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PERCOLATION THEORY AND ITS APPLICATION IN
MATERIALS SCIENCE AND MICROELECTRONICS
(Part | — Theoretical description)

Andrzej DZIEDZIC", Andrei A. SNARSKI?

1) Institute of Microsystem Technology, Wroclaw University of Technology, Poland
2) Department of General and Theoretical Physics, National Technical University of Ukraine, Kiev, Ukraine

Keywords: percolation, percolation system, percolation threshold, critical exponent, effective conductivity, 1/f noise, effective noise intensity, weak
nonlinearity, strong nonlinearity, voltage susceptibility, third harmonic, normatised amplitude of third harmonic, temperature dependence of resist-
ance, percolationlike system, exponentially wide spectrum of resistances, continuum percolation, Swiss-cheese model

Abstract: Percolation theory permits to characterise (calculate) the effective properties of random inhomogeneous two-phase systems with compa-
rable concentration of both phases (near the percolation threshold) but with significant difference of their properties. This paper presents the critical
behaviour of various kinetic phenomena (conductivity, 1/f noise, weak and strong nonlinearity, third harmonic generation, and temperature depend-
ence of resistivity). These quantities can be described analytically using for example hierarchical model of percolation structure. The characteristic
critical indexes are dependent on conductivity and correlation length critical exponents. Possible application of percolative theoretical description for
systems with exponentially broad or disordered continuum spectrum of properties is presented, too. The nonelectrical effective properties could be
analysed by methods of percolation theory because of analogy between the quasistatic electrical and other physical fields.

Teorija perkolacije in njena uporaba v znanosti o materialih in
mikroelektroniki (Prvi del - Teorija)

Kijuéne besede: fizika, kemija, perkolacija, prag perkolacije, sistem perkolacije, teorija perkolacije, znanost o materialih, mikroelektronika, eksponenti
kriticni, prevodnost elektriéna efektivna, Sum 1/f, intenzivnost Suma efektivnega, nelinearnost Sibka, nelinearnost motna, susceptibilnost napetostna,
harmonske tretje, amplitude harmonskin tretjih normalizirane, odvisnost temperaturna upornosti elektricne, sistem podoben perkolacijskemu, spekter
upornosti elektrinih sirok eksponencialno, perkolacija neprekinjena, model sira Svicarskega

lzvle&ek: Teorija perkolacije dovoljuje izragun lastnosti nakljuénih dvofaznih sistemov s primerljivima koncentracijama obeh faz (blizu perkolacijskega
praga), pri Semer imata obe fazi vsaka zase razliéne lastnosti. V prispevku prikazujemo vedenje razliénih kinetiénih parametrov, kot so prevodnost,
1/f sum, nelinearnost, generacija tretje harmonske frekvence in temperaturna odvisnost uporosti. Omenjene koliéine lahko predstavimo v analiticni
obliki z uporabo hierarhiénega modela perkolacijske strukture, Predstavimo tudi mozno uporabo teorije perkolacije pri opisu sistemov s Sirokopasovnim
eksponentnim ali neurejenim kontinuiranim spektrom lastnosti. Neelektricne lastnosti lahko analiziramo s pomodcjo metod perkolacijske teorije zaradi
analogije med kvazistaticnim elektri¢nim poljem in drugimi fizikalnimi polji.

Introduction

The percolation problem was formulated for the first time
almost 45 years ago by Broadbent and Hammersley /1/.
Since thattime the idea and methods of percolation theory
were applied into many areas of physics, chemistry as
well as other basic and applied sciences. The original re-
sults based on percolation theory can be found in numer-
ous papers. Therefore preparation of a complete bibliog-
raphy devoted to this topics seems almost unrealisable.
However beginner in such area could find some interest-
ing books or review papers, for example /2-9/.

The so-called hierarchical model of percolation structure
(HMPS) appeared during recent years. This model per-
mits to describe analytically various properties of macro-
scopically disordered media near the percolation thresh-
old — for example resistivity (also Hall effect), 1/f noise,
electrical breakdown, nonlinear properties of composites
and many others. This review will be devoted to the above
mentioned phenomena. One should note that we will dis-
cuss experimental, analytical and numerical results re-
ceived very recently — it means that they were not sum-

marised in books and papers mentioned above.

1. Effective conductivity near p_

Experimental and numerical investigations have
shown, that effective conductivity ¢ is an analogous
of order parameter in theory of phase transitions where
temperature T is replaced by concentration of well-
conducting phase —~ p and critical temperature T_ is
replaced by percolation threshold - p_. Based on the
above analogy Efros and Shklovskii /10,11/ used scal-
ing formula for o,

o.(t,h) = o;h°F(z/h") (1.1)

where h=0,/0, - distance from percolation
threshold, o, << 04, 6, - local conductivity, and F(z) -
scaling function

' F(z— —o)oc 278

)

F(z—>o0)ecz

F(z — 0)c< 1 (1.2)



Informacije MIDEM 31(2001)1, str. 1-9

A. Dziedzic, A.A. Snarskii: Percolation Theory and its

Application in Materials Science and Microelectronics...

where t and g — critical conductivity exponents and
only the basic (single) components of sequence de-
composition in relation to scaling are given in (1.2).

According to (1.1) and (1.2) there are three ranges of
universal behaviour of effective conductivity, where
separate equations describe an universal behaviour
of effective conductivity — above (p > p,), below (p <
p,) and in the vicinity (p =p_) of percolation threshold

T+ <A

.
G, =0,0,(Dy +D;h

o, =0, T (A, +AhT Y+ ) p>p,T>> A

e
O = 0,7 3By + B1h|r["(t+q> +..,P < Pe i >> A

(1.3)

As it is visible the above equations consist on only the
basic components but also smaller ones. A, B,and D,
indicate constants, which according to absolute value
are almost equal to 1. It is interesting to become fa-
miliar with conception of smearing region,

A =(c9c5)""*9 it is such |1, where good and bad
conductive phase possesses the same contribution into
the effective conductivity ~o,A' = 5,A™ (qualitative
behaviour of g, is shown in Fig. 1).

S — e

02
[e2} Pc
—_A_

Fig. 1. Normalised conductivity versus good
conductor concentration in two-phase

percolation system

Many various models, in general based on percola-
tion idea, have been used for explanation of o, shape.
In the first one (which by occasion is the simplest) it is

2

assumed that for p > p_case it is enough to consider
number of single connected bonds (SCB) at the cor-
relation length & (& =< ir{—v) /12,13/. This is so-called
“bridge” with resistance R, consisting of seriously con-
nected unit resistances from the first phase r,, where

r= (1/01)aod72, a,— minimal dimension in the sys-
tem (for example mean size of composite grains or
connection length in bond problem), d =2, 3 - Fig. 2
(left). For analogous model, but below the percolation
threshold (p <p_) /14/, it was assumed that number of
single disconnected bonds (SDCB) i.e. so-called
interlayer (with resistance R,) consisted of parallel
connected unit resistances r, made from the second
phase is the basic element — Fig. 2 (right).

Fig. 2. Graphical representation of bridge (p > p,)
and interlayer (p < p_) in hierarchical model
of percolation structure (HPMS)

The metallic bridge (R,) and dielectric interlayer (R,)
resistances are dependent on number of unit

resistances of metallic and dielectric phases

R1 = I’1Na1, Rz = er(XZ (1 4)

Based on theoretical and probability analyses it has
been assumed in many papers (for example in /10-
17/) that o4 =Cg =10, =L =1 However the critical
conductivity exponents t and g, calculated in this
model, have been almost equal to each other but their
values do not agree with results of numerical calcula-
tions. Moreover it is possible to find some cases where
such a simple model leads to contradictory results.
For example itis shown in /2/ that the correlation length
is increased faster than bridge length (a,N,) in 2D sys-
temwhena=1att— 0.

Much more reliable results could be obtained based
on so-called HMPS. Its idea has been presented in
118-20/. According to this approach the values of o,
and a, are calculated based on t and q values (these
quantities are considered as known) both below and
above percolation threshold. Itis assumed in this proc-
ess that conduction process takes part both in good
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as well as bad conducting phases — Fig. 3. When
6,/0,— 0 HPMS is transferred into the standard
model, discussed a little earlier.

Fig. 3. Second step in the hierarchy of HPMS
above (left) and below (right) percolation
threshold together with proper electrical
equivalent circuit (hatched area — good
conductor)

[t has been shown in /18-20/ that it is possible on the
basis of this hierarchical model to write down a self-
consistent equation. In the case of effective conduc-
tivity this equation in symbolic representation has the
following form — Fig. 4.

P>pP,
R, R,
— 13— = {1
l R, R, J
-------- 1
P<P.
R, R, R,
— 13— = [ ] 1 { i
R

Fig. 4. Analogues of Dyson equation above (top)
and below (bottom) percolation threshold

During closing to the percolation threshold ( |1 —0)
the bridge resistance R, is increased whereas interlayer
resistance R, is decreased. Both resistances are equal
in the smearing region but when Eq. (1.3a) or (1.3b)
are obligatory then R, << R,. It means that dielectric
interlayer gives small contribution into the effective
conductivity o, above p_ whereas the bridge - below

p.. Therefore it could seem that counting and regard-
ing of so small contributions, especially outside the
smearing region is needless because this does not
lead to important properties of percolation system.
However below the readers will find some examples
in which manner elements affecting o, only insignifi-
cantly can decide about other properties of percola-
tion systems.

2. 1/f noise

1/f noise is an universal phenomenon. It is character-
istic for many physical (but not only) processes. The
amplitude of that noise has especially large impor-
tance for composites /21,22/. The quantity of 1/f noise
is characterised usually by effective noise intensity

C,=0S (2.1)

where Q - volume of analysed pattern, S - relative
power spectral density

R2 R (2.2)

S, = {8ASA} ~ power spectral density, {...} — denotes
the Fourier transform of the time correlation function.

Based on the situation that time fluctuations of resist-
ance SR are spatially uncorrelated it is possible to
describe (present) the effective noise intensity in terms
of the Joule power dissipated in the inhomogeneous
media

where {...) denotes volume averages.

The beginning of 1/f noise investigations in percola-
tion systems is connected with scientific activity of -
Rammal /23/ (the reader interested in this topic can
find more detailed bibliography of papers dealt with
1/f noise in /24/). We can tell that for the case of finite
conductivity of both phases (h=0,/0y#0) C_near
percolation threshold can be written as

Co(1>0,1>>A)=Cp* +Coh%t™  (2.4a)
-k -k

Cellf << A)=Csh Hea +Cyh A*“) (2.4b)

Colr<Od>>A) = Col ™  +Cold™  (2.40)

3
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where C,and C, - noise intensities of first and second
phase and values of k and k’i.e. critical exponents of
1/f noise are given in Table 1.

Table 1. Numerical estimates of the noise critical
exponents K and K*(/23/ and references herein)

Critical index | Numerical simulations |Rigorous bounds

K 1.47+1.58 1.53+1.60

K 0.55+0.74 0.38+1.02

According to HMPS the critical exponents w and w’
can be expressed by kand K’ in a simple manner as

w=K+2(t+q), w=k+2(t+q)  (2.5)

For example, it is directly visible from (2.4) that above
the percolation threshold but in the smearing region
(It} < A) the second phase could give higher income
into the total 1/f noise of composite when C, is higher
than C, /18/.

