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Transient Analysis of the White Cathode Follower* 

MELVIN BROWN 
Lau'renee Radialhlll Laboralory, Unit'ersily r>f Ca/�fornia, Berkeley, California 

(Received November 23,1959; and in final form, January 21,19(0) 

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 dc and transient analysis of the White cathode 

follower is madc, and a typical circuit is analyzed . The effect on the transient response of varying the circuit param

eters is discussed. Throughout the paper the White cath ode follower is compared to the well-known conventional 

cathode follower. The White cathode follower may havc an advantagc in gain-bandwidth ovcr thc conventional 

cathodc follower by a factor of five. 

I. INTRODUCTION 

T
HE well-known conventional cathode follower (CCF) 

is shown in Fig. 1. The circuit has been analyzed 
thoroughly in the literature.! It posses.ses certain inherent 
limitations of transient response and output impedance 
that have been overcome by a two-tube series arrangement 
called a White cathode follower (\\TF), which is sho\\-n 

in Fig. 2. The \\'CF bears the name of Eric L. 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 
transformer . However, no quantitative results are 
pre�ented . 

The dc (or low frequency) characteristics of the \\'CF 
arc fairly well known. In 1946 a low frequency gain and 
out put impedance analysis of the WCF appeared in the 

literature.3 The results of this analysis and some extensions 

• This work was done under the auspices of the V. S ... homic Energy 
Commission. 

I R,ldiolrOlI Desil!,ner's lfandbor>k, edited by F. Langford-Smith, 
('-\malgamated Wireless Valve C ompany Pty. Ltd., Sydney, 
Australia, 1(52) p. 400. Thirty-two references are listed . 

2 E. L. C. White, V. S. Patent No. 2,358,-l28, September 19, 1944. 

are included below for completeness. 
The transient characteristics of the \vCF are not so well 

explored. Occasionally the transient response for a par
ticular \vCF is given, but information is lacking as to the 
effect of various circuit parameters on the transient re
sponse. This effect is inve�tigated here and a complete 
transient analysis of a \\'CF is given. 

An investigation into the input impedance of the \\TF 
as a function of frequency appeared in 1951.4 It was shown 

(as with the CCF) that it is possible to have a negative 

FIG. 1. Conventional 
cathode follower (CeF). 
C are large coupling 
capacitors, and R, is the 
source resistance. 

3 Calvin �r. Hammack in Tire neclrml Arl, edited by Frank 
Rockett, Electronics 19, 206 (�o\" .. 1(46). 

4 N. F. l\foody, \\". J. Battell, W. D. Howell, and R. H. Taplin , 
Rcv. Sci. Instr. 22, 557 (1951). 
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FIG. 2. White cathode 
iollower (WCF). C arc 
large coupling capaci
tors, and R. is the source 
resistance. 

input resistance at certain frequencies , thus causing oscil
lation. The elimination of the oscillation generally is 

effected by the addition of a series grid resistor which 

cancels the negative res istance . 
In recent years the WCF has become increasingly popu

lar, as shown by its incorporation in various circuits.:;-7 Its 
popu larity may be exp lained by briefly comparing it to a 

eCF. 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.� The WCF overcomes this prob
lem by virtue of its push-pull circui try. In addition , the 

output impedance of the CCF is generally equal to ligon, 
about 2ao ohms; the output impedance of the \\'CF may 

be as low as l/,ugm, about 5 ohms (gm is the transconduct

ance and,u is the amplificat ion factor of the vacuum tube). 

II. METHOD OF ANALYSIS 

The detai\:; of the mathematical procedures and tech· 

niques 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 tran�fer function. 

The equations describ ing the \vCF are sometimes long 

and very cumbersome . Hence, a specific though represen
tative circuit is chosen, and the equations are applied to it. 

By variation of parameters and graphic presentation of the 

results, in formation is made available as to which circuit 

elements are :;ignificant. The specific circuit in this paper 

employs 6AKS pentodes which were chosen mainly for 

convenience. Simplifications arise due to their identical 

g.",u, and rp ( which were measured) as well as the elimina
tion of the grid-to-pl ate capacity considerations. 

