14 SIGNAL-FLOW GRAPH NETWORK ANALYSIS
T.Dostal, J. Mikula

Radioengineering
Vol. 1, No. 1, October 1992

SIGNAL-FLOW GRAPH NETWORK ANALYSIS

Tomda$ Dostdl and Jdn Mikula
Depanment of Radioelectronics
Technical University of Bmo,
Antoninskd 1, 662 09 Brmo
CSFR

Abstract

A novel type of signal-flow graph is
presented creating minimum number of
nodes for independent voltages only. The
graph will be derived by inspection of the
network using special transforming
T-graphs. The method is useful for the
analysis of medium-size active and
switched networks.
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Introduction

Signal—ﬂow graph {SFG) technique is very useful
tool for the hand analysis of small and medium-size
nctworks and/or subnetworks of larger systems. Last
days the SFG’s have been effectively used for the
switched capacitor (SC) networks too. Many types of
SFG’s and different methods of their derivation have
already been proposed, but still relatively complicated
and cumbersome. Many of them are also restricted on
some class of networks, specially of SC.

The method described in this paper is quite general
and can be applied to all types of networks, that may
contain any active elements - op.amps, voltage amplifi-
ers, controled sources, unity gain buffers, immittance
converters etc.

This method requires neither equivalent circuit, nor
auxiliary network transformation, nor tables of sub-
networks and nor other intermediate steps. The deriva-
tion of the SFG is straightforward by inspection of the
SC network, using special transforming T-graph.

The foundation of this method was given in [1}. How-
ever novel improvement, generalization, simplification
and extension of this method ts introduced in this paper.
Furthermore the SFG will contain minimum number of
nodes, for independent voltages in particular phases
only.

This graph method is primarily effective for the hand
analysis, but it can be used for a reverse process of
synthesis as well. This is done by first deriving the SFG
corrgsponding to a given transfer or immittance net-

work functions. Then from the SFG a desired network
is constructed.

Construction of signal-flow graphs
using T- graphs

An ingenious technique to obtain uniformly the
SFG of arbitrary network will be now given in this
section. This method is based on node analysis. The
derivation of the SFG is straightforward by inspection
of the analyzed network, using special transforming
T-graph. It describes active elements, functional blocks
and switching ingeniously and uniformly.

Observance 1: The SFG of any network can be ob-
tained by transforming the subgraphs of particular sub-
networks {one-ports or two-ports ;).

Definition 1: The transforming T-graph is an auxil-
iary graph describing relationship between the variables
of subnetworks (the separated admittances ¥i) denoted
Vi' and others 17, for the whole circuit.

Example 1: Consider a most simplest case, namely
the admit tance ¥1 (described by the selfloop Y1, voltage
V1 and current fy respectively) is conneeted to the

regular node (#7) of larger network. The given vartables
are in following rclation

M=V (1a)
h=1I, (1b)
that can be rewritten in this form
Vi=a.Va=1.V, (2a)
In=b.I) =1.Iy (2b)

The eq’s (2) can be portrayed by simple T-graph of
the Fig.1b, wherea = b = 1.

Definition 2: The T-graph (Fig.1b) consists of two
branches, namely a voltage and a current one. The
voltage T-branch is port raying eqn (2a} and has trans-
mittance (@). The current T-branch portraying eqn (2h)
has transmittance (b) respectively.

Remark: Notc that the transmittances @ = b = 1 in
this case of Example 1 only.

Proposition 1: Generally, the transmittances of the
voltage and the current T-branches have the same value
(@ = b) for passive networks only. It is not valid for the
networks containing active elements (op.amp’s,
VCVS's), irregular to nodal analysis methods.

Furthermore using this T-graph the branches O’ji,)
and/or the seifloops (yii’) of subnetworks (¥} ) are trans-
formed in the re sulting SFG (yxm or ymm) as shown at
the bottom of Fig.1d.
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a) connection of subnetworks (admittances) Y to an active element,

b) simple form of the T-graph,
c) coefficients of T-branches,
d) basic transformation of subgraphs,

Definition 3: The branch (selfloop) of the SFG
(¥km, ymm) replaces the path between two nodes of
SFG (m, k orm, m). This path is creating by one voltage
T-branch {a)}, one branch (sclfloop) of subgraph (yji or

yii ) and one current T-branch (b) only. Not more! The
transmittance of SFG branch is given by formula

y=%a.y.b (3)

what is particularly given in Fig.1d.

T-graphs of active SC networks

Up-to-date networks usualy contain active ele-
ments too, namely op.amps, voltage amplifiers (VCVS),
unity gain buffers etc., irregular to nodal analysis meth-
ods.

Proposition 2: There are other transformations of
voltage and current respectively, owing to special prop-
erties of active ele ments. Consequently the T-graph has
other transmittances (@ = b), if the subnetwork Y; is
connected at the port of this element (Fig.1a).

