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TRANSIENT ANALYSIS OF THE WHITE CATHODE FOLLOWER 

Melvin Brown 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

September 28, 19 59 

ABSTRACT 

The White cathode follower is a two-tube series device that provides 

output impedances of the order of 5 ohms and transmits pulses of either 

·polarity with minimal distortion. A de and transient analysis of the White 

cathode follower is made and a typical circuit analyzed. The effect on the 

transient response of varying the circuit parameters is discussed. Through

out the paper the· White cathode follower is compared to the well-known 

conventional cathode follower. The White cathode follower may have an 

advantage in gain bandwidth over the conventional cathode follower by a 

factor of five. 
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* TRANSIENT ANALYSIS OF THE WHITE CATHOPE FOLLOWER 

Melvin Brown 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

September 28, 19 59 

I. INTRODUCTION 

The well-known conventional cathode follower (CCF) is shown in 

Fig, 1. The circuit has been thoroughly analyzed in the literature. 
1 

It 

possesses certain inherent limitations of transient response and output 

impedance that have been overcome by a two-tube series arrangement 

called a White cathode follower (WCF), which is shown in Fig. 2. The 

WCF bears the name of Eric L 0 C. White who patented it in 1944. 
2 

White 

claims in his patent that the output impedance of the circuit is low and 

that it is useful for obtaining a push-pull output without using a trans

former. However, no quantitative results are presented. 

The de (or low-frequency) characteristics of the WC.F are fairly 

well-known. In 1946 a low-frequency gain and output impedance analysis 

of the WCF appeared in the literature. 
3 

The results of this analysis and 

some extensions are included below for completeness 0 

Tqe transient characteristics of the WCF are not so well explored. 

Occasionally the transient response for a particular WCF is given, but 

information is lacking as to the effect of various circuit parameters on the 

transient response. This effect is investigated here and a complete 

transient analysis of a WCF is given. 

An investigation into the input impedance of the WCF as a function 
4 

of frequency appeared in 19 51. It was shown that (as with the CCF) that 

it is possible to have a negative input resistance at certain frequencies, 

thus causing oscillation. The elimination of the oscillation is generally 

effected by the addition of a series grid resistor which cancels the nega

tive resistance. 

* This work was done under the auspices of the U. S. Atomic Energy 
Commission. 
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Cc Output 

MU-18527 

Fig. 1. Conventional cathode follower (CCF). C are large 
coupling capacitors, and R 4 is the sourc~ resistance. 
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MU-18528 

Fig. 2. White cathode follower (WCF). C are large coupling 
capacitors, and R 4 is the source fesistance . 
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In recent years the WCF has become increasingly popular, as 

h b . . . . . ' . 5 • 6• 7 It 1 't b s own y 1ts 1ncorporatlon 1n vanous ClrCUlts. s popu an y may e 

explained by briefly comparing it to a CCF. The response of a CCF to 

two waveforms that are identical except for an inversion of polarity varies 

both as to linearity and rise time. 
8 

The WCF overcomes this problem by 

virtue of its push-pull circuitry. In addition, the output impedance of the 

CCF is generally equal to 1/gm, about 200 ohms; the output impedance of 

the WCF may be as low as 1/f.Lg , about 5 ohms (g is the transconductance 
m m 

and fl. is the amplification factor of the vacuum tube). 

II. METHOD OF ANALYSIS 

The details of the mathematical procedures and techniques of 

experimental verification, with one exception, are similar to those shown 

in a previous paper analyzing another two-tube series configuration. 9 Thus 

in this paper only light emphasis will be placed upon the mechanics of 

obtaining the results. The exception to this is the presence of complex 

poles in the WCF transfer function. 

The equations describing the WCF are sometimes long and very 

cumbersome. Hence, a specific though representative circuit is chosen, 

and the equations are applied to it, By variation of parameters and graphic 

presentation of the results, information is made available as to which cir

cuit elements are significant. The specific circuit in this paper employs 

6AK5 pentodes which were chosen mainly for convenience. Simplifications 

arise due to their identical g , fl.• and r {which were measured) as well 
m p 

as the elimination of the grid-to-plate capacity considerations. 

