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A recently developed theoretical approach to transport fluctuations around stable steady states in discrete biological 
transport systems is used in order to icvestigate general fluctuation properties at nonequiiibrium. An expression for the 
complex frequency dependent admittance at nonequilibrium is derived by calculation of the linear current response of the 
transport systems to small disturbances in the applied external voltage. It is shown that the Nyquist or fluctuation dissipa- 
tion theorem, by which at equilibrium the macroscopic admittance or iinear response can be expressed in terms of fluctua- 
tion properties of the system, breaks down at nonequiiibrium. The spectral density of current fluctuations is decomposed 
into one term containing the macroscopic admittance and a second term which is bilinear in current. This second term is 
generated by microscopic disturbances. which cannot be excited by external macroscopic perturbations. At special examples 
it is demonstrated that this second term is decisive for the occurrence of excess noise e.g. the l/fL-iorentzian noise generated 
by the opening and closing of nerve channels in biological membranes. 

1 _ Introduction 

In the last years the analysis of electrical fhrctua- 
tions in biological membrane transport systems has 
become an important method (see e.g. [l--S] )_ 
Valuable information on the ion transport mechanism 
in membranes can be obtained from electrical noise 
measurements. A number of different processes as 
e.g. the statistical opening and closing of ion channels 
or the stochastic properties of the ionic movement 
163 could be shown to be possible sources of the 
random current or voltage fluctuations_ 

Since biological transport systems may be rather 
complex, a number of papers concerning theoretical 
concepts for the analysis of noise measurements has 
been written (see e.g. [7-91 and further references 
cited in [2--51). In many cases older methods as e.g. 
the so-called master equation approach [IO,1 I], 
developed for the analysis of fluctuation phenomena 
in physical and chemical systems, could be used. 
Generally, for systems in thermal equilibrium the 
Nyquist theorem or fluctuation-dissipation theorem 
[12-141, relating the current (voltage) noise spectrum 

to the macroscopic frequency dependent admittance 
can be applied [S] _ We recently have developed a 
formalism for the treatment of electrical fluctuations 
around equilibrium and nonequilibrium steady states 
in discrete transport systems, where the different 
discrete states may be given by different binding sites 
for the transported particles (ions) as well as by dif- 
ferent, e.g. chemical states [9] _ We could demonstrate 
the universal applicability of this approach to bio- 
logical transport systems as e.g. ion transport through 
membrane channels, carrier mediated ion transport, 
single-file transport and electric fluctuations generated 
by gating mechanisms [9,12--141. 

In this paper we shall use this formalism for the 
investigation of problems of more general interest con- 
cerning general properties of fluctuations in systems 
around steady states far from thermal equilibrium. 

At equilibrium the power spectrum G&w) of the 
electric current fluctuations is according to the Nyquist 
theorem or fluctuation dissipation theorem given by 
the real part Re Y(w) of the frequency dependent 
complex admittance Y(w) 



G,(w) = 4 kTRe Y(w), O-1) 

@ = Boltzmann ccmstmt , T = aiaso‘iute temperature, 
M = deviation of current J from stationary current 
J’), 

We shail sixns in section 4 that generally a relation 
(1. i) does ~rof exist at iro~re~~~~~~~ri~~r. Additionahy 
to a first term, which is related to the admittance 
according to eq. (1 _I) and comes from the symmetric 
part of the fhrx matrix (c-f. (2.5)-@7)), there ap- 
pears a second contribution to the fluctuations, This 
second part is generated by the antisymmetric part 
of the fiux matr-k, which according to the principle 
of detailed balance is zero only at equilibrium. in 
many cases it may easily be interpreted as excess noise 
and is proportionaf to the square of the applied voltage. 
For membrane channels with open-closed kinetic this 
is just the lorentzian-type noise which is usually maa- 
sured (c-f_ [2-5])_ In this connection it is interesting 
to note that another typeof noneq~i~~br~um excess 
noise, the 1 @noise, is proportional to the square of 
the applied voltage *. 

