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Abstract:

A new approach for Analog Hardware Design Language
(AHDL) is presented. This is based on system semantics
principle. This principle allows to define a language that
provides a unified to define a language that provides a unified
syntax to describe the diffcrent aspects of a Op_Amp. This is
applicable by considering that the basic components of an
Op_Amp are adirectional systems. These components are
described by combinators. A set of semantic functions are
applied on these combinators to give them a meaning.

1. INTRODUCTION .
Due to communication image processing or automotive
applications growth, ASIC nowadays integrate both analog
and digital functions on one chip. While the digital part can
be efficiently and rapidly designed by mature CAD tools,
analog part is more time consuming because of the lack of
analog design tools. Several CAD tools have emerged from
both industry and academia to overcome this lack [1-7].
They all share the following disadvantage: the designer is
kept out of important design decision taken in the

background. He can only play with specifications and watch

the results. Designing analog circuits with these tools is
therefore a static process. This is a serious drawback since
rapid process evolution and increasing demand for high-
performance circuit challenges a steady evolution in circuit
topologies.

Thus a tool that allows the extension of a system with new
topologies will be certainly very helpful. One mean to extent
a system with new topologies is to provide an HDL. Such
mean can ease the entry of new descriptions into the
synthesis tool. This solution works quite good in digital part
using VHDL. Several attempts have been made to define an
AHDL [8-11). However these languages are mainly used for
the behavioral description and simulation. Furthermore, they
do not provide a unified description that can capture all the
aspects of analog circuits.

In this paper we present a new approach that does not only
provide to define an AHDL but also adds an important
feature lacking in the existing AHDLs. In deed the language
yields the description of all the aspects of analog circuits in a
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unified formalism. This is possible by applying the system
semantics principle.

The paper is organized as follows. In section II a theoretical
background is recalled. Section III recalls briefly the notion
of o-calculus. Section IV shows that the o-calculus is
inappropriate to describe the behavioral aspects of complex
circuits. Section V gives an alternative to G-calculus. Section
VI treats an example in details. Section VII gives some
practical examples. Section VIII ends the paper with
conclusions and points out some future works.

II. SYSTEM SEMANTICS

Most existing Systems Description Languages (SDLs) are
based on syntactic and semantic principles derived from
imperative programming languages. The syntactic and
semantic principles of these programming languages are
suitable for expressing algorithms. In other words, these
principles are suitable for describing computational systems.
However, most natural and technical systems are governed
essentially by the laws of the nature which are better
modeled by mathematical functions than by algorithms.
Secondly, the structure of systems, being static in nature, is
even less well-described by algorithmic description. Since
electronic systems belong to the class of systems whose
behavior cannot be properly characterized as computational
process, another formalism should be addressed. The system
semantic based on functional paradigm has been suggested
in [12] and [13], where it has been shown that this
formalism is preferable over the imperative semantics.

The principle of system semantics is to distinguish between
the various interpretations given to a formal description of
the system. This can be done explicitly by means of semantic
functions. This makes it possible to use a single formal
language rather than a collection of different languages to
express various system aspects.

In the area of amalog circuits the variety of issues to be
considered in one part, and the inappropriate semantic basis
of current SDLs in another one has hampered the
development of efficient HDL as in the digital case. The
application of system semantics together with a different
choice of language concepts will certainly fill this gap.



Before we define the principle of system semantics, let us
define the concept of semantics:

A. Semantics [13]

Is introduced explicitly by mean of a model consisting of a
meaning function m mapping element of § ( The set of
sentences of language) into element of a domain of
interpretation D which is a set. of possible meanings:
meS—D.

B. System Semantics [12]

Is the description of physical systems and their properties by

mean of semantic functions. Given a formal language S, we

define for every property of interest (structure, behavior,

performance) a model M with meaning function m:S—D,

where D is the set of values the described property can

assume.