3. Weak nonlinearity

The deviation from linear Ohm’s law is possible for
large current densities. In the case of so-called weak
nonlinearity (or weak cubic nonlinearity) the depend-
ence between current density and electric field is given
by the following formula

i = o(rE + x(r)E/E (3.1)

where ¥ - local nonlinear susceptibility. Of course (3.1)
presents polynomial description of the field where the
second constituent is significantly smaller than first
one. The effective properties are used for description
of weakly nonlinear system in the same manner as for
linear system, this is

) = 0 (E) + Y (|EDE) (3.2)

As has been shown in /25,26/ there is analogy be-
tween behaviour of effective noise intensity C, and
effective nonlinear susceptibility. Problem becomes
mathematically equivalent to the estimation of effec-
tive 1/f noise intensity, x¢ < Cecg for the system with
the local noise intensity  C(r) = x(r)/o2(r). Thus the
critical behaviour of _ is given immediately from the
equation describing the behaviours of the effective
noise intensity and the effective conductivity

%e(T1>0) = Co(1>0)02(T > 0) = 1,12 F + 9t 20K

%e(1<0)=Cy(1 < 0)o2(1<0) = leri—2q—k' N X1h4|11—w'-2q

4

Xe([]<A)=Co(ld < A)o(r < a)=

- X1h(2t—k)/(t+q) + X2h~(2q+k')/(t+q) (33)
The important question in analysis of nonlinear media
effective properties is connected with Eq. (3.2) appli-
cation range. Most often it is assumed /27-30/ that
formuia (3.2) is proper for

() << (), and {E) << (E), (3.4)

where so-called critical electric field (£)_ and critical
current density (j), are defined as the value of field or
current at which linear contribution (first constituent of
(3.2)) is equal to nonlinear one, i.e. (E)_ =0/,
(D, = Joo!%e . Moreover the local criterion of Eq.
(8.1) usability has been introduced in /31/. According
to this attempt not only average but also local fields

and currents (both in bridge and interlayer) should not
exceed proper critical values

Eioe <<E¢ =0 /Xi, Jioe <<le = VG?/Xi (3.5)

where /=1, 2 is related to first and second phase.

4. Third-harmonic generation

If a pure sinusoidal current- (with frequency ) flows
through the symmetrical nonlinear medium, then the
voltage that appears across the medium will contain
odd harmonics (with frequencies 3w, 5, ...). It has
been shown that their amplitude is especially large in
strongly nonlinear systems /32-36/. However the small
amount of nonlinearity also affects this phenomenon,
which appears for example due to local Joule heat-
ing. In this approach it is assumed that both compo-
nents of the composite have finite temperature coeffi-
cient of resistance. The dissipated power (Joule heat)
caused by current j=j,coswt modulates medium
conductivity with 2w frequency and phase shift. It is
well known that flow of pure sinusocidal current with
frequency  through the sample with resistance modu-

lated with 2w frequency results in odd harmonics

generation. The amplitude of third harmonic (E),

<E> = Pe <jO>COS wt+ <E>3m COS(3(l)t + d)) (41 )

can be expressed with the aid of 1/f noise amplitude C.,.

Normalised amplitude of third harmonic B,

2 ) (4.2)
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agrees with pgce(with accuracy to inessential numeri-
cal multipliers) when - in formula for C, - factor C,is
changed by temperature coefficient of resistivity of /-

th phase - {3,

Generalisation of expression for Bs, given in /32-35/
forthe case h=0,/0,%0 ispresented in/36/and
we obtain the following Equation

2 _x2(tra)
P || Pe a
[ P2 ) (4.3)

where the dependence from T in (4.3) is connected
with effective resistivity p, =1/0, which of course is
different for various regions.

5. Strong nonlinearity

Contrary to weak nonlinearity case the current-volt-
age characteristics of strongly nonlinear medium are
not linear even for very weak fields. The medium with
the following current-voltage relation

i=+ef'E (5.1)

has been analysed in /38,39/ where the behav-
iour of effective nonlinear susceptibility x, near
percolation threshold has been described for the
case of ideal insulator (y, = 0). The opposite case,
i.e. 1/y, = 0. The calculus of the x/x, ratio when
both phases exhibit identical nonlinearity relation
(the same parameter B) has been presented in
[40]. And the most general case (y =B, # B, = B)
has been analysed in /41/. When the current-volt-
age characteristics are described by the follow-
ing formulas

ay-1. o
E=p]" j=oyE[TE
. -1 LN
j=oofElE E=pzfi"]  (5.2)

then three field regions can be distinguished for ap-
propriate 3 and 7y (Fig. 5).

>

E, E

Fig. 5. Current-voltage characteristic of first (1) and
second (2) phase in strongly nonlinear
system

The percolation treatment is possible in region |
("strongly nonuniform” medium) where

where =g+t and

o v@ -1 g qevp-)
i (5.4)

The size of smearing region A in strongly nonlinear
system is field-dependent

1
_[ 02 B-1/y |@
o[ Zef |

Moreover, let's note that current-voltage character-
istic of system, composed of strongly nonlinear
phases, becomes linear for specified values of

andy ((Bt+q/y)/g=1).

(5.5)
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6. Temperature dependence of resistance

The temperature dependence of resistivity (resist-
ance), usually characterised by means of differential
temperature coefficient of resistivity (TCp) or resist-
ance (TCR), is one of the most important features of
composite materials or devices based on them.

The effective temperature %oefficient of resistivity
. . - Pe 3
(resistance), i.e. TCp, = p_ aT orTCR, =— e

e Re dT
( pe =10, ), for percolation system created by two-
phase medium with finite conductivity ratio
(h=py/p, #0 ) has been found in /42/. Similarly as
in the case of the other above-considered properties
the analytical formulas have been worked out for three

concentration subranges.

TCp, =TCpy +(py/po i "I TCpy,p > p,
(6.1)

1

TCp, = A-TCp, +B-TCp, —D(TCp, ~ TCp, (21 )
P2
l<a (6.2)

TCpy =TCpy +(py/ 02 1 9 TCpy,p < e
(6.3)

1 dp;
In the above equations we have TCp; = ——pT’ (i =1,

2) — temperature coefficient of resistivity oif i-th phase
and A, B, D - constants (equal to about 1).

7. Continuum problems

It has been assumed for all so-far analysed cases,
that the problem of current distribution in system can
be transferred to model, where the random resistance
distribution of first and second phase r, and r, is given
as

f(r) = pd(r 1)+ (1-p)3(r —12) (7.1)

(p — concentration of first phase,§(...) - Dirac function.

But the case, where distribution function can be
written as

f(r) = p(1-cx1/r, = 0 (7.2)

has been examined in /43/. It has been shown that
critical index stops to be universal (it is said it goes to
the second universality class)

6

t=tg+a/(1-a) (7.3)

where t — standard critical conductivity index above
percolation threshold.

The case when the spectrum of resistances is con-
tinuous and exponentially broad /44/

r=roe ™ L s>, (7.4)

where x € (0, 1) is a random variable with smooth
probability distribution D(x), is no less interesting. The
problem with a continuous spectrum of resistance dis-
tribution is not a straightforward -percolation problem
- it does not exhibit the percolation threshold at which
one of the two phases forms an infinite percolating
cluster because the phases themselves do not exist.
However, there is a method which simplifies the ex-
ponential distributed resistances problem to the stand-
ard two-phase percolation problem /45-47/ and makes
it possible to determine the principal system regular-
ity, this is to find a critical index of effective percola-
tion conductance. The general assumption of this
method is that all resistances with a random variable
between x and 1 are considered as one phase. In a
crude approximation the network effective conductiv-
ity is described by the largest resistance, at which this
phase becomes infinite. This is related to the percola-
tion threshold in a classical percolation, i.e. from

1

[Dx)dx =p,
% (7.5)

itis possible to calculate x, and next to find the largest
resistance, which defines (with accuracy to the
preexponential factor in ¢,) the resistance of the whole
system,

[ o rye e (7.6)

It is possible to consider the above problem analo-
gously but to start from the reverse side. Lets take a
system with an exponential broad spectrum of resist-
ance and keep in mind site of particular resistances in
the network. Then we replace them in the network by
“zero-resistivity” connection, and again put resistances
into their previous position in the network but accord-
ing to proper sequence starting from the smallest one.
This process is carried on till appearance the resist-
ance, which disconnect the current flow through the
“zero-resistivity” phase. We can tell that this critical
resistance specifies the resistance of such system (with
accuracy to preexponential factor). The details of such
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treatment are presented in /48-51/. It could seem that
applied critical resistance search methods give op-
posing results /50,561/. However this contradiction is
removed by assumption that the system is in smear-
ing region just as the critical resistance is included in
the network. Generalisation of two-phase percolation
model in smearing region /52/ for systems with
exponentially broad resistance spectrum lead to the
following expression for effective conductivity (for sim-
plicity it has been assumed, that D(x) = 1)

_ A -y
Te =2z (7.7)

where a, — minimal characteristic dimension in the
system (of order of lattice cell), A — variable with a
weak dependence on A (A e (InA)*“ @22l ) g~
dimensionality of the problem, and critical exponent y
is equal

0.4—0lp+2v(d-2)

y = (7.8)

In terms of widely accepted values of oy =¢g =1
and o, =¢g =1 Eq. (7.8) reduces to

y =v(d-2) (7.9)

The above result has been shown for the first
time in [48]. Choice ay=¢g =t-v(d-2) and
o, =¢g = q+ v(d—2) gives very similar numerical re-
sults; for more details please see /53,54/)

The model described in /51/, using network with ex-
ponential distribution of properties, permits to find the
behaviour of many other physical quantities. Moreo-
ver, even if for example resistance distribution is not
exponential but power one r= rox‘* and we have
somewhat different formula for effective conductivity

— Ay Y
Oe = 2o XA

(7.10)

The critical index y from Eq. (7.10) is still given by Eq.
(7.9).

There are no basic troubles in characterisation of more
complex guantities than effective conductivity using
percolationlike model. However itis necessary to make
supplementary assumption related to focal properties
of these quantities. For example, calculation of 1/f noise
in exponentially distributed systems demands gener-
alisation of Hooge hypothesis /21/, according to which
C = a/ o (0 - so-called Hooge parameter). It is logically
to assume, that for considered system with local con-
ductivity o(x)e< e ™

C(x) = a/ o(x), (7.11)
This is in agreement with empirical Hooge law — sys-
tem (device) with higher resistivity (more precisely
with lower concentration of charge carriers) is char-
acterised by larger noise intensity.

The effective noise intensity of system with an
exponentially wide spectrum of resistances obeys the
form

C, o MM e (7.12)
where exponent mis given as
m=y+2v (7.13)

As has been mentioned earlier the exponent y is re-
lated to the correlation length exponent v by Eg. (7.9).
Therefore

m = dv (7.14)

The above calculations have been generalised in
/24,54,55/ for situation when

C(x) = a/6%(x) (7.15)

(for © = 1 we have standard Hooge formula (7.11)).
Very interesting feature of the exponent m has been
observed for 0 < 0 < 2; mis independent on 8 param-
eter, this is

C, o= 5pe "eA™, my =vd (7.16)
Lets note that even if phenomenoclogical Hooge for-
mula is locally true, i.e. C(x)o”(x) = const, it is broken
for the whole system, thatis C o, # const.

