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Abstract—The paper deals with problems of aggregation of electronic device models in computer-aided 
design systems. Solution of this problem provides effective implementation of procedures of parametrical 
synthesis and analysis. The general approach to mathematical description of aggregated models of elec-
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given. The concept of the region of adequacy for the studied devices is defined. 
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I.  INTRODUCTION 

Design of modern electronic devices in various 
applications is impossible without usage of comput-
er-aided design (CAD) systems. Such systems ensure 
decreasing time and costs of design. At the same 
time, they allow increasing reliability and quality of 
the designed electronic devices. An important factor, 
which ensures efficiency of CAD systems, is availa-
bility of the appropriate mathematical models. 

The basic theoretic problem of the above stated 
devices development is creation of methods for ma-
cromodel forming based on the full mathematical 
model of a device at the level of its components 
models. 

Such approach uses an initial state of the scheme 
elements equations and provides decreasing an order 
of the set of equations in bounds of a permissible 
error. This problem may be solved by means of ag-
gregation when some aggregated model of a less 
complexity is determined with sufficient accuracy. 
The aggregation problem is especially important for 
parametrical synthesis because it includes multiple 
procedures of analysis and therefore is sufficiently 
labour-intensiveness. So usage of the aggregated 
models has significance not only for improvement of 
efficiency of the parametrical synthesis, but in many 
cases ensures its successful implementation.  

The problems of models aggregation are closely 
connected with determination of their adequacy. 
Development of methods for aggregation of mathe-
matical models for implementation of analysis and 
parametrical synthesis of electronic devices in CAD 
systems has theoretical and practical significance and 
is of great importance for basic trends of electronic 
technique design automation.  

II.  ANALYSIS OF THE LAST RESEARCHES 
AND PUBLICATIONS 

Based on analysis of the scientific-technical lite-
rature [1], [2] it is possible to make conclusion that 
creation of macromodels and their usage in CAD 
systems do not coincide in time. This requires long 
previous macromodeling and testing macromodels in 
different modes with subsequent record in the library 
of standard models. To correct this disadvantage it is 
necessary to create the simplified models of electronic 
devices of the wide class. It makes also necessary to 
solve the problem of mathematical model aggregation.  
Implementation of aggregate models gives the possi-
bility to unite developing and using mathematical 
models in the single automated design process. This 
paper deals with solution of this problem.  

As a result of the above stated problem solution, 
the efficiency of the CAD systems application in-
creases, especially, at the stage of the parametric 
synthesis consisting of multiple procedures. 

III.  THE PROBLEM STATEMENT 
Creation of the simplified models of electronic 

devices may be formalized in the following way. The 
primary model of a scheme based on the circuit nodes 
potentials may be represented as a set of equations [3] 

JGX ,                                (1) 

where ][ ikgG , ( , 1, )i k n  is the model matrix; 

1 2[ , ,..., ]nx x xX  is the vector of phase variables; 
1 2[ , ,..., ]nj j jJ  is the vector of the right part of the 

set (1); 1 2 3 ;in n d  J K J K J K J ( );n nFJ X  d J  
( );dF X  inJ  is the vector of input influences; 1 ,K  

2 3,K K  are some topological matrices; dn FF ,  are 
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some nonlinear and differential operators respectively; 
n  is dimension of the set of equations (1). 

Only some components of the vector X , which 
define secondary parameters and scheme characte-
ristics, are of interest for analysis and parametrical 
synthesis of electronic devices. Taking into consid-
eration this aspect, for these design procedures it is 
possible to consider the following relationships in-
stead of the set (1) 

;
       ,




GX J
Y AX

                             (2) 

where ][ ikaA , ),1( pi  ; 1 2[ , , ..., ]py y yY  is 
the vector of outputs.  

The vector of new phase variables may be 
represented in the following form 

BXZ  ,                             (3) 

where 1 2[ , ,..., ];nz z zZ  ;N nR R B  N  is dimen-
sion of the vector Z , nN  . 

The relationship (3) allows to define a vector of 
the outputs Y  in (2) with some error E  permissible 
in practical situations 

CZY ~ , NRRP C ,             (4) 

where EYY 
~ , pRE , E  is a priori given 

value. 
After these definitions the set of equations of the 

aggregated model becomes 

JYG ~~~
 ,                               (5) 

where G~  is a matrix of the aggregated model of di-
mension NN   and CZY 

~ . 