Throughout this paper the WCF is compared to the CCF. While it 

is true that the WCF has two tubes and the CCF has one, the circuits are 

generally considered for the same application. Where power requirements 

are of no concern, it is believed that this form of comparison aids in gain-

'-"' ing a better understanding of the capabilities of the WCF. 
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III. DC ANALYSIS 

The equivalent circuit for a de analysis of the WCF is shown in 

Fig. 3. The relation between the resistances of Fig. 2 and the conductances 

of Fig. 3 are· as follows: 

G - l 
Gz 

1 l = 
RL 

+ 1 - r 
p2 

r 
pl 

G - l l 
3 -

R3 G4 = R4 

where r p 1 and r pZ are the plate resistances of the lower and upper tubes 

respectively, R 4 is the driving-source resistance,, RL is the load 

resistance, and R
3 

is the feedback resistance. 

Now noting that 

{ l) 

and 

g v = g (V - V ) 
m2 g2 m2 in l ' 

{2) 

a nodal analysis yields for the de gain 

·yin Gl G3 + Gz G3 + G2Gl + gm2G3 + gml Gl + gml gm2 

{3) 

Equation (3) is equivalent to the results of Hammack. 
3 

Now if 

the .load conductance, 1/RL, is much larger than the plate conductance 

of either tube (such as is the case with pentacles}, and if the two tubes are 

identical, Eq. (3) reduces to approximately 

g ( G3 + g ] m m (4) = 

Next, a loop analysis of the WCF yields for the output impedance 

rpl 
{5) 
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'• 
,., Fig. 3. Equivalent circuit of WCF for de analysis. 
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The unilateral nature of the de characteristics removes the source resis

tance from the analysis. 

If the tubes are identical, R 3 is much larger than rp 2 and 1-L is 

much larger than one, Eq. (5} reduces to 

1 Zzz = (6) 
1-Lgm 

In the case of two identical pentodes, Eq. (5) reduces to approximately 

g (g + G3) 
m m 

p) 

A plot of the de gain vs R 3 (=l/G3 ). the feedback resistance, for 

two 6AK5 tubes (g = 5000 j-Lmhos} in a WCF is shown in Fig, 4. It is to 
m 

be noted that for higher values of .R
3 

a greater gain is achieved. Also 

the variation in gain lessens appreciably as R 3 exceeds a few thousand 

ohms. 

A plot of the output impedance vs R 3 for the same WCF is shown 

in Fig. 5, It is seen that the greater feedback provided by R
3 

leads to 

a lower output impedance. After R
3 

exceeds approximately 4000 ohms, 

the output impedance levels off. The effect of increasing R 3 on the 

transient response will be dealt with in Section 5. 

In comparison with the above results for the WGF, the gain for a 

6AK5 CCF (gm = 5000 j-Lmhos) with RL equal to 125 ohms is 0.385 and 

with RL equal to 1000 ohms is 0.835. Furthermore the output impedance 

of this CCF is about 200 ohms. All the above results have been verified 

experimentally, 

IV. TRANSIENT ANALYSIS 

This section is divided into three parts. Part a deals with the 

dominant-pole method of analysis, Part b. deals with the transient analysis 

of the WCF. Because of its length, the general WCF characteristic equa

tion is developed in Appendix A. Part c. deals with the ~ransient analysis 

of the CCF. The development of the characteristic equation of the CCF is 

shown in Appendix B. 

A. Dominant Poles and Transmission Zeros 

The first step in obtaining the transient response of the WCF and 
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RL = 1000 ohms 

RL = 125 ohms 

0 5.0 

MU-18530 

Fig. 4. The de gain of 6AK5 WCF as the feedback resistance, 
R

3
, is varied . 
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0 10 

Feedback resistance ,R3 (kohms) 

MU-18531 

Fig. 5. Output impedance of 6AK5 WCF as the feedback resistance, 
R3' is varied. 
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CCF is to solve for the characteristic equations. Parameters are then 

substituted into these equations which are solved for their roots (or poles 

of the transfer function- -henceforth referred to simply as poles). If one 

pole or pair of complex-conjugate poles are dominant, the transient res

ponse of the circuit is easily obtained. 

In some cases, corresponding to particular circuit parameters, 

dominant poles cannot be established. The transient response is then 

obtained from extrapolation between dominant poles which generally 

bracket the nondominant pole. The question as to what constitutes a· domi

nant pole is of some interest. 

A rigorous analysis has been made to establish the dominancy of 

a pole and to determine the error introduced by disregarding the remain-

. 1 · l O H . t . 11 ff' . . d 1ng po es 1n a system. owever, 1. 1s usua. y su 1c1ent to cons1 er one 

pole or pair of complex-conjugate poles as dominant when it is ten times 

closer to the origin of the p plane (complex-frequency plane) than any other 
11 

pole. 