Except of effective conductivity and noise intensity
investigations of temperature behaviour /42/ or third
harmonic generation /36/ also have been analysed in
systems with exponentially broad spectrum of
resistances. It has been shown that normalised am-
plitude of third harmonic B, for such systems is
related very simply to its effective conductivity p,

B3 = 05 (7.17)

The successive model with disordered continuum
spectrum of resistances has been presented for the
first time in /56,57/. This is so-called Swiss-cheese

7
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i.e. a disordered continuum system where spherical
holes are randomly placed in a uniform transport me-
dium. The distance between spherical voids is
unrestrictedly small. This means that so-called
microgeometry, in other words current distribution in
narrow necks between mentioned spherical holes be-
comes very important. Such a model has been ana-
lysed based on percolation approach and it has been
proved in already mentioned papers /56,57/ that criti-
cal conductivity exponents for Swiss-cheese model
and corresponding indices in a discrete lattice differ in
value and depend on microgeometry details (shape
of inclusions). For example, when p > p_and G, =0
then

t=t +y (7.18)

standard

where exponent y is dependent on kind of voids. For
random-void model and o, = O we have y= 0 in the
case of 2D system and y = ¥ for 3D medium.

Moreover there are yet other classes of continuum
model, namely potential model (space between voids
is not limited by spherical area but by hyperbolocidal
one /57/, blue-cheese model /58/ and so on. Micro-
structure in fact affects not only effective conductivity
but also other properties such as dielectric (e.g. in d=3
critical exponent of effective dielectric constant in
Swiss-cheese model differs in standard one by 5/2
/56/), electrical and mechanical destruction /58/ and
the like. It appears, that microgeometry influences be-
haviour of 1/f noise near percolation threshold /59/.
Last but not least matter of this paper is that we have
to be conscious of analogies between various physi-
cal fields (presented for example in /60/). Therefore
percolation theory and analysis can be applied not only
in calculation of electrical effective properties but also
electrostatic, magnetic, thermal, fluidic and mechani-
cal ones. Chosen examples of percolation or
percolationlike systems, which have been studied ex-
perimentally as well as some numerical simulations
performed with the aid of approaches given in this
paper will be presented and discussed in second part
of this article /61/.
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SHIFTER DESIGNS FOR ASICs

Dalibor Grgec™ and Zeljko Butkovié¢
Faculty of Electrical Engineering and Computing
University of Zagreb, Croatia

Keywords: computer science, shifters, phase shifters, logarithmic shifters, data buses, data paths, arithmetic operations, decoders, ALU, Arith-
metic-Logic Unit, FPU, Fast Processing Units, ASIC, Application Specific Integrated Circuits, VLS circuits, Very Large Scale of Integration circuits,
CAD, Computer Aided Design, logical simulations, electrical simulations, MAGIC computer tools, IRSIM computer tools, SPICE computer tools,
Simulation Program with Integrated Circuit Emphasis computer tools, transmission gates, restoring buffers, propagation delay, power dissipation

Abstract: This paper presents four versions of 32 bit shifter designs that can be used in ASICs, namely: barrel shifter and logarithmic shifter, each
implemented with pass transistors and transmission gates. The circuits are designed in the standard MOSIS scalable CMOS n-well technology with
the 0.8 pm minimal feature size fabrication process. The design procedure is thoroughly explained. The designs are logically and electrically
simulated. They are compared according to the functionality, wafer area, number of transistors, delay and power dissipation. The usage and

optimization guidelines are given.

Nacrtovanje premikalnih podsklopov za integrirana vezja po
narocilu

Kijuéne besede: racunainistvo, pomikalniki, pomikainiki fazni, pomikalniki logaritmi¢ni, vodila podatkovna, operacije aritmeti¢ne, dekoderji, ALU
enota aritmeticno-logi¢na, FPU enote obdelave hitre, ASIC vezja integrirana za aplikacije specifitne, VLS| vezja integracije zelo visoke stopnje, CAD
snovanje racunalnisko podprto, simulacije logi¢ne, simulacije elektricne, MAGIC arodja racunalniska, IRSIM orodja racunalniska, SPICE orodja
racunalni$ka, vrata prenosna, bufferji obnovitveni, zakasnitev razsirjanja, stresanje moci

lzvie€ek : V prispevku predstavljamo $tiri tipe 32-bitnih pomikalnih vezij, ki jih lahko uporabimo pri nacrtovanju integriranih vezij po narocitu. To sta
matri¢ni in logaritemski premikalni vezji, pri Cemer je vsako lahko izvedeno s prehodnimi tranzistorji, oz. prenosnimi vrati. Vezja so naértovana v
standarni MOSIS CMOS tehnologiji z n otokom in minimalnimi risanimi dimenzijami 0.8 um. Podrobno smo razlozili postopek nacrtovanja. Opravili
smo logi¢no in elektriCno simulacijo vezij ter jih med seboj primerjali glede na funkcionalnost, povréino €ipa, $tevilo tranzistorjev, hitrost in porabo.
Podali smo napotke za uporabo in optimizacijo vezij.

natorial delay and it is usually shorter than one machine
cycle. The dominant shifter implementation in modern
datapaths is the flow-through type. The flow-through
shifters can further be classified into /4,6/:

binary shifter,

crossbar switch,

barrel shifter,

logarithmic shifter,

other shifter implementations.

1. INTRODUCTION

Shifting of binary numbers is an arithmetic operation
required in many operations such as multiplication,
division and bit-manipulation. Shifting is performed in
specially designed circuits. Shifters are part of every
contemporary datapath, usually located at the output
of the Arithmetic-Logical Unit (ALU).

Shift operations can be classified into left-right, logi-
cal, arithmetical or circular shift (rotating). Usually shift- The common requirements set upon shifter implemen-
ing is implemented only in one direction, i.e., right. tations in modern datapaths are:

Shifting left by m bits is realized with a shift right of n— 1. bus width of 32 or 64 bits (n bits in general),

m bits in an n-bit machine /1/. During the logical shift 2. performing nxn shift in one clock cycle,

the LSB takes the value of a predefined input (usually 3. performing many types of shifter operations

0/1 or bit-stream from an outer source). Arithmetical according to control signals (left-right, logical,

shift is a shift operation where the MSB, which repre- arithmetic or circular shift, masking, etc.)

® & @ e °

sents the sign of the binary number, is preserved. Cir- 4. separate control signals, usually perpendicular to
cular shift puts the LSB in the place of MSB and direction of data,

vice-versa. All sorts of shift operations are required in 5. coded control signals,

modern processing units /2, 3/. . 6. low propagation delay and no degradation of
According to implementation, shifters can be classi- output signal electrical characteristics,

fied into shift-register (sequential logic) and 7. compatibility with the rest of the datapath.

flow-through (combinatorial logic) types. In the

shift-register type, shift by one bit requires at least
one machine cycle. In the flow-through type, the time
required for shifting depends only on the circuit combi-

Barrel and logarithmic shifter implementations satisfy
these requirements best, and thus are two most frequently
used shifters /4, 5, 6/.

' Now with Institute for Theoretical Electrical Engineering and Microelectronics, University of Bremen, Germany
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Binary shifter only performs a one-place left-right shift,
and crossbar switch is a universal circuit and a basis
for a barrel shifter design.

In this paper, designs of barrel and logarithmic shifter
in most common logic styles and comparisons of their
performance are presented. The general block sche-

matic of the designed shifters is shown in Fig. 1.

control

e 1) =t toose O3 Joome

nxn
shifter

inputs outputs

oY po—

N —

b OO

O /oW

Fig. 1. General shifter block.

The design requirements set upon shifter designs are
as noted above except for the requirement no. 3. For
the purpose of comparison only the circular right shift
as the most common shift operation is implemented.
Other shift operations can be easily implemented by
adding some peripheral circuitry /2, 3/ and by modify-
ing control signals. Furthermore, the layouts of the
shifters are designed in standard MOSIS /7/ scalable
CMOS (SCMOS) n-well technology using 2 metalliza-
tion layers, in such a way that they follow both the stan-
dard SCMOS, as well as submicron SCMOS
(SCMOS_SUBM) set of design rules. They are, there-
fore, without any modification of the circuit or layout
design, realizable in a whole range of different fabrica-
tion processes offered by MOSIS Service, starting with
the 2 um minimal feature process down to the more
recent 0.35 um minimal feature fabrication process.

Given the above mentioned requirements, the shifters
are designed with the goal of a minimal layout area on
the chip. Circuit and layout designs are modified and
optimized in order to satisfy these requirements and
the functionality of the shifters or, in some cases, {0
lower the cirouit power dissipation to the acceptable
level. No attempts to optimize the circuits according
to other criteria (e.g. delay, current drive, efc.) are
undertaken. This is to insure the impartiality of the
shifter performance comparison.

Next, a detailed overview of the shifter circuit and lay-
out design is given. The shifter performance is evalu-
ated through simulations, which are described in the
following section. At the end of the paper, the perfor-
mance of shifter designs and some usage and optimi-
zation guidelines are presented.

2. Shifter design
2.1. Circuit design

Barrel shifters

All versions of barrel shifters are based on the
crossbar switch. A version of crossbar switch with
pass transistors is shown in Fig. 2.

ol0 oIl o ol(n-1)
oO{n-1)
L“l_!_ 1 L‘u-‘“‘ L‘L__“‘* L‘l_.“‘"
C()’n-vi C1/(\.- L Cn— ti-1
—ey
L‘li —t L“l_x_ —} I_l__.‘_" I—l_.—" "
. . o0l
L——JI—-———u [—JI———Q L—j!—-——q le—Av
C0/ CU Crrill
9 o00
[~ LLL—* L‘LL*“ L_LL—-"
CO Cl C(HIO

Fig. 2. Crossbar switch with pass transistors.

The crossbar switch can in theory emulate any
multi-input multi-output logical function. By careful de-
sign of wiring one can readily obtain the main field of
the barrel shifter shown in Fig. 3a. Control inputs to the
pass transistors are designated Sjand only one of them
is high at a time, defining the shift value. If we replace
the pass transistors in the circuit in Fig. 3a with trans-
mission gates, we obtain the main field of the barrel
shifter with transmission gates shown in Fig. 3b. As
usual in circuits with transmission gates, this shifter re-
quires both inverted and non-inverted control signals
designated Si*and S, respectively. By examination of
both schematics, one can easily deduce that they per-
form the required function: circular right shift.

Sit Si2 Si(n-1) Si0
I(n-1e ] J Jg) i il
° 'TL‘ T‘L‘ T'L‘ TL‘ & O(n-1)
T -
Tl ol
. ; T ; -
|l i e |
ml L e o

®  © ©
Fig. 3a. Mainfield of the barrel shifter: with pass transistors
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Fig. 3b. Main field of the barrel shifter: with transmission
gates.