IV. MATHEMATICAL DESCRIPTION 
OF AGGREGATED MODELS OF ELECTRONIC DEVICES 

The important factor, which in many respects de-
fines strategy and tactics of aggregation, is the choice 
of phase variables.  On the one hand, the initial ag-
gregated model must have the minimal dimension. 
On the second hand, it must be convenient for the 
research of its features.  

The coordinate base consisting of circuit poles 
voltages, nonlinear and transit-time elements satisfy 
these requirements. Poles represent outputs, by means 
of which sources and receivers of information signals, 
control signals and feedback circuits are connected up 
the device. Analog-digital units, to which the analog 
and digital components are connected up at the same 
time, are called poles too. To carry out procedures of 
the analog-digital circuit analysis or parametrical 

synthesis, such units are divided into two parts such as 
analog and digital by means of the special interfaces. 

The mathematical model of the circuit of elec-
tronic devices relative the above stated variables (4) 
may be considered as an initial aggregated model.  In 
some situations its equations (5), taking into consid-
eration (4), may be written in the following form [4] 

;

                ;

                               ,

pp p pi i pn n p

ip p ii i in n i

np p ni i nn n n

  

  

   

G Φ G U G V I

G Φ G U G V I

G Φ G G V I

(6) 

where ppG  are conductance matrices of dimension 

;p p  Φ { },p k   ),1(
_____

pk  is the vector of poten-

tial poles of dimension ;p  }{ ki uU  
____

( 1, ),k i  

}{ kn vV ),1(
____

ik   are vectors of voltages of ca-
pacity elements and nonlinear elements of dimen-
sions i  and n  correspondingly.  

In relationships (6) the vectors of variables iU  
and iI  are connected with each other by the linear 
differential dependences and vectors nV  and nI  – 
by the nonlinear algebraic ones.  

Components of the model (6) are ordered in such a 
way that satisfy the equation 

)()( kk xfky  ),1(
_______________

nipk  ,         (7) 

where kk xy ,  are components of the vector of phase 
variables and the vector of the right part of (7) cor-
respondingly and kf  is some function. 

There are some possible variants of electronic 
device aggregated models representation.  

In the first place, these models may be given in the 
form of the set of equations with further implemen-
tation in the form of program models. A separate case 
is representation of the aggregated model in the form 
of the state space equations 

;

       ;

                 ,

i i n p

p i n p

n i n p

  

  

  

I AU BI WJ

Φ CU DI PJ

V SU QI TJ

           (8) 

where matrices TQSPDCWBA ,,,,,,,,  are defined 
by the submatrices of the matrix ppG  in the model (6). 

In the second place, aggregated models may be 
represented in the form of the equivalent circuits. 
This allows in some practical situations to analyze the 
intermediate results. 
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In this case, the model structure may be described 
by means of the oriented graph },,{ a

kjia luiG  , 
where ji uu ,  are numbers of initial and terminal 

vertexes, which are incident to the arc ( 1, )a
kl k L  

correspondingly, here L  is a number of branches of 
the equivalent circuit graph. 

Structural features of the aggregated model may 
be described by the algebraic set ( , , )MG NGG F F   , 

where G  is the system support and ,MG NGF F    are the 
system  signatures. Sets ,MG NGF F   consist of one 
element only. This element represents the relation of 
equivalence and operation of the direct sum on 
graphs of G  correspondingly. This operation is de-
fined in the following way 

)},,{( c
kjicba luuGGG  , 

where 
( , , ) for ,
( , , ) for ; ,

( , , )
( , , ) for ; ,

( , , ) for ,

k

k

k

a b
i j k k

a a b
i j k kc

i j k b b a
i j k k

a a b
i j k k

u u l l l
u u l l l l l

u u l
u u l l l l l

u u l l l l



 

 



 
     
  

 

here l  means the graph arc, which is absent. 
Every graph corresponds to the structural-group 

formula  

),1(,...
____

21  iGGGGGG genaiapaaa


, 

where genG


 is the set of generatrices;   is a number 
of generatrices. 

For transition from aggregated model in the form 
of equations to the equivalent electrical circuit it is 
necessary to carry out the formal transition in a new 
coordinate basis by means of some representation 

X


  of the set X  on the set  , where the relation 
  defined on this pair of sets is the equivalence re-

lation pX   fV , }{ i  ),1(
________

fpi  . 
If believe that elements of the set   are the cir-

cuit nodes potentials, the isomorphic universal envi-
ronment of the equivalent scheme will correspond to 
every equation of the set of equations (6). Such 
scheme is represented in Fig. 1. 