An Analog circuit have different aspects. So, many

properties may be given to the circuit. In other words many

models can coexist. Thus a relationship between models
must be set. We say that a model provides at least as much
details as a model M’ written M>M’ if two sentences s and

s’ are equivalent w.r.t the model M are also equivalent w.r.t

model M’. An initial system model is defined as a model M

such that M2M’ for all M’ i.e its the most detailed of the

useful models. '

The system semantic influences an SDL in two important

issues:

(a) The level of detail provided by the language which is that

of initial system model. In circuit design, language syntax is

chosen such that the initial system model is the structural
one.

(b) The syntax is also chosen in such a way to ensure
compositionality, that is, the meaning of a system must
be expressible in terms of the meaning of the
constituents. In other hand the compositionality is
determined by the flow information inside the system.
Without this property, the semantic definitions exhibit
too many complex interdependies to be useful as rules
(or "axioms") for transformational reasoning, restricting
their usefulness to simulation only.

The application of this concept to digital and analog circuits

has led to following conclusions:

1. Description levels to which information flow can be

attributed: these are called unidirectional systems such as:

logic gates, amplifiers.

2. Description levels at which the concept of information

flow is not meaningful: these are called adirectional systems

such as transistors, resistors, capacitance’s.

For unidirectional systems the A-calculus constitutes an

excellent match in view of formal description [12]. For

adirectional systems another type of calculus is required
which is the subject of the next section.

I11. SiIGMA TERM FOR ADIRECTIONAL SYSTEMS

The o-term is the generalization of the A-term over arbitrary
structures. The principle is described in [14], [15]. The
general form in ( abstract syntax) for a ¢-term is:
o.varlist.appset

where appset is the following form: (system varlist, ...,
system varlist}.

Example: Def Te B’
withT<A, B, C> =
o<x,y,2>.fA<x,c>,B<y,c>,C<z,c>)

In the structural interpretation of a o-term for electrical
circuits, the abstraction o.varlist describes the externally

accessible connections and the appser the internal
connections. Every variable name stands for an
interconnection net. For instance, the structural

interpretation of the T circuit is depicted by Fig.1 [19]:

In the behavioral interpretation of a o-term for electrical
circuits, the most general model describes the circuit
equations.

IV. APPLICATION OF SIGMA TERM TO ANALOG CIRCUITS
Since the o-term can describe arbitrary systems where the
directionality of the flow information is not meaningful, this
would be suitably applied for describing analog circuits
whose basic components such as resistors, capacitance’s,
transistors or basic elements such as: current mirror,
differential pair, high impedance...etc. are adirectional
objects.

For this purpose we define a simple formal language based
on o-term to describe a reduced Operational Amplifier
which is an OTA. The OTA is composed of : current source,
differential pair and current mirror.

The abstract description of a transistor, a differential pair
and a current mirror applying o-term are depicted by Fig.2,

" Fig.3 and Fig.4 respectively.

A c B
struct T<A,B,C>= * -  —
EC
z

Fig. 1: The T circuit
o
c

Fig.2. Abstract description and the structure of a transistor

Def tr = g<a,b,c>.{tr<a,b,c>}

structtr =



Def diffpair = o<a,b,c.d,e>.{tr<c,ae>tr<d,be>)
a b

c - d

struct diff pair=

(<

Fig.3. The abstract description and the structure of a differential pair

Def cur_mir = &-<a,b,c>.{tr<ad,c>*<ad>, tr<ab,c>)
/*The operator * specifics that noeuds g and d are the same*/.

[

struct cur_mer= j_'._j‘_|

d b

Fig.4. The abstract description and the structure of a current-mirror.

Then the concrete description of the OTA of Fig.5 is:
Def simple OTA=c<a, b, ¢, d, e, f>.
{(o<a bc>.{r<a d c> *<a d>tr<a,b,
c>})<jba>.
/* current mirror description applied 10 the actual
parameters j,b,a¥/
(o<a b cde>.[tr<ca e>tr<d be>)
<j, b d k>,
/differential pair description applied to the actual
parameters j, b, ¢, d, k¥
o<a b c>fir<a b c>) <ek f>/*current
source description applied to the actual parameters e,k,f¥/.