Through ou t this paper, the \vCF is compared to the 

CCF. While it is true that the WCF has two tubes and the 

; E. Fairstein, Rev. Sci. Instr. 27 . .+75 (1956). 
• .\. S. Penfold, Rev. Sci, Instr. 29, 765 (1958). 
7 E. L. Garwin, Rev. Sci. Instr. 30,373 (1959). 
S The problem is not intractable. See B. Y. :\Iills, Prec. Inst. Radio 

Engrs. 37,1)31 (1949). 
� :\Ielvin Brown, Rev. Sci. Instr. 30,169 (1959). 

BKO\\':-< 

CCF has one, the circuits generally are considered for the 

same app lication. Where power requirements are of no 

concern, it is believed that this form of comparison aids in 

gaining a better understanding of the capabilities of the 
WCF. 

III. DC ANALYSIS 

The equivalent circuit for a dc analysis of the \VCF is 
shown in Fig. 3. The relations between the resistances of 
Fig. 2 and the conductances of Fig. 3 are as follows: 

GI= 1/rp2, Gz= (l/Rd+(l/rpl), 

G3= l/R.1, G�= 1/ R4, 

where r pi and r p2 are the plate resistances of t he lower and 
upper tubes, respectively, R4 is the driving-source n:'i�t
ance, RL is the load resistance, and R3 is the feedback 

resistance. 

�ow after noting that 

(1) 
and 

(2) 

a nodal analysis yields, for the de gain, 

(3) 

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

�ow.if the load conductance, 1/ Rr., is much larger than 
the pla te conductance of either tube (such as is the ca�e 

with pentodes), and if the two tubes are identical, Eq. (3) 
reduces to approximately 

VI 
, �) 

:\ext, a loop analysis of the \\TF yield,; for the output 
impedance 

z·,·,= -------------
-- l+[(,uz+l)(rpl+IlIR,)/ (rpz+R,)] 

(5) 

The unilateral nature of the de characteristics remove,; the 
source resistance from the analysis. 

Vz 

G, 
gz V, 

G. G] 
gm,v9, 

Gz 
g, k, 

FIG. 3. Equivalent circuit of WCl" for dc analysis. 
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If the tubes are identical, R3 is much larger than rp2 and 

JA i� much larger than one; Eq. (5) reduces to 

(6) 

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

approximately 

(7) 

A plot of the dc gain vs R3( = IICa), the feedback resist
ance, for two 6AK5 tubes (g",=5000 J.Lmhos) in a WCF is 

�ho\m in Fig. 4. It is to be noted that for higher values 
of R:; a greater gain is achieved. Abo the variation in gain 

16�cns appreciably as R3 exceeds a fe\\' thousand ohms. 

A plot of the output impedance vs R3 for the same WCF 
is shown in Fig. 5. It is seen that the greater feedback pro

"ided by R:; leads to a lower output impedance. After R3 
exceeds approximately 4000 ohms, the output impedance 
lewIs off. The effect of increasing RJ on the transient re

sponse will be dealt with in Sec. V. 
In comparison with the foregoing results for the WCF, 

the gain for a 6AK5 CCF (g",= 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 these 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 
\'.ith the transient analysis of the \reF. Because of its 

kngth, the general \rCF characteriqic equation is de
\"eloped in Appendix A. Part C deab with the transient 
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 tran�ient respon�e of the 

\reF and CCF is to solve for tht characteristic equations. 

!':Irameters then arc sub:-;tituted into these equations which 

1.0 R alOOOOhms 

RL. • 12� ohms 

0.2 

o o.� 1.0 I.� 2.0 2.5 3.0 '.5 4.0 4.� �.O 
Feedbtlck resistance,R3 (kat,ms) 

hG. 4. The dc gain of 6:\K5 WCF as the feedback resistance 
Ra is varied. 

