base contact and the minimum emitter stripe length,

I = 0.6 mil, resulting in a square emitter. Fig. 4.1(b) is an example of

a device with n = 1, n, = 2, and a nonminimum emitter stripe length.

An n buried layer structure is assumed for all devices. The buried

layer is located under the region encompassed by the n collector contact

ring and the base diffusion. The collector contact window may be positioned

+

anywhere along the 0.2 mil wide n ring without significantly affecting

the device characteristics.

4.3 A Small-Signal Transistor Model

The small-signal transistor circuit model used in this work is shown

in Fig. 4.2. The model is basically a hybrid-ir configuration [31-33] with

RC TT-sections used to represent the distributed base and collector structures

It represents a compromise between precise representation of device perform

ance and modeling complexity. For device design work [34], a far more com

plicated distributed model [35] may be appropriate; however, such models

are hopelessly inefficient for the repeated circuit analyses needed in an

automated circuit design procedure. Conversely, the model of Fig. 4.2 is



B
rb

i—
V

W

it c
b

2

cc
bl

•w
-

y-
rr

^^
T

T
4=

C
T

T
•I

T
()

9m
v7

r

•
•
—

—
»

m
cs

l
T

^c
s2

i
-
1

Fi
g.

4.
2:

S
m
a
l
l
-
s
i
g
n
a
l

t
r
a
n
s
i
s
t
o
r
m
o
d
e
l
.

0
0



29

too complex for many nonautomated design problems. If carefully Character

ized, the model of Fig. 2.4 provides a good representation of small-signal

device performance up to frequencies on the order of the common-emitter

unity current gain frequency, fj, [36].

The design variables that are associated with the transistor biasing

conditions and planar geometry are brought into the design optimization

procedure through the elements of the small-signal device model. The

characterization of the model elements for the assumed diffusion processing

is described below; this characterization is based both on experimental

data and first-order geometrical considerations. In the experimental pro

cessing facility presently available at Berkeley, the minimum mask dimensions

are somewhat larger than those indicated in Fig. 4.1; for example, the

smallest emitter stripe width (and length) is 1.6 mil rather than 0.6 mil.

As a result, experimental data has, in some cases, been extrapolated to the

smaller dimension devices. The resulting characterization is typical of

devices that can be realized easily in most commercial processing facilities.

A summary of the device characterization results is presented in

Table IV.1. The basis for the characterization is empirical, and a number

of the relationships in the table represent the best fit to experimental

data. The relationships are not necessarily meaningful from either a

physical or theoretical standpoint. In any given design situation, the

characterization should be carried out on the basis of the actual processing

facility to be used.

Transconductance, g : The small-signal transconductance of a bipolar

transistor is given directly by the well known relationship

8m -f^C C4.1)



TABLE IV.1

DEVICE CHARACTERIZATION
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where I_ is the quiescent collector current. This parameter is independent

of device geometry.

Input resistance, r : The small-signal resistance, r , models the

effects which contribute to a nonzero base current in a bipolar transistor.

This resistance is given by

where 3Q is the incremental, low-frequency, common-emitter current gain of

the device. In the designs to be described, the constant value

30 - 120 (4.3)

has been assumed.

The current gain, $Q, is nominally a function of both biasing and

geometry. However, this parameter is governed by recombination mechanisms

that are not well characterized and, over the ranges of interest in this

study, the dependence on current level and geometry is masked by run-to-run

and slice-to-slice variations. In addition, for the amplifiers considered,

the response is relatively insensitive to 3Q; this is a necessary condition

for any bipolar integrated circuit design that is to be insensitive to

temperature and processing.

Output resistance, r : The small-signal output resistance, r , models

the effect of basewidth modulation [37,38] and may be expressed as

ro =n^ <4-4>

where n is the basewidth modulation factor. A typical value measured for r
o

at a collector current of Ic = 1mA is 40 kft. This corresponds to a basewidth
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modulation factor of

n = .00065 (4.5)

Base resistance, r': The principle influence of the ohmic base resist

ance, r', in a configuration such as those of Fig. 2.1 is with respect to

the bandedge response. For this reason, r* has been evaluated experimentally

for a number of devices using the method of high-frequency input impedance

measurements [39]; this method leads to values of r' appropriate to the

bandedge performance. The method has also been found to yield results that

closely agree with noise measurements of r' [40]. A brief description of

the method and some typical results are given in Appendix C.

The base resistance is strongly dependent on both geometry and dc cur

rent level. Typical measured values for r' as a function quiescent collector

current is given in Fig. 4.3 for a minimum area, single base contact device.

As indicated in the figure, the dependence of base resistance on current is

modeled well by the relationship

%
mm

210ft + 200
ac ♦ i.3) ft (4.6)

where Ir is in mA.

As noted previously, limitations in the available processing system

have restricted the minimum planar dimensions for experimental devices to

values somewhat larger than those indicated in Fig. 4.1. Consequently, the

data of Fig. 4.3 corresponds to a device that has the same form as Fig. 4.1(a)

but is scaled upward in size. Nominally, in the presence of dc crowding,

such a scaling alters the base resistance, r'. However, because of
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counteracting effects associated with the dimensional scaling, it is reason

able to assume that r* is not changed substantially. For a given dc current

level, an increase in emitter area reduces the dc crowding and tends to

increase r'. At the same time, however, the increase in the emitter stripe
b

length tends to reducp r' as long as a significant component of the resistance

is associated with the active base region under the emitter. The relatively

large magnitudes measured for r/ indicate that this latter condition is

certainly satisfied for the case of Fig. 4.3, even in the region of heavy

dc crowding. Thus, the expression (4.6) is assumed to be typical for devices

with the dimensions shown in Fig. 4.1(a), as well as for the actual experi

mental devices. In another design situation, measurements of the effects of

dc crowding on r/ should be made corresponding to the actual processing

schedule and mask dimensions to be used.

The expression (4.6) is the characterization assumed for the base

resistance of the minimum area device in Fig. 4.1(a). The characterization

of r/ for the general device form is obtained by including the dependence

on planar geometry, resulting in

b n,
210 +

200

(Ic+1.3) 1.42JI +.15
e /

ft (4.7)

where £ is the emitter stripe length in mils, Ir is the collector current

in mA, and n, is the number of base stripes. The geometrical dependence in

(4.7) is arrived at through simple first-order estimates based on the mask

dimensions given in Fig. 4.1.

Collector resistance, rf: For planar geometries such as shown in Fig.

4.1, with an n+ buried layer structure, the principal component of r^ is the

vertical resistance between the n+ collector ring and the buried layer.
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In this situation, an appropriate representation of the collector resistance

as a function of geometry is

r* = 30
c Lj>n5+.sn,u +ir1 ° (4-8)

I e b e e J

where I is in mils. This relationship corresponds to a resistance of 30ft

for the minimum area geometry of Fig. 4.1(a). The dependence on geometry

is relatively weak and for most of the devices to be considered, rf is in
c

the range of 25ft to 30ft.

Base-emitter Capacitance, C : The base-emitter capacitance, C ,

represents two components of charge storage and may be expressed as

C = C. + £ t (4.9)
ir je . ^ t

The first term in this expression, C. , is the transition capacitance of

the emitter-base junction. The second term models the storage of injected

minority carriers in the base, t is the transit time of the injected car

riers and includes the transit time for both the intrinsic base region and

the collector depletion region [41].

For the current levels of interest in this work, the increase in t

at high currents [41,42] may be neglected and a constant value assumed.

A typical value of t for the specified diffusion processing is

t = .22 nsec (4.10)

This value was determined from measurements of f_, as a function of collector

current in the range below that where t begins to increase.

A plot of the emitter-base transition capacitance per unit area as a
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function of voltage, for the specified diffusion schedule, is given in

2
Fig. 4.4. Based on this data, a value of 1.25 pF/mil is assumed for all

devices in the circuits to be considered. The capacitance per unit area

together with the emitter-base junction area is used to determine C. .

The junction area is given by

A =n (.93£ +.27) mil2 (4.11)
e e e

where 2. is in mils. In establishing (4.11), both lateral diffusion and
e

sidewall area are considered.

Base-collector Capacitance, C ,. and Ccb2: The collector-base

capacitance may be regarded entirely as the transition capacitance of the

collector-base junction. The basewidth modulation component generally

associated with the collector-base capacitance [44,45], is given by

Cn = «,*t" C4-12)

For the values given above for n (4.5) and t (4.10), the value of C at a

collector current of 1mA is ,0055pF. This is completely negligible in

comparison with the transition capacitance.

A plot of collector-base capacitance per unit area as a function of

voltage for a typical device is given in Fig. 4.5. This data is well

fit by the relationship

Ccb/Area = ,U R pF/mil2 (4.13)
CVVBC> C

where t|> = .4 volts, k = .275 and VDr, is in volts. This expression
C C oL

represents a best fit to experimental data and is not meaningful in terms
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of an ideal pn junction. The low value of built-in voltage, ty , can be used

because, for all devices considered, the collector-base junction is reverse

biased (VBC<0).

The total collector-base capacitance has been modeled with two capacitors,

C , . and C , _, in order to represent the distributed nature of the device

structure. The principal component of the base resistance, r', occurs in

the active base region near the perimeter of the emitter diffusion window.

For this reason, the collector-base capacitance is divided on the basis of

the junction area associated with the active and passive base regions.

Ccbl • (Ccb/Area)(Ae) (4.14)

Ccb2 = (Ccb/Area) (W (4-15)

where A is the emitter-base junction area, given by (4.11), arid A. is the

collector-base junction area, which is given by

Ab = (£e+.82)(.9ne+.5nb+.52) - .078 mil2 (4.16)

where SL is in mils,
e

Collector-substrate Capacitance, C . and C _: _l__ * csl cs2 The parasitic

collector-substrate transition capacitance is modeled in the same manner as

collector-base junction, with two capacitances, C , and C _. Since the
csl cs2

major component of r1 is the resistance between the n collector ring and

the buried layer, C - is regarded as the capacitance associated with the

collector region that is shaded in the device layout shown in Fig. 4.6.

The junction area corresponding to this region is given by

Acsi s (V2-3^-9V,5V1,1> mil2 C4,17)
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AREA AcsI

Fig. 4.6: Collector area associated with C
csl
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where £ is in mils. The total collector-substrate junction area is

given by

A = (£ +3.7) (.9n +.5n,+3.9) - .64 mil2 (4.18)
cs e e d

For both (4.17) and (4.18), lateral diffusion and sidewall area is considered,

A plot of measured values for the collector-substrate capacitance per

unit area, corresponding to a typical device, is given in Fig. 4.7. The

data is well fit by the expression

c /Area =—,044 pF/mil2 (4.19)
cs K

(VV s

where il> = .4 volts and k = .34. As for the collector-base junction, the
rs s

collector-substrate junction will always be reversed biased (Vsc<0) in the

designs considered here. The appropriate expressions for C . and C ? are

Ccsl = <Ccs/Area>-AcSl (4'20)

C . = (C /Area)(A -A .) (4.21)
cs2 v cs J v cs cs\J

For most cases, the collector substrate junction will be heavily reverse

biased in the range of 6 to 9 volts and can be reasonably modeled with a

2
voltage independent capacitance per unit area of .06 pF/mil .

4.4 Passive Component Parasitics

For the designs considered in this study, the only significant

parasitic elements related to passive components are the distributed

capacitances associated with the diffused collector load resistors in each

amplifier stage. Since one end of these resistors is connected to the
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positive dc supply, or a virtual ground node in a differential configuration,

the resistors may be viewed as a resistive one-port, such as shown in Fig.

4.8(a).

If, to a first-order approximation, a uniform capacitance per unit

area is assumed, the distributed one-port can be modeled by the single pole

network shown ill Fig. 4.8(b). In the figure, C is the total capacitance,

associated with the resistor. This capacitance is given approximately by

c-rA°cAv (4-22)

where p is the sheet resistance of the base diffusion, A is the junction

area of a square of resistance, and C is the average capacitance per unit

area. For the assumed processing schedule, p = 125 ft/square, and

2CAV = *08 PF/m*l • A typical resistor line width for the collector load
2

resistors is .3 mil; for this case A = .27 mil if sidewall area is

considered.
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CHAPTER V

COMPLETE AMPLIFIER DESIGNS

5.1 Introduction

The subject of this chapter is the development of complete amplifier

designs based on the configurations first introduced in Fig. 2.1. A

common overall design approach is used and is adapted individually to each

of the basic feedback configurations. The designs are then optimized to

provide the maximum -3dB bandwidth consistent with specified gain, power

supplies, and power dissipation. The results of the design optimization are

presented in Chapter VI and are used to compare the configurations of Fig. 2.1

The eight basic feedback configurations introduced in Chapter II are

repeated in Fig. 5.1, and are identified by the notation PI through P4 and
*

Tl through T4. The configurations with two common-emitter stages are hence

forth refered to as pairs and are denoted by PI through P4. Those configur

ations with three gain stages are refered to as triples and are identified

by the notation Tl through T4. For corresponding numbers, such as Tl and

PI, the connection of the feedback resistor Rf is the same in both the pair

and the triple. As indicated by Fig. 5.1, the difference between the

corresponding pairs and triples is that the third stage in the pair is

operated as an emitter follower, while in the triple it is used as a common-

emitter gain stage.

*

See footnote in Sec. 2.3, pg. 8,
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2
A/VtH 0

Re Rf

PI Tl

P2 T2

2
—WnJ 0

Rf

P3

5
Re. R R,

0
f £"e2 ^

P4 T4

Fig. 5.1: Basic configurations with identifying notation, P1-P4 and T1-T4.
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In all of the triples, T1-T4, in Fig. 5.1, and in two of the pairs,

P2 and P4, a basic feedback configuration is simply cascaded with the out

put emitter-follower. However, for the other two pairs, PI and P3, the

emitter-follower is included within a feedback loop. As indicated by the

comparison of optimum designs presented in Sec. 6.4, the inclusion of the

emitter-follower within a feedback loop results in a significant increase

in the maximum achievable bandwidth.

5.2 Overall Design Approach

The general design approach adopted for meeting the requirements of

Table II.1 is illustrated in Fig. 5.2. A basic amplifier configuration,

enclosed within the dashed lines, is employed in a balanced, or differential,

manner and is biased with common-mode current sources such as I1 and I-.

The emitter-follower of the basic amplifier is incorporated in a dc level

shifting stage and an output emitter-follower is added to establish a low

output impedance.

A balanced amplifier approach has been used in order to achieve a

dc-coupled response with zero volt input and output quiescent levels,

temperature and processing insensitive biasings and a differential input-

output capability. As brought below, the common-mode current sources in

Fig. 5.2 are realized in manner that establishes relatively insensitive

dc voltage levels at the collectors in the basic amplifier configuration.

The balanced amplifier approach permits a partial separation of the

dc and ac design problems. Once an optimum set of dc current levels is

established from ac considerations, these currents can be easily realized

without affecting the differential-mode response of the amplifier. This

response is not directly influenced by the nature of the current source

realization.
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As noted in Chapter II, dc level-shifting must be incorporated within

the complete monolithic design. In the approach of Fig. 5.2, the dc voltage

level is shifted across the resistor R.. The level shifting network is

isolated from the basic amplifier by. the emitter-follower Q. and the dc

current in the stages is supplied through the resistor R2. Resistive

biasing has been used, despite its associated attenuation, because previous

work [46] has demonstrated that this is the only level shifting configuration,

compatible with standard monolithic processing, that does not limit the over

all amplifier bandwidth. For example, if R- is replaced with a transistor

current source, the attenuation is eliminated but the frequency response is

severely degraded by the output capacitance of the current source.

In the following sections, complete amplifier designs based on the

configurations of Fig. 5.1 are presented. Designs for the series-series

triple, Tl, and the series-shunt pair, PI, are first described in detail.

The designs for the remaining configurations are then presented with

emphasis of features differing from the first two descriptions. All of the

designs are developed and optimized on the basis of the principal specifi

cations that are summarized in Table V.l: 1) a differential voltage gain

of 34dB, 2) ± 6 V power supplies, and 3) a quiescent power dissipation

of 96 mW, corresponding to total dc current of 8 mA between the supplies.

5.3 Series-Series Triple, Tl

5.3.1 dc Considerations

Shown in Fig. 5.3 is a complete amplifier with the series-series triple,

Tl, used as the basic amplifier configuration. Dc currents for the

triple are supplied by the common-mode current source configuration of



TABLE V.l

PRINCIPAL OVERALL DESIGN SPECIFICATIONS

1. Differential Voltage Gain - 34dB

2. ±6 V Power Supplies

3. Power Disspiation = 96 mW

50
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Q6, Q and R . Ail of the quiescent current for the third stage of the

triple, Q_, is provided by the current source transistor Qfi and is drained

through the feedback resistor, R_; as a result, this resistor is important

from the standpoint of both biasing and gain. The distribution of current

among the three stages of the triple is governed by R-, R_ and the ratio

of currents in Q- and Q . As is demonstrated in Appendix D, this form of

biasing leads to a dc voltage at the collector of Q-, the output of the

triple, that is relatively insensitive to both processing and environment.

The dc collector-emitter voltages of the first two stages in the

series-series triple are specified at 1.4V. This specification is also

adopted for the first two stages in the other triple (T2-T4) designs, as

well as the first stage in all of the pair (P1-P4) designs. These voltages

could be incorporated as independent variables in the design optimization

procedure; however, little is gained by doing this because of the limited

range over which the voltages may be adjusted. For values much below the

1.4V specification, amplifier linearity may be impaired, while significantly

larger values limit the available output voltage swing. The collector volt

age for the third stage of the triple is determined after consideration of

the level shifting and output stage design.

5.3.2 Level Shifting and Output Stages

The dc voltage level in the amplifier of Fig. 5.3 is shifted across the

resistor R., with the emitter-follower Q. isolating the basic triple from the

level shifting network. Dc current for the stage is supplied through the

resistor Rg and the common-mode diode string, D. -D . The output emitter-

follower, Q5, provides the required low output impedance and also buffers

the level shifting network from the load. Such buffering is needed if
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the attenuation in the level shifting stage is to be relatively independent

of the load.