J

In order to comply with the requirements set upon the
shifter designs, and to have coded control input sig-
nals, a decoder must be added to the circuit. In order
to minimize the layout area, a NOR decoder in dy-
namic logic with p-type precharge transistors is cho-
sen /4, 6/. The schematic of this decoder is shown in

Fig. 4.
} ]
" v K%
I
. o
'J =]
N
s
e
SR v R v A N
RPN
T T

Sio Sio Sil sip Sz SiY 5B s

Fig. 4. NOR decoder in dynamic logic (4-bit
example).

“

During the precharge phase the clock ¢ is low, and
during the evaluation phase the clock is high. Cutputs

of the decoder are control inputs Si,, 1o the barrel
shifter main field.

In order to ensure the correct logic value of control
inputs Siand S/’ during the precharge phase /4/, inter-
face clocked buffers, specially devised for this pur-

12

pose, are used. The circuitry is shown in Fig. 5. The
buffer exists in two versions: inverting and
non-inverting, depending on the used output. Both
buffer versions are used in the decoder for the barrel
shifter with transmission gates and can be seen in Fig
4. Only the non-inverting buffer version is used in de-
coder for the barrel shifter with pass transistors. Both
decoders require an inverted clock ¢’ It should be
noted that the shifters are fully functional even with-
out the interface buffers /8/, but the power dissipation
is too large, due to the current leakage during the evalu-
ation phase.

Yep

clk 0..___]5

Lo ﬁ;

——0 (0,A) %-

clk O—IE

Symbol

bl
GND
Fig. 5. Interface clocked buffers.

An interface is required to connect the barrel shifter
main field with the rest of the datapath. A column of
inverters at the input and at the output of the barrel
shifter main field is used for this purpouse. Being in
pair, these inverters do not influence the logic func-
tion of the shifter. When integrating these shifters
in an actual datapath, the inverters could be replaced
by latches or some other form of interface.

Degradation of electrical characteristics of output
signals is a common problem in pass transistor logic.
In the nMOS pass transistor the output high voltage
level is lowered by the amount of the transistor
threshold voltage. This effect can lead to increased
power dissipation and lower noise margins of the
output signals /4/. The signal level can be restored
using the buffer shown in Fig. 6. The feedback tran-
sistor Trpulls the inverter input high when the out-
put of the buffer goes low, and prevents the last-
ing intermediate voltage value in buffer. This
buffer is used at the outputs of the barrel shifter
with pass transistors instead of regular inverters.
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Fig. 6. Qutput level-restoring buffer with adjacent
nMQOS pass transistor /4/.

Logarithmic shifters

While the barrel shifter implements the whole
shifter as a single switch field, the logarithmic
shifter uses a multistage approach. The total shift
value is decomposed into stages. Each stage
shifts the data by some fixed amount, usually by
power-of-two /4/. The shift stages can be repre-
sented with columns of multiplexers. The basis
for such logarithmic shifter in base 2 is shown in
Fig. 7. Such a logarithmic shifter has log,n stages
for n-bit data bus and is usually smaller than the
equivalent barrel shifter /4/. Note that the control
signals S for this shifter are already encoded, i.e.
no decoder is required.

S0 Si
L c c
MUX 2%} MUX 2l
I(n-1e 5, I s, o O(01-13
5 c N — L c
MIFK 2x1 MUX 2xl
Y 8 D Di—o
s ¢ s, ©
MUK 21 MUX 21
Il e s, D () s, D}—p O1
s, © s, ©
MUX 221 MUN 2l
IOQ—(T}—S, ] —(O—1s, Dp—9 OO0

Fig. 7: Logarithmic shifter basic schematic
(only first two stages).

The design of the multiplexer determines the
logarithmic shifter type. Two multiplexer designs are
implemented: with nMOS pass transistors and with
transmission gates. The logarithmic shifter basic
cells are shown in Fig. 8. An inverting buffer is
placed at the output of the multiplexer. The odd
number of stages in 32-bit shifter (log,32 = 5),
combined with the input inverter column, ensures
that the output signal is in-phase with the input
signal. As in the case of a barrel shifter, the restor-
ing buffer is used at the output of the logarithmic
shifter cell with pass transistors.

C
9

S2e TI1
o—D»——o D
Sle 1Tt .

C c

Fig. 8a. Logarithmic shifter basic cells: multiplexer

with pass fransistors.

C

Se—

baff.

S lg——

C '

Fig. 8b Logarithmic shifter basic cells: multiplexer
with transmission gates.
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2.2. lLayout design

The shifter layouts are designed by MAGIC, a
widely accepted software tool /9/. The layouts
are designed so that they follow both the stan-
dard scalable CMOS and submicron scalable
CMOS set of design rules from MOSIS /7/. The
chosen fabrication process is HP CMQOS26G
0.8 um n-well process with 3 metallization lay-
ers (of which only 2 are used in the design). This
fabrication process was chosen because it sup-
ports both the standard and submicron set of
scalable CMOS design rules, as well as a supply
voltage of 5V, and because of the availability of
parameter files for many computer tools /10/. The
main features of this fabrication process are
listed in Table |. The ratio of p to n channel widths
in a layout is usually determined from the require-
ment for symmetrical output characteristic, equal
rise and fall times or minimal propagation delay
/4, 6/. This ratio is chosen to be 4, which, ac-
cording to Table |, corresponds to the ratio of
MOSFET K constants. Beside this requirement,
the layouts are designed with the primary goal
of achieving minimal chip area.

Table | Parameters of MOS fabrication process
HP CMOS26G, run N68O /10/.

Minimal - | Sopported Set. | Lambda | # of Gutes:per nmnr. | Operating

Feature Size | of Design Rules o e Yltape

0.8 um SCMOS (LTM) | 0.5 um 6200 5.0V
SCMOS_SUB 0.4 um

Normalized MOSFETK | Ratios of

iy Thresholtt Voltages {- Minimum
Constants | MOSEELS K o i

Inverter

e . | Detay
K, =1.2704.107A/V2 | KL /K, =3.960 | Uggg, =0.7086Y | 290 ps
K} =3.2077-105A/V?| JKG /K, =1.990 | Usso, = -0.8446V

The shifter layouts are compiled of many basic
shifter cell layouts. A basic cell is designed in
such a way that it can be easily connected with
the equal adjoining cells. After arranging arrays
of basic cells, the final layout is obtained by add-
ing contacts, external connections and power
supplies.

Barrel shifters

The layout of the barrel shifter consists of two main
parts: main field and decoder. Both are composed
of basic cells.

The layouts of the barrel shifter basic cells are
shown in Fig. 9. The schematics of the same basic
cells can be seen shaded in Fig. 3 (the contacts k
are implemented in only some cells when the lay-

out is complete).

14

Fig. 9a. Barrel shifter basic cells layouts: cell

with pass transistors.

Fig. 9b Barrel shifter basic cells layouts: cell with
transmission gates.

The same decoder is used for both shifters. The lay-
out of its basic cell is shown in Fig. 10.

The layout of the output level-restoring buffer (Fig. 6)
is adjusted to the vertical pitch of the basic shifter cell
in Fig. 9a and shown in Fig. 11.
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S

Fig. 10. Decoder basic cell layout. O -
Fig. 12b. Barrel shifters layouts:

fransmission gates.

%

barrel sh/fz‘gr with

D
The layouts of other inverters and buffers are > - wﬁg
not shown separately, as their design is tradi- e v I e
tional. The vertical buffers, which drive the con-
trol signals into the decoder field (Fig. 4), have
channel widths of twice the minimal size, be-
cause of the large capacitive load of polysilicon
control lines in decoder field. The precharge
p-type transistors in the NOR decoder have also
larger widths, determined by the horizontal pitch
of the basic decoder cell.

The final layouts of the barrel shifters are shown
in Fig. 12. Note the different aspect ratio of
these two layouts (the barrel shifter layout with : ‘ : ¢
transmission gates is much higher due to the Fig. 12a. Barrel shifters layouts: barrel shifter with
difference in basic cell size). pass transistors

R ISR
SR

Fig. 11. The output level-restoring buffer layout.
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Fig. 13a.

Logarithmic shifters

The layout of a logarithmic shifter consists of two parts:
columns of multiplexers and switch field between the
columns. The layouts of logarithmic shifter basic cells
are shown in Fig. 13.

The vertical buffers, which are twice the minimal size,
are added in the path of control signals at the top of each
multiplexer column. These buffers are shown together
with multiplexer cells in Fig. 8. This is necessary due to
the large capacitance of polysilicon multiplexer control
lines. The switch field connects the output of the cell m
in the stage k with the input of the cell (m-2%) modulo 27
in the stage k+1, and is typical of logarithmic shifters. It
is made in two metal layers. The minimal distance be-
tween the vertical metal lines determines the size of the
switch field. The width of the switch field increases ex-
ponentially with the stage shift value — 2% /4/.

The complete layouts of the logarithmic shifters are shown
in Fig. 14. The difference in layout aspect ratio is also
visible in this case.
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RN S R RS

Logarithmic shifter basic cells layouts: multiplexer with pass tfransistors.
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Fig. 13b.
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Finally, the layout complexity of the designed circuits
is presented in Table Il by comparing: the number of
transistors, linear dimension in units of A, and chip
area for implementation in the HP CMOS26G 0.8 um
fabrication process.

Table Il. Layout parameters of designed circuits.

Shifter circuit | Number of Transistors 1 Linear size i Chipi
L e
fayout * nMOS | pMOS { Total | height x width, | = (X=04
- Barrel 1 oo 1364 180 1544 848 x 989 0.134
Barrel'2: 4 1428 1204 2632 1522 x 894 0.218
Logarithimic: 12 522 362 884 645 x 1080 0.111
Logarithmie 2::| 522 522 1024 1635 x 829 0.217

"1 corresponds to circuit version with nMOS pass transistors
2 corresponds to circuit version with transmission gates

3. SIMULATIONS

In order to evaluate circuit performance, logical and elec-
trical simulations are used. The simulations are performed
with circuit models extracted from the layout by using
MAGIC and additional tools that come with the software
/9/. All circuit models are extracted with the parameters
of HP CMOS26G 0.8 wm n-well fabrication process.

For logic validation, debugging of design and initial elec-
trical simulation, the event-driven electrical simulator
IRSIM /11/is used. It enables easy handling of wide data
buses and logical states. The results obtained with this
program include logical values, propagation delays and
power dissipation /8/. However, due to the simple MOS
transistor model based on resistance, this program could
only give the approximate values of electrical parameters;
the range of values and their relationships.

Simulations in IRSIM showed that all designed shifters were
fully functional at a chosen clock frequency of 50 MHz.
The results of one typical simulation are shown in Fig. 15.

IRSIM simulations determine the combinations of input and
control signals for which the propagation delay is the larg-
est. After initial simulations in IRSIM, additional electrical
simulations for chosen input and control signal combina-
tions are performed by SPICE /12/, in order to determine
the circuit electrical parameters: voltage levels, propaga-
tion delay and power dissipation. The MOS transistors are
modeled with the SPICE Level 3 MOSFET model obtained
from MOSIS /10/. This model offers the advantage of faster
convergence compared to the more sophisticated BSIM
(Level 4 and 5) SPICE MOSFET models also available
from MOSIS. The accuracy of the model is satisfying for
the used minimal feature size of 0.8 um. Summarized re-
sults of SPICE simulations are given in Table lIl.