Operational amplifier
Connecting the admittance Y7 at the input of the
op.amp (Fig.1a), the voltage V = 0 (that is the charac-

ter of the nullator). Therefore the output voltage V3 is
taken as one independent volta ge only. Consequently

V1'=0=-a.V2=0.V2 4
and than the coefficient ¢ = 0 in the table of Fig.1c.
The current /1 is transformed without any change

(11' = Iy, because finp = 0 of the op.amp. Conse-

quently

H=b.Lh=11 |, (5)

and therefore & = 1in the table of Fig.1c,

Similarly the other values of the transmittances
(a, b) in the table of Fig.lc can be proved for Yz and
Y3 too. Connecting the admittance ¥2 at the output of
the op.amp (Fig.1a) corresponding T-graph hasa = 1,
b = 0. For the admittance Y3 connected between Vo of
the op.amp, there is a combination of the foregoing
T-graphs and eqn

Vi = ~Vy (6)

Voltage amplifier
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Furthermore if the active element is a voltage ampli-
fier, VCVS and a unity gain buffer, the T-graphs
(Fig.1b) should be similarly used, using correspondig
transmittances @, b from the bottom of the table
(Fig.1c).

However the given T-graph technique wiil be
illustrated by following example,

Nlustrative examples - analogue net-
work ARC

Example 2: Consider an active RC filter (biquad)
in Fig.2a, containing two op.amp’s {OAl, OA2) and
unity gain buffer (4 = —1). There is a set of indepen-
dent node voltages: 13, V3 and Vs, Others are depen-
dent on them what is directly denoted in Fig.2a.
Therefore the SFG can be containing nodes 17, V3, Ve
only.

Furthermore an associated T-graphis constructed in
Fig.2b {dashed lines) using the given Proposition 2. The

voltage on the capacitor Cy can be expressed as follows -

Fig.2
lustrative example - analogue ARG network
a) cireuit diagram,
b} construction of the signal-flow graph.
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M=Vi-V2 =V1=<0.V3 (M

The eqn (4) is portrayed by the T-graph (part; 17,
Vi, V2, Va) in Fig:2b. Using this T-graph the selfloop
(pC1) is transformed in resulting SFG as shown at the
bottom of the Fig.2b, :

The capacitors C3 and C3 are connected between ifo
of the QA1 and the QA2 respectively. Therefore the
T-graphs have the form of Y3 in Fig.1.

®
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Fig.3
A biphase switched capacitor
a) a toggle-switched capacitor (between phases A and B),
b) equivalent circuit for the phase B {passing A to B),
¢) corresponding-subgraph,
d) the T-subgraph for the passing B to A,
) construction of the SFG
f) a simpiified form of the T-graph.

The voltage on the admittance ¥4 should be ex-
pressed as

V4!=V2" - Vﬁn =0.V3—-1.V; 8
what is portrayed by corresponding T-graph (part:

Vs, Va Vi, Ve, Vg) in Fig.2b.
Similarly for conductance Gs (Fig.2a)
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Vs =Vy =Vs =(~1).V3—0.Vs (9)

and corresponding T-graph (paft: Vs, Va, V5, V5, Ve)
in Fig.2b.

Switched capacitor networks

The presented method is applicable to all types of
switched capacitor networks too. They can be contain-
ing any active elements and functional blocks, biphase
and multiphase switching. The T-graph describing the
switching will have the same form.

Biphase switched capacitor
Consider a toggle-switched capacitor €y in Fig.3a.
There is a basic biphase switching with a clock period

T,
(Te) or a sampling period (Ts = ?c) respectively. How-

ever the 7. secems to be more convenient means to

express delay factor 79,

The capacitor is charged at 014, V1A from the input
port in the phase A. Due to a charge conservation these
014, Viaare transferred in the phase B (the delay factor

2~ %), that is represented by a source V2 Via)inthe
equivalent circuit of Fig.3b. There the voltage VB’ and

the charge OB of the capacitor Cj in phase B can be
evaluated by following eqns

Ve =Va—z . Va, Op =0 (10)
A T-subgraph portraying the eqns (10) is shown in
Fig.3c. Similarly the other T-subgraph in Fig.3d de-
scribes the opossite switching - passing B toA. Further-
more the T-graph in Fig.3e portraying the whole
biphase switching is a combination of two subgraphs
given above. A construction of the resulting SFG is
shown there too, using the Definition 3. The T-graph

(Fig.3¢) can be redrawn (grouping the nodes Va and

Vg) in a simplified form of Fig.3f, henceforth that will
be better to be used.

Proposition 3: The biphase switched capacitor C is
described by the T-graph in Fig.3f. The selfloop C is
transformed in the SFG using the Definition 3 to obtain
the static branches (for one phase only). The transmit-
tance of the dynamic branches (between nodes of other

. phases Va— VB and Vg — VA respectively) must be

multiplied by the delay factor (z~ %), that is noted in the
T-graph of Fig.3f.