In section 2 the concept of current generated in 
discrete systems is described. The basic assumption is 
that transitions between discrete states of the system 
may be connected with measurable current pukes. 
In section 3 a general expression for the complex ad- 
mittance is derived using the usual Eyring ansatz (3.5) 
for the voltage dependence of the rate constants_ 
Though the transport system itself is at non-equili- 
brium, it is assumed to be in a temperature bath defin- 

’ After submission of the manuscript of this paper f have got 
knowtedge of the recent work of Procaccia et at. I25,26], 
concerning the stat&tin1 mechanics of nonequilibrium 
stationary states with application to light scatterhsg experi- 
men%- With a completely different approach they also have 
found (in contradiction ..o prior studies of steady states) that 
flucruatians around non~u~br~um stationary states are 
quahtatively different from equilibrium fhrctuations. This 
difference is caused by a coupling between the fluctuations 
and the macroscopic fluxes. ln our treatment these ftuxes 
correspond to the antisymmetric components (&, - &J 
af the (unidirectional) fhrxes and are also decisive for the oc- 
current: of that part of nonequiiiiriitrm transport noise, 
which is qualitatively different from equilibrium noise. In 
the cited papers possible light scattering experhnents for 
measuring the nonequihbrium effects are discussed. In the 
case of electric curtent fhtctuations typical nonequilibrium 
effects (Iffnoise Iorentzian noise or carrier noise f173) have 
aheady been measured in agreement with our theoretical resulte 

ing the temperature T occurring in the Eyring ansatz 
Furthe~lore a ~roportionaiity (3.7) between the 
voltage difference between two states of the system 
and the correspanding contribution to the measured 
current is assumed and made plausible with heuristic 
arguments in the appendix. 

The derivatien of the admittance will be done by 
calculation of the linear current response of the trans- 
port systems to small delta-shaped voltage pulses. We 
shall see that in this way s;leciaf properties of the 
frequency dependence of transport fluctuations can 
be clarified and related to the linear response proper- 
ties of the systems. 

We hope that the decomposition of transport noise 
into an admittance-term and an excess noise term 
g&err below in (4-7) will yield contributions to a 
better general understanding of fluctuations as e.g. 
the shape of fluctuation spectra and the problem of 
minimization of noise at nonequilibrium processes. 
The fatter aspect is discussed in short at the end of this 
paper. It might be interesting e.g. for the interpreta- 
tion of biologicrd nonequilibrium transport processes 
and should be further investigated. 

2_ Current ~uc~uatjons in discrete transport systems 

We start with a brief summary of the main points 
and assumptions concerning the treatmtmt of trans- 
port fluctuations in discrete transport systems as 
described previously [9,15,16] _ 

The state of the transport system is described by a 
set of variables A$, i = I, 2, _..* n_ The time-depen- 
dence of the expectation values UVi(r jl in the vicinity 
of a stable stationary state Nf (linearirable region) is 
assumed to be given by the &ear ~henomenologic~ 
equat ians 

The stationary solutions Nf of (2.1) are given by 
the equations 
11 

c nzjyN; + Yf = 0, 
j=l 



Eqs. (2.1) and (2.2) are assumed to describe also the 
macroscopic behavior of the system, e.g. the time 
dependent relaxation of IVi(t) after a macroscopic 
disturbance (Onsager’s regression hypothesis)_ 

Introducing the deviations 

~=ivi-Ar; (2.3) 

from the stationary state we define the so-called fun- 
damental solutions !Zik(?) as solutions $(t)) of the 
phenomenological equations under special initial 
conditions which distinguish the state k 

Qk(f) = (%(O+al(o)=six-) for YPO, 

Qi&) = (O[i(t))(cr,(o)+lY~-alli) for Y= 0, (2.4) 

where the Kroneckcr symbol SIk = 1 for I = k and 
61x_ = 0 for If k. 

2.2. I;luxes mzd electric currmt 

Formally the ‘fluxes’ r&, i.e. number of transitions 
k + i are introduced_ Gii is set equal to zero. Because 
the duration of a transition k -+ i is assumed to be in- 
finitely small, Qjk consists of a sum of delta-shaped 
pulses, each of which is generated by a transition 
k -+ i. 

The expectation values of fluxes are given by 
UV,(t)) and Mix 

<~ik(r)> =n~ikuv,(t)), if k (2.5) 

and the stationary fluxes & 

& = M& _ (Z-6) 

In case the system is in contact with (772 - 7;) outer 
reservoirs, it may be necessary to take into account 
also the fluxes into, from and between these reservoirs 
by extending the (II X n)-matrix of fluxes to a 
(nr X m)-matrix (m > N) with the components $I~, 
and introducing the rate constantsMP,, (p, v > II) for 
the corresponding transitions (compare [9] )_ E.g. 