Two types of propagation delays are determined from
SPICE simulations: the delay from control input to out-
put (S—0, t,.) and delay from input to output (/-0, t,).
The control input to output delay for barrel shifters, which

have a decoder in dynamic logic, and require clock signals,

13t
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120

1y
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16

15

14

u3

L2

154

Logarithmic shifters layouts: logarithmic
shifter with transmission gates.

Table lll. Summarized results of SPICE simulations.

Shitter | Propagation delay, | GEE3 | SR
oo b D8 o ipissipation | Dissipation
Cireult o toso | dpig W e P,
e b Wem?
Barrel 1. o 7.1 1.7 6.4 4.8
Barrel2: 0 ] 1.4 0.6 6.0 2.8
Logarithmic:1:y 2.6 1.8 5.8 5.2
Logarithmic2 | 24 1.2 5.2 2.4

is defined starting from the rising edge of clock signal ¢, i.e.,
from the beginning of the circuit evaluation phase. Only the
longest delay f,., is shown in Table Il regardless of the
transition direction. The input to output delays are evalu-
ated for both high to low (HL) and low to high (LH) transi-
tions of the output signal for various input and output sig-
nals. The longest delays ¢, are given separately for HL
and LH transitions. Fig. 16 shows the simulated electric
signals from a typical SPICE simulation.

17
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Fig. 15 Signal simulated by IRSIM (logic validation for barrel shifter with pass transistors).

Note the difference in the propagation delays for HL
and LH transitions. High to low transition time is al-
ways longer. This is caused with the lower output volt-
age of the nMOS pass transistor and lower current
drive of pMOS transistor in the transmission gate. Both
of these effects cause slower rising of the signal at the
output of the pass logic (which is than inverted in the
output buffer). The level-restoring buffer, shown in Fig.
6, can only partially decrease this problem. The dif-
ference in delay times is however smaller for the cir-
cuits with transmission gates, which are therefore more
often used in present pass logic circuits /4, 5/.

The total power dissipation of the circuits is evaluated
at the clock frequency of 50 MHz (and corresponding
input signal frequency of 25 MHz, see Fig. 15) for se-
lected signal pattern by simulations over a longer time
period. The input and control signal patterns were cho-
sen to achieve the maximum dynamic power dissipa-
tion by permanent change of logic states at every clock
cycle at as many circuit nodes as possible. The final
signal pattern is determined by test simulations. The
calculated specific power dissipation, dissipated power
to chip area ratio, is given in Table lll. This parameter
is an indicator of thermal flux in VLSI chips and limits

18

the integration density as well as the clock frequency
for the circuit implemented in the chosen fabrication
process.

Barrel shifter 1 delay test->0

Voltage {V)

Time (ns)
—_— 0 == 031

Fig. 16 Signals simulated by SPICE (propagation

delay t, for barrel shifter with pass transistors).
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4, COMPARISONS AND CONCLUSIONS

The comparison of designed circuits can be made
according to many criteria: number of transistors,
chip area, speed, power dissipation. All designed
circuits offer the same functionality; they perform
circular right shift at the clock frequency of at least
50 MHz and satisfy all the requirements listed in
the introductory section. One must also note, ac-
cording to delay times shown in Table Ill, that the
majority of the circuits could support significantly
higher clock frequencies.

The main design difference is the existence of the
dynamic logic decoder in the barrel shifters, and
therefore the requirement for independently gen-
erated non-overlapping clock pair ¢ and ¢'in these
shifters. This requirement must not be considered
as a deficiency, since in the datapath where this
shifter would be integrated, a clock would be
present anyway. By using the decoder in dynamic
logic, the chip area and transistor count are mini-
mized. Dynamic logic circuits usually have a
higher speed due to the lower capacitive load /4/.
In the case where the decoded control signals are
already available in the chip, one would imple-
ment only the barrel shifter’'s main field, which
would lead to significant circuit simplification, de-
creased chip area and increased speed.

The logarithmic shifters presented in this work are
designed in combinatorial pass and static logic
and do not require clock signals. When integrat-
ing these shifters in the datapath, one can add
latches at the input and output of the shifter.
Pipelined versions of logarithmic shifters with
multiplexers in dynamic logic and with latches
appeared in the literature, and are used mostly in
high-performance chips /3/.

The comparison of the main shifter parameters is
given in Table 1V. The comparison is performed
according to three criteria: complexity, delay and
power dissipation.

According to Table 1V, no shifter comes as a clean
winner. The application of a particular shifter will
depend on the requirements set upon the chip as a
whole. The shifters with nMOS pass transistors
have in general lower complexity. The logarithmic

shifter has lower complexity than the barrel shifter
in equivalent logic style. In particular, the logarith-
mic shifter with pass transistors has the lowest tran-
sistor count and smallest chip area. The lowest
propagation delay is achieved in the barrel shifter
with transmission gates. The logarithmic shifter with
transmission gates has the smallest power dissi-
pation. However the total power dissipated in other
circuits is not substantially larger. The difference
in the specific power dissipation is much larger and
determined by the difference in the used chip area.
The specific power is not a deciding design crite-
rion except in some special cases (low-power elec-
tronics with reduced cooling possibilities).

The barrel shifter with transmission gates, due to
its high speed and low power demands, seems to
be the best choice for implementation in general
purpose ASIC designs if no limits to the chip area
are set. In the applications where a circuit with low
power dissipation is needed, the best choice is the
logarithmic shifter with transmission gates. The
shifters with pass transistors should be preferred if
the chip area is limited. The barrel shifter has the
disadvantage of larger power dissipation and, es-
pecially, substantially larger control signal delay
tDSO'

Further improvements of the shifters are possible.
For example, it is possible to enlarge or replace
interface buffers or decoders. With none or small
gain in chip area, one can also enlarge the other-
wise minimal channel width of pass transistors.
With such modification one could equalize the LH
and HL propagation delays in shifters with trans-
mission gates or lower the propagation delay in
shifters with pass transistors. By adding additional
peripheral and control circuitry one can enhance
the shifter functionality to support more shift op-
erations.

Finally, itis worth noting that the shifter design pro-
cedures presented in this work can be used as ap-
plication guidelines for integrated circuits in gen-
eral.
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Abstract: A design methodology for the power consumption and capacitor area optimisation of high-order high-resolution single-bit switched-
capacitor type A-3 modulators is described. The main reasons for the power consumption are determined and appropriate steps for its reduction are
proposed. The algorithm is coded in MATLAB and gives the unit capacitor size of each integrator stage for an arbitrary topology and the required
specification of each opamp used in the integrator to achieve the required S/N ratio, minimize the power consumption and the silicon area and
preserve matching accuracy. The 5" order modulator was built and the results prove the effectiveness of the approach.

Optimizacija moci in povrsine A-X modulatorjev visoke stopnje

Kljugne besede: racunalnistvo,mikroelektronika, SP obdelave signalov, DELTA-SIGMA modulatorji, A - £ modulatorji, zmanjsanje Suma, optimiranje
povrsine, optimiranje porabe energije, snovanje

Povzetek: V &lanku obravnavamo metodologijo nacrtovanja eno in vedbitnih S-C A-£ modulatorjev, ki omogoca optimizacijo povrsine silicija in porabo
moéi. Prikazani so glavni razlogi za porabo mogi in potrebni koraki za zmanj$anje. Algoritem smo realizirali v programu MATLAB. Rezultat je tabela
kondenzatorjev in specifikacije ojacevalnikov vsake integracijske stopnje za poljubno topologijo modulatorja. Cilja optimizacije sta zmanjsanje povrine
polja kondenzatorjev ter porabe modi ob upostevanju robnih pogojev: zahtevano razmerje S/N, toénost razmerij kondenzatorjev itd. Primer optimizacije

modulatorja 5. reda dokazuje ucinkovitost algoritma in metodologije.

1. INTRODUCTION

The power-consumption optimisation methodology for
high-order high-resolution A-2 S-C modulators is
presented. The optimisation procedure tries to mini-
mize the unit capacitances of the integrators in aloop
filter in such a way that the noise requirements are
fulfilled, area is minimized and matching accuracy is
maintained.

The contribution of each noise source is dependent
on the architecture, coefficients, capacitances and
noise generated in the opamps. Usually this is calcu-
lated by using the linear model of the modulator /3/,
which is adequate method if one is satisfied with ap-
proximate results. Since modulators are non-linear
systems, linear model is not good enough and we
need real non-linear time-domain simulation and
optimisation. The kT/C noise simulation principle was
presented in /5/ assuming the unit capacitor sizes
are given. In this work the unit capacitor sizes are
optimised in such a way that contributions to the to-
tal noise are approximately the same. At the same
time the requirements for the opamps regarding 1/f
and thermal noise as well as slew-rate are determined
and can be used as specifications for the circuit de-
sign. The model! of chopping and more realistic mod-
els for the opamps are added to the existing algo-
rithm given in /5/. The algorithm is coded in MATLAB
and is based on state-space description of an arbi-

trary topology S-C A-Z modulator. The constraints
are minimum possible noise and at the same time
appropriate accuracy of the capacitor ratios which
are the area and the technology dependent. To illus-
trate the methodology one example is given. It
presents power consumption optimisation of the 5"-
order single-loop ML-FT (muitiple-loop feedback to-
pology) with poles optimised for stability, having S/N
> 110dB. The improvement of the power efficiency
and area of the modulator prove the correctness of
the approach.

In section 2 the reasons for power consumption in an
arbitrary S-C modulator are analysed and the algo-
rithm for noise optimisation is presented. Since most

of the power is consumed by the opamps (=80%)
driving the capacitive loads, they must be minimized,
taking the area and matching of the capacitor ratio
as a constraint. The algorithm also defines the re-
quired noise level of the opamps, while the design of
the opamps is beyond the scope of this article and
the algorithm. Short example illustrates the proce-
dure and gives some additional information.

Section 3 briefly repeats the published state-space
description of an arbitrary modulator with an addi-
tional noise model of the S-C stages and opamps
and gives some optimisation results as a table of
capacitances and noise requirements. In section 4
the conclusions are presented.

21



Informacije MIDEM 31(2001)1, str. 21-25

D. Strie: Capacitor-area and Power-consumption
Optimization of High Order A - £ Modulators

2. REASONS FOR POWER CONSUMPTION

The main reason for power consumption in any switched-
capacitor-type modulator is the power needed by the
opamps to drive capacitive loads and to maintain the re-
quired noise level. To simplify the description of the power-
optimisation procedure, the 5%-order modulator is taken
as an example, for which the power-optimisation results
are presented at the end. The procedure works well for
any S-C-type modulator. The system design considera-
tions for the 5™-order modulator have been presented in

an internal report /1/ (figure 1).

The coefficients are realised with appropriate capacitor ratios
according tofigure 3. The coefficient a, isgvenby aj = % . In
ly

reality, S-C integrators are fully differential to maintain good

rejection against noise coming from the substrate and to
gain 3dB in S/N ratio.