6:� 
j , I 

! 
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�O 

.. 40 
u 
c 
0 " 
� 30 
.� 
'f. 20 
:; 0 

10 

o 1.0 2.0 3.0 4.0 �.O 6.0 7.0 11.0 9.0 10 
Feedback resistance ,R, (kohms) 

FIG. 5. Output impedance of 6AKS WCF as the feedback 
resistance R3 is varied. 

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 is dominant, the transient 

response of the circuit is obtained easily. 

In some cases, which correspond to particular circuit 
parameters, dominant poles cannot be establi:-;hed. The 

transient response then is obtained from extrapolation 

between dominant poles which generally bracket the non

dominant pole. The question as to what constitutes a 

dominant pole is of some interest. 

A rigorous analysis has been made to establish the domi
nancy of a pole and to determine the error introduced by 

disregarding the remaining poll'S in a system.10 Howl'vcr, 

it is usually sufficient to consider one pole or pair of com
plex-conjugate poles as dominant when it is ten times 
closer to the origin of the p plane (complex-frequency 
plane) than any other pole.11 

The dominant-pole approach is based upon the assump

tion 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 thl' case 
of the \\'CF, for certain circuit values, transmission zeros 
are in proximity to dominant poles. If the:-;e 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 are not used, and the transient re

sponse again is obtained by extrapolation bet wecn domi

nant poles. If there is some question as to the dominancy 

of a pole or pair of complex-conjugate poles, a complete 
inver::'c Laplace transformation will settle the matter. At 
times this is a necessary method. The dominant-pole tech-

10 D. O. Pederson and G. W. Wilson, "Delay time in dominant
pole circuits," Electronics Research Laboratory, Department of 
Electrical Engineering, University of California, Berkeley, California, 
Rept. No. 80, Series No. 60, Fehruary 5, 1959. 

II lIandb(lok on A IIlomalion, Complliation, and Control, edited by 
Eugene r-.1. Grahbe, S. Ramo, and D. E. Wooldridge (John Wiley & 
Sons, Inc., New York, 1958), Vol. 1, p. 22. 
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FIG. 6. Simplified circuit of wcr showing essential capacitances 
for transient analysis. 

nique is simply an expedient to shorten the work 
considerably. 

In this paper a satisfactory degree of accuracy (within 
20%) was obtained by considering a pole or pair of 

complex-conjugate poles as dominant when it was at least 
five times closer to the origin of the p plane than any other 
po le . 

B. WCF Analysis 

A schematic of the WCF with the significant capaci

tances 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: 

C1 =CPGl+CPKZ+C.tray; 

CZ=CKF2+CPKl+C r.+c.tray; 

C3=CGKl+C.tr&y; 

C. = driving source shunt capacitance; 

C5=CPG2+Cotray; 

CS=CGKZ+C.tmy, 

where C l.. is the load capacitance. 
The relations between the conductances of Fig. 7 and 

resistances of Fig. 6 are the same as in the dc analysis 
(Sec. III). 

The nodal equations and the complete transfer function 
'of Fig. 7 are shown in Appendix A. The denominator of 

,- - - Sou-;;;,,--v - --I 
I 

c. : 
I 
I 
I 
, 
, 

____ _ ____ .1 
FIG. 7. Equivalent circuit of WCF for transient analysis. 

Eq. (A2) set equal to zero is the characteristic equation of 
the WCF. In the present case of a pentode WCF, certain 
simplifications are possible. Since C PI;Z (Fig. 6) is much 
smaller than any other capacitance in the circu it , C5 
(Fig. 7) may he set equal to zero. Abo -;ub�titution of 
terms into Eq. (A2) will show that GI, the plate conduct
ance of the upper tube, is negligible in comparison with 
the other conductances . Hence, the characteri�tic equation 

is simplified to 

p3[C4(CIC3+CtC3+C3CS+CIC2+CICS) 
+C 6(C IC 3+CC 3+C IC.J] 

+ p2[C4(CaG2+c:,gm+CIG3+C�,c3+C sG3+C,g.,+CIGJ 

+C6(C:,G2+CIG:,+Ci73+Clgm+CIGZ) 

+G4(CC2+C3C2+CC3+CICS+C.Cs)] (8) 
+P[C4(G:,G2+G;,gm+g".2)+CsG3Gz 

+G4(C3GZ+C3gm+CIG3+Ci73+CIgm+CIGt+C6G3)] 

+G4[G3G2+G3gm+g",Z]==O. 