J

A. The behavioral interpretation of a simple OTA

Let us consider that all the transistors of the OTA shown in
Fig.5 are the same. Given the node numbering of Fig.6, the
behavioral interpretation of a transistor in a small signal
mode is defined as foiiows:

beh tr = A<<vy,,ig,> , <V;,ip >, <Vz , i3 >>.(ig = 0 Al =
(Vi -V2) T+ 8m ¥ (Vo -V2))

Using the labeling convention in [15] that distinguishes
between different occurrences of a same variable ( in the
same context ), the interpretation of o©-abstractor above
mentioned is:

beh[o-varlist.appset] = Aarglist. Jintlist.expression.

Fig.5. Description and the structure of a simple OTA.

1(@iy,v1)

0
(@i0,Vo ) -..l
2 (iz,v2)

Fig.6 . Node numbering of a transistor

/* the function beh[] is the behavior interpretation of its
argument*/

where in our case (the OTA of Fig.5): .

arglist = <<V, iap >, <Vpy, ibo >, <Veo , ico > <Vao , lao
>,<Veo, ie0>,<Vp, i >>.

Inlist = <<Vjo, ijp >, <Vor, b1 >, <Var, bar >, <Vt , b >,<Vp2
by >, <V, e >, <Vayp, by >, <Vig, g >, <Vey , e >, <V
ir ><Vu, ifl >>.

Thus far the application is straightforward. But the pattern
of the expression is more complex and too long:

expression = beh({(oc <a, b, c>.{tr<a,d c> *<a, d
>tr<a, b c>))<j,ba>rbeh(o<a b, c,d e>. {1r<
C a e>, r< d b,e>)<jb cdk>nrbeh(tr<ek, fon..
vao = vbo;

52equations \ig, =iq;

i = (v, =, ) r+ g, )

This approach is not practical since for a simple OTA 52
equations are necessary to describe the behavioral
interpretation. Therefore, another approach should be
investigated to express the behavior more elegantly.

V. ANALOG CIRCUITS AND COMBINATORS
Since it has been proved that the behavioral interpretation
based on o-calculus is inappropriate to describe the
behavioral model of complex circuits, the use of combinators
to solve the problem of analog circuits remains the adequate
solution [16]. Although this solution has not been considered
satisfactory because every interconnection pattern requires
different combinators, this is not the case of Operational
Amplifiers where a small set of combinators can cover a
wide spectrum of circuit structures. Thereby, a little
modification of abstract syntax of the description language is
necessary. The basic cells: capacitance, resistors, transistors
are considered as first-order constants and particular
connections such as: current mirror, differential pair,
inverter, ... are considered as second-order constants as is
summarized by TABLE I. For this purpose, the following
combinators have been defined see Fig.7.
SYS_SC<sc, A>: allows a connection between a system A
and a current-source Sc.
MIR_DIF1<pairdif, cur_mir>: allows a connection between
a differential pair and a current-mirror.



TABLE1
SYNTACTIC CATEGORY CLASSIFICATION.
Syntactic category _ structural inte tion Examples
first-order basic cells current mirror,
differential pair,
inverter
second-order combinators SYS_SC,
MIR_DIF1,
CASCADE

MIR_DIF2<pairdif,tr,invrt,cur_mir> : allows a connection
of current-mirror to a differential pair through an inverter
and a transistor.

CASCADE<A,B>: allows a cascade connection between
two stages A and B.