The initial mathematical model (8) for the com-
plex schemes has a high order. In this case, it is 
convenient to create a model in parts. In other words, 
a model is developed on the level of the multipoint 
subcircuit. This process consists of three stages. At 
the first stage, is formed the circuit node model at the 

level of the subcircuits. At the second stage, the 
model in the form (6), which consists of subcircuits, 
is developed. At the third stage, the connection of 
subcircuit models in compliance with a matrix of the 
subcircuit connections is implemented. 

 
Fig. 1. The universal environment of the equivalent 

scheme of the aggregated model 

To analyze nonlinear noninertial circuits, it is 
necessary to create the model in the following form 

;

               ,

pp p pn n p

np p nn n n

G G V I

G G V I

  

   
              (9) 

where )( nn VFI  . Representation nn RRF :  has 

some properties. It is continuous in nR , eventual-
ly-passive, one-to-one and its origin of coordinates 
belongs to the region of the operator .F  Further-
more, the representation 1 1 1( )I F V , which charac-
terizes the circuit of 2m-port network is one-to-one 
and exists mRV 1 , for which 1 0.I   The above 
stated network may be obtained by means of con-
nection to any n-m pair of outputs of a nonlinear 
sub-circuit of 2n-port network of the steady voltage 
sources. The Sandberg-Wilson theorem allows to 
make conclusion about existence of the set (9) solu-
tion for any input influences. And this solution is 
unique. Decrease of dimension of the model (9) may 
be achieved due to determination of nonlinear ele-
ments, which may be linearized.  

To analyze the frequency characteristics of the 
linearized electronic circuits, the linear model in the 
frequency region is created 

;

             ,

pp p pi i p

ip p ii i i

 

  

G Φ G V I

G Φ G V I
               (10) 

where ki  is k-th element of the vector iI , which is 
defined by the formula  

dt
dvci k

kk  , 
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where kc  is capacity of the k-th capacitor; kv  is its 
voltage. 

To create the aggregated model in some given 
range of output signal frequencies, it is necessary to 
introduce representation gCCf ˆˆ:   of a set of all 

circuit condensers }{ˆ
kCC  , 

_____
,1 ik   in the set gĈ . 

This set gĈ  must be a subset of Ĉ , that is CCg
ˆˆ   

and vg CCC ˆˆ\ˆ  , where vg,  are powers of 
appropriate sets. Influence of elements of the subset 

}{ˆ
kv CC  , 

_____
,1 vk   on frequency characteristics is 

insignificant. 
If a matrix iiii

p CCA 1  has a simple structure for 
all   from the given range of frequencies, where 

 jp , and },...,{ 1 iii ccdiagC , it is necessary to 
introduce a matrix iiii CCA 1

max1
 . The invariant 

subspace of this matrix has dimension g . The basis 
of the subspace corresponds to eigenvalues 

gXX ,...,1  of the matrix  
_____

1 | | 1( 1, )j j g  A . 

In this case, the matrix ],...,[ 1 gXXX  is created 
with a minor if the first rows g  differing from zero. 
After some identical transformations and transition to 
new variables ii VPY 1  the second block equation 
of the set of equations (10) becomes 

iipipii APYPYΦGGP 111   , 

where P  is some additional matrix. 
If the right lower block of the matrix PAP 1

1  of 
dimension v v  has the spectral radius lesser 1, it is 
possible to pass on to aggregated model equations 
relative to variables connected with condensers gĜ  
only 

' '

'

;

                ,

pp p pg g p

gp p g gg gp

 

  

G Φ G V I

G Φ V D V
         (11) 

where elements of matrices ''' ,, gppgpp GGG  of equa-
tions (11) are calculated by some formulae; ggD   is 
the diagonal matrix; p j  . 

Aggregation of models for analysis of dynamic 
processes in nonlinear electronic circuits is directed 
to usage of implicit methods of solving sets of the 
differential equations. For models, which are de-
scribed by the set of equations (6) taking into con-

sideration (8), the dynamic processes will be defined 
by the spectrum of the matrix 1 .ip pp pi ii

 A G G G G  
Therefore the method of model dimension decrease 
must be based on transformations, which keep basic 
properties of this spectrum. 