, . o 
, 
: ___ Eo�r�e _ ____ � 

FIG. 8. Schematic of CCF showing essential capacitances 
for transient analysis. 

Furthermore, as G4, the source conductance, hecomes 

much smaller than any other conductance in the circuit, 
the last terms in the coefficients of f and p in Eq. (8) 

become negligible. In this case, calculations will show that 
[here is one real dominant pole equal approximately to G. 
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 admit

tances for the WCF are given, the tubes usually are 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 gm 
as shown in the de analysis (Sec. III). Calculations show 
that higher g", tubes lead to a faster transient 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 known. Apparently the only remaining param

eter which is free to be varied is R3, the feedback resistance. 



407 T RAN S lEN T AN A L Y SIS 0 F THE \\. HIT E CAT HOD E F 0 L L 0 \\. E R 

However, it is often possible to vary both R., the source 

resistance, and RL, the load resistance. Indeed, as will be 

shown, both these resistances have a vital effect upon the 

transient response of the WCF, and they are considered to 
be as significant as RJ• (The source shunt capacitance C. 
equals i.5 J,LJ,Lf, and the load capacitance CL equals 5 J,LJ,Lf.) 

After these parameters were chosen and measured they 

were substituted into Eq. (8). Solution of Eq. (8) yields 

rither 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 above, the rise time of the WCF is easily calcu
lated by 12 

TT= 2.2/ pu"", . (9) 

In the case of dominant complex poles, denoted as rTO±jWd 
the characteristic equation may be expressed in quadratic 
form as 

v , 
C, 

k 

'\" G. C. '\" G, C3 

I., • v,,! gm(V'-V,l 
R. p 

hG. 9. Equivalent circuit of CCF shown in Fig. 8 with C,=CPG' 
+c.,,+C'cu,; C2=Crn.;+C",.,.; C3=CP/,;+CKf,+CL+Ca"a,.; and 
G,= (l/rpH (l/RA' H (1/ Rd. 

where wo is the magnitude of complex frequency, t is the 
damping ratio, rTo= two is the real part of the complex fre
quency, and Wd= wo(1- rZ)! is the imaginary part of the 
complex frequency. 

The \rCF characteristic equation is now in a standard 

f(,rnl fa miliar in servomechanisms work. The solution of 

Eq. (10) for rise time, overshoot, settling time, etc. has 

It is now desirable to show that a dominant pole gen
erally exists for the CCF. Equation (11) is in the form of 

r+ap+b=O. Calculations show that if a is much larger 
than b, a dominant PJle exists and is equal to b/a. Since 
this inequality generally holds for Eq. (11), the dominant 
pDle of the CCF is 

h,,,, = G4 (Gt+ f',m)IG4(C 2+C 3) +G2(C.+C2)+ gmC 4. (12) 

l�]. G. Lim'ill, Proc. Inst . Radio Engrs. 43, 826 (1955). 

'60 

.40 

.00 
FIG. 10. The effect on 

the transient response 
of the WCF and CCF as 
the source resistance is 

.: 

varied. Ra is 3900 ohms 
,; eo 

and Rr., 125 ohms. ! 
• 60 .. ir 

4 0  

4 6 '0 '2 '4 
Source resistonce. R4 (kohms) 

been dealt with graphically and mathematically in many 
servomechanisms texts. A graphical solution of Eq. (10) 
which is taken from a previous reference'3 is used in the 

present work. In this reference is shown the transient re
sponse to a step input with time normalized to wo, the inde

pendent variable being the damping ratio r Since the trane 
sient response may vary from the overshoot case to the 
monotonic -rise case as t varies, then for convenience the 

rise time will be taken as the 10% to 90% value of the final 
flat top of the step output. The results of the WCF tran 

sient analysis are shown below in Sec. Y. 