The common-mode diode string is used in the level shifting stage to

cancel the effects on the quiescent output voltage of changes in the base

emitter voltages of Q. and Q_ with temperature. The basis for this can

celation can be demonstrated through consideration of the generalized

n-diode configuration shown in Fig. 5.4. In this figure, VC3 corresponds

to the voltage at the collector of Q~ in Fig. 5.3. If the transistors Q4

and Q and the diodes Dj-D are fabricated such that VB£(Q4) =Vbe^V = *»

then the dc output voltage may be expressed as

V0 - "VEE + tVEE+VC3)ALV +^-1-^1)^} (5.1)

where

R5A B „ ; (5.2)
HLV R.+R. ^

4 5

is the small-signal differential voltage transmission of the level shifting

stage. The dependence of V_ on the junction voltages in the level shifting

and output stages can be eliminated by setting.the coefficient of <J> in (5.2)

to zero, resulting in the requirement

\v =£r cs-3)

Under the condition (5.3), the specified zero volt quiescent output level

(Vn = 0) is obtained when

v«=v«(4-1) (5.4)
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A zero volt dc output that is relatively insensitive to temperature and

processing can be established through a consistent choice of n and Vc_

satisfying (5.3) and (5.4). The output voltage is, however, sensitive to

the negative supply voltage, V , and the output voltage of the basic

amplifier, Vp_. As indicated in Appendix D the common-mode current source

biasing used for the basic amplifier in Fig. 5.3 results in a voltage for

V that is relatively insensitive to temperature and processing.

Several factors must be considered in choosing n, Vc_ and A . First,

n is obviously restricted to integer values. Second, the voltage V^

should correspond to a near-maximum available voltage swing at the output

of the amplifier. Finally, the voltage transmission, ALV, should be the

maximum consistent with the first two considerations.

Values of Vr and A for several choices of n are given in Table V.2
L»«5 LV

for ±6V supplies. For the amplifier of Fig. 5.3, n=5 has been chosen. This

corresponds to a 3V dc level at the collector of Q, and a voltage transmis

sion of .67 for the level shifting stage. The corresponding voltage swing

available in the negative direction at the collector of Q3 is approximately

2.3V, as determined from the 1.4 volt collector-emitter voltages of the

first two stages and the assumption of a base-emitter voltage of .7 volts

for Qj, Q2 and Q_.

The values of the resistors R„, Rc and R, are determined from the dc
4 o O

current specifications for the level shifting and output stages. The values

of the resistors R. and R_ must be low enough so that the RC time constant

at the base of Q5 does not limit the amplifier bandwidth, and the current

in the output emitter-follower must be high enough to provide a reasonable

output current capability. <For the total specified power dissipation of



TABLE V.2

LEVEL SHIFTING AND OUTPUT STAGE DESIGN

(Fig. 5.4) FOR ±6 VOLT SUPPLIES

Number of Quiescent Input Differential

Diodes Voltage Level Voltage Transmission

n VC3, volts ALV

4 4.0 .60

5 3.0 .67

6 2.4 .715

7 2.0 .75
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96mW, 48mW is allotted to the level shifting and output stages. Current

levels of 1mA can then be specified for each of the transistors in these

stages. The corresponding resistors values are 1.6 kfl for Rg, and 6.0 kQ

for R.. The net differential mode resistance from the base of Q5 to ground

is 1.07 kft. For these values of resistance, computer-aided analysis has

verified that the overall frequency response of any of the designs considered

is not limited by the response of the level shifting and output stages.

5.3.3 Frequency Compensation

The level shifting stage, output emitter-follower and the common-mode

elements of the amplifier of Fig. 5.3 do not directly affect the overall

differential frequency response of the amplifier. Therefore, this response

can be determined from analysis of the differential mode half-circuit [47]

for the basic triple, shown in Fig. 5.5. Design variables that are not

explicitly present as elements of the half-circuit are entered into the

design optimization process either through the elements of the small-signal

models or as constraints on the half-circuit components. The loading on

the triple is represented in the circuit of Fig. 5.5 by the resistor R» and

the capacitor C'. The capacitor models both the input capacitance of the

level shifting stage and the parasitic capacitance associated with R-.

The input resistance of the level shifting network- is much greater than

R» and may be neglected.

A common approach to the frequency compensation of feedback configurations

such as Fig. 5.5 is to introduce a zero into the feedback transmission (a

phantom zero) with a shunt capacitor across the resistor R- [48]. In the

series-series triple, however, compensation can instead be established

with an effective feedback zero that is inherent in the configuration.



Fig. 5.5: Differential-mode half circuit for the basic triple in the
amplifier of Fig. 5.3.
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In any circuit with a series feedback connection at the output, the feedback

network samples the emitter current of the output transistor rather than

the actual output signal (vQ in Fig. 4). This situation results in a zero

of the feedback transmission that is given approximately by [49]

1 (5.5)

2° *" R3(Ccb+Ccs+CL>

where C . and C are the collector-base and collector-substrate capacitances

of the output transistor, Q_.

Optimal compensation of the triple can be achieved through suitable

choices for the resistor R„ and the capacitor C*. Introduction of a

common-mode resistor, Rg in Fig. 5.3, allows R to be varied below an upper

bound without disturbing the dc conditions. Small values of R„ should,

however, be avoided because they limit the available voltage swing at the

output of the triple. If necessary, the capacitance C can be increased
Li

by enlarging the area of the diffused resistor R • it should not be necessary

to add separate capacitive elements for compensation.

5.3.4 Design Variables and Constraints

The variables in the design optimization procedure for the amplifier

of Fig. 5.3 are the feedback resistors R ,, R 0 and R,.; the differential
el e2, f'

collector load resistors, R., R2 and R_, which can be varied independently

of the dc conditions, below an upper bound, through the use of common-mode

resistors such as Rgj the dc currents in the triple as governed by R? and

the ratio of currents in Q, and Q_; and the planar geometry variables,

described in Chapter IV, for the devices Q-, Q2 and Q . Design constraints

imposed on these variables are: 1) all passive elements must be nonnegative
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2) the specified collector-emitter voltage of 1.4V for Q1 and Q2> 3) the

3V dc level at the collector of Q_, as determined by the output stage design,

4) the dc voltage drop across the resistor Rf, through which the emitter

current of Q- is drawn, 5) the upper bound on the differential collector

load resistors imposed by dc conditions, 6) a total quiescent current of

2mA for each side of the balanced triple, resulting from the specifications

of Table V.l and the 48mW dissipation in the level shifting and output

stages, and 7) a minimum emitter stripe length of 0.6 mil for the devices

Qx, Q2 and Qy

5.4 Series-Shunt Pair, PI

A complete amplifier based on the series-shunt pair, PI, is shown in

Fig. 5.6. The biasing approach is the same as that used in the amplifier

of Fig. 5.3; the common-mode current source supplies the currents for the

basic pair and the current drain throug R-. As shown in Appendix E, this

configuration results in a relatively insensitive quiescent voltage level

at the collector of Q?. Therefore, the same general level shifting and

output stage configuration as used for the amplifier of Fig. 5.3 can be

employed to achieve an insensitive, zero volt quiescent output level.

The collector-emitter voltage in the first stage of the pair, Q1, is

specified at 1.4V, and the available output voltage swing is determined by

voltage at the collector of Q2. This voltage may be less than the collector

voltage of Q- in the triple, while a comparable output swing is achieved,

because the voltage at the emitter of Q2 in Fig. 5.6 is less than that at

the emitter of Q_ in Fig. 5.3. Therefore, a six-diode string has been used

for the level shifting network in Fig. 5.6. From the data in Table V.2,

for n=6, VC2=2.4 volts and A,v=.715. The use of six diodes increases the
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voltage transmission and also reduces the current needed in the level

shifting resistors to maintain the same resistance level at the base of the

output emitter-follower as was achieved for the triple design. To realize

the 1.07 kft equivalent resistance, from the base of Q to ground in Fig. 5.6,

the dc current needed is .667mA and the resistor values are R =1.5 kft and

R =3.75 kQ. As for the triple design, a 1mA current is specified in the

output emitter-follower, corresponding to R =6 kfi.

The differential-mode half-circuit suitable for determining the

differential frequency response of the amplifier in Fig. 5.6 is given in

Fig. 5.7. The emitter-follower, Q-, is included in the half circuit be

cause it is contained within the feedback loop and, therefore, significantly

influences the amplifier response. As indicated in Figs. 5.6 and 5.7, com

pensation is achieved for the pair with a capacitor, C , in shunt with the

feedback resistor R~. Unlike the series-series triple, the pair cannot,

in general, be compensated without the addition of an actual capacitive

element.

The design variables for the series-shunt pair amplifier of Fig. 5.6

are the feedback resistors R and Rf, and the feedback capacitance, C •

the differential collector load resistors, R- and R2, which can be adjusted

by introducing common-mode resistors; the dc currents in Q,, and Q2 and Q„

as governed by R and the ratio of currents in Q_ and Q6; and the device

geometry variables for Q1, Q2 and Q3. The design constraints are: 1) all

passive elements must be nonnegative, 2) the 1.4V collector-emitter voltage

for Qj, 3) the 2.4 volt dc level at the collector of Q2, 4) the upper bound

on the differential collector load resistances, 5) the dc voltage drop

across Rf, through which part of the current in Q_ is drawn, 6) for each



Fig. 5.7: Differential-mode half circuit for the basic pair in the
amplifier of Fig. 5.6.
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side of the balanced configuration, a total quiescent current of 3mA

available to Q., Q~ and Q_, 7) the drain of .667mA from the emitter current

of Q_ through the level shifting resistors, and 8) a minimum emitter stripe

length of 0.6 mil for Q , Q2 and Q .

5.5 Other Triple Designs, T2-T4

Complete amplifier designs based on the configurations T2, T3 and T4

are shown in Figs. 5.8, 5.9 and 5.10, respectively. These designs are all

quite similar to that presented in Fig. 5.3 for the configuration Tl, except

that the common-mode current source, Q , must be added to supply the current
o

for the third stage transistor, Q3. Also, the differing connections of the

feedback resistor Rf impose different constraints on the variables in the

design optimization procedure for each configuration. Frequency compen

sation, if necessary, can be achieved for the amplifiers of Figs. 5.8 and

5.10 with a shunt capacitance across R~. The shunt-series pair in Fig. 5.9

can be compensated in the same manner as used for the series-series triple

in Fig. 5.3; no capacitive element should be needed.

Except for the current source biasing, the dc design is essentially

the same for all of the triple amplifiers. A 1.4V collector-emitter voltage

is specified for Q.. and Q , and the level shifting and output stage design

is identical to that used in the amplifier of Fig. 5.3. As for the amplifier

of Fig. 5.3, the current source biasing leads to a relatively insensitive

voltage level at the collector of Q .

5.5.1 Configuration T2

The amplifier of Fig. 5.8 is based on the feedback configuration T2 in

Fig. 5.1. This configuration is a series-shunt overall feedback pair
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followed by a local series feedback stage. The dc constraint imposed on

the feedback resistor Rf in Fig. 5.8 is that the current in Rf must be

drawn through the interstage resistor R2. The voltage drop across R£ is

higher, by the base-emitter junction of Q„, than in Fig. 5.3.

5.5.2 Configuration T3

A complete amplifier based on configuration T3 is shown in Fig. 5.9.

For the basic configuration, a local series feedback input stage is followed

by an overall shunt-series feedback pair. If a forward biased base-emitter

voltage of .7 volts is assumed for Q2 and Q3 in Fig. 5.9, then there is no

dc current in Rf; hence this resistor may be adjusted without regard to dc

conditions and the constraint associated with Rf in all of the other con

figurations is eliminated.

5.5.3 Configuration T4

The amplifier in Fig. 5.10 is based on the configuration T4, a series-

shunt-series local feedback cascade. The dc current in the resistor Rf

is drawn through the resistor R2 and sinked by the collector of Q^. It is

possible to eliminate the resistor R., and supply all of the first stage

collector current through Rf. This is, in fact, the condition specified by

the design optimization results of the next chapter.

5.6 Other Pair Designs

Shown in Figs. 5.11, 5.12 and 5.13 are complete amplifier designs

based on the pair configurations P2, P3 and P4. These designs are essent

ially the same as that used for the series-shunt pair in Fig. 5.3, except

for the different connections of the feedback resistor Rf. The same form

of current source biasing is used in all of the pair designs and leads to
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an insensitive voltage level at the collector of Q7. A collector-

emitter voltage of 1.4V is specified for the first stage transistor, Q..

The level shifting and output stage design in Figs. 5.11 - 5.13 is identi

cal to that used in Fig. 5.6 except that for Figs. 5.11 and 5.13 the cur

rent in the emitter follower Q does not include the dc current in R~.

Frequency compensation can if needed, be established with a shunt capacitor

across Rf in all of the configurations.

5.6.1 Configuration P2

The amplifier in Fig. 5.11 is based on the configuration P2, a series-

shunt overall feedback pair. Unlike the configuration PI, the emitter-

follower is not included within the feedback loop. As a result, in Fig.

5.11 the dc voltage drop across R- is somewhat higher than in Fig. 5.6,

and the dc current in R~ must be drawn through the resistor R?. In Fig.

5.11, the current in the emitter-follower Q„ is simply the dc current of

.667 mA needed in the level shifting stage. A total current of 2.33 mA is

thus available to Q. and Q2.

5.6.2 Configuration P3

The amplifier in Fig. 5.12 is based on configuration P3, a local

series-shunt feedback cascade with the emitter-follower Q, included in

the local shunt feedback loop. The current in R- is drawn from the emitter

of Q_ and fed to the collector of Q.. It would be possible to provide all

of the first stage collector current through R~; this, however, is not

the optimum situation indicated by the results in Sec. 6.2.3.
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5.6.3 Configuration P4

A complete amplifier design based on configuration P4 is shown in Fig.

5.13. The basic configuration is a local series-shunt feedback cascade

with the emitter-follower not included in the shunt feedback loop. The

dc current in R- is drawn through R2 rather than from the emitter of Q-.

As for the design of Fig. 5.12, the resistor R can be eliminated,but the

automated design results indicate this is not the optimum design situation.
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CHAPTER VI

DESIGN OPTIMIZATION RESULTS

6.1 Introduction

The complete amplifier designs developed in Chapter V have been

optimized using the program ADOP to achieve the maximum possible -3dB

bandwidth for each design. The results of the optimization procedure

are presented in this chapter and are used to compare the effectiveness

of the basic feedback configurations first introduced in Chapter II and

repeated in Fig. 5.1.

The complete amplifier designs proposed in Chapter V are based on the

specification of a 34dB low-frequency voltage gain, ±6 V power supplies,

and a total quiescent power dissipation of 96 mW. These specifications

represent the overall constraints in the design optimization procedure.

Additional constraints arising from dc conditions, device geometry con

siderations, and the design of the level shifting and output stages are

presented in Chapter V in the course of developing the complete amplifier

designs.

Two constraints arising from monolithic processing considerations

are also included in the design procedure. First, the minimum value

allowed for a diffused resistor is 50ft. This limitation is relevant only

to the series emitter feedback resistors; it is imposed because these

resistors must match and track other larger feedback resistors if low

gain sensitivity to processing and environment is to be achieved. For

values below the minimum resistance, contact effects make such matching
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increasingly difficult to establish. The second design constraint arising

from processing considerations is that the series emitter resistors in the

first and third stages of the triples, Tl - T4, be equal. This condition

is imposed to ensure good matching between these relatively small resistors.

Since the gain of the triples depends strongly on the four diffused resis

tors Rel, Re2, Rf and R3, the constraint R _= R _reduces the need for

accurately matching unequal resistors from four to three values of

resistance.

For the optimum amplifier designs presented in this chapter, the first-

order temperature dependence of both the low-frequency voltage gain and

quiescent output voltage has been investigated using the nonlinear dc

circuit analysis program BIAS-3 [50]. The principal effects considered in

the analysis are the first-order temperature sensitivities of the diffused

resistors and transistor $ 's. Values of 2000 ppm/°C and 6600 ppm/°C at

room temperature are assumed, respectively, for these sensitivities [51];

variations in the gain and dc output voltage are then determined over the

full temperature range -55°C to 125°C. The assumption of a linear tempera

ture dependence over this full range for the resistances values 3n is, of

course, in error. However, the deviation from a linear dependence is

typically less than 10%; consequently, the analysis does provide a suitable,

basis for comparing the first-order temperatures sensitivities of the

optimum designs. It is reasonable to assume that the temperature depen

dence in an actual realization of any of the designs is influenced less

by nonlinear components of the resistance and 3n temperature dependence,

than by the variation of resistance ratios with temperature. This latter

effect is difficult to predict and can be effectively incorporated in a
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design procedure only on the basis of an extensive characterization of

the processing to be used.

6.2 Optimum Pair Designs

6.2.1 Configuration PI

The design optimization results for the amplifier of Fig. 5.6, which

is based on configuration PI, are summarized in Fig. 6.1 and Tables VI.2

a, b and c. The frequency responses represented by the dashed lines in

the figure correspond to several designs that were used as starting points

in the optimization procedure. Component values and current levels for

two of the initial designs (denoted by (T) and C2) ) are given in Tables

VI.2a and b. For both of these initial designs, Q., Q- and Q_ are single

emitter, single base contact structures with an emitter stripe length of

1.0 mil. All of the design runs converged to the same optimum design.

The frequency response for this optimum is indicated by the solid line in

Fig. 6.1.

The optimum PI design provides the specified low-frequency voltage

gain of 34dB and has -3dB bandwidth of 123 MHz. As indicated in Fig. 6.1,

a near maximally flat magnitude frequency response is achieved. The band

width is the second largest obtained for designs presented in this chapter;

it is exceeded only by the 133 MHz bandwidth of the optimum T3 design. As

brought out in the comparison of Sec. 6.4, however, the optimum PI design

provides the best overall performance of any of the designs considered.