Most of the power in a modulator is consumed by the
opamps, which must be capable of driving capacitive loads
and have a sufficiently low noise to maintain the S/N ratio
of the modulator. The power consumption of the
transconductance amplifier, with its simplified AC model
shown in figure 2 is proportional to the equation (1) /2/:

P o kTBw(DR)? Ves — V1
Voo (1

Where: k is Boltzman's constant, T is the absolute
temperature, DR is the dynamic range, Bw is the band-
width, V.-V, is the gate-source over-drive voltage
and V_, is the supply voltage.

gm *Vx
(+)—0 ® e

Vx Rd —— oy

(-) —0 L 4 O
Figure 2: Simplified model of the opamp
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Figure 3: Single-ended S-C integrator

The capacitive loads of the opamps are defined by
the coefficients of the loop-filter characteristics, sta-
bility constraints /1/ and by the thermal kT/C noise
generated by the switched capacitors. For higher
S/N-ratio requirements the noise must be smaller at
the same supply voltage. This can be realised by in-
creasing the unit (usually sampling) capacitance of
the integrator; thus the capacitive load of the opamp
is increased and more power is required to maintain
the bandwidth (Bw). At the same time, for a larger S/
N ratio a smaller thermal noise is required for the am-
plifier, which can only be realised by an increased cur-
rent and/or increased area of the differential stage tran-
sistors. Fortunately only the first amplifier is critical
for the low-pass modulator because all the other con-
tributions are attenuated by noise-transfer functions

of the loop filter.

The slew-rate must be larger than the maximum
slope of the settling of v, at maximum input signal
to maintain linear settling behavior /3/. This requires
the tail current of the differential stage to be greater
than: I 2 S,Cioag /4/. If this limit is not respected the

distortion and in-band noise will increase.

Chopping translates 1/f noise and the DC offset around
multiples of the chopping frequency (fy, = fs/2), which
is later attenuated by a decimation filter together with
shaped quantization noise. The only important param-
eter concerning 1/f noise is its corner frequency, usu-
ally between 10kHz and 100kHz, which in our case is
out of the signal bandwidth after chopping.

1
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Figure 1: Simplified 5"-order modulator model
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In any S-C circuit the coefficients are defined by ca-
pacitor ratios, and calculated from the loop-filter poles
and zeroes. Each switched capacitor produces a noise
power proportional to kT/C, where C is the capaci-
tance, T is the absolute temperature and k is
Boltzman’s constant /4/. According to this model the
noise power spectrum density is flat from 0 to fs/2.
Every kT/C noise source contributes a certain amount
of thermal noise which depends on the capacitance
value and noise-transfer functions g. Different noise
sources are uncorrelated, so noise contributions at the
output of the loop filter can be added according to the
equation (2). This is only possible for a simplified lin-
ear model of the whole modulator.

W ’ i=M W =N W,
Nioop {‘F{‘Z‘} = ?,\T 2 Nsc, fo Isc, (f>df + Z Nop, jo Yop, (f)df
i=1 j=1
(2)

Where: M is the number of S-C stages, N is the number
of integrator stages, which is equal to the order of the
loop filter, N_ is the noise-power density of 5-C stage i
(independent of the frequency), N_ is the noise-power
density of the opamp j (independent of the frequency),
g.,(Dis the frequency-dependent noise-transfer func-
tion for each of the S-C stages, gopj(f) is the frequency
dependent noise-transfer function for each opamp, lep
is the noise-power density at the output of the loop filter
and f is the Nyquist rate after decimation.

We can see that assuming uncorrelated noise sources
the noise powers of the switched capacitor stages and
opamps multiplied by the corresponding noise-transfer
functions are added at the output of the loop filter. [n
addition to this the guantization noise power (which is
assumed to be random) is also added. The summation
is possible because at the beginning we assumed a lin-
ear model for the modulator, and so the theorem of
superposition holds up to the output of the modulator.
This simplified linear model is used just to get an insight

Intermediate Noise TF : gi=y/xi
50 T asat o T T T

-
-50 |-

A0+

g
€150 |
S
200 -0
-250
Sy S o ST
soob o a
350 . : ; . ;
10° 10" 10° 10° 10 10° 10°
freq [Hz]
Figure 4: Noise transfer function of the 5"-order
modulator

into the behavior and is later replaced by a time-domain
method.

1/f nolse powers of all the integrator stages, except the
first, are negligible because of the high-pass character-
istics of the noise-transfer functions g, (figure 4).

Figure 5 shows AC noise-simulation results for the first
opamp. lts thermal and 1/f noise components can be
easily recognised. AC simulation results were taken as
the input for the noise-generation procedure /5/ and then
time-domain simulations were performed, including chop-
ping by f/2. The 1/f noise component has been trans-
lated around f /2. The thermal noise at the output of the
loop filter is composed of contributions from all S-C stages
and opamps. The contributions are different for every S-
C stage and opamp, and are dependent on the noise-
transfer functions and the noise powers of the corre-
sponding source; the total noise can be optimised by
calculating appropriate capacitor sizes for the switched
capacitors and the thermal noise of the opamps. The
optimisation is achieved when the contributions at the
output of the loop filter are the same.

Figure 6 shows the input-referred power-spectrum noise
density of the first integrator: (a) with and (b) without
chopping. it is thus possible to reduce capacitor sizes
and noise requirements for the opamps, except for the
first one. Unfortunately the unit capacitor size can not be
made smaller than, for example, C_,=0.3pF; the small-
est dimension is constrained by the capacitor-ratio mis-
match requirements, which are obtained from the stabil-
ity and gain accuracy requirements of the modulator.
The limitis a result of the synthesis procedure defined in
/1/. The unit capacitor size of the first integrator must be
bigger than C 215pF to achieve the S/N = 110dB at an

oversampling ratio of D = 256, taking into consideration
all noise sources. The unit capacitor size in the following
stages drops drastically (in the third and following stages
the unit capacitor size is C 20.3pF(see table on figure
9); the lower limit is calculated from the matching-accu-
racy parameters for a particular process and its require-
ments.
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10 10 °

10° 10! 10
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Figure 5: AC noise characteristics of the first

opamp
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Figure 6: Spectrum at the output of the first integrator
a) no chopping; b) with chopping

Despite the fact that the loop filter is linear, the
whole modulator is a highly non-linear device be-
cause of the comparator and 1 bit D/A converter.
The quantization noise is assumed to be random
but in reality it is not, and also the signal is not
small as predicted by the AC small-signal-analysis
method. For this reason the Monte-Carlo time-do-
main method is used in our simulations.

Figure 7 shows the noise simulation result for the
5t-order modulator; (a) before optimisation (with-
out chopping) and (b) after optimisation (with chop-
ping). The unit capacitor sizes and the thermal
noise requirement for the opamps after optimisation
if the S/N ratio of 110dB is required, are given in
figure 9. By optimising capacitor sizes, the area of
the capacitor arrays can be reduces by almost 10
times and the power consumption can be drasti-
cally reduced because the capacitive loads are
lower, which is also shown on figure 8, which rep-

S
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Figure 7: Spectrum of the bit-stream for 5"-order
modulator a) no optimisation, no
chopping; b) optimisation with chopping

resents the layout of the realized modulator. [t is
evident that the area of the capacitor array is the
biggest for the first integrator and than smaller for
the second while the third and the following inte-
grators have unit capacitor size of 0.3pF and thus
need very small area.

Integ | CulpF] | =C[pF] Vv

Vil 77—
VHz

1 15 66 9

2 1.2 24 <85

3 0.3 4.4 <1000

4 0.3 2.8 <1000

5 0.3 2.0 <1000

Figure 9: Table of capacitors before and after
optimisation and opamp noise requirements

R

Figure 8: Layout of the realized 5%-order modulator
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3. OPTIMIZATION ALGORITHM

The block diagram of a general A - £ modulator is
prescnted in figurc 10, /3/. Its loop filter is generally
an n®-order FIR or IR analog or sampled data filter.
The behavior of the whole modulator is most gener-
ally and efficiently described by a combination of a
linear time-domain multi-input single-output state-
space description of the loop filter (state variables are
outputs of the integrators) and of non-linear part, which
describes single-bit or multi-bit quantizer (equation 3).

U O—P»lu Y I
N O—B»1 N [oop FILTER [ | Quantizer
v
Vref
|
v
DA

Figure 10: Block diagram of A-X modulator

x(n)= Ax(n ~1)+Bv{n - 1)+Nn({n-1)
y(n)=c"x{n-1)+Dv(n—1)
vin)= fo (v = 1))Veer (3)

The relation between the matrix elements and capacitors
is defined for an arbitrary S-C loop filter in /5/. This model
is improved by additional noise and linear and non-linear
settling parameters. For convenience the simulation can
be performed by turning on or off the chopping effects.
The optimisation algorithm gets its input data from the syn-
thesis procedure. All the capacitor ratios are known, as is
the architecture of the modulator. At the beginning the
program assumes equal capacitors for all integrator stages.
They are calculated from the S/N and oversampling-ratio
requirements. The same thermal noise requirement for the
opamps is taken as a basis. The time-domain Monte-Carlo
simulation is then performed for each switched capacitor
and each opamp in a modulator according to /5/. The con-
tribution of each element is calculated in a band OHz to f.
and saved, then the capacitor sizes and the opamps’ ther-
mal noise parameters are adjusted according to these con-
tributions in such a way that each noise source adds ap-
proximately the same contribution. The result is a table of
unit capacitor sizes, the sum of all the capacitors for each
integrator and the thermal noise requirements for the
opamps. For our example the resultis given in figure 9. We
assumed that chopping of the first amplifier is performed,
so the 1/f noise is translated around f /2 and later removed
by the decimation filter. At the end a complete simulation of
the modulator with optimised elements is performed. The
result is presented in figure 7 ().

4. CONCLUSIONS

A methodology for power-consumption optimisation
for an S-C high order, high-resolution modulator is
presented. The main reasons for power consump-
tion are explained and a method to reduce the ef-
fects is proposed. An algorithm coded in MATLAB is
developed and the results of an optimisation for a
practical example of the 5"-order single-bit 2-A
modulator are given. The required power
consumptions of two modulators with equal architec-
ture and different capacitors and opamps are com-
pared. The power consumption for an optimised struc-
ture is reduced by more than 5 times compared to
the non-optimised, while the capacitor array area is
reduced by almost 10 times.

The advantage of the proposed algorithm is the speed
and the effectiveness of the optimisation procedure
and the possibility of performing the optimisation and
the noise simulation in a reasonable time. It is only
possible to use a simplified mathematical model for
the circuits involved, which is the main limitation of
the approach.
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FREQUENCY WARPING AND CHAOTIC BEHAVIOUR
GENERATED BY SPICE

Bostjan Persic, Niko BasaricC
University of Ljubljana, Slovenia

Keywords: physics, electrotechnics, circuit analysis, SPICE computer tools, DSP, Digital Signal Processing, frequency warping, numerical inte-
grations, Z-transform, LAPLACE transform, chaos

Abstract: The numerical procedure of the SPICE simulator is a compromise between accuracy and speed, so that due to efficiency, the simulator
can yield errors. One source is frequency warping, which is discussed in the article. The simulator is presented as a digital signal processor.
General terms describing the distortion emanating from a time discrete treatment of the continuous signal are achieved in the frequency domain by
comparing the Z-transform of the simulator model to the Laplace transform of the model of the actual circuit. The theoretical derivations are
illustrated by examples treating autonomous circuits. Within the first example, the SPICE transient analysis is analysed and the discrepancy
between actual and calculated responses is presented in the time domain. In addition to frequency warping, the discrete treatment can generate
chaotic behaviour. This is presented in the second example, an analysis of a CL oscillator. This example demonstrates the influence of magnitude
of the numerical integration step. It is shown that if a step is not limited, the simulation does not follow the behaviour of the circuit and an unpredict-
able shape is output. The calculated response seems to be chaotic, despite the actual circuit having a closed limit cycle.