C. CCF Analysis 

The transient analysis of the CCF has been presented 
in many well-known texts,14 but the source re�istance gen

erally is set equal to zero. In order to compare the \\'CFwith 
the CCF, it is necessary to perform a transient analy�is of 
the CCF with the source resistance present. 

A schematic of a CCF is shown in Fig. 8, and its equiva
lent circuit is shown in Fig. 9. The nodal equations and the 
transfer function of the CCF are shown in Appendix B. 
From Eq. (B2), the characteristic equation of the CCF is 

O. (11) 

The transmission zeros of the CCF are so far removed 

from the origin of the p plane that they do not effect the 

t ransient response. The results of substituting parameters 

into Eq. (12) to obtain the transient response are shown 

in Sec. V. 

13 See reference 11, pp. 22-39. 
14 See for example, Samuel Seely, Electronic J�ngi/1cering (�fcGraw

Hill Book Company, Inc., New York, 1956), p. 137. 
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V. RESULTS 

FtG. 11. The etTect 
on the transient re
sponse of the \VCF 
as the feedback re
sistance is varied. Rl. 
is 125 ohms. 

The results of the transient analysis are shown in Figs. 
10, 11, and 11. Figure 10 compares the rise time of the 
pentode \VCF 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 \VCF. The triode case will be discus�ed 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:!, the feedback 
re�i,;tance, and RL, the load resistance, which are 3900 
ohms and 125 ohms, respectively. The gm is equal to 5000 
,umhos. 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 
t he input capacitance of the cathode follower functions as 
an integrator. However, there is an advantage in using the 
WCF. If the �ource re�istance 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 transient response of 

the \VCF as the feedback resistor R� is varied. An addi
tional parameter in this case is R� equal to either 125 ohms 
or 1000 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 R3, 
the transient response is relatively insensitive to its value. 
Because the dc analysis of the WCF shows that a high R3 
leads to low output impedance, it appears that R3 should 
be made as large as possible subject to retaining normal 
plate current and transconductance of the tubes. 

Also shown in Fig. 11 is the overshoot as a function of 
R3• Overshoot is here defined in percent excursion of the 
waveform abo 'Ie the final flat top of the step output. If the 
step output reaches a final dc level of 1 v and the overshoot 
is 0.1 v, the overshoot is 10%. It may be observed that the 

overshoot is relatively insensitive to the value of R:! and 
that its maximum value is about 6%. 

Figure 12 shows the effect on the transient response of 
varying the load resistanc.e of bot h the WC F and CCF. 
The source resistor in both cases is 500 hms. The \\"CF 
feedback re�istor R� is 3<)()O ohms. 

The CCF curve is nearly Hat as the load resistance in
creases. This may be attributed to the fact that the 200-
ohm output impedance is in parallel with the load resist
ance 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 \vCF is more complicated. 

The WCF exhibits considerable overshoot (up to -tO�) 
and decreased rise time as the load resistance increases. 
For certain applications the large overshoot may be ex

cessive, indicating that the load resistance should be made 
smaller. Conver:;ely, if fast rise time is the major considera
tion, a larger load resistance will help provide for it. Also 
it should be noted that for a load resistance greater than 
about -1,00 ohms, the \VCF 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 R3 be equal to 39DO 
ohms, RL be equal to 125 ohms, and R4 be greater than 1000 
ohms. Then from the de analysis the WCF shows a dc gain 
advantage by a factor of 2..l2 over the CCF. As discus�ed 

in the transient 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 
2X2..l2",,5. 

VI. FURTHER DISCUSSION 

The results shown in Fig. 10 illustrate somewhat of a 

paradox. While a cathode follower is u;;ually con"idered a 

i! 
60 

4 

o ZOO 400 600 800 1000 1200 
Lood resislance. RL (ohms) 

FIG. 12. The effect on 
the transient response 
of the WCF and CCl" as 
the :oad resistance is 
varied. R, is 500 ohms. 