A. Behavioral Interpretation of the Combinators

Inspired by system semantics, we have defined a set of
behavioral models that are:
IOUT = R, L)
where: R is the real values that the semantic function L,
may take.
The semantic function I,,, is defined as follows:
Lout SYS_SC<sc,A> = I yus¢;
I, MIR_DIF1< pairdif,cur_mir> = I, pairdif;
L. MIR_DIF2 <pairdif, tr, invrt, cur_mir> = I, pairdif;
L. CASCADE <A,B> = + (L A)(Iou B).
ROUT = R,Row)
where: R is the real values that the semantic function Ry
may take.
The semantic function R, is defined as follows:
Rout SYS_SC <sc,A> =R, A;
Row MIR_DIFl< pairdif,cur_mir> = #(Ryy
cur_mir) /* #ab = (1/a) + (1/b) ¥/
R,u MIR_DIF2 <pairdif, tr, invrt, cur_mir> =#(*Roy
pairdif)(* gm, r))((Roy cur_mir)(*gm; r3));
I« CASCADE <A, B> = * (R A)R,u B).

pairdif)(Rou

system A

current-source sc  (a) SYS_SC

current-mirror: cur_mir
(b) MIR_DIF1

differential pair: pairdif

cur_mir

transistor: tr . .
inverter:invrt

(c) MIR_DIF2
pairdif
Amplifier Amplifier
Stage A Stage B (4) CASCADE<A,B>

_

Fig.7. The different combinators

GAIN = <R, GAIN>
The semantic function GAIN is defined as follows:

GAIN SYS_SC <sc,A>=GAINA;

GAIN MIR_DIF1< pairdif,cur_mir> = * (R,,; MIR_DIFl<
pairdif,cur_mir>)(gm pairdif);

GAIN MIR_DIF2 <pairdif, tr, invrt, cur_mir> = * (R,
MIR_DIF2 <pairdif, tr, invrt, cur_mir>)(gm pairdif);

GAIN CASCADE <A,B> = * (GAIN A)(GAIN B).

The equations are written in the polish format for compiling
matter. In the same manner we have defined the models
[17]: CMR+, CMR-, Slew Rate, ...etc.

Once the equation that models the specification is reached
any known optimization algorithm can be used. In our case
the equations are translated into the MATLAB format. The
algorithms included in MATLAB packages are then applied
[18].

V1. EXAMPLE
Hereafter is an example of an OTA on which our approach is
applied.
The textual description of the OTA of Fig.8 is:

Def OTA = SYS_SC<sc,< MIR_DIF1<pa irdif,cur_mir> >
where pairdif<M1,M2>
cur_mir<M3,.M4>
sc<M5>

After writing the textual description the user introduces
interactively the desired specifications (see column 2 in
TABLE II). Then the tool applies the semantic functions to
the sentences describing the circuit to get the analytical
models of the specifications ( the behavioral interpretation )
as detailed below:

The output current :

Lo SYS_SC<sc, MIR_DIF1< pairdif,cur_mir>> = L, sc;
The Slew rate:

SR SYS_SC<sc, MIR_DIF1< pairdif,cur_mir>>

=/(I,uS YS_SC<sc,MIR_DIF1<pairdif,cur_mir>>)cl

= /I, s¢) ¢l /* which is the slew rate of an OTA, Sr =
Is/Cioaa®/

cur_mir

Fig.8. Simple OTA.



The power dissipation:
PDISS SYS_SC<«sc, MIR_DIF1< pairdif,cur_mir>> =

= * (+ Vpp Vss Mo SYS_SC<sc, MIR_DIFl<
pairdif,cur_mir>>)

=* (+ Vpp Vss)(ou SC)

/* which is the power dissipation of an OTA that= (Vpp +
Vss) *Is */

The gain:
GAIN SYS_SC«sc, MIR_DIF1< pairdif,cur_mir>>

= GAIN MIR_DIFI< pairdif,cur_mir>

= * (R MIR_DIF1< pairdif,cur_mir>)(gm pairdif);

The CMR+:

CMR+ SYS_SC<sc, MIR_DIF1< pairdif,cur_mir>>
=CMR+MIR_DIF1<pairdif,cur_mir>
= - Vpp (-Vpss (+Vu Vi3 ))
/* which is the CMR+ of OTA that = Vpp -Vps3 - Vi + Vs
*/
The CMR-:

CMR- SYS_SC<sc, MIR_DIFI< pairdif,cur_mir>>

= +(CMR+ MIR_DIF1< pairdif,cur_mir>) Vpss

=+ (+Vss Vas1 ) Voss

/* which is the CMR- of OTA that = Vss + VGSl + V[)ss*/

The result of the optimization phase is a SPICE net list of
the dimensioned OTA. SPICE net list is generated to verify
the predicted performance. A comparison between the results
of column 5 and 6 in TABLE II indicates that the results
agree reasonably.

