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Abstract— The most general parameter of the electronic circuit is its sensitivity. Sensitivity analysis helps
circuit designers to determine boundaries to predict the variations that a particular design variable will
generate in a target specifications, if it differs from what is previously assumed. There are two basic methods
for calculating the sensitivity: matrix methods and graph methods. The method described in this article is
based on a graph, that contains separate input ad output nodes for each phase. This makes it possible to
determine the transmission sensitivity even between partial switching phases. The described fully-graph
method is suitable for switched current circuits and switched capacitors circuits, too.
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1.Introduction

The basic parameter of the electronic circuit is

its sensitivity. Sensitivity analysis is useful tool for 2. The Transfer Function and the

identifying tolerances of c.1r.cq1t elementg. Some Sensitivity Determinations
graph methods for sensitivity analysis were

described in [1], [2] , [3]. Sensitivity analysis is For example, the relative sensitivity QF of the
very important in switched circuit design, because it ¢
helps us to optimize the behavior of a given

switched circuit by showing us which components @ o—oI! @ o N @
of the entire systems are more sensitive. The most J_

general element for switched circuits is a Vll c Ilvz lvs
transconductance with input and output branches in o— —O
different phases [4]. The main disadvantage of the

previously published graphical method for switched

circuits (for example [5] for SC circuits) is the Fig. 1. The general circuit and illustrating the members of the

impossibility to determine the sensitivity between equations

the two different switching phases. Therefore, the circuit is given as (3)

graphs so far published do not include separate

output and input nodes for different switching St :gaj 3)
phases. F oC

For switched currents circuits the expression that

where F is transfer function, C is circuit element.

gives the sensitivity of the transfer relative to

F a

OnF The derivation °F for circuit, which is described by
a conductance G (control current in phase E at aC

branch a and output current in phase O at branch b)

1S

simplest Fig 1, where C capacitance in branch, for

example OF is given as follows (4).

Foora O OF
—_ (l) 8023

¢ T FoG
a b c
d C+e f|=
h i

For switched capacitors circuits the sensitivity of
the transfer Fop ga relative to a capacitance C (the
control voltage is control voltage is in phase E at g
node a and output voltage in phase O at node b) is

=aq-ei+b-f-g+d-h-c—-g-e-c @)

C oF @) —a-f-h+a-C-i-g-C-c=
CFoC

Fob, ka
S¢
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=a-ei+b-f-g+d-h-c—g-e-c

—-a-f-h+C-a-i-C-g-c=
=a-ei+b-f-g+d-h-c—g-e-c
—a-f-h+C-(a-i—g-c)=

a b c
. a ¢ a ¢
=ld e f|+C- |1=A+C- ]
i i g i

g h i

The voltage transfer function g _ V. will be given

1

simply as (5).
d C+e
Vs _An 18 h | _dh-ge-gC_
Vi, A, [C+e f| ei-h-f+iC
h i
®)
d e
-g-C
_1& h _ Ay =C-Ap,s, _ Ay +C-A 5,
e f i C Ay+C-Ay, Ap+C-Ay,
h i
Thus sensitivity 9 will be given as following
oC
formula (6).

OF 0dh-ge-gC_

oC 0Y ei—h-f+i-C

_—g-(ei-h-f+i-C)—i-(d-h-g-e-g-C) _
(ei—h-f+i-C)*

_—greitg-h-f-gi-C—i-d-h+i-g-e+i-g-C _
(e-i—h-f+i-C)°

_ g-hf-i-dh  he(g-f-i-d)
(e-i—h-f+i-C)> (e-i—h-f+i-C)’
A,
=_h.ﬂ=_ﬂ2¢“ (6)
A1:1 A1:1 ! ’

g-f—-i-d A,
e-i—h-f+i-C A,
is a partial transfer function from the node 1 to the
node 2, the second one member ie.

where first member -

©
[ A

.l

T

Fig.3. The first step of fully-graph sensitivity solutions.
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: h = A2 =T,, Iis a partial
e-i—h-f+i-C A, '
transfer function from the node 2 to the node 3, thus
can be written (7)
OF
oC

_T1,2 ’ Tz,3 (7)

As can be seen, the derivation is multiply of two
transmission functions, (7) can be generalized in
form (8)

OF
8qu =Ty Ty ®)
ji
Thus, relative sensitivity is (9)
C.
sg“l — Tiq . Tki . (9)
ji rq g

These relationships (7), (9) given for non-switched
circuits in [7], [8] can be therefore used for
switched circuits, as well.

However, the graph solution requires finding a
graph that includes all switching phases. The circuit
must be described by a graph showing the four-
port. The construction of the graph using
transformation graphs and two-graphs for switched
capacitors and switched currents circuits of required
properties was described in [9].

3.Example

In this section an example concerning the
symbolic analysis of the switched capacitor circuit

FA o
l @@%@
e

Fig. 2. The determination of the members Cji, Ckl.

is presented to show that the proposed method is
applicable to relative sensitivity analysis of the
switched circuits.  Let is find the relative

2.=3. 4.=5
Il
I
c, A
—O
C, C,
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Fig. 4. The second one step of construction of the summa graph: graphs for even and odd phases
EO:
l C,C, (10, 2E) l
= G
A /2 A
Q-gr.: c,\¢c, c, V-gr.: ;\//i:z @ CZO/ C,
EE
C, (1E, 1E) T OE : T -C, (10, 10)
-C, (2E, 2E)
C, (1E, 10)
-C, (2E, 10)
Fig. 5. The second one step of construction of the summa graph
- Fo.e . i
sensitivity SC1 of the voltage transfer function _ | set of spanning -
F,o.r (i.e. to node 3 in phase O from node 1 in trees of V —graph
phase E) of the SC circuit shown in Fig.2. The A set of spanning
two-graph method will be used .for solutions trees of Q-graph
First we draw a partial diagram for the even (11)

phase odd phases separately by the algorithm
described in [8]. These diagrams are in Fig.3, where
the node numbers in the squares are the numbers of
the nodes of the charge Q-graph and the node
numbers in the triangles are the numbers of the
nodes of voltage V-graph after re-numbering the
nodes, caused according to the rules stated in [§] by
the operational amplifier.