V. METHODS OF MODEL ADEQUACY 
DETERMINATION AT THE STAGES OF ANALYSIS 

AND PARAMETRIC SYNTHESIS IN CAD SYSTEMS 
Estimation of adequacy region of a model may be 

carrying out in the following way. If to denote a 
vector of output parameters calculated for the full 
model  

T
1 ),...,( nmnn yyY , 

an estimation of the degree of aggregated model ac-
curacy may be represented by a vector 

T
1 ),...,( nE ,                       (12) 

where njnjjj yyy /)(   is the relative error of the 
jth parameter modeling.  

The vector estimate (12) may be changed by the 
scalar one [5] 

Em , 

where   denotes some vector norm. 
In this case, region of adequacy of an aggregated 

model will represent such region in the space of the 
external parameters EQ , for which the condition 

m   , 

where   is maximally possible error of aggregated 
model must be satisfied. 

Then the adequacy region (AR) may be 
represented in the following form 

}|{AR  mEQQ , 

where T
1 ),...,( kqqQ  is a vector of external para-

meters. 
An adequacy region has complex configuration, 

therefore check of accessory of the AR points re-
quires sufficient computational burden. In this case, it 
is necessary to use adequacy region approximation 
(ARA) based on the simplicial approximation of the 
bounded hypersurfaces of AR and replacing these 
hypersurfaces in the given region. In practical situa-
tions it is most convenient to implement the ap-
proximation based on algorithm “increase – motion.” 
Unfortunately its implementation is accompanied 
with large computational burden too. Approximation 
by the criterion of the maximum of the minimal rib 
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has not such disadvantage. In the formalized repre-
sentation this method of approximation looks like 

*
minmax /)max(min iii qqq  , ARARA , |,1| ki . 

But usage of such approximation does not guar-
antee determination of the given AR, which belongs 
to the real adequacy region (RAR). 

For example, in the case of the two-dimensional 
space EQ  with coordinates inU  (an amplitude of the 
input signal) and f  (a frequency of another input 
signal) AR for *m  looks like the region 
represented in Fig. 2.  

Approximation of such AR, implanted by the 
above given criterion, defines ARA represented by 
the shaded rectangular (Fig. 2). But sometimes ap-
plication of this method may lead to adequacy losses 
as it is shown in Fig. 3a. In some cases, the model 
may be defined as adequate at all the given region of 
adequacy (Fig. 3b). Nesting the given region in RAR 
may be checked using conditions of nesting, which 
may be given in the form of inequalities 

f
ii qq max

3
max  , fqq min

3
min  ,

____
,1 mi  , 

where the given and real bounds of AR are compared 
correspondingly. 

 
Fig. 2. Determination of model adequacy: 1 is an adequacy 

region; 2 is an approximated adequacy region 

 
                       a                                                b 

Fig. 3. Special cases of AR: 1 is a given adequacy region; 
2 is a real adequacy region 

For estimation of errors of i-th output characte-
ristic modeling it is convenient to use based interval 
estimates  

[ , ]i li vi  ε , 

where ( ) /n m n
li li li liy y y   ; ( ) /n m n

vi vi vi liy y y    are  
permissible errors, which correspond to the lower and 
upper bounds of an interval for the output characte-
ristic. 

An error of model linearization for changed input 
influences and control parameters values may be 
estimated based on methods of the interval analysis. 
Such estimation must include some stages such as 

1) estimation of linearization error i  for every 
nonlinear element depending on voltage applied to it; 

2) estimation of change of voltage at every non-
linear element depending on ranges of input signals 
and control parameters changes; 

3) determination of operator )(P  and  an error of 
potential calculation for some known vector of error 
interval  . 

An aggregated model for analysis problem solu-
tion is created for a priori given values of external 
parameters. Therefore the adaptation problem is 
formulated as a priori passive model adaptation. The 
criterion of this problem is the maximum efficiency 
of model functioning in CAD system environment. 
The parametrical synthesis has other peculiarities. In 
this case, a model is set for the definite ranges of 
change of external variables including control ones. 
But parameters of both scheme and model are con-
stantly changed during extremum search. In this 
connection, the necessity to complete the optimiza-
tion procedure by the additional procedure for model 
adaptation is arisen. This additional procedure must 
be a priori passive.  

CONCLUSIONS 

The generalized approach to aggregation of ma-
thematical models of electronic devices, which al-
lows to formalize all stages of model equations 
forming in the basis of the node potentials is pre-
sented. The model aggregation method for parame-
trical synthesis of the aperiodic circuits and analysis 
of their dynamic characteristics, which is intended for 
usage of non-implicit methods of differential equa-
tions solving, is developed. The way of aggregated 
model adequacy estimation based on the method of 
interval estimates is suggested. 
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