The passive element values for the optimum PI design are given in

Table VI.2a. The values shown for the differential collector load

resistances, Rj and R-, are the maximum allowed by dc conditions. This

situation is the case for all of the pair designs; consequently, the
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TABLE VI.la

COMPONENT VALUES AND CURRENT LEVELS

FOR INITIAL DESIGN ® IN FIG. 6.1

R
e

Rf —

250ft

2.4kft

R1 = 10.6kft

R2 = 4.2kft

R, = 3.1kft
o

Cf = 0

^(Qj) = .5 mA
IC(Q2) = .85 mA
IC(Q3) = 1.65 mA

w
= 1.75

TABLE VI.lb

COMPONENT VALUES AND CURRENT LEVELS

FOR INITIAL DESIGN Q) IN FIG. 6.1

R = 67ft
e R^ = 2.5 kft

Rf = 9.1kft 6

Rx = 5.3kft
R2 = 3.4kft

Cf = .5pF

IgCQj) = 1 mA
IC(Q2) = 1.07 mA
IC(Q3) = .93 mA

78



TABLE VI.2a

PASSIVE ELEMENT VALUES FOR OPTIMUM PI DESIGN

R = 50ft
e

Rf = 3.5kft R, = 4.5kft
6

Rx = 50kft
R2 = 6.2kft

Cf = .3pF

TABLE VI.2b

DEVICE SPECIFICATIONS FOR OPTIMUM PI DESIGN

Device n
e nb .mils

e'
Ip, mA f ,MHz

Qi 1 2 1.07 1.06 580

Q2 1 1 .6 .58 560

Q3 1 1 .6 1.36 640

WWWW - 2.99

TABLE VI.2c

TEMPERATURE DEPENDENCE OF GAIN AND

DC OUTPUT VOLTAGE FOR PI DESIGN

T,°K \(0) V0,mV

218 49.21 -116

258 49.46 -90

300 49.52 -88

348 49.51 -96

398 49.46 -110

79
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maximum theoretically available voltage swing at the output of these ampli

fiers is, in all cases, ±2.4 volts.

A compensation capacitance, Cf, of 0.3 pF is specified in Table VI.2a.

This capacitance can be realized with a base-collector junction area of

2
5 mil under a reverse bias of approximately 6 volts. The PI amplifier is

the only configuration for which a feedback capacitance is needed in the

optimum design. The amplifier can be optimized under the constraint

C- = 0, but the maximum bandwidth obtainable is then reduced to 100 MHz.

The device specifications for the optimum PI design are presented in

Table VI.2b. The optimum geometry and dc current level are given for each

of the transistors Q., Q2 and Q , and the transistor f_ corresponding to

these conditions is included in the table. Minimum area, single base con

tact geometries are specified for both Q2 and Q»; the optimum geometry for

Q. is a single emitter, double base contact device with an emitter stripe

length of 1.07 mil. Also given in Table VI.2b is the ratio of quiescent

currents in the current source transistors, Q,. and Qfi, that is needed to

establish the optimum distribution of dc current among Q., Q2 and Q»; the

ratio IC(Q.)/IC(Q6) - 3.0 is specified.

Analysis results for the first-order temperature dependence of gain

and dc output voltage in the optimum PI design are given in Table VI.2c.

The estimated total variati6n in the low-frequency voltage gain over the

temperature range -55°C to 125°C is only .6% of the gain value at room

temperature1. This variation is the lowest obtained for the designs con

sidered; it corresponds to an average sensitivity of 33ppm/°C. This very

low dependence on temperature is due to a relatively high loop gain for

the PI configuration and to the fortuitous existence of a first-order
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zero in the gain sensitivity near room temperature.

The quiescent output voltage of the optimum PI design also exhibits

a first-order sensitivity zero near room temperature. As a result, the

total variation in this voltage is less than 30 mV over the -55°C to 125°C

temperature range. This is the lowest output level drift obtained for any

of the amplifiers considered.

6.2.2 Configuration P2

The frequency response of the optimum design for the amplifier in

Fig. 5.11, which is based on configuration P2, is included in Fig. 6.2.

The maximum bandwidth for this configuration is 95 MHz, the lowest value

obtained for any of the designs based on a pair configuration.

The P2 configuration is an overall series-shunt feedback pair where,

in contrast to the PI amplifier, the output emitter-follower is not

included within the feedback loop. The maximum bandwidth for the P2

design is 23% less than that for the PI configuration, indicating that a

substantial improvement is gained by including the emitter-follower within

the overall feedback loop.

The passive component values for the optimum P2 design are given in

Table VI.3a. As for the other pair designs, the optimum values for R. and

R2 are the maximum allowed by dc condtions. No compensation capacitance

is needed for the optimum design.

The device specifications are given in Table VI.3b for the optimum

P2 design. As for the PI configuration, minimum area structures are

specified for Q2 and Q_, while a single emitter, double base contact

device is optimum for Q.. The emitter stripe length for Q. is 1.23 mil.

The ratio of currents in the current source devices is Ic(Qc)/IcCQ6) = 2.43.
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TABLE VI.3a

PASSIVE ELEMENT VALUES POR OPTIMUM P2 DESIGN

R =
e

Rf =

Rl =
R« =

53ft

3.9kft

6.1kft

2.5kft

R, = 3.0kft
o

Cf = 0

TABLE VI.3b

DEVICE SPECIFICATIONS FOR OPTIMUM P2 DESIGN

Device n
e \ I ,mils

e xc , mA ft,MHz

Qi 1 2 1.23 .87 530

"2 1 1 .6 .68 575

Q3 1 1 .6 .67 580

xc (Q5)/Ic:(Q6) = 2.43

TABLE VI.3c

TEMPERATURE DEPENDENCE OF GAIN AND

DC OUTPUT VOLTAGE FOR P2 DESIGN

T,°K \C0) V0,mV

218 48.99 -350

258 49.77 -180

300 49.98 -23

348 49.94 +138

398 49.73 +289

83



84

The analysis results for the first-order temperature dependence of

the P2 design are given in Table VI.3c. The total gain variation over

-55°C to 125°C is 2.0% of the nominal value. As for the PI design, a

first-order zero in the gain sensitivity exists near room temperature.

However, the lower loop gain of the P2 design results in a somewhat larger

total variation in the gain. A higher loop gain is obtainable for the PI

design because the inclusion of the emitter-follower within the feedback

loop significantly reduces the loading of the feedback network on the

forward amplifier.

The total drift in the output dc level for the P2 amplifier is 640 mV

over the range -55°C to 125°C. This is the largest drift exhibited by any

of the designs considered and is more than an order of magnitude greater

than that obtained for the PI design.

6.2.3 Configuration P3

The design results for the amplifier for Fig. 5.12, which is based

on configuration P3, are given in Fig. 6.2 and Tables VI.4 a,b, and c.

The basic configuration is a series-shunt cascade with the emitter-follower

included in the feedback loop of the shunt stage. The bandwidth of the

optimum P3 design is 122 MHz, almost identical to the optimum bandwidth

for the PI amplifier. The sensitivity to temperature is, however, con

siderably higher for the local feedback cascade. The total variation in

gain over the range -55°C to 125°C is 10.2% of the room temperature value

and the total drift in the dc output voltage level over this temperature

range is 190 mV.

The passive elements and device specifications for the optimum P3

design are given in Tables VI.4a and b. The values for Rj and R2 on the



TABLE VI.4a

PASSIVE ELEMENT VALUES FOR OPTIMUM P3 DESIGN

R »
e

Rf •
Ri =
R« =

50ft

5.1kft

4.9kft

3.4kft

R6 = 2,5kft

Cc = 0
f

TABLE VI.4b

DEVICE SPECIFICATIONS FOR OPTIMUM P3 DESIGN

Device n
e

n, £ ,mils Ic, mA f fMHz

Q2

1

1

1

2 .92

1 .6

1 .6

1.28

1.05

.86

590

516

605

Jc Ms^W = l .21

TABLE VI.4c

TEMPERATURE DEPENDENCE OF GAIN AND

DC OUTPUT VOLTAGE FOR P3 DESIGN

T,°K V0) VQ,mV

218 51.24 +42

258 50.58 +8

300 49.29 -35

348 47.71 -87

398 46.11 -144
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maximum allowed by dc conditions, and no compensation capacitance is

needed for the optimum design. A minimum area geometry is optimum for

both Q9 and Q_, while a double base contact device is specified for Q.,

with a stripe length of .92 mil. The current ratio in the common-mode

transistors Q_ and Qfi is Ir(Q_)/Ic(Q6) = 1.21 for the optimum design.

The difference in performance between the optimum designs based on

the PI and P3 configurations is essentially that expected from a considera

tion of ideal feedback systems [52]. Though comparable bandwidths are

obtainable for similar local and overall feedback configurations, the

latter represents a more efficient use of feedback and results in a sig

nificantly greater reduction in gain sensitivity.

6.2.4 Configuration P4

The design optimization results for the P4 amplifier of Fig. 5.13

are given in Fig. 6.2 and Tables VI.5 a,b and c. The basic configuration

is a local series-shunt cascade followed by an emitter-follower. The

bandwidth for the optimum design is 105 MHz, 14% below the maximum band

width for the P3 configuration, a local feedback cascade with the emitter

follower included in the shunt feedback loop.

The maximum allowed values are optimum for the resistors R. and R_

in the P3 design. No compensation capacitance is needed. The optimum

geometry for the transistor Q. is a device with two emitters, three base

contacts, and an emitter stripe length of 1.3 mil . A minimum area

structure is optimum for Q2, and for Q, a single emitter, single base

contact device is specified, with an emitter stripe length of 1.2 mil.

The current ratio in the source transistors is VCQcV^CQ*) = 2-44.



TABLE VI.5a

PASSIVE ELEMENT VALUES FOR OPTIMUM P4 DESIGN

R =
e

Rf •'
Rl =
R„ =

50fi

S.lkQ

4.0kft

3.6kfi

R£ = 3.9k
o

Cf = 0

TABLE VI.5b

DEVICE SPECIFICATIONS FOR OPTIMUM P4 DESIGN

Device n n, H ,mils Ir, mA ft>MHz

2 3 1.33 1.65

11 .6 .68

1 1 1.22 .67

520

575

520

WW m2-44

TABLE VI.5c

TEMPERATURE DEPENDENCE OF GAIN AND

DC OUTPUT VOLTAGE FOR P4 DESIGN

T,°K vo) VQ,mV

218 51.70 +73

258 51.46 +38

300 50.40 +1

348 48.94 -41

398 47.41 -84
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The total variation in the low-frequency voltage gain for the optimum

P4 design is 8.6"* over the range -55°C to 125°C. The drift in the quiescent

output level over this temperature range is 160 mV.

6.3 Optimum Triple Desi

6.3.1 Configuration Tl

The amplifier of Fig. 5.3 is based on configuration Tl, an overall

series-series feedback triple. The design optimization results for this

amplifier are given in Fig. 6.3 and Tables VI.6 a, b and c. In the figure,

the dashed-line responses correspond to designs used as starting points in

the optimization procedure. All of the design runs converged to the

optimum, represented by the solid line response.

The optimum design for the Tl amplifier provides the specified volt

age gain of 34dB and has a -3dB bandwidth of 90 MHz. This bandwidth is

the same as that obtained for the T4 design described in Sec. 6.3.4, but

it is substantially below the optimum bandwidth of 133 MHz obtained for

the T3 configuration.

Passive element values for the optimum Tl design are listed in Table

VI.6a. The values of the differential collector load resistors Rl and R2

are the maximum allowed by dc conditions. For the third stage in triple,

the common-mode resistance R0 = 1.1 kfl is introduced to establish the
o

optimum value of 2.1 Kft for the differential load, R-, on the stage.

Unlike the second, or output, gain stage in the pairs, the third gain

stage in the triples is a series feedback stage. As a result, the load

on the stage has an important influence on the frequency response; for

all of the triples, the optimum value of R, is less than the maximum per

mitted by dc conditions. The need for the common-mode resistor R0 in all
o

gns
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TABLE VI.6a

PASSIVE ELEMENT VALUES FOR OPTIMUM Tl DESIGN

R , = R 0 =
el e2

270ft Rx = ll.Okfl
. Rf = 2.0kft • R2 = 5.6W2

R3 = 2.1kft Ry = 3.1kfl
Cf = 0 Rg = 1.1k

TABLE VI.6b

DEVICE SPECIFICATIONS FOR OPTIMUM Tl DESIGN

Device n
e "b £ ,mils

e
Ip, mA ft,MHz

1 1 1.05 .48 475

1 1 .93 .83 560

1 1 .69 .69 565

ic(Q6)/ic(Q7) - 1.35

TABLE VI.6c

TEMPERATURE DEPENDENCE OF GAIN AND

DC OUTPUT VOLTAGE IN P4 DESIGN

T,°K vo) Vo,mV

218 48.67 +118

258 49.18 +134

300 49.48 +154

348 49.65 +187

398 49.73 +221
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of the triple designs limits the available undipped output voltage swing

for these amplifiers to values significantly below the ±2.4V achieved for

all of the pair designs described in Sec. 6.2. For the optimum Tl design,

the maximum undipped swing is ±1.5V, the largest obtained for any of the

triples.

The optimum series emitter resistance, R = R , for Tl amplifier

is 270 Q. This is the largest value obtained for any of the designs con

sidered. Because of this relatively large value for the smallest diffused

resistors, the optimum Tl design is comparatively easy to realize monolithi-

cally. As pointed out in Sec. 5.3, no feedback capacitor is needed to com

pensate the Tl configuration.

The device specifications for the optimum Tl design are given in

Table VI.5b. A single emitter, single base contact structure is optimum

for Q_, Q_ and Q ; the emitter stripe lengths are 1.05 mil, .93 mil, and

.69 mil, respectively. The ratio of currents in the current source tran

sistors Q6 and Qy is xcCQ6)/IC(Q7) =1.35 for the optimum design.

Analysis results for the first-order temperature dependence of gain

and output level in the optimum Tl design are given in Table VI.6c. The

total gain variation over the temperature range -55°C to 125°C is 2.1% of

the room temperature gain. This is by far the lowest temperature sensitivity

obtained for any of the triple designs and reflects the relatively high loop

gain obtained with the series-series triple. For all of the other triples,

at least two feedback loops are cascaded and the sensitivity to temperature

is relatively high.

The total drift in the quiescent output voltage for the Tl design is

lOOmV over the -55°C to 125°C range. Of the designs considered, this
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performance is exceeded only by the 30 mV drift obtained for the PI

configuration.

6.3.2 Configuration T2

The frequency response for the optimum design of the amplifier in

Fig. 5.8, which is based on configuration T2, is included in Fig. 6.4. The

maximum -3dB bandwidth for this amplifier is 78 MHz, the lowest of

the designs considered.

The passive element values for the optimum T2 design are given in

Table VI.7a. Because of very low current in the third stage, a high

value of Rg is needed and the undipped output voltage swing is limited

to ±0.13 volts.

The low third stage current results from the need to drain a sub

stantial current through the feedback resistor Rf. This current is larger

for the triple configuration than for the corresponding pair design of

Fig. 5.11, even though the latter has a larger voltage drop across Rf,

because the optimum values for Rf are generally smaller for the triple

designs than for the pairs. As for all of the triples, the optimum col

lector load resistors for the first two stages, R and R2, are the maximum

permitted by dc conditions; also.no compensation capacitance is needed.

The device characteristics for the optimum T2 design are given in

Table VI.7b. A minimum area structure is optimum for all of the devices,

Qj* Q2 anc* Q3» in the basic feedback configuration. Three current source

transistors are needed in the T2 amplifier because, unlike the Tl design,

a separate current source must be provided for the third stage of the

triple. The ratios of quiescent currents in the transistors Q. and QQ to
6 8

the current in the diode connected transistor, Q , are I (Q )/I (Q ) =3.39
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TABLE VI.7a

PASSIVE ELEMENT VALUES FOR OPTIMUM T2 DESIGN

R . = R 0 =
el e2

120^ Rx = 9.3kfl
Rf = 2.3M2 R2 = 3.4kfl
R3 = 1.9kft R? = 6.Okft
Cf -0 RQ = 21.4kft

o

TABLE VI.7b

DEVICE SPECIFICATIONS FOR OPTIMUM T2 DESIGN

Device n
e % Vmils lC , mA f ,MHz

Qi 1 1 .6 .57 550

Q2 1 1 .6 .44 520

% 1 1 .6 .07 225

lc (Q6)/lc(Q7) - 3.39

lc (Q8)/ICCQ7) « .152

TABLE VI.7c

TEMPERATURE DENPENDENCE OF GAIN AND

DC OUTPUT VOLTAGE FOR T2 DESIGN

T,°K V°) VQ,mV

218 58.53 -317

258 53.41 -240

300 48.32 -201

348 43.37 -176

398 39.09 -160
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and I/,(Q0)/Ir,(Q-7) = .16 for the optimum design.
Co L /

The temperature dependence of the gain and dc output level for the

optimum T2 design is given in Table VI.7c. Over the temperature range

-55°C to 125°C, the total variation in the low-frequency gain is 38.8%

and the total drift of the output voltage level is 160 mV. The sensitivity

of the gain to temperature in the T2 design is exceeded only by that of

the amplifier based on configuration T4, a series-shunt-series local

feedback cascade.

6.3.3 Configuration T3

Design results for the amplifier based on configuration T3, and shown

in Fig. 5.9, are given in Fig. 6.4 and Tables VI.8 a,b, and c. The -3dB

bandwidth of 133 MHz for the optimum design is the largest obtained

for any of the amplifiers considered.

The amplifier based on configuration T3 is unique with respect to the

other designs in that no dc current flows through the feedback resistor

R~. As a result, this resistor can be adjusted without affecting the dc

conditions. The optimum value of R~ given in Table VI.8a is significantly

lower than the values for the other designs, indicating that dc constraints

on Rf may degrade the bandwidth in the other amplifiers. Of the configurations

considered, it is generally practical to establish a dc independent Rf only

for the T3 configuration.

The resistor values and device specifications for the optimum design

are given in Tables VI.8a and b. The values of R. and R_ are the maximum

allowed. The available undipped voltage swing at the amplifier output

is ±.9 volts, the second largest value obtained for the triple designs.

The optimum device geometries are single emitter, single base contact



TABLE VI.8a

PASSIVE ELEMENT VALUES FOR OPTIMUM T3 DESIGN

R = R ,, =
el e2

62ft R = 9.1 fi

Rf = 280Q, R2 = 5.6kft
R = 1.5kfi R = 3.2kft

Cf = 0 R = 1.8kQ
o

TABLE VI.8b

DEVICE SPECIFICATIONS FOR OPTIMUM T3 DESIGN

Device n n,
e b

& ,mils
e'

Ip, mA f ,MHz

*i 1 2 2.40 .58 385

Q2 1 1 .6 .82 590

Q3 1 1 .66 .60 555

IC(Q6)/IC(Q7) = -71

W^C CQ7) = .73

TABLE VI.8c

TEMPERATURE DEPENDENCE OF GAIN AND

DC OUTPUT VOLTAGE FOR T3 DESIGN

T,°K \C0) V0,mV

218 53.36 +63

258 51.89 -54

300 49.88 +160

348 47.64 +273

398 45.53 +389
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structures for Q~ and Q, and a single emitter, double base contact device

for Q.; the emitter stripe lengths are 2.4 mil, .6 mil, and .66 mil,

respectively, for Q1, Q2, and Q_. The current ratios in the common-mode

source transistors of the optimum T3 design are IC(Q6)/IC(Q7) = •71 and

WW = •"•
As indicated by the data of Table VI.8c, the variation in low-frequency

gain over the range -55°C to 125°C for the T3 design is 15.7% of the nomi

nal gain, this is substantially lower than the variations for the T2 and

T4 designs, but it is much greater than that for the overall feedback

configuration, Tl. The total drift in the quiescent output level for

the optimum T3 design is 450 mV over the -55°C to 125°C range.