<ofi) = fifflf(t)p P > II. i< rI (2.7) 

is the expectation value of flux from i to the (JJ - rz)-th 
reservoir and the stationary flux &, correspondingly. 

We assume that a special transition within the 
transport system yields a special contribution to the 
measured electric current J. Hence J is given by the 
linear combination 

(x3) 

Obviously the contributions of transitions p + u and 
reverse Y + ,u differ only in sign: 

YPV 7, (2.9) 

2_3_ Auiocorrelatiou ftmcrioir am! spectral demiiy of 
curret t jihctuatioizs 

The derivation of a general expression for the auto- 
correlation function CM(t) of the fluctuating part 

u=J_J= (3.10) 

(J” = stationary current) is done through a determina- 
tion of the individual correlations (@,JO)Q,,(r)> 
between the individual fluxes (compare [9.15.16] )_ 
Then Car(r) is a linear combination over a11 these 
individual correlations with the general result 

The spectral density G,(w) of current fluctuations is 
determined by C,(t) through the Wiener-Khintchine 
relations 

GLSI(w) = 4s C,Jt) cos wt dr. 
0 

Hence 

(2.1’) 

X / S2D,(t)cos wt dt. 
0 

(2.13) 
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3. Admittance 

3.1. Definition 

We assume that additionally to the constant voltage 
&” a small (complex) voltage 

e(t) = eO exp(iwt) (3-l) 

is applied to the system_ In the linearizable region the 
corresponding current J(r) is 

J(t) = JS + j(W, f). (3.2) 

For the stationary current P belonging to the sta- 
tionary stable state of the transport system the macro- 
scopic conductance A’( v”) may be defined by 

P(P) = AS(P) - vs. (3-3) 

The frequency- and time-dependent current j(o, f) 
can be written as 

j( Vs, w, t) = .fO Y(w, V’) exp(iot), (3-4) 

where the quantity Y(w, V”) is called the differential 
complex adnzittance of the system_ 

3.2. Y&age dependence of the rare coI:sfan ts 

For the voltage dependence of the rate constants 
MP we can use the Eyring ansatz 

Al,(v) = M,(VO)exp(or,,u/% 

u = Ze,( V - V&/X-T, cQu = -avp, (3-5) 

where Ze, is the charge being responsible for the 
generated current pulse during a transition v + p in 
the transport system. The dimensionless number aPy 
denotes the fraction 4,V/(V - V,) of the voltage 
difference 4PV which is seen by the charge ZQ 
between states v and p as consequence of the applied 
voltage (V - Vo)_ Naturally aMy may be zero. The an- 
sate (3.5) yields the linear expansion of Afly around 
VS. 

(3-6) 

For energetic reasons it is plausible to assume that the 
tiPy are directly related to the constants r,,, which 
according to (2.8) determine the contribution of a 

transition v + y to the measured current J (c-f_ also 

PI 1: 

gv=o = 7,v (3-7) 

A heuristic derivation of (3.7) is given in the appendix_ 
With (3-7) we get from (3.6) 

M,,( vs -I- E) = M,,( V”) 

x 
[ 

E 1 
‘+?7qT - -1 (3-8) 

We emphasize that the linear expansion (3.6) of Al,, 
around Vs and relation (3.7) are explicitely used in the 
following derivation of a general expression for the ad- 
mittance- 

3.3. Linear response and complex admittance 

Analogously as spectral density and autocorrelation 
functions the admittance function Y(w, V”) is con- 
nected with the linear current response of the transport 
system to a small &shaped voltage disturbance by 
Fourier transformation: For 

(V- VS)=<. S(t) 

the resulting curret response is 

J = Js +j(r). 

Because of the relation 

(3-9) 

(3.10) 

S(t)= 7 eiwrdw 
--_ 

(3.11) 

and the linear properties of the system, Y(w) is given 
by j(t) through 

Y(w) = i 7 j(t) eeiw’dt. (3.12) 
_DD 

The use of &shaped forces is a common method in 
linear response theory [ Ia]_ Naturally a S-shaped 
voltage pulse is not small by definition. But “small- 
ness” in this sense means that the disturbances of the 
variables Ni, generated by the pulse, are small and 
within the linearizable region around IV;. Furthermore 
it should be kept in mind that the use of the &func- 
tion in the time domain may be regarded as a special 
procedure which facilitates the determination of the ex- 
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pression (3.19) for the admittance in the frequency 
region. In this sense restriction (3.13) upon the linear 
expansion of the rate constants is also justified because 
in the frequency region it leads to the correct linear 
expansion (3.6). 