The dominant-pole approach is based upon the assumption that the 

transmission zeros (roots of the numerator of the transfer function) are 

much further out from the origin of the p plane than the dominant poles. In 

the case of the WCF, for certain circuit values, transmission zeros are in 

proximity to dominant poles. If these zeros are ignored and the transient 

response is obtained by using only dominant poles, the results will show a 

slower rise time than actually exists. This follows from the fact that poles 

and zeros that are close tend to cancel each other. In such cases the data 

is not used, and the transient response is again obtained by extrapolation. 

between dominant poles. If there is some question as to the dominancy of 

a pole or pair of complex-conjugate poles, a complete inverse Laplace 

transformation will settle the matter. At times this is a necessary method. 

The dominant-pole technique is simply an expediency to considerably shorten 

the work. 

In this paper a satisfactory degree of accuracy (within 20%) was 

obtained by considering a pole or pair of complex-conjugate poles as domi

nant when it was at least five times closer to the origin of the p plane than 

any other pole. 
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B. WCF Analysis 

A schematic of the WCF showing the significant capacitances and 

resistances is shown in Fig. 6. In developing the equivalent circuit of the 

WCF in Fig. 7 from the schematic of Fig. 6, the following- relations are 

established: 

C2 = CKF2+ CPKl + CL + C stray 

C3 = CGKl +estray 

c4 =driving source shunt capacitance 

C5 = CPG2 +estray 

c = c + c 6 GK2 stray, 

where CL is the load capacitance. 

The relations between the conductances of Fig. 7 and resistances 

of Fig. 6 are the same as in the de analysis (Section 3 }. 

The nodal equations and the complete transfer function of Fig. 7 

are shown in Appendix A. The denominator of Eq. (A-2) set equal to zero 

is the characteristic equation of the WCF. In the present case of a pen

tode WCF, certain simplifications are possible. Since CPG2 (Fig. 6) is 

much smaller than any other capacitance in the circuit, c 5 (Fig. 7) may 

be set equal to zero. Also substitution of terms into Eq. (A-2) will show 

that G
1

, the plate conductance of the upper tube, is negligible in compari

son with the other conductances. Hence, the characteristic equation is 

simplified to 

P3 [c4(clc3 + c2c3 + c3c6 + c1c2 + clc6)J 

+ C6(ClC3 + C2C3 + C1C2} . 

2 
+p 

C4(C3G2 + C3gm + C1G3 + C2G3 + C6G3 + C1gm + C1G2) 

+ C 6 ( C 3 G 2 + C 1 G 3 + C 2 G 3 + C 1 gm + C 1 G 2} 

+ G4(c1 Cz + c3c2 + cl c3 + c1 c6 + c3c6} 

(8} 



,----------~ CPG2 

-14-

8+ 

' )... R4 
1 Cc V3 

H~:.......-..--J~tN+r 
1/2 \ 

-

bias 

meg /,( 
CGK2 ...... 

CPG1 
,-< 

I 

• - -"VVV--7-------. 
\ 
'l, 

CGK1 ...._ 

bias 

Source 

0.1 fL f 

CL 
(Scope 

probe) 

MU-18532 

Fig.", 6. Simplified circuit of WCF showing essential capacitances 
for transient analysis. 
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Fig. 7. Equivalent circuit of WCF for transient analysis. 
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(8 cont'd) 

Furthermore, as G4 , the source conductance, becomes much 

smaller than any other conductance in the circuit, the last terms in the 
2 

coefficients of _p and .E in Eq. (8) become negligible. In this case 

calculations will show that there is one real dominant pole equal approxi

mately to G4 divided by the total input capacitance of the cathode follower. 

It is now convenient to consider the parameters to be substituted 

into Eq. (8). If the input and output admittances for the WCF are given, 

the tubes are usually chosen next. This choice may be dictated by demands 

of low output impedance, fast transient response or large output currents. 

A low output impedance follows from a high g as shown in the de analysis 
. m 

(Section 3). Calculations show that higher g tubes lead to a faster tran-
m 

sient response. Large currents, which are necessary for large signals 

across low impedances, are a problem of the emissive capabilities of 

cathodes and will not be dealt with in this paper. Once the tube is chosen, 

the g and parasitic capacities in the circuit are then known.· 
m 

Apparently, the only remaining parameter which is free to be varied is 

R
3

, the feedback resistance. 