6.3.4 Configuration T4

The design optimization results for the amplifier of Fig. 5.10 are

given in Fig. 6.4 and Tables VI.9 a, b, and c. This amplifier is based

on the configuration T4, a series-shunt-series local feedback cascade.

The maximum -3dB bandwidth obtainable fo the T4 amplifier is 90 MHz, the

same as the maximum bandwidth of the series-series triple configurations,

Tl.

As indicated in Table VI.9a, all of the collector current in the

first stage of the optimum T4 design is supplied through the feedback

resistor R~; no collector resistor R-, is needed. The optimum value of

the differential load resistance, R2, on the second stage is the maximum

permitted by dc conditions. Just as in the T2 amplifier design, the low

current in the third stage results in a limited available output voltage

swing. For optimum T4 design this swing is ±0.3V.



TABLE VI.9a

PASSIVE ELEMENT VALUES FOR OPTIMUM T4 DESIGN

R . = R . =
el e2

Rf = l.lkQ
50ft R = °°

R2 = 2.7kfl
R3 = 970fl R = 2.4kfi

Cf = 0 Rg = 4.2kft

TABLE VI.9b

DEVICE SPECIFICATIONS FOR OPTIMUM T4 DESIGN

Device n
e

n, 9, ,mils
b e

Ic, mA ft ,MHz

Qi 2 3 3.17 .62 245

Q2 1 1 .6 1.11 615

Q3 1 1 .80 .27 425

JC (Q6)/lcCQ7) = .56

xc(Q8)/IC(Q7) = .24

TABLE VI.9c

TEMPERATURE DEPENDENCE OF GAIN AND

DC OUTPUT VOLTAGE FOR T4 DESIGN

T,°K \(0) V0,mV

218 64.71 +3

258 57.38 -13

300 50.32 -36

348 43.66 -66

398 38.12 -100
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The optimum device characteristics for the T4 amplifier are given in

Table VI.9b. A double emitter, three base contact device, with an emitter

stripe length of 3.17 mil, is specified for Q.. The optimum structure

for Q- is a minimum area device and a single emitter single base contact

device with a stripe length of 0.8 mil is optimum for Q„. Current ratios

in the source transistors are I«(Q.)/I^(Q^) = .56 and I„(Q_)/1^,(0-) = .24.
C O L. / L o L /

Results of the first-order temperature sensitivity analysis for the

optimum T4 design are given in Table VI.9c. The total gain variation over

-55°C to 125°C is 53.2% of the gain at room temperature. This is the highest

gain sensitivity obtained for any of the designs considered. It is explained

by the fact that the T4 configuration is a cascade of three local feedback

loops. The bandwidth is comparable to that of the overall feedback ampli

fier, Tl, but, as noted in Sec. 6.2.3 the overall feedback results in a

much lower gain sensitivity. The total drift in the quiescent output voltage

of the T4 design is 100 mV over -55°C to 125°C. This is comparable to the

drift obtained with the Tl configuration.

6.4 Comparison of the Optimum Designs

A summary of the performance characteristics for all of the optimum

amplifier designs is given in Table VI.10. Included in the table for each

design are the -3dB bandwidth, the input resistance, the maximum available

undipped swing in the output voltage, and the total variations in low-

frequency gain and quiescent output voltage over the temperature range

-55°C to 125°C. All of the designs have a low-frequency differential

voltage gain of 34dB and quiescent power dissipation of 96 mW.

The data summarized in Table VI.10 indicates that of, the designs

considered, the optimum design based on configuration PI provides the best



TABLE VI.10

CHARACTERISTICS OF OPTIMUM DESIGNS

100

Configuration -3dB BW

(MHz)
Rin

(kfi)
Max.Iv . I

i out'

(volts)

Over T = -55°C to 125°C
AAyO)) AV0

(mv)

PI 123 850 2.4 .6% 30

P2 95 330 2.4 2.0% 640

P3 122 17 2.4 10.2% 190

P4 105 16 2.4 8.6% 160

Tl 90 2,900 1.5 2.1% 100

T2 78 940 0.13 38.8% 160

T3 133 26 0.9 15.7% 450

T4 90 22 0.3 53.2% 100
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overall performance. The bandwidth for this design is 123 MHz, second

only to the 133 MHz obtained for the T3 configuration. The input resis

tance of 850 kfl is surpassed only by *he 2.9 Mft and 940 kft of the Tl and

T2 designs. The undipped output swing for the PI amplifier is the maximum

achieved, ±2.4V. The .6% variation in gain over the temperature range

-55°C to 125°C is the lowest obtained, as is the 30 mV drift in the quiescent

output voltage.

The optimum amplifier designs based on configurations P3 and T3 exhibit

bandwidths of 122 MHz and 133 MHz; only these configurations provide band-

widths comparable to the 123 MHz obtained for the PI design. However, both

the P3 and T3 configurations have local series feedback in the input stage

and consequently are characterized by the relatively low input resistances

of 17 kil and 26 kft, respectively. The variation of the low-frequency gain

over the temperature range -55°C to 125°C is 10.2% for the P3 amplifier

and 15.7% for the T3 designs; these values are more than an order of magni

tude greater than the .6% variation for the optimum PI design.

Three of the designs included in Table VI.10 have gain sensitivities

to temperature that are substantially lower than those of the other five

amplifiers. The amplifier based on the PI configuration exhibits the small

est variation in gain, .6%, over the range -55°C to 125°C. The variations

for the designs based on the P2 and Tl configurations are 2.0% and 2.1%,

respectively. The distinguishing feature of these three configurations

with low gain sensitivity is that all of the common-emitter gain stages

are included within a single overall feedback loop. As expected from a

consideration of ideal feedback systems, overall feedback results in a

significantly greater reduction in gain sensitivity than is achieved with

local feedback. Of the three configurations, PI, P2 and Tl, providing a
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low gain sensitivity to temperature, the 123 MHz bandwidth of the PI

design is 29% greater than the 95 MHz obtained for the P2 design and 37%

greater than the 90 MHz of the Tl amplifier.

The excellent performance obtainable with the PI configuration is to

a large extent, the result of three interrelated factors. First, as for

all of the pairs, there are only two gain stages; consequently, the dc

current level per stage is higher than for the triples and the transistors

operate at a higher f„,. Second, overall feedback is used in the PI design,

resulting in low gain sensitivity and a high input resistance. Finally,

an output emitter-follower is included within the overall feedback loop of

the PI configuration, a series-shunt pair. The inclusion of the emitter-

follower within the feedback loop reduces the loading of feedback network

on the forward amplifier and results in a significant increase in loop

gain. This is easily demonstrated by comparing the input resistances,

given in Table VI.9, of the PI and P2 designs; the latter configuration is

an overall series-shunt pair cascaded with an emitter follower. The open-

loop input resistance is higher for the P2 design because of the larger

emitter resistor, R , in the input stage; however, the closed-loop input

resistance is more than a factor of two larger for the PI configuration.

This indicates that the inclusion of the emitter-follower within the feed

back loop results in better than a factor of two increase in the loop gain.

The only significant disadvantage of the PI amplifier is that a capaci-

tive feedback element must be used in order to achieve the maximum band

width obtainable. The .3 pF for the capacitance is, however, quite small

and does not require a large amount of silicon area. Because of the small

value needed, it may be feasible to adjust the area of the diffused feed

back resistor, R~ such that compensation can be achieved by connecting the
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parasitic capacitance of this resistor as shown in Fig. 6.5. The surround

ing n region is connected to the more positive end of the resistor.



-9-

Rf

R,

Fig. 6.5: Connection of parasitic capacitance for compensation in a
feedback network.
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CHAPTER VII

EXPERIMENTAL RESULTS

7.1 Introduction

All of the amplifier designs developed in Chaps. V and VI should be

readily integrable in most processing facilities. The configurations do

not differ substantially from commonly realized circuits. Nonetheless, in

order to verify the feasibility of realizing these configurations, and to

confirm the suitability of the device models used in the automated design

procedure, both discrete component and monolithic amplifiers have been

fabricated.

7.2 Discrete Component Realization

The complete amplifier configuration of Fig. 5.3, which is based on

a series-series feedback triple, has been realized with discrete compon

ents, including matched transistor pairs. The transistors have a typical

BQ of 110 and f of 425 MHz at a collector current of 1 mA. The discrete

realization has been constructed primarily to verify the set up of dc

conditions in the amplifier; consequently, the design has not been optimi

zed for the discrete components.

The component values and current levels for the discrete amplifier

are given in Table VII.1; the notation is that used in Fig. 5.3. The

ratio of currents in the current source transistors Q, and Q_ is

established with emitter resistors of 250ft for Q and 750ft for Q_. The
5 6

dc conditions in the amplifier set up as expected and the specified 34dB

low-frequency gain is achieved. The frequency response of the amplifier



TABLE VII.1

COMPONENT VALUES AND CURRENT

LEVELS FOR DISCRETE AMPLIFIER REALIZATION

R = R = 200ft
el e2

R? = 5kft

Rf = 1.2kft Rg = lkft

Rx = 12kft R„ = 1.65kft
4

R2 = lOkft R = 3.3kft

R3 = 2kft R, = 4.7kft
o

lciqx) = .5mA IC(Q4) = 1 mA

IC(Q2) = .5mA. ICCQ5) = 1.3 mA

IC(Q3) = 1 mA
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is shown in Fig, 7.1; the -3dB bandwidth is 34 MHz. Capacitive compensa

tion is not used for the feedback triple. As described in Sec. 5.3.3, com

pensation is established through a suitable choice of the differential

load resistance for the triple.

7.3 Monolithic Realization

In addition to the discrete component amplifier, the balanced series-

series triple portion of the amplifier in.Fig. 5.3 has been fabricated in

the Integrated Circuits Laboratory at Berkeley. As noted in Chapter IV,

because of optical limitations, the minimum mask dimensions presently

achievable in this facility are somewhat larger than those assumed for the

designs of Chap. VI. For example, the minimum emitter stripe width is

1.6 mil instead of the .6 mil in Fig. 4.1. The mask dimensions for a

minimum area device are illustrated in Fig. 7.2.

To establish a design for monolithic realization, it was necessary

to repeat the design optimization procedure for the larger minimum

dimensions. These larger dimensional restrictions also preclude realiza

tion of the full configuration in Fig. 5.3. However, as indicated in

Chap. V, the limitations on the frequency response of the complete ampli

fier arise entirely from the balanced series-series triple. The configu

ration of the monolithic amplifier realization is given in Fig. 7.3.

The overall specifications assumed for the amplifier of Fig. 7.3 are

a low-frequency differential voltage gain of 37.5 dB, ± 6V power supplies,

and a quiescent power dissipation of 48 mW. These specifications are

equivalent to those used in Chap. V for the complete amplifier of Fig.

5.3. Except for the minimum dimensions, the other constraints in the

design optimization procedure are also the same as those used for the



-

2.5•

— .6 -1.6-

- -4.0 •

DIMENSIONS IN MILS

Fig. 7.2: Minimum area device topoloty for monolithic
amplifier realization.
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amplifier of Fig. 5.3. A 1.4V collector-emitter voltage is specified

for Q. and Q_, while the assumed quiescent output voltage at the collector

of Q- is 3V. The emitter resistors, R . and R t are constrained to be

equal for the reasons presented in Sec. 6.1, and the minimum value allowed

for a diffused resistor is 50ft.

The diffusion process used for the monolithic realization is the same

as that employed for the device characterization of Chap. IV. This process

results in a base diffusion depth of 3.5 urn, a base sheet resistance of

125 ft/square, and a basewidth of 0.8 urn. The starting material is a lft-cm,

10 urn n-type epitaxial layer on a 5ft-cm p-type substrate. As is evident

from the large value given in Table VII.3 for r£, a buried layer structure

was not used.

The results of the design optimization procedure for the amplifier of

of Fig. 7.3 are summarized in Tables VII.2 and VII.3. Given in Table VII.2

are the passive element values for the optimum design, the optimum dc

collector currents for Q1, Q2 and Q_, and the ratio of quiescent currents

in the current source transistors, Q, and Q_. The values shown for R. and

R- are the maximum allowed by dc conditions. The optimum ratio of currents

in Q. and Q , I_(Q )/Ir(Q ) = 3.3, is established by using a minimum area

device for Q_ and increasing the emitter stripe length of Q..

The optimum planar geometry for the devices Q., Q_ and Q_, as indicated

by the results of automated design procedure, is the minimum area topology

illustrated in Fig. 7.2. Devices with this geometry have been characterized

experimentally and the results are summarized in Table VII.3. The devices

have a typical fT of 170 MHz at a collector current of 1 mA and collector-

emitter voltage of 1.5 V. A constant $_ of 120 has been assumed because



TABLE VII.2

OPTIMUM DESIGN FOR SERIES-SERIES TRIPLE OF FIG. 7.3

R , = R 0 = 210ft
ex ez

R- = 2.06kft

R£ = 1.24kft R. = 5.8kft
4

Rx = 12.7kft R5 = 300ft

R2 = lO.Okft

IC(Q1) = .41 mA

IC(Q2) = .46 mA IC(Q4)
- • - = 3 3ie(Qs) 3-3

IC(Q3) = 1.13 mA
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TABLE VII.3

CHARACTERISTICS FOR MINIMUM AREA TRANSISTOR

OF FIG. 7.2

3Q = 120

rJ* = (210 + . 3] ft where Ip is in mA,

rf = 400ft
c

t - .22 nsec

C. = 5.5 pF
je *

*cb

|1.4 pF § VBC a -,7V

|1.15 pF @V^ =-1.6V

1.25 pF 6 V^ = -6.7V
Ccs Jl.23 pF %Vsc =-7.4V

(1.16 pF § Vsc = -9.0V
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the variation in $0 over the current range of interest is relatively

small.

Given in Table VII.3 are the values of the total collector-base and

collector-substrate capacitances corresponding to the quiescent voltages

specified for Q^ Q2, and Q . If a ,7V base-emitter voltage is assumed,

the reverse bias voltage on the collector-base junction is .7V for Q.,

,7V for Q_, and 1.4V for Q_. The collector-substrate reverse voltages are

6.7V for Q1, 7.4V for Q2, and 9V for Q_. For the device models in the

design program, these capacitances are divided into two components as

described in Sec. 4.3 and Fig. 4.2. As indicated in Sec. 4.3, this

division is established from geometrical estimates. For the minimum area

device of Fig. 7.2, the components in the model of Fig. 4.2 are given by

Ccbl = *33 Ccb

cb2 cb

Ccsl " -40 Ccs

Ccs2 " -60 Ccb

where C , and C are the total capacitances given Table VII.3.

A photograph of the monolithic balanced triple is shown in Fig. 7.4.

The experimental set up for measuring the voltage gain-frequency response

of the amplifier is described in Appendix E. Discrete emitter-followers

are used to provide a very high impedance load for the monolithic ampli

fier. The capacitive loading of these emitter-followers, as well as

parasitic capacitance associated with the packaging, have been taken into

account in the design optimization of the amplifier. The amplifier is
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Magnification: 27.5X

Fig. 7.4: Photograph of monolithic balanced triple
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mounted in a T0-5 can with a typical pin-to-header capacitance of .8 pF.

Initial experimental measurements indicated an amplifier response

with severe bandedge peaking. It was subsequently discovered that an

incorrect value had been used in the design program for the transistor

collector-substrate capacitance. The value used was much too low. When

the correct value of capacitance was used, a frequency response analysis

of the realized design displayed the experimentally observed peaked.

Additional analysis runs indicated that the peaking could be eliminated

with a 1.8 pF feedback capacitor in shunt across the resistor R~. Dis

crete capacitors of this value were added to the experimental amplifier

and the expected response shape was obtained.

The measured response for a typical realization, with the compensa

tion capacitors added, is shown in Fig. 7.5. Included in the figure is

the theoretically predicted response when the correct collector substrate

capacitances and the compensation capacitor are used. The experimental

response exhibits the predicted low frequency differential gain of 37.5 dB

with a -3dB bandwidth of 34 MHz. The bandwidth is within 6% of the expected

value.

The average of the differential offset voltage measured for several

units is 2.5 mV referred to the input. This value is typical for differential

amplifiers with a bipolar transistor input transistor pair.
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CHAPTER VIII

CONCLUSION

An effective program has been developed for the automated design of

monolithic broadband amplifiers. This program utilizes most of the available

degrees of design freedom to achieve optimum amplifier performance. For a

given configuration, dc conditions, device geometry, and all passive elements

are adjusted to obtain the maximum -3dB bandwidth consistent with a specified

gain and quiescent power dissipation.

In this study, the design program has been used to examine a particular

class of monolithic amplifiers. This class is defined by the requirements

for a dc-coupled voltage gain response with a large bandwidth, restricted

quiescent power dissipation, low gain sensitivity to temperature and pro

cessing, and zero volt quiescent levels at input and output. The latter

specification permits the direct cascading of amplifiers without coupling

elements.

Complete differential amplifiers suitable for meeting the specified

requirements have been developed from eight basic feedback configurations.

The automated design program has been used to optimize each of these

amplifiers under the specifications for a voltage gain of 34dB and a power

dissipation of 96 mW. The results of the design optimization procedure

have then been used to establish the relative effectiveness of the basic

feedback configurations.

Of the basic configurations considered, the series-shunt feedback

pair with an output emitter-follower included in the feedback loop provides
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the best overall performance. The amplifier based on this configuration

achieves a relatively large bandwidth, very low gain and dc output level

sensitivities, a high input resistance, and a large available output volt

age swing. As for all of the designs considered, the bandwidth is limited

by the restricted power dissipation.

The comparison of basic configurations presented in this study differs

significantly from the results of previous work [53]. The earlier work

was based on computer-aided analysis, and a trial and error approach was

used to establish designs for various feedback configurations. Arbitrary

choices were made for dc conditions and device geometry. A comparison of

the final designs arrived at in this preliminary work indicated that the

series-series feedback triple provided performance superior to that of the

series-shunt pair. However, the emitter-follower was not included within

the feedback loop of the pair and, also, it was not possible to establish

the best possible performance for each of the configurations.