Multiphase switching

For this case the Proposition 3 can be generalized
and then a procedure of the SFG construction will be
given.

Proposition 4: The SFG of a multiphase toggle-
switched capacitor can be obtained modifying the T-
graph of Fig3f, by the way of following procedure.

Procedure 1: ‘ :

Independent voltage nodes in particular
phases may be taken to create the SFG only

and to determine all other voltages in the
SCN. :

The static part of the SFG (for all phases sepa-
rately) is constructed using the Definition 3.

The transmittance of the dynamic branches be-
tween the consequent phases: 4 = B,
B—+C,..,(N—1)>Nandback N = A4,
must be multiplied by the delay factor
(-z7h.

Any branch between nonconsequent phases
(e.g. A » C, B = E etc.} may be omitted,
because the charges are not directly trans-
ferred there.

Intermediate switching

A special switching with intermediate unemployed
phase is considered in Fig.4a. There a capacitor C1 was
charged in the phase A4 and than is passing over B
(without any change of the charge ) and will be switched
at the output port in phase C. This is described by eqns

. -
Ve =Vac—2z °. V1A,

A l(‘l-z“)
N
lz h ¥4
b
Via
[ g

Fig.4 -
Special multiphase switching
a) a capacitor toggle-switched {A->C} over intermediate
phase (B},
b) equivalent circuit and T-graph for passing A-> C over B,
¢) the same for passing A-> A'over Band C.

for the equivalent circuit and corresponding T-graph
in Fig.4b.

Proposition 4: The voltage Vig on the capacitor Cj in
the phase B is not taken in the SFG if this phase is
uncmployed (intermediate) namely the C;j transfers the
charge only (without any change of charge value in this
phase), The transmittance of dynamic branches be-
tween the phases A - C must be multiplied by the delay
factor (—2z{"¥®)),

Proposition 5: The Proposition 4 can be generalized
on passing over two or more (1) intermediate unem-

ployed phases, than the delay factor is (-—z"(m"ly").

Diac=Qc (11)
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Switching in original phase

Furthermore the other special switching is in the
Fig.4 too. The capacitor C1 (charged in4) is passing the
phascs B and C too and then it returns back in the
original phase 4’ (now A + T), without any change of
charge. These conditions can be described by following
eqns

Va=WVia-z . Via=Via.(1-27Y,

Qia= 0a (12)
and an equivalent circuit in Fig.4c. The correspond-
ing T-graph (Fig.4c) is arisen from the one of Fig.db,
grouping the nodes Va and V(A + T).
Proposition 6: Switching in the original phase (4),
passing over m = n — 1 phases (n is the number of

phase), can be described by T-graph of Fig.4c. The
resulting SFG contains the voltage V4 only and the

selfloop with transmittance C. (1 —z~1), that can be
interpreted as an equivalent capacitance.

Illustrative example - switched capaci-
tor network

Using propositions given above a construction of
the SFG will be expressively simplified, that will be
tllustrated in following example.

Example 3: Consider a biphase active switched ca-
pacitor network (Fig.5a) containing op.amps (0A1,
0A2)}. On the base of above discussion an associated
graph is constructed in Fig.5b.
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Fig.5
lllustrative example - switched capacitor netwark
a) circuit diagram,
b} construction of the signal-flow graph
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Evaluation of network function from
SFG

There are a gain formula and modified expression
of determinants for the SFG (Coates’s type) presented
therc. The Mason’s rules allaw to write down the gain
G (transmittance) between an input (Va) and output or
other internal node (V%) in following form

> Gax - Dax

1=y =" ®)

where:
Gk is the gain of the i-th forward path from

the node Va to Vi,
Day is the determinant of the subgraph (part of
graph) nontouching the path with the gain
Gak,
D; is the determinant of the subgraph non-
touching the node V5.
The determinant for any subgraph is defined by gen-
eral expression

D=S—2L1.51+ % L2.S2~2L3.53— ...
i j k

(14)
where:
S$ is a product of the gains S; of the all i-th
selfloops

S=[ISi, : (15)

Ly is a product of the gains y-th possible combi-
nation of x nontouching loops
x=123,..,

Sy is the gain product (5) of the all selfloops
nontouching loops Ly .

Conclusion

A general direct method for the symbolic analysis
of an analogue and/or SC networks using signal-flow
graph technique has been presented in this paper. The
SFG has been derived by inspection of the networks
using transforming T-graph.

The presented method was quite general and could
be applicable to all types of SC networks, biphase and
multiphase clock driven, containing any active elements
(op.amps, voltage amplifiers, VCVSs, unity gain buff-
ers, immittance converters etc.). The method was di-
rect, it did not require any other intermediate steps. The
T-graph was describing the switching and active ele-
ments ingeni ously and uniformly. The method was
given for the hand analysis of small and medium-size SC
networks or subnetworks as building blocks of larger SC
systems.
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