However, it is often possi"~le to vary both R 4 , the source re

sistance, and RL' the load resistance. Indeed, as shown below both 

these resistances have a vital effect upon the transient response of the 

WCF, and they are considered to be as significant as R 3 . (:Th:.e source 

shunt capacitance, c
4 

equals 7.5 p..p..f and the load capacitance CL 

equals 5 p..f.Lf). 

After the above parameters were chosen and measured they were 

substituted into Eq. {8). Solution of Eq. (8) yields either three real roots 

{or poles~ or one real root and a pair of complex-conjugate roots. These 

complex roots may lead to overshoot in the transient response to a step 

input. 



When a dominant-pole situation is assumed to exist as described 
. 12 

above, the rise time of the WCF is easily calculated by 

T = r 
2, 2 

Pdom 

In the case of dominant complex poles, denoted as U' 
0 

± j wd the 

characteristic equation may be expressed in quadratic form as 

(p + (J'o +jwd) (p + (J'o- j wd) = p2 + 2swop + wo2 = 0, 

(9) 

(10) 

where w0 is the magnitude ofcorr:!fiex frequency, s is the dJmping ratio, 
. 2 

U'O = s w
0 

is the real part of the comp:exfrequency, wd = w
0 

1 -s is 

the imaginary part of the com?ex: frequency. 

The WCF characteristic equation is now in a standard form familiar 

in servomechanisms work. The solution of Eq. (10} for rise time, over

shoot, settling time, etc. has been dealt with graphically and mathemati

cally in many servomechanisms texts. A graphical solution of Eq. ( 10), 

which is taken from a previous reference 
13 

is used in the present work. 

In this reference is shown the transient resfOnse to a step input with time 

normalized to w0 ~ the independent variable being the damping ratio, S· 
S1nce the transient response may vary from the overshoot case to the 

monotonic-rise case as s varies, then for convenience the rise time 

. will be taken as the 10 to 9 0 %value of the final flat top of the step output. 

The results of the WCF transient analysis are shown below in Section 5. 

C, CCF Analysis 

The transient analysis of the CCF has been presented in many 

well-known texts, 
14 

but the source resistance is generally set equal to 

zero. In order to compare the WCF with the CCF, it is necessary to 

. perform a transient analysis of the CCF with the source resistance present. 

A schematic of a CCF is shown in Fig, 8, and its equivalent 

circuit is shown in Fig, 9. The nodal equations and the transfer function 

From Eq. {B-2) the characteristic of the CCF are shown in Appendix B. 

equation of the CCF is 

. 2 [G4(C2 +. C3) + Gz {Cz + C4} + gmC4~ 
p + p 

C3{Cz + C4} + Cz C4 
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Fig. 8. Schematic of CCF showing essential capacitances for 
transient analysis. 
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Equivalent circuit of CCF shown in Fig. 8 with 

C4 .=. CPG + C. + C t ; C 2 = CGK + C t ; ·. 1n s ray· s ray 
. 1 

C3 = CPK + CKF + CL +estray; and Gz = r + 
- p 

1 1 
R+R. 

K L 
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It is now desirable to show that a dominant pole generally exists for 
2 . 

the CCF. Equation (11) is in the form of p + ap + b = 0. Calculations 

show that if a is much larger than b, a dominant pole exists and is eq1.1al 

to b/a. Since this inequality generally holds for Eq. (11), the 4ominant pole 

of the CCF is 

(12) 

The transmission zeros of the CCF are so far removed from the 

origin of the p plane that they do not effect the transient response. The 

results of substituting parameters into Eq. (12} to obtain the transient 

response are shown in Section 5. 

V. RESULTS 

The results of the transient analysis are shown iri Figs. 10, 11, and 

12. Fig. 10 compares the rise time of the pentode WCF to the pentode CCF 

(both with the same source and load admittance) as the source resistance 

is varied. Also shown in Fig. 10 are the experimental results for a triode 

WCF .. The triode case will be discus sed in the next section, and all further 

reference to the WCF in this section is to the pentode case. 

The constant parameters for Fig. 10 are R
3

, the feedback resis

tance, and RL' the load resistance,. which are 3900 ohms and 125 ohms 

respectively. The gm is equal to 5000 !J.mhos. The rise time of both the 

WCF and CCF increases as the source resistance increases. This result 

is, of course, to be expected because the source resistance together with 

the input capacitance of the cathode follower functions as an integrator. 