To the diagrams for individual phases, we can
assign directed graphs drawn in Fig.4. For
orientation there are the original numbers of nodes
from the diagram in Fig.2 in the circles.

An ideal operational amplifier then causes
merging of the nodes 3 and 0 in the voltage V-
graph and merging of the nodes 5 and 0 in the
charge Q-graph, as is described in [8], [9]. For both
even and odd phases it is necessary to draw a
special voltage and charge graphs.

These graphs are in Fig.5.

As is described in [2], [5], [6] determinant A of
the matrix Y (or the matrix C in this case
switched capacitors circuits) of the circuit is given

by (10)

A=>"+(product of capacitors) (10)
w

where W is given as (11)
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In other words, there is a term in the expression

for A corresponding to each spanning tree that is
common to the charge (Q-gr.) and voltage graphs
(V-gr.).

This principle is used to construction summary
M-C graph. Summary M-C graph is now
constructed by first finding the incomplete common
skeletons of the V-graph and the Q-graph in the
even phase and in the odd one: in the even phase
there is one incomplete common skeleton formed
by the C; element connected to the node 1 of both
graphs, another incomplete skeleton is formed by
the C element connected to the node 2 of both
graphs.

But as the arrows in the Q-graph and the V-
graph aim in the opposite direction, the C; element
has a negative sign, i.e. there will be -C. In the odd
phase there is an incomplete skeleton formed by C;
connected to the 1% node, the arrows in the Q-graph
and the V-graph aim in the opposite directions, so
C> has a negative sign -C,. Thus obtained loops of
summary Mason-Coates graph are in Fig.5.

The common skeleton of the V-graph in the E
phase and of the Q-graph in the O phase is formed
by the C: element, whose graph goes from the node
1 in the even phase and from the node 1 in the odd
phase, and by the C; element, but as the arrows at
C; in the Q-graph and V-graph go against each
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other, the C, element has got a negative sign, i.e.
there is -C,. Thus the graph for the OE phase is
given. In the EO phase we look for common
incomplete skeletons from the Q-graph in the E

_Z-1/2_(_C1)

1E.=2E. 3E.=4E.=5E. 5406:5(5)(3:

() &) ©

Fig. 6. The second one step of construction of the summa
graph

z12(-C,)

z12,(C,C,)

phase and from the V-graph for the O phase. There
are two branches going parallel with transfers C2
and Csz, while the arrows at C, go in opposite
directions so in the sum of these parallel branches
C> will have a negative sign: C3-Cs.

After completing the graph will get the form
shown in Fig.6.

In the last step of the sensitivity solutions, the
rule (9) is applied. The relative sensitivity S?lo‘”:‘

thus will be calculated as (12).

SFSO.IE — C] . aF30JE _ C] . 8F30,1E . aCj}()‘lE _
“ F}O,]E oC, F}O,IE oC, aC30,11~:
_ C . 6F3O‘IE _acso,lE _
F}O,,IE ac30,115 oC,
C oC
= F3o,115 “Tigie - Thos0 - aé);]E =
12
c, (12)
- 1
-z *(-C))-(-C,)
1 1
(-C,)-(=C,) -z *(-C,)-z *(C, -C,)
1
1 _t (3|:—Z 2(—C,)}
. (-C)(=C)-z *(-C,)z *(C,-C) _
1 1 aC,

(-C,)+(-C,)—z 2(-C,)-z 2(C, - Cy)

= lcl{_ (_Zz)}(_cz) - ﬁ =1
-z? (_CI )(_Cz)

—ziEC]C2
where Tigie, T3030 are partial transfer functions
from summary graph (see Fig.5), there are
calculated from Mason’s formula (13).

LRy
Tab :7b =—
Ya A (13)
4.Conclusion

The problem of sensitivity determination has been
investigated in a great number of publications
during the last several decades [15], [16], [17], [18],
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[19], [20], [21] and many others. A typical problem
here is the determination of the derivates in the
sensitivity expressions and its decision had been
searched in different ways.

A fully graph method for relative symbolic
sensitivity analysis of the switched circuits is
described.

This method requires no intermediate nullor
models, which is an auxiliary step in the
conventional solution, the method does not require
the capacitance (and/or conductance) matrix
assembling. The disadvantage of graph methods so
far described by prof. Moschytz [20] and prof.
Toumazou [4] and many others, is the impossibility
to find the transfer and hence the sensitivity
between the different switching phases. Using the
summary graph eliminates this disadvantage.

The transformation graphs method can also be
used to construct a summary graph, this
construction is described in detail in [9]. The
example is solved for the SC circuit but this method
is also applicable to SI circuits due to the similarity
of relationships (1) and (2), too. The construction of
a summary graph for the SI circuit is described in
detail in [23], as well.

Since all other known graphical solutions of
switching capacitor circuits do not differentiate the
input nodes for each phase separately and the
output nodes for different phases separately, these
methods can not be used to solution by graphs
sensitivity to change the parameter between the
phases. Such a solution is only possible by matrix
methods, not by known graph methods, so the
described graph method with the summa graph with

other existing graphical methods cannot be

compared, because  this  comparison is

impracticable.
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