Frekvencno izkrivljanje in kaoticho obnasanje simulatorja
SPICE

Kljuéne besede: fizika, elektrotehnika, analize vezij, SPICE orodja ratunalniSka, DSP obdelava signalov digitalna, izkrivijanje frekvencno, integracije
numeriéne, Z-transformacija, LAPLACE transformacije, kaos

Povzetek: Numeriéni postopki, ki jih uporablja simulator SPICE, so kompromis med ucinkovitostjo in to¢nostjo. Clanek opisuje nekaj vidikov
frekvendénega izkrivijanja in kaoti¢nega obnaganja CL oscilatorja pri analizi s simulatorjem SPICE. Simulator smo predstavili kot digitaini procesor
signala. Splosne analitidne izraze za popacenja, ki nastanejo zaradi diskretnega obravnavanja zveznega signala, smo izpeljali v frekvencnem
prostoru prek primerjave rezultatov Z-transformacije odziva modela simulatorja in Laplaceove transformacije odziva dejanskega vezja. Teoreticne
izpeljave ilustrirata dva zgleda analize avtonomnih vezij. Prvi zgled obdeluje linearno vezje. Napake tranzientne analize simulatorja SPICE so
prikazane v prostoru stanj in asovnem prostoru. Drugi zgled je nelinearno vezje, pri katerem je poudarjen vpliv velikosti koraka numeri¢ne integracije.
Ce je maksimaini dopustni korak numeriéne integracije prevelik, analiza vezja s simulatorjem ne sledi obnasanju dejanskega vezja, temvec generira

nepredvidijive rezultate. Izraunani izhodni signal je tedaj videti kaotiéne oblike, Eeprav ima obravnavanoe vezje zakljuCen limitni cikel.

ples if they are nearer each other than haif a period of
the highest spectral component. [f this condition is vio-
lated, the spectrum transposed around multiples of
the sampling frequency is added to the baseband spec-
trum, which causes irreparable corruption of the origi-
nal signal.

1. INTRODUCTION

Implementation in microelectronics technology is im-
possible without the use of a wide palette of CAD tools.
The basic tool, which yields circuit responses at the
level of elements, is the SPICE simulator (Simulation
Program with Integrated Circuits Emphasis) /1/. The

simulation is performed on a digital computer, so its A detailed analysis reveals that the treatment of a sig-

behaviour is similar to digital signal processing. Dig-
ital signal processing does not encompass the entire
signal; it treats a chain of discrete samples only, and
the samples have a limited number of values. This
discrete approach introduces some inevitable impair-
ment of the signal. The transformation of the magni-
tude from continuous to discrete values is a distortion
that is presented as quantization noise. The amount
of the noise is inversely proportional to the distance
between two neighbouring levels. Similar distortion is
caused by errors emanating from unavoidable trun-
cations and by rounding off the intermediate results
of mathematical operations /2,3/. Naturally, the noise
impairs the signals calculated. In addition, manipula-
tion of a signal in discrete instants of time is the sec-
ond source of errors /2/. The sampling theorem states
that an original signal can be reconstructed by its sam-
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nal in discrete instants introduces distortion, even if
they are close enough to fulfil the requirement of the
theorem. This distortion is called frequency warping.
lts size depends on the ratio between the frequency
of the signal and the sampling frequency. Assuming
that an exact result would be obtained incorporating
an infinite number of samples, the difference between
the actual result, acquired by a limited amount of sam-
ples, and the exact one can be defined as the error.
The quantitative estimate of frequency warping is nor-
mally done in the frequency domain by comparing a
Z-transform of the discrete system to a Laplace trans-
form of the continuous counterpart /3, 4/. The error
caused by the discrete approach comes into play as
the observed system is excited by a different fre-
quency, which changes the shape of the response /3/.
Within some applications, analog circuit simulators
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evaluate the response in discrete points of time; there-
fore, they have all the essential properties of a digital
signal processor. The feature denoted is incorporated
into the SPICE simulator. The result of SPICE tran-
sient analysis can be presented as an output of a dig-
ital integrator /5, 6/ whereby sampling time, numeri-
cal accuracy and the integration method can be se-
lected. Due to its discrete nature, numerical integra-
tion causes the distortion mentioned above.
Contrary to standard digital signal processing, SPICE
does not maintain a constant distance between sam-
ples. In order to accelerate analysis, the integration
step of the simulator continues until an initially con-
trolled error surpasses the threshold value chosen.
Interrupting a lengthy step by an abrupt change in a
signal can be another source of errors. The error can
even transform an undoubtedly unstable response into
a stable one /7/. In addition, it can cause completely
irregular results /8/. Despite the possibility of chaotic
behaviour in a Colpitts oscillator /9, 10/, a circuit which
has a simple closed limit cycle with no bifurcation can
yield a strange response with no steady state. It has
been confirmed that the unexpected results are con-
sequences of the imprecise numerical integration of
the simulator.

2. MODEL OF SPICE TRANSIENT
ANALYSIS

SPICE transient analysis has been created to be a
numerical solver of differential equations. In fact, the
analysis has been adapted to cover non-linear circuits
and uses implicit integration methods /1/, where the
magnitudes of signals and their derivatives are simul-
taneously calculated by previous values. However,
since we wish to avoid an overly intricate explanation
by omitting facts not essential to our topic, the circuit
analysed is assumed to be linear and is presented by
a system of equations in a normal form. The excita-
tion vector, the state vector, and its time derivative
are depicted by u(f), y(f) and y(t) respectively. A and
B are corresponding matrices.

y(t) = Ay(t) + Bu(t) (1)

The explicit form of the signal y(t) can be obtained by
integrating the differential equation.

t

t
v = [ya= [y Bl (2)

—oo

The simulator captures and manipulates signals at
discrete time instants only. Suppose that these instants
are equidistant and that they are h units of time apart.

If this is so, vectors can be replaced by their samples
u(t) = u(kh) =, y(t) = y(kh) = vy, y(t) = y(kh)=yx. The
usual numerical integration technique exploited by the
simulator is the trapezoidal methed. The procedure
for one integration step is presented by (3) where h
depicts the time step.

Vet = Yie + 25+ 0
k+1 K 2 k 2 k+1 (3)

Derivatives of the state vector in the equation above
can be replaced by the right side of the equation (1)
for matching instants. After some rearrangement, (4)
is obtained:

A B
YK+1—YK+hE(YK+YK+1)+hE<Uk +Uk1) (4)

A system operating according to equation (4) is
sketched in Figure 1. The block z' depicts a time de-
lay lasting one integration step. The input signals of
the middle summator are formed by the mean value
of the present and past samples of the output signal
and the excitation, multiplied by A and B respectively.
The integrator is presented as an accumulator.

uhl

Yin

Fig. 1. Model of the trapezoid method

Figure 1 confirms that numerical integration can be
treated similarly to digital processing of signals, and
that consequently the SPICE transient analysis can
be regarded as a digital signal processor. The logical
conclusion is that this task of the simulator has all
the main features, including deficiencies, of a proc-
essor of this kind.

3. FREQUENCY WARPING IN THE
FREUENCY DOMAIN

Frequency warping is the phenomenon where a dis-
crete system corresponds to its continuous counter-
part at a distinct frequency. This discrepancy increases
significantly if the frequency of the signal approaches
a value limited by the sampling theorem. An error can
be caused if this fact is neglected when analysing an
oscillator /4/. Our quantitative description of the phe-
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nomenon inside the SPICE analysis is divided into
steps, as follows.

3.1. Comparison of Transfer Functions

The transfer function of the continuous integrator can
be obtained by performing a Laplace transform on
basic equations (1) or (2) that describe the behaviour
of the system.

Us) s-A (5)

Equation (3) presents the signal in discrete time in-
stants; therefore, the natural approach is a Z-transform.
The transfer function of a numerical integrator which
exploits the trapezoidal method is given by (6).

H(z)= 5
h oz¢1 (6)

A comparison of equations (6) and (5) confirms that
the discrete approach alters the transfer function of a
system. Consequently, a change in the transfer func-
tion results in a difference between the responses of
the discrete system and its continuous (e.g. actual)
counterpart. Nevertheless, it can be noticed that the
structure of equation (5) is equal to the structure of
(6), except that the variable s is replaced by the frac-
tion. The transfer functions are identical if mapping,
defined by equation (7), is introduced.

.2—1 - e 2+hs
z+1 2-hs (7)

s=

TN

As the variables of the transforms have both real
and imaginary parts, the last equation describes two-
dimensional mapping. The map of a significant curve
is additionally highlighted in the next subsection.

3.2. Map of s-Plane Ordinate to z-Plane

The continuous complex frequency s is ex-
pressed as a sum of the real and imaginary parts
( s=a+jo ), and variable z by its polar co-ordi-
nates (z=r-e/"). To distinguish the frequencies,
the upper index in the parenthesis is added at
the discrete signal (v, ,,,= ©@). The portrayal
of harmonic signals in the s-plane is its ordinate.
As our main concern is studying relations be-
tween the frequencies of continuous and discrete
systems, a map of this curve into the z-plane can
explain the point. After replacing the variable s
in equation (7) by jo and after some manipula-
tion, the relation presented by (8) can be found.

28

2 wh
r=1; (@ =Z arctan —
“h 2 (8)

P4

The map of the ordinate of the s-plane is a circle in
the z-plane, as shown in Figure 2. The frequency of
the discrete system corresponds to the phase in the z-
plane.

\Im(s) z-plane A Im(z)
s-plane
AP\ -
jo A
1
Re(s) Re(z)

Fig. 2. Map of the ordinate of the s-plane into the
zZ-plane according to the trapezoidal method.

The relation between continuous and discrete frequen-
cies, dictated by equation (8), is presented in Figure
3. The abscissa is proportional to the frequency in a
continuous (actual) system, and the ordinate to the
frequency of its discrete counterpart (simulated sys-
tem). The scales of both axes are normalised by the
sampling frequency, which is calculated from the time
step (f=1/h).

J f(‘[) /ﬁ
0,4

0,2

Fig. 3. Relations between frequencies of the
continuous system and the discrete
system if equal responses are required.

The curve reveals the relation between the systems.
[t can be inferred that the test tone frequency inside
the simulator (@) has to differ from the actual fre-
quency () if the same magnitude of response is re-
quired. If the ratio between the test and the sampling
frequency is small, the value of the function arc tan is
almost equal to its argument and the differences be-
tween the responses are hardly observed. When the
ratio approaches or even exceeds one half, the corre-
sponding discrete frequency is significantly distinct.
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This non-linear relation emanates from the treatment
of the signal in discrete time instants.

3.3. Approximation

Equation (8) is the exact description of the distortion
of a signal due to treatment of a continuous system by
the simulator. The error can be easily estimated if a
non-linear tangent function is expanded into a trun-
cated Taylor series. The result of the procedure is equa-
tion (9). A detailed analysis reveals that with ten sam-
ples per period, the first neglected term is approxi-
mately 4% of the last included term.