The amplifier bandwidths achieved in this report using automated

design optimization are typically a factor of two greater than those of

similar commercial designs with comparable transistor f's. In a given

design situation, the improvement obtainable with automated design relative

to nonautomated results depends on two factors. The first is the influence

on the response of parameters, such as dc conditions, that are fixed in a

nonautomated procedure. The second is whether or not a fortunate choice

is made for these fixed parameters on a nonautomated basis.

At least as significant as the improved performance obtainable with

an automated design procedure is the capability to document the existence

of a design optimum. As noted above, conclusions with regard to the

relative effectiveness of alternative design approaches may depend
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significantly on whether or not the best possible performance is obtained

for each approach. Once the automated design procedure is completed

successfully for an amplifier, no further improvement can be obtained

under the constraints assumed in the procedure.

The design approach described in this dissertation is based on

relatively new techniques that have not heretofore been applied to practi

cal design problems. The principal results of this work are a demonstration

of the effectiveness of these techniques, as well as an indication of their

potential for application to a much broader class of circuit design problems.

While in this study consideration has been given to a very specific class

of circuits, the approach is readily extended to more general circuit de

sign work.

There are, of course, significant problems yet to be considered if

automated design is to become a reality for a large class of circuits. For

example, the choice of a performance index is critical in a fully automated

design procedure. The effectiveness and efficiency of the procedure depends

in large part on establishing a suitable index. Even for the work presented

in this report, it is not clear that the least squared error formulation

that has been used is the most effective index for achieving a near maxi

mally flat frequency response with maximum -3dB bandwidth.

The choice of optimization algorithm is also critical in determining

the efficiency of an automated design procedure. The Fletcher-Powell algo

rithm has been used here because of its successful applications in other

fields. For circuit design, however, some other search formulation may

well be more effective.

A general concern of automated circuit design procedures is the

existance of local minima. In any numerical search procedure, there are
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no direct means for determining whether or not a minimum is global. The

only solution to this problem is to attempt to locate all of the minima

in the space of allowable design parameters by conducting numerous searches

starting at different initial designs. Fortunately, for the designs con

sidered in this case only a single physically realistic optimum has been

found in each case. Apparently, the restriction to physically realizable

designs does much to allieviate the local minima problem.
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APPENDIX A

THE ADJOINT NETWORK

The development of the adjoint network concept for evaluating network

response sensitivities has been described for the general case by Director

and Rohrer [21-23]. In this appendix, the development is presented

for the restricted case of a two-port network with a single current source

excitation; consideration is restricted to a frequency domain response

formulation and to networks with only conductance (G), capacitance (C),

and transconductance (g ) elements.

Consider the linear, time invariant two-port network 7f , shown in

Fig. A.l, that is comprised of G, C and g elements, with the current

source excitation I<,(ju)) and the open-circuit voltage response Vn(jw).

The intent of following formulation is to establish the sensitivity of

VQ(ju)) to any element, P, of the network under a given excitation.

Let rf represent a network that is topologically equivalent to ^?,

but for which the branch relations are as yet defined. Let the branch

current and voltage responses in^ be denoted by ID(ju>) and VD(ju)) and

those in 7} be denoted by itaCjw) and <J>B(ju>). Then, by Tellegen's theorem

[54]

2_,V (j<d)<J> (jw) = 0 (A. la)
B

E^B(jo))IB(jO)) =0 CA.lb)
B



0 vs
+
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7?

o

+

o

Fig. A.l: Linear, time-invariant two-port network with current source
excitation and open circuit output.

o—

+

V
VCI (Kci=o o XVDI

VDI
m¥VCI

Fig. A.2: Representation of a voltage controlled current source in "T?.
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where the summation is carried out over all branches, including

the current source, the open circuit output branch, and the open circuit

that is associated with the input of any transconductances, as indicated

in Fig. A.2. If the elements of 7^ are perturbed, the responses in the

network are altered. Nonetheless, the relationship (A.l) between 7f

and *(arising from Tellegen's theorem is not changed as long as the topology

of 7? is not modified. That is, if AVB(jo)) and AIR(ju)) represent the

changes in the responses of 7\ due to perturbations in the network elements,

£ [VB(ju))+AVB(jco)]<f>BCju>) =0 (A.2a)
B

£*B(Jw)[IB(Jw)+AIB(ju)] =0 (A.2b)
B

Subtracting (A.la) from (A.2a) and (A.lb) from (A.2b) yields

£AVB(juj)(J>B(ju>) =0 (A.3a)
B

£<f>B(Ja))AIBGa>) =o (A.3b)

and subtracting (A.3b) from (A.3a) results in

E[AVB(jft))4»B(jui).AIBCJw)*B(jw)] =0 CA.4)

The summation of (A.4) may be broken into branch types and expressed as
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rAVS*S-AIS*Sl +rAVoVAIoV +? tAVG*G-AIG*G5

♦ Z [AVC*C-AIC^J

+ £ [avvci*vci-aivci"'vci]

+£ [avvdi*vdi-aivdAdi^ •° <A-5>
where the parenthetical inclusion of jw has been dropped from the frequency

domain notation, as is done in the remainder of this appendix. In the

representation (A.5), transconductances are regarded as two branch elements

as shown in Fig. A.2. The open-circuit controlling branch is denoted by

the subscript VCI and the dependent current source branch by the subscript

VDI.

The next step is to introduce the branch relationships of ?7 into (A.5)

and define the branch relations for f] . The branch relationships for the

conductance branches of "^ are of the form

IG = GVG (A.6)

If the conductance is perturbed by AG, then

(IG+AIG) = (G+AG)(VG+AVG) (A.7)

If the second-order term is neglected and (A.6) is introduced into (A.7),

AIG = GAVG +V^ (A. 8)
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The summation in (A.5) corresponding to the conductance branches may then

be expressed as

£ f('CG-G<l'G)AVG-VG*GAG] (A.9)
G

Similarly, for the capacitance branches

Ic = jwC Vc (A.10)

and if C is perturbed by AC then

AIC = ju)CAVc + ja)VcAC (A. 11)

where the second-order term is neglected. If (A.11) is introduced into

the capacitance-branch summation of (A.5), the summation becomes

£ [(♦c-JwQ|»cDAVc-ja)VG*c^C] (A.12)

The branch relationships for the voltage dependent current source shown

in Fig. A.l are

IVCI =0 (A.13a)

XVDI = «*VVCI ^-13b^

If g is perturbed and second-order terms are neglected,

AIVCI = 0 (A.14a)

AIVDI = *mAVVCI * VVCIAgm (A.14b)
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The summation in (A.5) corresponding to the controlling and controlled

branches of voltage dependent current sources may be combined and expressed

as

£[WW(WgmWAVVDI * VVClW^ =° <A-15>
gm

For the current source branch in (A.5)

Alg = 0 (A.16)

while for the output branch

!0 E ° (A.17)

and hence

AIQ = 0 (A.18)

The first two terms in (A.5) may therefore be reduced to

AVS*S + AV0*0 ».19)

In order to arrive at a formulation of the response sensitivity for

•y? it is necessary to elimate the dependence of (A.9) on AV_, (A.12) on
v G

AVC, and (A. 15) on AVyci and AV^. This can be accomplished by defining

the following branch relations for the network ^J

*G = G*G CA-20^

<t»c = jujCi[>c (A.21)
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and

<J>VCI =0 (A. 22a)

*VDI = gm*VDI (A'22b)

The network ?Z with the branch relations defined by (A.20) - (A.22)

is referred to as the linear adjoint network corresponding to the original

network, 7?. The relationships (A.20) and (A.21) indicate that conduc

tance and capacitance branches in ~7? correspond to identical branches in

-?7 • Tne expressions (A.22) characterize the voltage controlled current

source in *?? shown in Fig. A.3. The roles of the controlling and control

led branches are reversed from those in the original network "^c .

If branch relations for "^? are defined by equations (A.20) - (A.22)

and (A.9), (A.12), (A.15). and (A.19) are used in (A.5),

AVs+ AVo • %WG +? juWc +£ WtoA (A-23)
G c gm

In to determine the sensitivity of Vn directly, the following excitations

are applied to the adjoint network.

4>s « 0 (A.24a)

<J>0 = 1 (A. 24b)

as indicated in Fig. A.4. Note the direction of the independent source <f>ft

in the figure; consistent branch voltage and current definitions are fol

lowed for all branches.

When the excitations of (A.24) are applied, then (A.23) may be



9 VCI

mVVDI

r
i

-o

+

* VCI
= 9na^

(j)9VDI
= 0 * VDI

Fig. A.3: Voltage controlled current source in "7? corresponding to the
voltage controlled current source of Tf shown in Fig. A.2.

9s"0^
0—

*s

.+

^o 0
O ' •

9o = 1

Fig. A.4: Linear adjoint network 7^ *corresponding to network 7f.
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expressed as

AVQ = if P (A. 25)

where AP is a column vector of the network elements and %j is a column
3V0

vector of sensitivity components, x^— . The corresponding components of

AP and £) are given in Table A.l. The sensitivity component for a con

ductance branch is the product of branch voltages in the original and

adjoint networks; for a capacitance branch it is the product of branch

voltages multiplied by ju). For the voltage controlled current sources

the sensitivity component is the product of controlling branch voltages

*? and 7? .

In the limit as AP -»• 0, (A.25) may be expressed as

Vo = P (A-26)

Thus & is simply the gradient of the response V_ with respect to the

network elements of 7J?.



TABLE A.l

AP.
1

3vo
3P.

1

AG

AC

m

Vg

VVCl^VDl
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APPENDIX B

THE FLETCHER-POWELL ALGORITHM

When the gradients of a performance index are relatively easy to

obtain, as in the case where the adjoint network approach is used, the

algorithm of Fletcher and Powell is regarded as one of the most effective

approaches for finding the minimum of the index. This algorithm is based

on a procedure introduced by Davidson [55], and it is well described in

the original article by Fletcher and Powell [56]. In this appendix, a

brief summary of the algorithm is given.

In the following equations the notation x is used to represent the

column vector of n independent variables

1
x

2
x
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X s (B.l)

n
x

and the notation for the corresponding row vector is x . The scalar

objective function of the variables represented by x is expressed as f

and the vector g is the gradient of f with respect to x.

The development of the algorithm for minimizing f is based on assum

ing an ideal quadratic form for this function.

f=fQ +a1:* +j^Gx (B.2)

where G is a positive definite n*n nonsingular matrix. For the case where



the objective function is quadratic, the method of Fletcher and Powell

guarantees convergence to the minimum in n+1 iterations. For the more

practical case where f is not quadratic,' convergence takes longer and

cannot be guaranteed. However, in the neighborhood of the minimum the

objective function is usually well approximated by a quadratic form; when

the search reaches this neighborhood, the algorithm rapidly converges to

the minimum.

If x* denotes the point corresponding to the minimum of f, the step

needed to reach x* from any point x is given by

130

x* -x = -G-1g (B.3)

The gradient g, but not the matrix of second order derivatives G, is

assumed to be computationally available. The form of (B.4) suggests,

however, that a search direction other than that of steepest descent (the

negative gradient direction) be used. Hence a positive definite matrix

H is substituted for G" in the iterative search procedure. The initial

choice of H is arbitrary, but H is modified as the search proceeds to

better approximate G . Upon convergence of the search to the minimum,

H converges to G ; thus, the algorithm not only locates the minimum but

provides curvature information valuable for testing convergence.

At the i iteration, the starting point is denoted by x., with the

corresponding gradient g. and matrix H.. Let s. denote the direction of

search from x.. The initial choice for the matrix H is often the unit

matrix



H, = iA

fl 0 0

0 10

0 0 .

L0 0 .

. . 0}

. . 0

. 0

. 0 I)
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(B.4)

and the search consequently begins in the direction of steepest descent,

-g.. The iterative procedure at the i iteration is as follows:

1. Choose the search direction

s. = -H.g.
-1 l2i

2. Find the scalar a. > 0 such that f(x.+a.s.) is a minimum

with respect to A along the line

3. Let

x = x. + Xs.
~i -.1

Ax. = ct.s.
-l 1-1

4. Then the starting point for the next iteration is given by

x. . = x. + Ax.
-l+l -l -l

(B.5)

(B.6)

(B.7)

(B.8)

5. Evaluate f(x. ,) and g. ,. Note that g. , is orthogonal to Ax.,
v.!*!' 2i+l 2i+l & -1*

^i ii+1 = ° (B.9)
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6. To update the matrix H., let

Ag. = g. , - g. (B.10)
2i Si+1 2i v

7. Then

H. . = H. + A. + B. (B.ll)
l+l ill,

where

Ax. Ax?
A. = ~\ ~* (B.12)

Axt AgA

and

H. Ag Ag* H
B. = - 1 -1 -1 1 (B.13)

1 AIi Hi A?i

Fletcher and Powell have proven both the stability and convergence proper

ties of this algorithm for quadratic functions and have demonstrated that

the matrices H. converge to G~ as x. converges to the optimum x*.

In an appendix to their article, Fletcher and Powell suggest that the

use of cubic interpolation to locate the directional minimums, that is,

to define a. at each iteration. To form this interpolation the minimum

must first be bounded; this is accomplished by first finding a point z.

along the line x = x. + Xs. with X > 0 such that the directional derivative
6 ~i ~i

has changed sign from negative to positive. If g is the gradient at z.

gt s. > 0 (B.14)
SZ -1

whereas, if g denotes the gradient at x.(g = g.),

Ix l± <° (B'15)
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If f and f denote the function values at the points x. and z., then
x z r -1 -i*

a. can be estimated with a cubic interpolation using f , f and the
i r x y

gradient components (directional derivatives) along s.:

t
g s. + w - y

^ =X 1- ~2 -1 (B.16)
g s. - g s. + 2w
2z -1 2x -1

where X. is the scalar step corresponding to the point z.,

z. = x. + X. s. (B.17)
-l -l l -l l J

and

Y=I~(W +§x*i +iy £i CB.18)

w£[z2 -(g* s.)(g* st)]1/2 (B.19)

In the program ADOP, the point z. is located by first choosing X such

that

-2(f -f)
X = minimum of r~rr\§X -1

where f is an estimated lower bound for f and $ is the step such that

the maximum change in any component of x is 25?<> of its value at x.. If

the first step does not bound a minimum, an additional step is taken.

Thereafter, the step size is doubled until the minimum is bounded. When

several steps are necessary, x. is changed so that the minimum is bounded

by the smallest possible interval among the points examined along s..



Equations (B.14) and (B.15) represent the conditions needed to bound

a directional minimum.

Once interpolation is used, the estimate of the minimum must be

checked by determinating whether or not f(x.+a.s.) is less than f and
7 , s ~i 1-1 x

f . If not the interpolation is repeated over a smaller interval

defined by the test point x.+a.s. and one of the endpoints x. or z.,

Which interval is used is determined from the directional derivative at

the test point.
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APPENDIX C

MEASUREMENT OF BASE RESISTANCE

The empirical characterization of r' given in Chapt. IV is based on

measurements of transistor input impedance at high frequencies. The basic

assumption of the method is that the input impedance may be modeled by the

RC network shown^in Fig. C.l. The input impedance of this circuit is

given by

l+ju)(r« ||r )C
Z. (iu>) = (r«+r ) , . ° (C.l)inu J lb it l+jwrC. v

TT t

A plot of the real vs. imaginary parts of (C.l) as a function of frequency

results in the circular locus shown in Fig. C.2, with intercepts on the

real axis of r/ + r at u = 0 and rl at w = °° .
b TT D

To determine r',.the real and imaginary parts of the input impedance

are measured for several frequency points in a range where they lie on a

circular locus. There are usually deviations from the circle at very

high frequencies. Once the circular locus is established, r/ is easily

estimated by extrapolating the measurements to the w = °° intercept of the

real axis. The bandedge of the amplifiers of interest generally lies in

or near the range of frequencies where the experimental points lie on the

circle. Thus, this form of measurement leads to an estimate of r' appropri

ate to the bandedge response. It is in this region of the response where

r£ has its most significant effect on the amplifiers considered in this

study.
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Zin M

Fig. C.l: Circuit model for transistor input impedance.
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An example of the measurement r' for a typical device is illustrated

in Fig. C.3. The input impedance is obtained from measurements of the

equivalent shunt input conductance, G , and capacitance, C , made with a

Wayne-Kerr VHF Admittance Bridge, Model B801. The experimental setup is

illustrated in Fig. C.4. From the equivalent G and C at a frequency

ft, the real and imaginary parts of the input impedance are given by

G (u))
Re[Z (jo))] = f— -_ (C.2)

in [G (w) +o) C (wr]

-a£ (to)
Im[Z (jw)] = s-B- __ (c>3)
1 [Gp(w)WC (ft>n
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APPENDIX D

DC OUTPUT LEVEL SENSITIVITY

The common-mode equivalent half circuit of Fig. D.l can be used to

show that the current source biasing in the amplifiers of Figs. 5.3 and

5.6 desensitizes the quiescent output collector voltage for the basic

feedback amplifiers. For the series-scries triple of Fig. 2, 1^ = I^.,

and, neglecting base currents, the dc voltage, Vc_, may be expressed as

VCC +VEE "<W -(YiC+ %j (WW
VC3 "VCC + hfc.hS CD"1D

R3 VR2 R2/ R3

141

where Y = IpOM/IpC^t-) • If tne supple voltages and resistor ratios in

(D.l) are assumed to be temperature insensitive, and if <J) = <p^ * <J>2 * <J>3 * 4>4>

then the temperature dependence of V,,- is given approximately by:

3V£1 , . 2 • _|i (D.2)3T R,/!^ Rg\ ^
R3 VR2 +R2/ R3

For the data of Tables VI.6a and b,

3Vr, a.

Thus, the change in Vp_ with temperature corresponds to approximately 25%
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C2 v

**:

Fig. D.l: Common-mode half circuit for the basic amplifiers of Figs. 5.3
and 5.6.
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of the change in a single base-emitter drop.