409 T R A � S l E N  T A:\ A L Y SIS 0 F TH E \V HIT E CA T HOD E F 0 L L 0 \\' E R 

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. 

Experimental verification of the curves in Sec. V has 
been obtained using methods published elsewhere.9 The 
maximum error between the experimental and theoretical 
results is 20%. In the pentode WCF the screens of both 
tubes were bypassed to their cathodes. 

\\"hile all of the foregoing work refers only to pentodes, 
it has been verified experimentally tha t the conclusions as 
to the effects of the various resistance� hold for triodes. In 
Fig. 10 is shown the experimental results obtained by by
passing both screens of the 6AK5 WCF to the respective 
anodes, thereby obtaining a triode WCF. As shown in 
Fig. 10, the rise time of the triode WCF increased by 65% 
over the pentode WCF. When the CCF screen was by
passed to its anode, the rise time increased by only a few 
percent. The difference in the effects may be attributed to 
the greatly increased l\Iiller capacitance in the triode WCF 

casco In short, when a fast rise time is the major criterion, 
triodes are not recommended for the WCF. 

Vi,j 

where � is the system determinant giwn by 

P:l{C[CIC4+C�4+C6C4+CICa+C�a+C3C6 
+CIC2+CtC6]+C{CIC3+C£3+CaC6 
+CIC2+CIC6J+C6[CICa+C�3+CIC2J} 

+f{C\[CfGl+C4G2+C4gm+CaGl+C3Gz+Cagm 
+CIG3+C�3+CeG3+C�I+Clgm+CIG2 
+CeG2+C6gm+CIG4+C�4+CeG.+C2KmJ 

+C4[CaGl+CaGZ+Cagm+C1G;!+CzG3+CeG3 
+C�I+CeGl+Clgm+CIG2] 

+C6[C'JGI+C3Gz+CIGa+CzG:t+CzGI+Clgm 
+C1G2+C3G4+CIG4J 

+G4[CICz+C3Cz+CIC3JI 
+ p{ C {G3GI+GaGZ+G3gm+GIGZ+ 'n?+G1.!:m 

+GIG4+GzG4+G4gm+G2gmJ 
+C4[GaGl+G3GZ+G3gm+G1GZ+'mz+GlgmJ 
+C6[G3Gl+G3GZ+GIG2+Glgm+GaG4+G1G4J 
+G4[CaGl+CaGz+Cagm+CIGJ+CzG3 

+C�I+Clgm+C1G2J} 
+G4[GaGl+G3G2+G3.!:m+G1GZ+gmz+Glgm]. 
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APPENDIX A. WCF TRANSIENT ANALYSIS 

The nodal equations for the equivalent circuit of the 
\\'CF, Fig. 7, are 

�T I[G1+G2+ Km+ p(C+C z+C 6)] 

- V£G1-gm+PC]- Va[gm+PC6]=O, 

- V1[G1+gm+pCl]+ V2[Gl+G3+p(CI+Ca+Cb)] 
+ V£Jim- pCb]=O, 

and 

- V1[pC6]- V2[pCb] 
+ V3[G4+P(C.+Cb+C6)]= I,n. (A1) 

By the use of Cramer's rule with Eqs. (A1), the transfer 
function of the WCF is (with Vin=I,n/G.) 

(:\2) 

The roots of the denominator of Eq. (:\2) arc the poles 
of the transfer function. The roots of the numerator are 
the transmission zeros. 

APPENDIX B. CCF TRANSIENT ANALYSIS 

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

V1[P(C2+C)+G4]- F{pCz] = lin 
and 

If we apply Cramer's rule to Eqs. (B1), the tramfer func
tion of the CCF is (with Vin=Iin/G4) 

(B2) 

where �, the system determinant, is given by 

P[C 3(C2+C4)+C 2C 4J 

+ p[G4(C 2+C 3) +G2(C Z+C) +gmC4J+[G4(GZ+ gm)]. 
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