However, there is an advantage in using the WCF. If the source resistance 

is greater than about 1000 ohms, the WCF rise time is faster than the CCF 

by a factor of two. 

Figure 11 shows the effect on the tra:p.sient response of the WCF 

as the feedback resistor,.· R,3 • is varied. An additional parameter in this 

case is R 4 equal to either 125 ohms or l 000 ohms. The load resistance 

is 125 ohms .. The rather interesting conclusion to be drawn from Fig. 11 

is that, provided a minimal amount of feedback is supplied by R
3

, the 

transient response is relatively insensitive to its value. Because the de 

analysis of the WCF shows that a high R 3 leads to 1ow output impedance, 

it appears that R 3 should be made as large as possible subject to retaining 
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2 4 6 8 10 12 14 

Source resistance, R4 (kohms) 

MU-18536 

Fig. 10. The effect on the transient response of the WCF and CCF 
as· the source resistance is varied. R 3 equals 39 00 ohms and 
RL equals 125 ohms. 
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Fig. 11. The effect on the transient response of the WCF as the 
feedback resistance is varied. RL equals 125 ohms. 
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Fig. 12. The effect on the transient response of the WCF and CCF 
as the load resistance is varied. R 4 equals 500 ohms. 
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normal 'plate C)J.rrent and transconductance of the tubes. 

Also shown in Fig. 11 is the over shoot as a function of R
3

. Over

shoot is here defined in percent excursion of the waveform above the final 

flat top of the step output. If the step output reaches a final de level of 1 

volt and the overshoot is 0.1 volt, the overshoot is lO~a. It may be observed 

that the overshoot is relatively insensitive to the value of R
3 

and that its 

maximum value is about 6% 
Figure 12 shows the effect on the transient response of varying the 

load resistance of both the WCF and CCF. The source resistor in both· 

cases is 500 ohms. The WCF feedback resistor, R 3 , is 39 00 ohms. 

The CCF curve is nearly flat as the load resistance increases. This 

may be attributed to the fact that the 200-ohm output impedance is in 

parallel with the load resistance thus constraining the combination to be no 

higher than 200 ohms. Inspection of Eq. (12) will substantiate this for high 

values of load resistance. The situation with the WCF is more complicated. 

The WCF exhibits considerable overshoot (up to 40%} and decreased 

rise time as the load resistance increases. For certain applications the 

large overshoot may be excessive, indicating that the load resistance should 

be made smaller. Conversely, if fas.t rise time is the major consideration, 

a larger load resistance will help provide for it. Also it should be noted 

that for a load resistance greater than about 400 ohms, the WCF rise time 

is three times faster than that of the CCF. 

Sufficient information is now available to compare the gain bandwidth 

of the WCF and the CCF for particular parameters. For the present case 

let R 3 be equal to 3900 ohms,. RL be equal to 125 ohms, and R 4 be 

greater than 1000 ohms. Then from the de analysis the WCF shows a de 

gain advantage by a factor of 2.42 over the CCF. As discussed in the tran

sient analysis, the WCF shows an advantage in rise time by a factor of 2 

over the CCF. Hence the over-all advantage in gain bandwidth (or gain/rise 

time) is 2 X 2.42 ~ 5. 

VL · FURTHER DISCUSSION 

The results of Fig. 10 illustrate somewhat of a paradox. While a 

cathode follower is usually considered a device for transforming a high 

input impedance to a low output impedance, the high input impedance should 

be avoided when a fast transient response is desired. 
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Experimental verification of the curves in Section 5 has been 

obtained using methods published elsewhere. 9 The maximum error between 

the experimental and theoretical results is 20o/o. In the pentode WCF the 

screens of both tubes were bypassed to their cathodes. 

While all of the above work refers only to pentodes. it has been 

verified experimentally that the conclusions as to the effects of the various 

resistances hold for triodes. In Fig. 10 is shown the experimental results 

obtained by bypassing both screens of the 6AK5 WCF to the respective 

anodes • thereby obtaining a triode WCF. As shown in Fig. l 0, the rise 

time of the triode WCF increased by 65% over the pentode WCF. When the 

CCF screen was bypassed to its anode, the rise time increased by only a 

few percent. The difference in the effects may be attributed to the greatly 

increased Miller capacitance in the triode WCF case. In short, when a 

fast rise time is the major criterion. triodes are not recommended for the 

WCF. 
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Appendix A. WCF Transient Analysis 

The nodal equations for the equivalent circuit of the WCF, Fig. 7, 

are 

V 1 [c1 + G2 + gm + p(C1 + C2 + C6~- V 2[G1 - gm +pel]- V 3[gm tpc6] = 0. 