An expression for the linear responsejff) may 
simply be derived as foIlows: With eqs. (2.5)-(3.7) 
for the macroscopic flux GPV and (3.6) (3.8) for 
the voltage dependence of the rate constants, the small 
voltage pulse at t = 0 effects a g-shaped change 

(IV&, - M,,(P)) =M&P) -5 *g - S(t) (3.13) 

of the rate constant MPV, which on the other hand is 
connected with a small macroscopic pulse 

tS~n,~~s(t)=f~~o~$(t) (3.14) 

in flus f&P at t = 0, being proportional to the stationary 
flux Q& itself. Furthermore this macroscopic flux 
pulse generates a macroscopic disturbance 

(3.15) 

of the concentration IV, at t = 0 and naturally a dis- 
turbance of opposite sign of NP_ The total disturbance 
of IVu at t = 0 is therefore given by summation over 
all disturbances generated by the changes of all rate 
constants MMy and Mvp (v =+ p). Taking into account 
(2.9) i-e_ y,, = --y,,, we get 

nt 

(3.16) 

The disturbances (3.16) of the iVcl at t = 0, generated 
by the s-shaped voltage pulse (3.9), yield the initial 
condition under which an expression for the linear 
response j(t) in (3.10) for r > 0 may easily be derived 
with the use of (3.5)-(X3) and the fundamental solu- 
tion (2.4): 

j(t>O)=LL 
2 kT 

X i2: 5 Y Y _ M (8 “@$)i2prfr) (3.17) K,v=j fi,fl=f WJ hp W W 

Together with (3.14), which determines the response 
atr=O,weget: 

j(r < 0) = 0. 

The admittance function Y(o ) is according to 
(3.12) given by Fourier transformation of j(r). For 
comparison with the spectral density and in order to 
investigate the validity or invalidity of the fluctuation 
dissipation theorem we are especially interested in the 
real part of Y(w): 

X 1 Qpp(r) cm wr dt. 
0 

(3_ 19) 

4. Comparison of the macroscopic admittance with 
the microscopic fluctuati0Sls 

In order to investigate how the Nyquist relation 
(1. I) has to be extended for nonequilibrium fluctua- 
tions we slightly manipulate the general expression 
(2.13) for the spectral density of current fluctuations 
by decomposing the stationary flux matrix with com- 
ponents o& into its symmetric and antisymmetric 
parts: 

X f Q,(r) cos wr dr 
a 
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x J St,,(t) cos wt dt. (4-j) 
0 

By comparison with (3.19) follows: 

G,(w) = 4 kT Re Y(w) 

!?Z II 

X j-- &-$,.Jt) cos wr dt. (4.2) 

0 

The frequency-dependent contribution to the ad- 
mittance is connected with the symmetric part 

<I;s;, + (s$,) of the stationary fluxes. At tbermo- 
dynamic equilibrium the principle of detailed balance 
means 

@EV = 9& (4-3) 

Hence in this case the second term in (4.2)> connected 
with the antisymmetric part of the stationary fluxes, 
vanishes and the validity of the Nyquist relation at 
equilibrium is confirmed_ 

At noitequilibriunl the second term in (4.2) does 
not vanish in general. The espression 

J$ = -Y,,&$, - 0;) = J& - (4.4) 

is symmetric because of (2.9). It is the stationary 
contribution to Js by transitions U-+/J and p + Y. 
Furthermore 

(4.5) 

is the time dependent deviation of total current J 
from the stationary current Js under the initial con- 
dition, which distinguishes state I+ at t = 0 (cf_ (2.4)). 