The voltage Vf2 in Fig. 11 corresponds to the quiescent voltage at

the collector of the second stage of the feedback pair in Fig. 7. Inde

pendent of the current in Q3, this voltage is given by

Rl
VCC + VEE " «VV + R7 (VCC+V*3>

v = v s C0-4)VC2 CC RD R~

R2 Kf

Under the same assumptions as used for (D.2),

3VC2. 2 8<J>
3T RB R2 3T

2R" + R~ + YR2 Rf

For the data of Tables VI.2a and b,

(D.5)

c2 ~ _32 24. • (D.6)
3T ~ '*' 3T



APPENDIX E

MEASUREMENT OF AMPLIFIER FREQUENCY RESPONSE

A schematic of the experimental set up used to measure the frequency

response of the monolithic realizations is shown in Fig. E.l. The emitter-

followers Q1 and Q? are used to provide low capacitance (<lpF) probes of

the amplifier outputs. The amplifier is packaged in a 12 pin T05 can and

mounted in a corresponding AUGET socket. The emitter-followers are

mounted as close to the output pins as possible and the inputs are brought

in through 50ft coaxial cable. The entire configuration is mounted on

copper-clad board used as a ground plane.
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Fig. E.l: Experimental setup for determining the gain-frequency response
of the monolithic amplifier realizations.



APPENDIX F

DESCRIPTION OF DESIGN PROGRAM ADOP

The program ADOP is organized according to the flow chart shown in

Fig. F.l. The subroutines in ADOP are described below.

Main Program ADOP:

1. Sets up labelled common.

2. Specifications and frequency range are entered in a data

statement.

3. Reads independent variables.

4. Initializes circuit excitation.

5. Initializes tolerances for subroutine FMFP.

6. Calls the search subroutine FMFP.

7. Prints returned values of independent variables upon completion

of search by FMFP.

Subroutine FMFP:

146

This subroutine directs the search for the minimum of the performance

index. It is based on the Fletcher-Powell algorithm described in Appendix

B. The routine used is an extensive modification of that available in

the IBM Scientific Subroutine Package/System 360. In conducting the search

for the independent variables that minimize the performance index, FMFP

repeatedly calls the subroutine SOLVE which, for a given set of independent

variables, evaluates the performance index and its gradient.



ADOP

n
FMFP SOLVE

NOMA

v

ZDCOMP

ZSOLV

ZSOLTR

t

GREVAL

NO/^^YES^,

Fig. F.l: Organization of the program ADOP
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Subroutine SOLVE:

SOLVE is the basic routine controlling the analysis portion of ADOP.

It is called from FMFP and given the values of the independent variables;

it then proceeds as follows:

1. Sets up frequency iteration loop for the frequency points

specified.

2. Calls subroutine NOMA which sets up the circuit equations.

3. Calls subroutine ZDCOMP which decomposes the equations into

an LU form.

4. Calls subroutine ZSOLV which solves the decomposed equations

for circuit response.

5. Evaluates the performance index from circuit response.

6. Sets up the excitation to the adjoint equations.

7. Calls subroutine ZSOLTR which solves for adjoint network

solution from the decomposed equations and adjoint network

excitation.

8. Calls subroutine GREVAL which evaluates the performance

index gradient.

9. Repeats iteratively over all frequency points.

10. Prints independent variables and corresponding solutions for

the performance index and its gradient.

Subroutine NOMA:

Given the independent variables, NOMA sets up the complex variable

nodal admittance matrix. NOMA is configuration dependent and must be

changed for each configuration. A data statement is used to enter

148
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all parameters pertinent to setting up the admittance matrix. NOMA also

sets up the partial derivatives of elements with respect to the independent

variables and places them in labelled common; these arc needed in the

subroutine GREVAL.

Subroutine GREVAL:

Given the solutions to the original and adjoint circuits, along with

the partial derivatives of the branch elements with respect to the inde

pendent variables, GREVAL evaluates the gradient components of the perfor

mance index.

Subroutine ZDCOMP:

ZDCOMP decomposes the nodal admittance matrix, Y, into LU form using

a Gaussian elimination

Y = LU (F.l)

Subroutine ZSOLV,

This subroutine solves the system of equations

LUv = i (F.2)

where v is the vector of node voltages and i is the current source vector

set up in ADOP.

Subroutine ZSOLTR:

Recognizing that the nodal admittance matrix of the adjoint network,

Y, is given by

* t t t -t ,„ _
Y = Y = (LU) = U L (F.3)
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ZSOLTR solves the system of equations

« t tA c -° u'Lv = i (F.4)

- where v and i are the node voltages and current excitation for the adjoint

network.

v
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APPENDIX G

LISTING OF THE PROGRAM ADOP

151
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PRCGR/N ACCP (INPL7tOUTP.LT)

SEFIES-SLRIES THIPLE

EXTERNAL SCLVE

CCNPLEX A,V,C

OIFfcNSICM. X(15)f G< 15 I , MU5I, WFA(15>

CCMNCN/yMRIX/M 12 ,12 ) /5 IG/V( 12 >fC(12)/VCLT/V«(12 ) , Vt(I?)/
1 DiPY/NC-fNULl/FrtbC/W/PtUNTS/NFP ffcF(lC)/wh IGHT/WT( 1 Z) /
2 SPEC/C/5SP

DATA NL',N C.LT,GAS P/2*12t 7 £./»
1 NFPf(WF(ll,I = lflL)/lCfC.0t.Clf.lf2t.2t)t.if.3At.37f.*»f./4 2/t
2 WT/lC.f5.t4.|-3.r^tl.il.fl«?l.tl./»
3 ^*/C.0,.Cl,Jt.2,.3ti^.^,.5,.5S.6,.65,.7,.75,.3,.9/

N = 11

13

REAO 6, (X I ) i I-lfN)
F0RI^AT(8F1C5)

IF(X( 1) .LT. C ) GC7C A

PRINT 13, GASP
F0tfMT(lC*f7hGASP = ,E12.A///)

SET UP C1RCLI7 EXCITATICN

DC 1 J=1,NC
CUI = (C.CC.C)
C(l) = (2CC.O

EPS = 1C.+*(-£)
LINI7 = 2CC

EST = 0.
CALL FVFP(SCLVfc,.\»XtFfGfeST,tPS,LIM7,lFP,H)

- i . r. i t i . t.= l .\ )

3

22

20

PRINT 2, F, ( I , X ( 1 )♦ I,C ( I) t I-=lf.\)
FGPNM<bX, 14FPFTIPMD Ft I M /// K X, 6ME HFCF = iE

1 3h.= ,E 12 . 5 , 10Xf*FCRAC.J2,?F = •E12.3))
PRINT 3, 1FR
FCR.vM(//5X,22FSF/!PCh CCNFLfcTE, IER = • 12 //////
CCNTINLE

PRINT 2C

; FCRPM(5X,32HFFEC PtSPChi:t FCR RFTUPNEC FCINT/

= ,EW.i>//mX,lhX, 1?,

C

5>X,22HFFfcC RtSPChSE FCR RFTUPNEC FCI NT/ // // K X,-»hhP.hO ,
10X,4FGMN,10X,!5»-PFAStfllX,2HVRtl2X,2HVI///)
= 1.15

201

OC 21 1=1,1

fc = hFM I )

CALL NCM(N,X)
CALL ZCCLNF

CALL 2SCLV

AVR = rU-Al IVtNCLl ) )

AVI = A I v * G ( V ( M" U I ) )

GAIN = bu'hl ( AVP* < * 'GAIN = bu'hl(AVP*<2 * AVJ**2)

PHASh = Al/i\<: ( fi\i I »AV" )

PRINT ,:0 I , k , (»*• 1 N , PHL < K , Avk, fi V I
FCPMAT(7X,F7«A,"4Xttl2.S,jX,L12.5,2X,Ll2.5t 2 X , ? 1 2 . 5 / )
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202

C

C

C

C

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c
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CCNTINLE

PRINT 2T2
FCRPAT( /////AC F****************************************//////)

GCTC t

CCNTINLE

ENC

SUBRCLTINE FMFF(FUNCr,N,X,FtC,ES7,EPS,LIMT,IER,H)

SUERCUT INF. FNFF

PUFPCSE

TO FIND A LCCAL MM PUP LF A FUNCTICN OF

BY THE N1THCC OF FLETCHER ANU PCWELL

SEVERAL VARIABLES

LSACE

CALL FMFF(FLNCT,N,X,F,G,EST,EPS,LIMT,1ER,H)

CESCRIFTICN

FUNCT -

EST

EPS

LIMT

IER

H

CF PARAMETERS

USER-WRITTEN SUBRCUTINE CCNCEhNlNG THE FUNCTION TO

BE MNIMZEC. 17 M57 EE CF THE FCRM

SLERCU7 INE FUNCT(N ,ARG ,VAL,GRAD)

ANC MUST SERVE TFE FlLLCMNG PURPOSE

FCR EACH N-CINfcNS ICNAL ARGUMENT VECTCR APG,

FUNCTION VALLE ANC GPACIEM VECTOR WLST PE COMPUTED
ANC, ON RETURN, STC'^EC IN VAL ANO GkAD KESPECTIVELY
NUMBER CF VARIAELES

VECTOR CF CIMENSICN N CCN7AINING THE INITIAL
ARGLMEN7 kHERF TFE ITERATION STARTS. ON RETURN,
X FCLCS THE ARGUMENT C C P P E SPOiVJ ING TC THE

CCMPUTEC MINIMUM FUNCT ICN VALUE

SINGLE VARIAPLt CCMAIMNC THE ^lNlMU" FUNCTION

VALUE CN FE7URN, I.E. F^F(XI
VEC1UR CF CIMfASlLN N CCN7AIN1N0 TH»; GRADIENT
VEC7LR CCRRESPCNCING 7 f. TFE MINIMUM OH Rf-'IUKN,

I.E. G=G(X J.
IS AN ESTIMATE CF 7FE MMMUM FUNCTION VALUE.
TES7VALUE REPRESENTING THE EXPECTED *,BSCLU74 ERROR.

A PEASCNAELE CFCJCE IS lC**(-t»)t I.E.

SCMEwHAT GREATER THAN K**(-0), WHERE 0 IS THE
NUNPER CF SIGNIFICANT C IG ITS 1,N FLOATING POINT
REPRESENTATION.

MAX1MU.V NUM2ER CF ITERA7ICNS.

ERRCR PARAME7ER

IER = C NEANS CONVERGENCE UAS OBTAINED
IER = 1 MEANS NC CCNVEPGENCE In LIMIT ITERATIONS
IER =-1 MEANS ERRCRS IN GRADIENT CALCULATION
IER = 2 MEANS LINEAR SEARCH TECHNIQUE INDICATES
IT IS LIKELV THAT THERE E>ISTS MO MMMJM.
IaCRMNG STCRAGE CF CIMENSICN NMN+7J/2.

REMARKS
1) THE SLjEPCUTINE NAMl ^.PLACING 71;: DUM-MY .'.I'MJ^'-M MJNOT

MUSI EL- LECLAREC AS EMiNNAL IN THU CAll.If.'.i Pr 00 4.VA.
II) IER IS SET TC 2 IF , STEPP INC IN ONr •> TH: CO^PuTclJ

CIRECTICNS, TFE FUNCTICN MLL'NtwO'< INC-(EASE * I THIN
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A TCLtRAELt RANGE CF ARCL^ENT.

IER = 2 ^AY CCCLP ALSC IF T H F. INTEhV/l. wMRF r

INCREASES IS SMALL ANC THE 1NITIU ArMUN'INl WAS

RELATIVELY FAR A k AY F U M \ t-£ MMMUM SUCH THAT THE

MINIMUM WAS CVLRLEAPEC. THIS IS OUE TO THE SEARCH

TECFMCLE wHICF CCUBLES THE STEFSIZ^ UNTIL A POINT

IS FCUNC kHERE THE FUNCTION INCREASES.

SUBROUTINES ANC FUNCTICN SUPFRCGRAmS REQUIRED
FUNCT

MFTHCC

THE METFCC IS OESCRIEEC IN THE

R. FLETCHER AND M.J.C. PCWELL,

MINIMIZATION,

CCMFLTER JCURNAL VCL.fc, ISS. 2

FCLLCWING ARTICLE

A RAPID DESCENT METHOD FOR

1C£2, pp. lt?3-l&8.

DIMENSICNEC CUMMY VARIAELES

DIMENSICN h(Ut:), M15), G(iS), XCHC ( 15 ) , A SHX ( 11,)

INTEPFCLAT ICN LIMIT

INTLT = 1C

DIAGNCSTIC KEYS

NKEY3 = 1

C

C

C

C

C

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c CCMFUTE FUNCTICN VALUE ANC GRACIEN7 VECTOR FOR INITIAL ARGUMENT

PRINT 1C01

1001 FGR^AT(5X ,13HIMT IAL PCINT/)

CALL FUNCT(N,X,F,G)

RESET ITERATICN CUUNTEK ANC GENERATE lEENTITY MATRIX

IER = C

KCUNT=C

N2=N4N

N3=N2*N

N31=N3+1

1 K=N31

DC A J=1,N
H(K)=1.

NJ=N-J

IF(NJ )5,5,2
2 DC 3 L=1,NJ

KL=K+L

3 H(KL)=C.

A K=KL+1

90

START ITERATICN LCCF

CONTINUE
KCUNT=KCUNT +1

PRINT <3C, KCUM
FCRMA7(lC>,17HnEPA7ICN NU MP E * , I 2 / / 1
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C

C

c

c

c

c

c

c

c
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SAVE FLNCTICN VALUE, ARGLMENT VECTCR ^t^C GRADIENT VECTOR

OLCF=F

DC 9 J=1,N

K = N4J

H(K)=G(J)

K = K4N

H ( K )= X ( J )

CE7ERMINE CIREC7ICN VEC7CR F

K=J*N3

T = 0.

DO 8 L=1,N

T = T-G(L )*H(K)

IF(L-J)6,?,7

6 K=K4N-L

GO TC 8

7 K=K+1

8 CONTINUE

9 H(J)=T

PRINT 3C, ( I,H( I},I=1,M

80 FGPMAKlCX,lcFCIRECTICN VECTCP//( 1CX,1FH ,12,3H - ,tl2.5))

PRINT 81

81 FORMAT (//5X, 3 CF //)

CHECK WHETHER FUNCTICN WILL CECPEASE S7EPPING ALCNG H.

DY = 0.

HNRM=C.

GNRM=C. '

CALCULATE CIREC7ICNAL DERIVATIVE ANC TESTVALUES FOR DIRECTION

VECTCR H ANC GRADIENT VECTOR G.

DO 10 J=1,N

HNRM=HNRM4ABS(F(J))

GNRM=GNRM4AeS(G(J))

10 DY=CY+H(J)*G<J)

REPEAT SEARCH IN DIkECTICN CF STEEPEST DESCENT IF CIRECTIONAL

CERIVATIVE APPEARS TC BE PCSITIVE CR ZERO.

IF(CY)11,511,511

REPEAT SEARCH IN DIRECTICN CF STEEPEST DESCENT IF DIRECTION

VECTOR h IS SMALL CCMFAREC TC GRACIEN7 VECTOR G.

11 IF(HNRM/GNPM-EPS 1S 12 , !: I 2 ,1 2

SEARCH MINIMUM ALONG CIPEC7ICN H

SEARCH ALCNC F FCR PCSITIVE CIPCC1ICNAL DERIVATIVE

12 FY=F

ALFA=2.*(EST-F)/CV

PC = .249

DC 121 J = 1,N

IF(X(J) .EC. C.) CLTO 2121

ASHX( si) = ACS(F(J )/X<J ) )

GOTO 121

2121 ASFX<j) = C.
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121 CONTINUE

ETA = 0.

DC 1211 K^1,N

ASH = ASHXK )

IF(ETA .GT. ASH) CCTO 1211

ETA = ASH

1211 CCNTINUE

AMECA = PC/ETA

PRINT 122, ALFA, AM I'D A

122 F0KMAT(1CX,7FAI I/ ^ ,b 1<. .A // 1C X ,<,» PC ft TA = ,b 1 <! .'t/ / /t>X ,
1 30H -//)

USE ES7IMA7F FCR STEFSIZE CNLY IF 17 IS PiJSITIVt AND LESS THAN

PC/ETA. OTHERWISE TAKE FC/E7A AS STEFSIZE.

IFCALFA )lf ,15,12

13 IFIALFA-AMBCAJIA, 1^,15

14 AMECA=ALFA

15 ALFA=C.

SAVE FLNCTICN AND DERIVATIVE VALUES FCR OLD ARGUMENT

16 FX=FY

OX = CY

STEP ARGUMENT* ALCNG H
DC 17 1=1,N

17 X( I )= X( I) *AMPCA*F ( I)

CLMPUTE FUNCTICN VALUE ANC GRACUN7 FCR NEW APGUNCNT

PRIN7 1CC2

1002 FCRMA7 (5X,1>5HL INEAR StAPCF FCIM/)

CALL FuNC7(N,X,F,C)

171 FY = F

CCMPUTE DIRECT ICNAL DERIVATIVE CY FCR NEW ARGUMENT. TERMINATE

SEARCH, IF CY Ii POSITIVE. !F CY IS ZERO THE MNIMlH IS FOUND

DY = C.

DC 18 1= 1,N

18 DY = DY-»G( I )*H( I )

IF(CY )19,26,22

TERMINATE SEARCH ALSC IF THE FLNCTICN VALUE INDICATES THAT

A MININUM HAS EEEN PASSEC

19 IF<FY-FX)2C,22,22

RFFEAT SFARCF /5NL DCLPLE STEPS IZE HP FURTHER SEARCHES

20 AMCCA = AMt*CA4ALr-A

ALFA=AMECA

ENC CF SEARCH LCCP

TERMINATE IF TFE CHANGE IN ARGLMEN7 GE7S VERY LARGE

IF(HNRM*AMBCA-l.ElC)U,U,;i

LINEAR SEARCF TECHNIQUE INDICATES 7HA7 NO MNIMUV EXISTS

21 IER=2

RETURN
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C

C

C

C

C

C

22

221

23

24

25

26

1003

261

27

28

29

30

31

32

33

34

35
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RPCLATE CLEICALL* IN THE INTERVAL CHFINED BY THE SEARCH
E ANC CCMFLTF THE ARGUMENT X FLR V»FICH THE INTERPOLATION

NCMIAL IS MMMIZLC

C

INTE

AECV

PCLY

INTCT =

T = C

IF(AMED

INTCT =

IF( IN1C

Z=3.*(F

ALFA=AM

DALFA=Z

DALFA=C

IF(CALF

W=ALFA*

ALFA=(C

DC 2c I

X( I )= X(

A) 24

INT

T .G

X-FY

AXK

/ALF

ALFA

A )5 1

SCFT

Y + V>-

M,N

I )*(

,361,24

CT ♦ 1

I. INTLT ) CC7C 262

)/ A M e C A * C X ♦ C Y

ABS(Z) ,AES(CX ), ABS.(CY) )

A

*CALFA-LX/ALFA*CY/ALFA

(CALFA)

Z)*AMBCA/(DY*2.*W-CX)

T-ALFA)*F(I)

TERMINATE, IF THE VALUE CF THE ACTUAL FUNCTICN AT X IS LESS
THAN THE FUNC7ICN VALUES A7 THE INTERVAL ENDS. CTHEKvJlSL- i<Er>UCE
THE INTERVAL BY CHOCSING CNE END-PC IM EOUAL TC X AND REPEAT
THE INTERPCLATICN. WHICH ENC-FCIN7 IS CHUOSEN DEPENDS CM THF

VALUE CF THE FLNCTICN ANC ITS GRACIEM AT X

PRIN

FCRM

CALL

IF(F

IF(F

DALF

DO 2

DALF

IF(C

IF(F

IF(C

FX = F

DX = C

T = AL

AMBC

GC T

IF(F

IF(C

FY = F

UY = C

AMBC

GCTC

T 1

ATI

FU

-FX

-FY

A = 0

9 I

A^D

ALF

-FX

X-C

C02

5X ,19H INTEPFCLAT ICN

NC7(N,X,F,G )

)27,27,26

)36, 26,26

.