VII.EXPERIMENTAL RESULTS

We are giving two examples: a Basic Two Stages Amplifier
(BTS) and a cascode amplifier, each for which a textual
description and the structural schema are given. The
deviation between the simulated and the predicted values of
some specifications are somewhat important because for the
current version we have not focused our efforts on the
accurate models of the MOS wransistor. The current semantic
functions are limited to:
e analytical equations of the specifications that are written
in linear mode (fixed length).
« analytical equations such that the different transistors are
considered in the saturation region and where we have
neglected the second order effects.

A. BTS

The textual description of the BTS amplifier shown in Fig.9
is:

TABLEII
SIMULATED AND PREDICTED PERFORMANCE OF SIMPLE OTA

Atiribute Unit__ Spec. _ Weight _our Tool _ SPICE
CMR+ v - - 1.883  1.90
CMR- v - - 1253 -18
Voswing V <5 05 393 364
Powerdissip. uW =350 04 3232 450
Slew rate Vs =7 08 6.464 9
Gain db  >30 1 3329 30.09
GB.Widh _ MHZ - - 4.17 6.8

Def BTS = CASCADE < SYS_SC < MIR_DIFI < sc
Jpairdif,cur_mir > >, invrt >
Where pairdif <M1, M2 >
cur_mir < M3, M4 >
sc<MS5>
invrt < M6, M7 >

With the desired specifications of the column 1 in TABLE
III the result of the optimization is given by column 5.

B. Cascode Amplifier

The textual description of the cascode amplifier shown in
Fig.10 is:
Def CASCODE = SYS_SC < sc, MIR_DIF2 <pairdif, tr,
invrt, cur_mir>>
Where pairdif < M1, M2 >

cur_mir < M3, M4 >

sc<M5>

invrt < MC1, MC2 >

tr<MC3>

With the desired specifications of the column 1 in TABLE
IV the result of the optimization is given by column 5.

VIII. CONCLUSIONS AND FUTURE WORKS

A language for Operational Amplifier has been presented.
The language is based on the system semantic formalism.
This formalism has allowed to describe the different aspects
of the circuit from a unique textual source program. The
source program describes the schema of the circuit. The
description is done by a set of combinators defined for this
purpose. The combinators have been adopted after we have
proved that the g-calculus cannot relate easily the behavioral
aspect of an Op_Amp. By generalizing the model concept,
combinators are assigned a meaning by a semantic function.
Thus, applying several semantic functions on the same

TABLE Il
SIMULATED AND PREDICTED PERFORMANCE OF A BTS
Attribute Unit Spec. weight _our Tool SPICE
CMR+ v - - 2.034 2.04
CMR- v - - -1.315 -1.8
Voulwing v =4 0.5 4.245 3.84
Power dissip. WW <1000 0.5 3185 459
Slew rate Vius >2 1 15.44 8.16
Gain db > 60 1 63.78 60.5
GB. Width MHZ >1 0.8 13.31 10




SYS_SC

Fig.9. Basic Two Stage (BTS) Amplifier

combinator it gets several meanings. In order to complete
the set of meanings given to the textual description, we plan
to define another model which is the geometrical one. This
model will be defined for each combinator. The meaning
will be given by a semantic function that maps the textual
description into layout [19]. Layout generation will be
performed hierarchically. The key word where borrowed
from the functional paradigm will play a crucial role in the
hierarchy.
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