Then we get from (42) 

G&o) = 4 kT Re Y(w) 

nil n 

-f- 2 x c J$, J- 
v=1 p=l 

4JJr) cos wt dt. (4-7) 
0 

The interpretation of (4.7) is as follows: The first 
(admittance) term is generated by microscopic dis- 
turbances of thesystem which can aIs0 be excited 
macroscopically by an externaI voItage_ it contains no 
additional information compared with the macroscopic 
admittance function_ On the other hand the second 
term is generated by microscopic fluctuations which 
cannot be excited by an external voltage.. Because of 
this term the measurement of nonequilibrium current 
fluctuations in principal may yield information about 
the transport system which cannot be obtained from 
the measurement of macroscopic quantities_ 

1.2 SpeciaZ exantples 

The second term in (4.7) is a bilinear expression in 
current, and we may expect that its contribution to 
fluctuations often increases quadratically with current 
(voltage)_ Indeed, as is well known this property is 
typical for nonequilibrium excess noise as e.g. lorentz- 
ian noise generated by nerve channels with open-close 
kinetics [Z--5,15] or l/f noise [18,19]. 

If the channels possess one open state and the ion 
transport through the channels is fast compared with 
the opening-closing kinetics of the channels, the 
current noise spectral density has the general structure 
fI51 

G&(W)= shot noise + forentzian noise, (4.8) 

where the lorentzian noise term is proportional to the 
square of the current through the single open channel. 

Comparison with (4.1) and (4.7) shows that the 
shot noise is determined by the admittance which in 
this case is frequency-independent. The lorentzian 
noise term is excess noise coming from the second term 
in (4.7) being generated by microscopic channel fluc- 
tuations. 

The current noise generated by carrier-mediated ion 
transport through membranes at nonequilibrium and 
the correponsing decomposition of GN(m) into ad- 
mittance and excess terms has recently been measured 
and extensively discussed and is published elsewhere 

fI73. 

4.3. ~HniWR??lt~V open pores with OJle &iJldiJJg site 

The case of permanently open pores with one bind- 
ing site within the pore, one ion species and negligible 
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interactions between the ions and pores [20,21] can 
serve as a simple example for discussion. The binding 
sites inside the identical pores are considered to be 
separated by energy barriers from the reservoirs on 
the left- and right-hand sides of the pores. The variable 
N1 denotes the occupation number of ions at this 
binding site. Its rate of change <1\1,> with time is de- 
scribed by: 

uir,> = k&V,, - (k; + k;)W1) + k&_ (4.9) 

No, IV2 are the constant concentrations at the left- 
and right-hand sides respectively, kb, kz the correspond- 
ing rate constants for jumps of the ions into the pores 
and k;, k; for jumps out of the pores to the right, left 
respectively. 

With 

YI = Yo1 = -Yto, Y2 = YI2 = -Yzr , 

YI +72 =Zeo (4.10) 

and the stationary solution w1 of (4.9) 

w1 = T(k&Vo + k;N,), 7= l/(k; + k’;), (4.11) 

the spectral density of current fluctuations is given 
by PA 

Gti(w)=u, +-A, 4T 
(1 +cd27-q ’ 

(4.13) 

with 

A, = yf(kpo + k;;Ns) + y$(k;pl + k;N2, 

-42 = (ylkpo - y2k;N2)(y2k; - yIk;)- (4.13; 

For the admittance Y(w) holds 

4kTRe Y(w)= 2A1 + I +z2 
7 
2(y2ki -ylk’;) 

X {yl(k$‘o + k;lVl) - yz(kzN2 + kiNS1)). (4.14) 

And from (4-7) follows with 

@ = kpo - k’;NSl = k;pl - k;iV2, 

Js = Ze,@ (4.15) 

the decomposition of G,(o): 

G&w) = 4 kT Re Y(o) + JS(y2ki - yl k;) 
27 

I +cdv 

(4.16) 

At equilibrium the second term vanishes_ The principle 
of detailed balance means 

kiN”1 = k;Xz, k&V0 = k;‘fll _ (4.17) 

Therefore, for the equilibrium state: 

Gd(o)=2d1 - 
2r 

1 -tW”r’ 
IVl((Y2ki - y1k;)2_(4_lS) 

The frequency dependent contribution is always nega- 
tive and the low-frequency white limit is below the 
high-frequency limit. This “inverse Lorentz-behavior” 
is typical of transport noise at equilibrium and has 
recently been measured and discussed at different 
biological transport systems [6,&l 5,16,23] _ It is a 
direct consequence of the fact that at equilibrium the 
applied voltage disturbance (at t = 0) and the current 
response (for t > 0) are in opposite direction At non- 
equilibrium the frequency dependent contribution to 
4kT Re Y(o) may be negative or positive, depending 
on the response properties of the system. It is positive. 
e-g. for the special case of pores under very asymmetric 
conditions 