= 1,N

ALFA*G< I)*F(I)

A )2C ,3 2 ,2 3

)2 2 , 2 1 , 2 3

ALFA )32,362 ,22

ALFA

FA

A=ALFA

C 23

Y-F )25,24,35

Y-CALFA )35,262,25

ALFA

A=AMECA-ALFA

221

PC IM/)

361

362

363

COMPUTE CIFFERENCE VECTCRS CF ARGUMENT AND GRADIENT FkCM

TWC CCNSECUTIVE ITERATICNS

IF(NKEY2 .EC. I) PRINT 261C

GCTC 26

IFCNKEY2 .EC. 1) FRINT 262C

GCTC 26

IFUKEY3 .EC. 1) FRINT 262C
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GCTC 26

3610 FOPMAT(5X,17HAMEDA EQUALS ZERC///5X,
1 3CH •— //)

362C FCRMAT(5X,19H INTEFFCLA7 ICN LIMI7///5X,
1 3CF—- //)

363C FCRMAT(5X,4CHECUAL ERRCRS ANC CIRECTICNAL DERIVmTIVES///5X,
1 3CH //»

36 DO 37 JM,N
K = N4j

H(K) = C(J)-MK>

K = N + K

37 XCHGtJ) = X(J) - F(K)

TERMINATE, IF FUNCTICN FAS NCT LECPEASED DURING LAST ITERATICN

IF(CLCF-F-»EPS)51,2E,3E

TEST LENGTH CF ARGUMENT CIFFERFNCE VECTOR AMP DIRECTICN VECTCR

IF AT LEAST N ITERATIONS FA\,E EEEN EXECUTED. TERMINATE, IF

BCTH ARE LESS THAN EPS

38 IER=C

39 T=C.

Z^=C.

DC 4C J=1,N

T = T + AES(XCFG(J) )

40 Z = Z * H(N+J)*XCFC(J)

IF(KCLNT.GF.N .ANC . HNRN .LE.EPS .AND. 1.LE.EPS) G07C 561

TERMINATE, IF NUMBER CF I7ERA7ICNS VCLLD EXCEED LIMIT

42 1F(KCLNT-L I'M T )43,5C,5C

PREPARE UPCATINC OF MATRIX H

43 ALFA=C.

DC 47 J=1,N

K=J4N2

W = C.

DC 46 L=1,N

KL=N+L

W = W + H(KL )*HK )

IF(L-J)44,45,45

44 K=K+N-L

GC TC 46 '
45 K=K4l

46 CCNTINLE

K=N + J

ALFA=ALFA4W*H(K)

47 H(J)=W

REPEAT SCAKCH IN UIRLC7TCN CF S7FEFES7 DESCENT IF P'ISULIS

ARE NC T SAT ISFACTORV

IM /* A L I A )4 £ ,'. 'i 1 ,AE
471 PRINT 471G

471C FCRMAT(5X,29HLFi:A7 INC. FAILS - *E IN IT IAL I/F./ //5 X,
1 3 OH //)

GCTC 1
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UPCATE MATRIX F

48 K=N31

DC 49 L=l,N
DO 49 J=L,N

H(K) = H*\ + XCHC(L)*XCHG (J)/Z - H( L ) *H ( J >/ ALFA
49 K=K4l

GC TC 5

ENC CF ITERATICN LCCF

NC CONVERGENCE AFTER LIMIT ITERATICNS
50 IEP=1

RETURN

RESTCRE CLC VALLES CF FLNCTICN ANC ARGLMENTS

511 PRIM 511C

GCTC 5 1

512 PRIM 512C

G07C 51

513 PRIM 51 K

GCTC 51

5110 FCRMA7(5X ,49HC IREC7 IONAL CERIVA7IVE NCNNEGATIVE - REINITIALIZE///
1 5X ,3CH t • // )

512C FORMA7(5X,22HC IRECIICN VEC7CR SN<HL///
1 5X,2CH //)

513C FCRM.A7 (5X ,43HN EG A 7 IVE SCRT ARGLMENT CLPING INTERPOLATION///

1 5X,3CH //)

51 DO 52 J=1,N

K=N2*J

52 X(J)=F(K)

CALL FUNCT(N,X,F,G )

REPEAT SEARCH IN DIRECTICN CF STEEPEST DESCENT IF DERIVATIVE

FAILS TC RE SUFFICIENTLY SMALL

IF(GNRM-EFS )55 ,55 ,53

TEST FCR REPEATED FARUPE CF ITERA7ICN

53 IF( IEP) 56,54,54

54 IER=-1

GCTC 1

55 IER=C

PRIM 562C

GCTC 56

562C FCPMA7(5X,22HGRACIENT L£SS 7HAN EPS///5X,
1 3CH //)

561 PRIN7 561C

561C FCRMAT (5X, =6HX CHANGE ANC FNRM LESS THAN EPS WITH AT LEAST N ITERA
1TICNS///5>,2CF //)

56 PRINT 563, KCUM

563 FCPMAT(5X,2CHNC. CF ITFPATICNS = ,14////)
RETURN

ENC

SUBRCLTINE SOL VE(N ,XS , EF ,EPC«AC )
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C

c

c

c

c

c

c

c

c

c

c

c

c
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FCR AN N-C IMENS IONAL PAKAME7EP XS, TFE FUNCTION VALUE AN'} THE

N-DIMENSICNAL CRADIENT VECTOR ARF PE7LKNEU IN l.R AMD HKCWAU.

COMPLEX A,V,C,VA,CA

DIMENSION XS(M, ERGRAC(N), ERGRCI15)

CCMMCN/MA7RIX/AI 1 2 ,12)/S IG /V(12),C(11)/ASIG/VA(12),CA(12)/
1 VULI/VR(12),VI(12)/AVCL7/VAR(12),VAI(12)/OI MY/NO,NCUT/
2 FREC/W/PCIMS/NFP,WF(K)/WEIGHT/WT{1C)/SPEC/GASP/

3 ELGRAC/CGI1,CCI2,CCL,C7CCL

GI1G = C.

GI2G = C.

CLC = 0.

TCCLG = C.

CLEAR ER ANC LRGRAC.

ER = C.

DC 101 J=1,N

101 ERCRAC(J) = G.

BEGIN FRECLENCV ITEPA7ICN

I=C

102 1=141

W=WF(1)

SET LP Y-MA7R!> IN A

CALL NCMA(N,XS)

CECCMFCSE A IN7C LU FCRN - CFCCMPCS 171 ON STORED IN A WITH

DIAGONAL ONES CF L NCT STCREC

CALL ZCCCMF

SCLVE FCR NCCE VCLTACES V

CALL ZSCLV

STCRE REAL AND IMAC PARTS CF V IN VP AND VI

DO 1C2 J=1,NC

VR(J) = rfEALlV(J) )

103 VI(J) = A IMAG(V(J ) )

EVALLA7E EP CCNFCNBN7 ANC t^ZZ 7C ER

GAIN = SCFT(VP(NCLTJ**2 ♦ VI(NCLT)**2)

PHASE = ATAN2I Vl(NCUT) ,V.-UNCUT ))

ERC = wT(I)*((CAIN - GA5FM*2)/2.

ER = ER 4 ERC
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SE7 UP ACJCIN7 EXCI7ATICN

DC 104 J=1,NC

104 CA(J) = (C.CtC.CI

FAMU = WT(I)*(1. - GASP/GAIN).

CA(NCLT) = (1. ,C.C)*(-FAMU*VMNC01 )) ♦ (C.0,1.)*(FAMU*VI(NCUT))

SCLVE FOR ACJCINT NCCE VOLTAGES VA

CALL ZSCLTR

STCRE REAL ANC 1MAG PARTS CF VA IN VAR AND VAI

DC 1C5 J=1,NC

VAR(J ) = REAL(VA(J ) )

105 VAK J ) = A IMAGCVA (J) )

EVALUA7E tRCRAC C0MPCNEN7 ANC ACL 7C ERGRAD

CALL GREVAL(N ,ERCFC )

DC 106 J=1,N I

1C6 ERGRACU) = ERCRAC(J) 4 EPGPC(J)

GI IG - G I IG ♦ CGI 1

GI2G = GI2G ♦ CGI2

CLG = CLG 4 CCL

TCCUG = TCCUG 4 CTCCU

IF( I.LT .NFP)GCTC 1C2

PRINT 115, ER, < I ,XS< I ) , I,ERGPAC<I),I = 1,N)

115 FCRMAT(1C>,BHERRCR = ,E12.5//( 1C X,1H X ,12 ,2H = ,E12.5,10X,4HGRAD,
1 12,2H = ,E12.5) )

PRINT 116, CI1C, GI2G, CLG, 7CGLG
llo FCPMA7(//EX,lr.FLRRlK SE N b I1IV 1 TTES//1 C X, 1CHDE/OG I1 -" ,h:12'.5/

1 1CX,1CHL:E/i;C12 = ,E1 2.5/lf>, C;HDE/CCL ^ ,L'12.5/1CX,

2 11HCF/L1CCU = ,Ei2.5///5>,

3 3CH //)

RETURN

ENC

SUBROUTINE NCMA(N,XP)

SERIES-SERIES TRIPLE

NCMA SETS UP TFE COMPLEX Y-MATFIX IN >R AND YI WHEN GIVEN
THE N-CIMENS ICN^L PARAMETER VECTOR XP . THE SUBROUTINE IS

CONFIGURATION CEPENCEM.

COMPLEX A

DIMENSION XP(N),YP(2,12,12),YI(2,12,12)

CCMMCN/*A7RIX/A(12,12)/

1 FREC/W/CIMY/ND,NCL7/PARTI AL/PC CM (9) ,PDGM2(w) ,P'KM3(9) ,
2 PDELK7),PCEL 2(7),PCtL?(7),Pi:xfc,PC>9,PUXl :.(..') ,P.3X1 1(2)/

3 JUNC/VTF
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EQUIVALENCE (YP(1 ), Y I ( 1 ), A (1) )

PARAMETER INCEFENDEM VALLES APE EN7EFED THROUGh

A CATA CECLARA7ICN.

DATA EC1,EC 2,EC 3/2*120./,.7 El,762,1*3/3*.2 2/,
1 GS/2C./,BWMH/.C0065/,VCC,V7H,7CCL/6.,.C26,2./,
2 VUEl,VCE2/l.4,1.4/,CCGl,CGG2/.CcC,.Ce0/,CLB/1.25/,

3 FHCS,AS1,AS2/.125,.C6 ,.C6/

AS1, AS2 ECLAL CNE-hALF 7HE AREA PEP SCUAkE FOR Gil, GI2

DEFINE FAPAME7EHS

GE1 = XP(1)

GM1 = XP(2)

GM2 = XF(2)

GL = XP(4)

ELI = XP(5)

EL2 = XPU)

EL3 = XP(7)

CL = .c 4 XP(E)**2

CF = >P(9)**2

Gil = GM1*VTH/(VCC4.7-VCE1 ) 4 XPUC)**2

GI2 = GM25»VTH/(VCC4l.4-VCEl-VCE2 ) 4 XF(11)**2

NE1 = 1

NE2 * 1

NE3 = 1

NR1 = 1

NB2 = 1

NB3 = 1

PARAMETER ChPENCENT ELEMENTS

GE2 = GE1

GM3 = TCC

GPI1 = CM

GPI2 = Gf

GPI3 = G^

GDI = •2WM

GC2 = BWM

GC3 = EWM

VCE3 c

GF = 0M2*

CCI1 = ( 1

CGI2 = (1

SCL1 = .9

SCL2 = .9

SCL3 = .9

GCl = 22.

GC2 = 32.

GC2 = 32.

RXM1 = . 4.

RXM2 = . »1

RXM3 = • 2

GX1 =•• NE1

L/VTF - (GM14CMZ)
1/0C1

2/SC2

2/PC2

F*GM1

F*CM2

F*CM2

] - VCE1 - VCE2

VTH/i VCE1*VCE2-1.<)

./Gil )*( AS1/RFCSMCCG1

./GI2 )*< AS2/RFCSMCCC2

*NE1 4 .5*NB1 - .2

*t\£2 4 . 5*NB2 - .2

*NE2 4 .5*NH3 - .2

2/(3. 5/(2.64SCL14EL1)

2/(3. 5/(2. 6 + SCL24EL2)

2/(3.5/(2.64SGL24EL2)

1 4 .2/(CM1*V7F 4 1.2)

1 4 .2/(CM2*Vlh * 1.2)

1 4 .2/(C"2*V7H 4 1.3)

* ( 1 . 4 2 * E L 1 4 . |5 ) /F x Ml

.2/NE1 )

.2/NE2)

.2/Nf2)
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GX2 =

GX3 =

EA1 =

EA2 -

EA3 =

BA1 -

BA2 -

HA3 =

CAA1

CAA2

CAA3

CAT1

CAT2

CAT3

CAP1

CAP2

CAP3

CPU

CPI2

CPI3

CCB1

CCB2

CCB3

CU1 -•

CU2 =

CU3 :

CY1 ;

CY2

CY2

CSl =

CS2

CS3

CCSl

CCS2

CCS3

CCWl

CCw2

CCW3

NB2*

NB3*

NE1*

NE2*

NE3*

(ELI

(EL2

(EL2

= (EL

• ( EL

(El

= (EL

= ( F'L

> (EL

: CAT

: CAT

• CAT

= CEE

• CEE

= CEE

• .11

= . 11

• .11

CCP1

CCB2

CCP2

CCfil

CCB2

CCB2

.044

.C44

.C44

= CAA

= CAA

- CAA

= CAP

= CAF

= CAF

(1.42*E

(1.42*E

(.92*EL

( .92*FL

(.92*EL

4.82 )*(

4.82 )*(

4.8 2 )*(

142.2)*

2*2 .2 )*

242.2)*

1*3.7)*

2*1.7)*

3*3.7)*

1 - CAA

2 - CAA

2 - CAA

*EA 1 4

*EA2 4

*CA2 4

/(VCE1-

/(VCE2-

/(VCE2-

*EA1

*EA2 •

*EA2

*(BA1-E

*(BA2-E

*(BA2-E

/ ( V C C 4 1

/(VCC*1

/(3.4)*

1*CS1

2*CS2

2*CS2

1*CS1

2*CS2

2*CS2

2 4 .15)/RXM2

2 4 .15)/RXM2

4 .27)

4 .27)

4 .27 )

CL14.E2) - .C78

C L 2 * . t 2 ) - . C 7 6

CL i*.f2) - .C7E

SCL1* 1.4 )

S C L 2 « ] . 4 )

SCL2* 1.4 )

SUL144.2) - .64

SCL 2 ♦ 4 . 2 ) - .64

SCL344.2 ) - .64

fi 1*GM]

E2*GM2

B3*GN2

2 )**.275

2 ) * * • 2 75

2 )**.275

Al )

^2)

A2)

.1-VCE 1 )**.24

.7-VCE 1-VCE2 )**.34

* .24

PARTIAL CEPIVATIVES W.R.T. GM1.

PCGM1 (1 ) = -1.

PCGMK2) = 1./EC1

PCCMK3) = TBI

PDGMK4) = VTH/(VCC4.7-VCE1 )

PDGMK5) = (G>1/R>M1)*( .2*V7H)/( (GM1*V7H

PCGMK6) = BWMF

P0GMK7) ' -(CC Il/CI 1)*FCGM1(4)

PAMIAL CERHA7IVES W.R.7. CM2.

PDGM2 (1 ) = -1 .

PDGM2C) = 1./E02

PCGM2C3) = TB2

PDGV2(4) = VTF/(VCC*1.4-VCE1-VCE2)

PDGM2(5) = (GX2/R>M2)*(.2*VTH)/((GM2*V1H
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* 1.3)**2)

4 1.3)**2)



PCCM2(6) = OWMF

PDGM2(7) = -(CCI2/L I2)*FCGN2(4)

PARTIAL LEP IVAT IVES W.R.T. CM3.