-V1(?1 +gm+pC1]+v2[cl +G3+p(C1 +C3+CsU+V3[gm -pcs]=o, 

and 

(A-1) 

By the use of Cramer's rule with Eqs. (A-1), the transfer function 

of the WCF is (with V. = I. G4 ) 
1n 1n 

where 

c4{ Pz [c6(ct + c3 + Csl + ct~s} 
o Tp{C6(Gl + G3) + C<3gJ + gm + G3gm} 

A 

C4G1 + C4G2 + C4gm + C3G1 + C3G2 + C3gm 1 
+ C1G3 + C2G3 + C6G3 + C2G1 + C1gm + C1G2 

+ C6G2 + C6gm + C1 G4 + C2G4 + C6G4 + Czgm 

r C 3 G 1 + C 3 G 2 4' C 3 gm + C 1 G 3 + C 2 G 3 + C 6 G 31 

L + C 2 G 1 + C 6 G 1 + C 1 gm + C 1 G 2 

[

C3G1 + C3G2 + Cl G3 + C2G3 + C2G1 + C 1 gml 

+C1G2+C3G4+C1G4 J 
~tcz + c3c2 + clcJ} 

\G3G1 + G3G2 + G3g·m + G1G2 + gm 2 + G1gm1 

L+ G1 G4 + G2G4 + G4gm + G2gm 

(A-2} 
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+ C4 ~3Gl + G3G2 + G3gm + G1G2 + gm
2 

+ Glgm J 
+ C6 [G3Gl + G3G2 + Gl G2 + Gl gm + G3G4 + Gl G~ 

+ G4 rc3Gl + C3G2 + C3gm + C1G3 + C2G3 +11 
~ZGl + Clgm + C1G2 J 

+ G4 [G3Gl + G3G2 + G3gm + Gl G2 + gm 
2 

+ Glgm]' 

The roots of the denominator of Eq. {A- 2) are the poles of the 
' . 

transfer function. The roots of the nunieratbT · are the transmission 

zeros. 

Appendix B, CCF Transient Analysis 

The nodal equations for the equivalent circuit of the CCF, Fig. 9, 

are 

and 

(B-1) 

If we apply Cramer's rule to Eqs. (B-1), the transfer function of the CCF 

is ( with V. = I. G
4

p 
1n 1n 

V 2 G4(pC2 + gm) 
= ------:----v-:- /::,. (B- 2) 

1n 

where /::,., the system determinant, is given by 

P 2 [c 3 ( c 2 + c 4) + c 2 c 4] + P [G 4 ( c 2 + c 3) + G 2 ( c 2 + c 4) + gm c 4] 

+ [G4(G2 + gm)] . 
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Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 
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LEGENDS 

Conventional cathode follower (CCF). Cc are large coupling 

capacitors; and·. R 4 is the source resistance. 

White cathode follower (WCF). C are large coupling capacitors, c 
and R 4 is the source resistance. 

Equivalent circuit of WCF for de analysis. 

The de gaiill of 6AK5 WCF as the feedback resistance, R
3

, is 

varied. 

Output impedance of 6AK5 WCF as the feedback resistance, 

R 3 g is varied. 

Simplified circuit of WCF showing essential capacitances for 

transient analysis. 

Equivalent circuit of WCF for transient analysis. 

Schematic of CCF showing essential capacitances for transient 

analysis. 

Equivalent circuit of CCF shown in Fig. 8 with 

C4 + CPG +Gin+ estray; C2 = CGK +estray; 
1 

C3 = CPK + CKF + CL + estray; and G2 = r + 
p 

Fig. 10. The effect on the transient response of the WCF and CCF as 

the source resistance is varied. R 3 equals 3900 ohms and 

' RL equals 125 ohms. 

Fig. 11. The effect on the transient response of the WCF as the 

feedback resistance is varied. RL equals 125 ohms. 

Fig. 12. The effect on the transient response of the WCF and CCF as 

the load resistance is varied. R 4 equals 500 ohms . 
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