Yl > Y2, k;=k;=O, (4_ 19) 

where flux can take place only in one direction_ 
The second term in (4.16) can also be positive and 

negative, because the sign of (“/zki - rlk’;) may be 
equal with or different from the sign of J”, depending 
on the special chcice of the different parameters. 
Taking the Eyring ansatz (3.5) for the voltage depen- 
dence of the rate cons?ants the absolute value of this 
term becomes greater for higher applied voltages, if it is 
positive, and smaller, if it is negative_ Generally, it is 
negative in cases where the gradient between concen- 
trations at the left and right pore side is opposite to 
the direction of the applied voltage_ All these proper- 
ties are in agreement with a general rule, which we 
have recently proposed [ 15,161, that the difference 

G,(w + 00) - G&w + 0) 

is always positive at equilibrium and becomes smaller 
or even changes sign at nonequilibrium. 

5. Discussion 

The results for open channels with one binding site 
have illustrated some general properties of transport 
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fluctuations_ First, the property of the spectral 
density at equilibrium to be smaller at low frequen- 
cies than at high frequencies as a direct consequence 
of the fact that the linear current response (for t > 0) 

is in opposite direction to the applied voltage pulse 
(at t = 0). This indicates the impossibility for the oc- 
currence of current excess noise as e.g. I/f noise or 
nerve channel l/f?- noise at thermal equilibrium_ 
Nevertheless the process itself, which is the actual 
source of the nonequilibrium escess noise, may be 
an equilibrium process, as for example the opening 
and closing of nerve channels, generating l/f ‘)-current 
noise. Also for l/f noise the recent results of Voss and 
Clarke [24] seem to indicate that the resistance fluc- 
tuations, which are responsable for 1 /f noise, are there 
already at equilibrium_ 

At nonequilibrium under special conditions the 
current response may be in the same direction as the 
applied voltage pulse and hence yield an excess noise 
contribution of the admittance term to the fluctua- 
tions. 

The bilinear dependence on current of the second 
term in (4.7) may often result in a quadratic depen- 
dence, which is typical of most excess noise sources. 

The fact that the sign of both contributions to the 
fluctuations can be negative for a suitable choice of 
parameters might include interesting aspects for the 
problem of minimization of noise in special frequency 
intervals in amplifyers as well as in biological non- 
equilibrium transport systems_ For the example of 
pores with one binding site, the minimum noise at 
low frequency for given curves Js is reached in those 
cases of asymmetric pores where the ions can flow 
only in one direction_ Then, as easily may be verified 
from (4_ 12) or (4.16) with (4.1 S), G&(w = 0) is 
usual shot noise 

G&O) = 2 PZe, _ (5-l) 

The possibilities for a minimization of noise may be 
much more effective ln more complex systems. Fat 
bio!ogical nonequilibrium systems it should be interest- 
ing to investigate, if and how these systems during 
their evolution have reached states of minimum fluc- 
tuations 

Appendix 

Derivation of relation (3.7) 

We give a heuristic derivation of the relation (3.7) 
between y,, and oPy. which is based on an energy 
balance. We assume the transport system to possess a 
capacitance Cand to be helt under constant voltage V 
(voltage clamp)_ Then between the total charge Q and 
V holds 

Q=CV. (A-1) 

If inside the transport system a charge 4 is transported 
between points (or states) ~_r and v with a potential 
difference 41rvv, the energy 

4& = 4.u2v - q (A-2) 

is lost (by dissipation)_ As consequence of this energy 
loss the total voltage V is changed to (V - 4,,L’), 
approximately given by 

4Py V = 4uv.WQ- (A-3) 

Thus with (A-2): 

4Py v = 4&J - 4/Q_ (A-4) 

On the other hand, because the system is to be helt 
under constant voltage, a charge L\,,q must be delivered 
from outside in order to compensate the change 4PyJ’ 
in voltage_ 

With (A-1) 4Pyq is given by 

4,,q = CAPv V_ 

and hence with (A-4): 

4&? 4,,‘r -=_ 

(A-5) 

4 f’ - (A-6) 

The fraction 4,&4 of the charge 4, which must be 
delivered from outside and generates a corresponding 
current pulse, as consequence of the transition of q 

between p and Y, is equal to the fraction A,,V/V of 
voltage V between p and v compared with the total 
voltage V. 
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