PDCM3(1) = 1./FC2

PDCM2I2) = TP2

PDCM3(3) = V7H/(VCE 1*VCF2-1.4)

PCGM3(4) = (C>3/RXM2)*l.2*VTh)/((GM3*V7H ♦ 1.31**2)

PCGM3(5) = EWMF

PARTIALS W.P.T. EMITTER STRIFE LENGTHS

PDELK1) = NP1*1.42/RXN1

PDELK2 ) = CEP*NE 1*.S2

PDELK2) = CCei*NEl*.92

PDELK4) = CCei*( SCL1 + .F2) - PCELK3)

PCELK5) = CS1*(SCL1*1.4 )

PDELK6) = CS1*2.E

PDELK7) = (2.5/22.3)*(CCl/(2.64SCLl4ELl ))**2

PCEL2(1) = NE2*1.42/RXM2

PDEL2(2) = CEF*NE2*.92

PDEL2(2) = CCP2*NE2*.9r

PDEL2I4) = CC.e2*( SCL24.E2) - PCFL2(3)

PCEL2L5) = CS2*(SCL2*1.4)

PCEL2(t) = CS2*2.fc

POEL2(7) = (2.5/32.3)*(GC2/(2.6*SCL2*FL2))**2

PDEL3(1 ) = NH2*1 .42/RXM2

PDEL3(2) = CEP*NE2*.S2

PCEL2(2) = CCB2*NE2*.92

PDEL'2(4) = CCE3*( SCL34.E2) - PCEL2(3)

PDEL3(5) = CS2*(SCL241.4 )

PDEL3(6) = CS2*2.6

PDEL2(7) = (2.5/22.2)*{GC2/(2.6*SCL?4EL2) )**2

PARTIAL CEP1VA7IVES fc.P.T. CL

PDXfi = 2.*XP(E)

PAP7IAL DERIVATIVES V^.P.T. CF

PDX9 = 2.*XF(9)

PARTIAL CERIVA7IVES V..R.7. Gil

PCX10 (1) = 2.*>P( 1CI

PDX1C(2) = -(CCI1/GIi)*FUXlC(l)

PAHTIAL CERIVA7IVES W.R.7. GI2

PDX1K1) = 2.*>P(11)

PDX1K2) = -(CGI2/GI2)vPCXll(l )

CLEAR Y-MA7RIX
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2C

DC 2C1

DC 20 1

1 A(J,K)

J=1,NC

K=l,NC

= (C.CtCC)

DEFINE NCN-ZERC ELEMENTS CF Y-MATRIX

YR( 1

YR(1

YR(1

YR(1

YR(1

YR( 1

YR(1

YR( 1

YR( 1

YR( 1

YR(1

YR(1

YR(1

YR(1

YR(1

YR( 1

YR(1

YR(1

YR(1

YR( 1

YR( 1

YR(1

YR(1

YR(1

YR(l

YR(l

YR( 1

YR( 1

YR(1

YR(1

YR(1

YR( 1

YR(1

YR( 1

YR(1

YR(1

YR(1

YK2

YI (2

YI(2

YK2

YI(2

YI (2

YK2

YK2

YI (2

YK2

YK2

GX11.1)

1.2)

2,1)

2,2)
2,2)

2,2)

2,2)

2,4)

2,1C

4,2)

4,2)

4,4)

4,5)

5,4)

5,5)

5,6)

6,5)

6,6)

= GS 4

= -GXl

=-CXl

= GX1 4

=-GPI 1

=-(GMl

= GM1 4

=-GCl

)=-GF

= GM1

=-(GMl

= CC1 4

=-CCl

=-GCl

= GC1 4

=-GX2

= -GX2

= CX2 4

= CM2

= GC2 4

=-GC2

= -GC2

= GC2 4

=-GX2

=-GX2

= G X 3 *

)=-GP 13

)=-CF

)=-(GM3

C )=CN2

1)=-CC2

)= GM2

C)=-(CM2

1)=GC2 4

2 )=-CC2

1)=-CC2

2)=C-C2 4

GFI1

4 GPU )

GFI1 4 GCl 4 GE1 4 GF

4 CC1)

GCl

Gil GX2

GP 12

GC2

7.6)

7,7)

7,E )

6,7)

8)

9)

8)

9)

1C

ft

Ei
c .

G I GX2

*,

9,

10,2

i:,9

1C

1C

n

ii

n

u

12

12

.1

.1

.9

» j.

.1

,1

.1

.1

GPI2

4 GPI

4 CPI 3

4 GC2)

GC2

GL

4 CL1 )

4 CF )

GC2

1,1)=W*CY1

l,4)=-w*CYl

2,2)=W*(CFI1

2,2)=-w*CFIl

2,4)=-W*CUl

2,2)=-W*CF II

2,2)=W*(CFI I

2, IG )=-a*CF

4, 1 )=-W*CVl

4,^ )=-w*CLl

4 , 4 ) = * * ( C U 1 4 CCSI 4 CYl )

GE2 GF
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0\

YI (2,',5)=W*(CU1

Y I (2,it 7 )=-W*CY2
YI (2,6,M = W*(CF 12

YI (2,6 ,7 )=-**C02
YI (2 ,7,5)=-W*CV2

YI (2, 7,6)=-W*GU2
YI (2, 7,7)=W*(CU2 4 CCS2 * CY2)
YI (2,f ,E)=»MCCW2 4 CG12 * CV2)
YI (2,6, 11)=-W*CY2
YI (2,c.,9)=k*(CFI3 4 CU2 )

YI(2,9, 1C )=-W*CPI2

YI(2,c, 11)=-W*CU2
YK2, 1C2 )=-W*CF
YK2, 10,9 )=-W*CPI2
YK2, 1C,1C)=W*(CPI2 4 CF )
Y1(2,ll,e)=-A*CY3

YK2, 11,9) =-W*CU2
YI (2, ll,ll)=W*(CU2 * CCS2 4 CY2)
YI (2, 12,12)=W*(CCW2 ♦ CD

4 CGll 4 CY2)

4 CU2 )
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RETURN

END

SUPRCLTINE ZCCCMP

ZCCONP DECOMPOSES IFF CCMFLEX MATMX A INTO THE IU FOr'N". H-iC NM-'iZ-rRO
tLEvBMS LF L AND U A^E STORED 11\ 7Hc LOWER AND UPPER TklAN.LES OF A.
THE LIAGCNAL ELEMENTS CF U ARE STCPEC IN THE A DIAGONAL. THE DIAGONJl
ELEMENTS OF L ARE UNITY ANC APE NC7 S7CRED.

ALL CIAGCNAL ELEMENTS OF A 4RE ASSLMEC TO BE NON-ZERO

CCMFLEX A, FACTOR, NLLT

CCMMCN/MATPIX/A( 12, 12 )/C I f>/ND ,NCLT

NCMIM

DC ICC

HACTCF

JPLUS1

DC ICC

MULT =

A(K,J )

DC ICC

100 A(K,L )

RETURN

ENC

SUBRCLTINE ZSCLV

CALCULATES SCLLTICN FCR LINEAR ECLAT ION UNKNOWN VECTOR V FROM
SCUPCE VECTCR C AND LU CECCMPCSTICN CF COEFFICIENT MATRIX A.
ALL VARIAELES ARE COMPLEX ANC A HAS BEEN DECOMPOSED BY SUBROUTINE

ZCCCMP.

COMPLEX A,C,V,SLM

CCMMCN/MATRIX/A(12,12)/SIG/V(12),C(12)/C IMY/N0,N0UT

= NC-1

J=l,NCf* IM

= (l.C,C.C)/A(J,J)
= J*l

K=JFLUSl,NC

-A (K,J)*FACTCR

= -MULT

L=JFLUS1,NC

= A(K,L) 4 MULT*A(J,L)

v(i) = cm



(F

^
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DC 20C 1= 2,NC

SUM = (C.CC.C)

IM1M = l-l

DC ICC J=1,IMIM

ICO SUM = SUM 4 A( I, J )*V(J )
2CC V( 1) = C( I ) - SUM

BACK SUeSIlLTE

V(NC) = V(NC)/A(NC,ND)

CC 4CC K=2,NC

I = NC*1-K

IPLUS1 = 141

SUM = (C.CC.C)

DC 3CC J=1FLUS1,NC
3CO SUM = SUM 4 A(I,J)*V(J)

400 V( I) = (V( I) - SUN )/A( 1,1)

RETURN

ENC

SUBROUTINE ZSCL7R

CALCULATES SOLUTION FCR LINEAR OAA7ICN UNKNOWN Vi£0TCc VA FROM
SOURCE VECTOR CA ANC COEFFICIENT MATRIX A-TRANSPOSE. ALL VARIABLES
ARE CCNPLEX ANC LU FCRM CF A IS USEC AS FOUND BY SUBROUTINE ZDCOMP.

CCMPLEX A,CA,VA,SLM
CCMWCN/VATRIX/A( L2,12)/ASIC/VA(12),CA( 12 )/O IMY/N'D ,NGUT

VA( 1) = CA( 1)/A( 1,1)

DC 2CC 1= 2,NC

SUM = (C.CO.C )

IMIM = 1-1

DC ICC J=1,IMIM

ICO SUM = SUP * A(j,I)*VA(J)
2CC VA(I) = (CA(I) - SUM)/A(I,I)

BACK SLBSITUTE

DC 4CC K=2,NC

I = NC41-K

IPLUS1 = 1*1

SUM = (C.CC.C)

DC 30C JMFLLS1.NC
300 SUM = SUM 4 A( J, I )*VA(J )

4GC VA( I ) = VA( I ) - SUM

RETURN

ENC

SUBROUTINE GREVAL ( N ,ERGFC)

SERIES-SERIES TRIPLE

EVALUATES COMPONENT CF FUNCTION GRACIENT AT FREC POINT
ANC RETURN'S VALUE IN N-C If" EN S IC NAL VECTOR ERGRC.
SUER0U7INE GREVAL IS CO N'F IGLP A7 ICN DEPENDENT.

DIMENSICN EPGRC(N)
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CCMMON/VOL 7/VR (1 2 ),V I( 12 )/AVCL7/VAR(12),V AI(12)/FREO/WV
1 PARTIAL/PC GMK9), PCGM2(?) ,PCGM 3(9 ),PDEL 1(7 ),PDEL2(7),
2 PDEL3(7 ),PC>8,PC>9,FCX1C(2),PCX11(2)/
3 ELGRAC/CGI1,CGI2,ECL,CTCCL/JUNC/V1F

SENSITIVITIES CF CIPCLI7 ELEMENT'S

DGM =

DGM2 =

0GM3 =

DGPI1 =

DGPI2 =

OGPI3 =

DGC1 =

DGC2 =

DGC3 =

DGC1 =

DGC2 =

DGC3 =

DCPI1 =

DCFI2 =

DCPI3 =

DGI1 =

DGI2 =

DCCU

DCCI2

DGL =

DGF =

DGE1 =

DGE2 =

DCF =

DCL =

DGX1 =

DGX2 =

DGX3 =

DCL1 =

CCU2 =

DCU3 =

1

1

1

1

(VR(

(VAI

VP(6

(VP(

(VAI

( VR

(VA

= VP(

= ( VR

(VA

(VR(

(VAI

VR(7

( VP(

(VAI

(VF(

(VAI

(VP(

(VAI

(VF(

(VAI

= -W*

(VA

= -k*

= -W*

(VA

VR (5

VR (6

= -V»*

= -**

VR( 12

(VR (1

(VAK

VR (2

VR( 1

-W*((

(VAR(

-W* (V

(VR(

(VAI

(VP(

(VAI

(VF(

(VAI

-W*(

(VAP

-w* (

(VAR

-W* (

2)-VR(

(4 )-VA

)*VAR(

9)-VR(

(ll)-V

(2)-^\<

I(2)-V

6 ) * V A P

(9)-VR

I(9)-V

4)-VR(

(4 )-VA

)*\tfi#(

1D-VR

(11 )-V

4)-VR(

(4)-VA

7)-VR(

(7J-VA

11 )-VP

(ll)-V

( ( V P ( 2

R(2)-V

(VR(t)

( ( V R ( 9

R(9 )-V

)*VAK(

)* V A R (

( VR(5)

(VR(6)

)*VAR(

C)-VR(

10)-VA

)*VAR(

C )*\f^^

VR< IC)

10 )-VA

R( 12)*

1)-VP(

( 1)-VA

5)-VR(

(5 )-VA

6)-VR(

(8)-VA

(VP(2)

(2 )-VA

( V P (<: )

(( )-VA

(V R 19 )

2))*(

1(2))

7) -

IC) )*

A K IC

( 2 > )*

A i( 2 )

(6 ) -

( IC) )

/ I( IC

2 ) )*(

1(2))

1 ) -

(ID) )

A 1( 10

i ) )*(

1(5) )

E))*(

1(8) )

112))

A 1(12

)-VR(

A R ( 3 )

*VAI(

)-Vk(

A R ( 1C

c. ) -

E ) -

*VAI (

*VAI(

12) -

2) )*(

1(2) )

2 ) -

( IC)

-VR( 2

P (2) )

VA I( 1

2) )*<

1(2) )

6) )*(

1(6) )

9))*(

1(9) )

-VR(4

R (4 ) )

-VM 7

R(7) )

-VR( 1

VAR(4)-VAF(2) ) - (VK2)-VI(3))*

VK6

(VAR

) )

( VAR(2 )-VAP(3) ) - (VI(2)-VI(3))*

)

V K

* (VA

) )

VAR(4)-VAP(2)) - (V I(4)-VI (i) )*

)*VAI(7)

( U)-VAR( IC )) - (VI (9)-VI( 10))*

6 )v V A I( 6 )

P(9)-VAR< IC ) ) - (VI(O)-VI ( IC))*

V 1(7

* (VA

) )

VAK(

)*VA 1(7)

F( 11 )-VAR( IC)) - (VI(11)-VI(IC))*

4 )-VAR(5) ) - (VI(4)-V1 (5))*

VAR(7)-V/P(E)) - (VI(7)-VI(8))*

P( 11 )-VAP( 12)) - (VI (1D-VK12) )*

(VAI (2)-VA I(2) ) * (VK2I-VK3) )*

*(VA

) )

2) )*

) )

6 ) 4

IC))

) ) )

V 1(5

VK6

i ) 4

E ) 4

V 1(

VAR(

V 1(2

- VI

) )*(

)

2 ) 4

VI U)*VAR (6 > )

*(VAI<c)-vAKIC)) * (VI(9)-VI(10))*

)*VA 1(5)

)*VA ME )

VI(5)*VAR ( ^ ) )

VI(E)*VAR (E ) )

12)*VA 1(12)

lC)-VAp(i) ) - (VI (10J-VK3) )*

)*VA 1(2)

(1C)*VAI( IC)

VAK 10-VAK2) ) * (VK 10)-VK 3) )*

VK 12)*VAP (12 ) )

1)-VAR( 2) ) - (U(l)-VI (2) )*

VAC(

VAP(

)

)

)

)

5)-VAF (6) ) - (W(5)-VI(6) )*

E)-VAP(9) j - (W(8)-VI (9) )*

) )*( VAK2 J-VA I(4 ) ) 4 (VI (2)-VI (4) )*

) )*( VAI (t )-VAI il ) ) 4 ( VI (M-VI ( 7) )*

1 ) )* (V A I (', )- V A 1( 1 1 ) ) 4 ( V I ( M - V I( I 1 ) )*



C

C

^ c

1

DCY1 =

DCY2 =

DCY3 =

CCCS1

DCCS2

CCCS3

OCCM

DCCW2

DCCW3

1

1

(VAM^)-VAF ( 11 ) ) )

-fc*((VF(l)-VR(4))*(VM(l)-VAI(M)

( VAR( 1 )-VAP(4) ) )

-W*((VM5)-VK(7))»(VAK5)-VM(7))

(V/R(5)-VAF<7)))

-W* ( (VR (E )-U ( i I ) )* (VAI ( E )-VA 1 ( 11 ) ) 4

(VAR(8 )-VAR(1111)

- W * ( V F (4 ) * \ I. I ( '• ) 4 Vl(*)*VAR(4»)

-WM VR (7 )*\,AI (7) 4\,I(7)*VAK(7)»

-V»*(VP(11)*V A' 1(11) 4 V I( 1 1 )< V A i< ( 11) )

-fc*(VF(5)*VAK5) ♦ VI(5)*VAK(5))

- W * ( V R (i: ) * V;. I( t ) 4 V ! ( fc ) < V A t-' ( I ) )

- V * ( V R ( 1 2 )•* V A 1 ( 12) + V K 1 2 )» V A F ( 12 ) )

G R A C I E M C C M VC N E M S

ERCRC (1 )

ERCRC (2)

( V I ( 1 )- V I ( 4 ) ) *

(VI('5)-VI(7))*

4 ( VI (B)-VK 11) )
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VI 1( 2)

ERGRC(3) =

LCb

CGN

4 DC

4 CG

4 CG

4 CC

CCN

4 DC

* CG

4 DC

4 CC

CCL

CO

* CC

4 CC

C C >

4CCY

4 CG

OCX

4 CC

4 CC

FDX

PCX

= PC

= PC

1*FD

(4 )

2(1)

2 ) 4

1(7)

2*PC

(4)

2(1)

2 ) 4

2(7)

1 ) 4

(4)

( 7 )

1 ) 4

4 ) +

(7 )

1 ) 4

(4 )

( 7 )

T 4 CCL2

1 4 IQP\

ii*pl:cmi

fi.3*Plh:m

f- * F C C M 3 (

G I 1 * P C 0 M

2 4 CCPI

I2*FDG;-12

P i 2 * P C G M

F*PCCM(

CI2*PCGM

1*FLEL 1(

V 1 *- \ C t L 1

C 1 < F l: f L 1

2 * P T E L ^ (

2*Pi:[ L2 (

C 2 * P C I L 2

2 * F L C L 3 (

v 3 * r r; 113

C ?. * P r. t L 2

c '•« C C L

9*CCF

Xio( 1 )*D

Xii (i)vD

GM(2) + DGC1*FCGM1U») + OCPIlvp

4 i;(;xi*PCGMl (5 ) + PUGM (i )*( JC-r 3

4 CCC2*POGM2( 5) * DC P I3*POGvi3 ( 2

CCX3*FCCM3(4 ) )

CM2(2) 4 DG02*FCGM.2(6) * CCPl2vP

4 CCX2»FUG?''2(5 ) + P:)i/-12 ( 1 )* (UG** 3

4 CGC2*PCGN2(5 ) + DCPI 3*PDGM3(2

CCX3*PLGM2(4) )

3G.72( 3)

ERGRC (4)

ERCRC (5)

ERGRC(6) =

ERGRC(7) =

ERGRC(8 )

ERGRC (9 )

ERGRC (IC )

ERGRC (11)

G I 1

C1Z

CCPI 1*FCEL 1(2 ) 4 DCU1AP0EL1(3)
*r.CCSl*FOEL 1(5 ) + OCCwl*PDcLl(o)

L'CP I2*PLEL2 (2 ) 4 OCU^PiJt L 2( 3 )
LLC. S2< PCE 1.2 (5 ) 4 QCC \2 -'POE 1.1 ( 6 )

OOP 1 2*FCEL2(2 ) + 0CU3*PDEL3(3)

*CCCS2*FDEL2(5) + DCCW3*PCnL3(6)

4 FC>1C(2)*CLG 11

4 FC>11*CCG12

ERPCP CERIVATIVE W.R.T. TOTAL CC CURRENT

CTCCU = (CCM2 4 PCGM3( 1)*DGFI3 * FCGM 2(2 )*DCP I 3 + PCCM3 (3 )*;JGF
1 + FCGM3(4 )*CGX3 4 PCGV3(5 )*CGC2 )/VTH

RETURN

ENC
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