(d)y2
w = ol@ 1+—~~((JJ il
12

(9)

As the integration step of the SPICE transient analy-
sis is adapted automatically to changes in the signal
[11], the number of steps in a period is normally greater
than ten, especially if the signal is formed by a single
spectral compenent. With this in mind, the approxi-
mations of the distortion seem acceptable for obtain-
ing a fair estimate of an error of frequency obtained
by the simulator.

4. EXAMPLE |- FREQUENCY WARPING

This section illustrates the subject through an exam-
ple. It aims to display the typical effect of frequency
warping and to clarify the relation (9).

4.1. The circuit

The simplest form of an autonomous circuit, produc-
ing a response that incorporates only the imaginary
part of the complex frequency ( s=juy ), is a CL
combination with an initial state (v(0), {(0)) different
from zero. The circuit is presented in Figure 4. It can
be described by an homogeneous second order lin-
ear differential equation. lts solution is undamped os-
cillation .

. 2
s i dult) , ut) _,
dt? CL

u==—=C <L
- u(t) = Asin(wgt + )

Fig. 4. The circuit in Example 1

4.2. Numerical Integration in the Time
Domain

Frequency warping of the example is demonstrated

in the time domain. The trapezoidal method has no

amplitude distortion /3/; therefore, any point of the sig-

nals acquired by numerical integration defines a sine
curve with given constant amplitude.

The trapezoidal algorithm (8) includes the initial and
the final derivatives of the signal within each integra-
tion step. For convenience, the step should be divided
into two equal parts. During the first part, the signal of
the discrete integrator is assumed to be changing ac-
cording to the slope through the initial point. This slope
can be unambiguously found from the known point of
the signal. During the second half of the interval, the
simulator follows the tangent of the final point. Pres-
entation of the outcome without calculation is rather
intricate, as the final point is unknown. For a particu-
lar case, the obscurity can be bypassed by choosing
an initial point on the abscissa (y,=0) and by setting
the magnitude of the integration step to the value where
the signal reaches amplitude during its first half. With
this intermediate result, the only solution at the end of
the integration step is the slope parallel to the abscissa,
which holds only at the maximum value of the har-
monic signal. The point after the second integration
step is obtained similarly. The first move within the
step is parallel to the abscissa, and the second has
maximum slope: therefore the abscissa is reached
again, as shown in Figure 5.

y At

h?2 h?2

Fig. 5. Frequency warping demonstrated in time
domain.

The three points describe half a period of the calcu-
lated signal. It can be observed in Figure 5 that the
peak of the signal obtained is shifted rightwards com-
pared to the actual signal. The delay is depicted by At.
Sequential integration steps add the same delay and
the period is prolonged, which means that the fre-
quency of the response is lowered. The difference can
be approximated by (9).

5. EXAMPLE Il - CHAOS

As noted, transient analysis of the simulator consists
of numerical integration with discrete time increments.
A circuit has to be solved inside each step, which re-
sults in a considerable amount of calculations if the
increments are tiny. To output a result in a reasonable
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time, the standard SPICE simulator tends to enlarge
the increment towards (T, -7_)/500r T, whichever
is smaller /11/. The times mentioned are the second,
third and fourth parameters in the .TRAN statement
respectively. Another limitation stems from the slopes
of signals. Slowly varying signals enlarge the time in-
crement, and vice versa. If an abrupt change occurs
in a signal, the integration step shrinks gradually. The
gradual change and asynchronism between the inte-
gration instants and the abrupt change can be another

source of errors.

5.1. The circuit

The active element of the circuit in Figure 7 is a gen-
eral purpose NPN transistor in a common emitter ori-
entation, loaded by a resistor. Two capacitors and an
inductor form the feedback. The latter provides the
quiescent current into the base, so that the transistor
operates near saturation. Note that the ratio of
capacitances causes a considerable signal at the base;
therefore, the transistor is forced to traverse a strongly
non-linear region. The non-linearity yields significant
digress of actual frequency of oscillation (18.5 kHz)
from the resonant frequency of the passive n feed-
back circuit (8.9 kHz).

Fig. 7. The oscillator analysed (U,, =5V,
Q=2N2222, R=1k, C,=47nF,
IC =0.6074422V, C,=100nF,
IC=1.361650V, L = 10mH,
IC = 28.98162E-6 A)

5.2. Results of simulations

The first solution presented is referred to as exact.
Setting a small enough time between outputted re-
sults (7,,,) and the maximum time increment of the
numerical integration (7, ), and starting the simula-
tion with adequate initial conditions, an actual steady-
state response is obtained. Observing the actual time
increment of the integration in the raw file, it was con-
firmed that T__ chosen defines the time increment
inside the entire period. Figure 8 displays the current
into the base, the collector-emitter voltage in the time
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domain and the current through the inductor in the
frequency domain.

6 lB/mA
4
2
uCI/V I/MS
0.8
0.7
0.6
1030 50 70 90 f/us
ij/mA
0.8~
0.4
| 4
10 30 50 70 90 fkHz

Fig. 8. Base current, base-emitter voltage and the
spectrum of the inductor current

(Toop = T ey = 50NS)
Leaving T unchanged and Ts,ep significantly in-

creased, the simulation is repeated. Figure 9 shows
the results in the state domain formed by the voltage
across the capacitor at the collector side and the
inductor current. The upper part of the trajectory is
spitted. The inset explains that the vertices of curves
are merely different points of the original trajectory.
Thus, presenting the signals using a small number of
points, the distortion appears.

0.2 0.6 1.0 1.4 1.8

Fig. 9. The trajectory with increased T,
us, T =50ns)

tep (Tstep = 1’5
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A simulation with slightly increased T,__ causes the
spectral lines to be lower and wider and the noise floor
raised. In the state domain, the points calculated ran-
domly diverge from the original trajectory, but the limit
cycle can be unambiguously confirmed. Omitting 7,
leads to an unpredictable yield of the simulator (Fig-
ure 10). The spectrum has some peaks around the
original frequency of oscillation. The spikes are less
than 6dB above the vicinity, so all spectral compo-
nents are significant inside a limited interval. In addi-
tion, the trajectory gained is not a closed curve; moreo-

ver, it seems chaotic.

A
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0
-0.25 UV
0.5 1.0 5 20

Fig. 10. The spectrum and the trajectory (T, 1,5

. step =
ws, T = omitted).

5.3. Comments

Observing the current at the base side (Figure 8), it
can be inferred that significant changes occur when
the transistor passes from the cut-off to the active re-
gion. As the amplifier is idle for almost the entire pe-
riod except inside this short interval, the slopes of sig-
nals are defined mainly by passive feedback. Thus,
all signals are smooth before the spike of the base
current occurs. In observing the raw results, it can be
found that the integration increment has its maximum
allowed value at the beginning of the abrupt change.
Overly large steps cause alternation of the calculated
base current. If this numerically provoked alternation
is not damped enough, the process can continue
through the entire period. Not being synchronised with
the signal, the moments of calculation are not congru-
ent to the response. Given this, the calculated amount
of the charge injected into the base randomly varies

from cycle to cycle, so the response is aperiodic.

2. CONCLUSION

The aim of the contribution is to highlight some de-
ficiencies of the SPICE simulator. In addition, it ex-
plains the origin of frequency warping and the ir-
regular behaviour due to manipulation of a signal in
discrete time instants. Considering the equidistant
time steps, a similar approach is found within dig-
ital signal processing, so the transient analysis of
the SPICE simulator is presented as a digital signal
processor. Expressions for the distortion caused by
numerical integration are derived in the frequency
domain. it is shown that the discrepancy between a
continuous system and its discrete counterpart in-
creases if a time steps approach is made to periods
of signals. A simple incorporated electronic circuit,
the solution to which is harmonic oscillation, is pre-
sented to illustrate these features. The circuit is
simulated exploiting numerical integration. Within
this example, the distortion is additionally surveyed
in the time domain. In addition, the SPICE simula-
tor varies the time step of numerical integration,
which introduces another error, treated in the sec-
ond example. The circuit used in the example is a
Colpitts oscillator. It has been confirmed that the
simulator outputs the periodic signals if adequate
controls are set. However, the automatic adapta-
tion of the time increment leads to an aperiodic re-
sponse.

It must be stressed that the SPICE simulator is an
excellent tool for circuit analyses, and usually ac-
complishes its job requiring no additiocnal actions
by its users. Sometimes the facts mentioned above
prevail, so outcomes contain errors. We hope that
the paper clearly elucidates some unpleasant fea-
tures of the SPICE simulator, and trust that consid-
eration of the features and their consequences will
facilitate detection of false results. We advise that
a survey of the simulator’s outputs should be made
and if they seen doubtful, additional controls must
be utilised. As the examples illustrate, the most
powerful control is the limitation of the time step.

References

/17 L.W. Nagel, A Computer Program to Simulate Semiconductor
Circuits. Memorandum No. ERL-M520, Berkeley, 1975.

/2/  James V. Candy, Signal Processing: the Modern Aproach.
McGraw-Hill, NY, 1988.

/3/  Andreas Antoniu, Digital Fiters Analysis, Design and Applica-
tions. McGraw-Hill, NY, 1993.

/41 B.Persi¢, “SPICE Transient Analysis Errors Estimated in Fre-
quency Space”, [EE Electronics Letters, Vol. 30, No. 8, pp. 617~
8, April 1994.

/5/ A Brambila, D. D’Amore, “The Simulation Errors Introduced by

the SPICE Transient Analysis,” IEEE Trans. CAS |, Vol. 40 No.
1, pp. 57-60, Jan. 1993.

31



fnformacije MIDEM 31{2001)1, str. 26-32

B. Persi¢, N. Basari¢: Frequency Warping
and Chaotic Behaviour Generated by SPICE

/6/  K.G. Nichols, T.J. Kazimerski, M. Zwolinski, A.D. Brown, “Over-
view of SPICE-Like Circuit Simulations Algorithms,” [EE Proc.:
Circuits Devices Systems, Vol. 141, No. 4, pp. 242-250,

August 1994,

/71 P.Kinget, J. Crols, M. Ingles, E. Peluso, “Are Circuit Simulators
Becoming Too Stable”, |EEE Circuits and Devices Maga-
zine, Vol. 10, No. 3, pp. 50, May 1934.

18/  B. Persic, I. Medig, "Chaotic Results of the SPICE Simulator,”
Proceedings of ECCTD 97, pp. 1226-1230, Budapest 1997.

/9/  G. Sarafin, B. Kaplan, “Is the Colpitts Oscillator Chua’s Circuit”,
IEEE Trans. CAS-I, Vol. 42, No. 6, pp. 373-6, 1995.

710/ M.P. Kennedy, “On the Relationship Between Chaotic Colpitts
Oscillator and Chua'’s Circuit”, IEEE Trans. CAS-I, Vol. 42, No.

6, pp. 376-9, 1995.

/11/ SPICE 3F4 online help, Berkeley, 1993.

32

Bostjan Persic

University of Ljubljana

Trzaska 25, 1000 Ljubljana, Slovenia
bostjan.persic@fe.uni-lf.si

Niko Basaric

University of Ljubljana

Trzaska 25, 1000 Ljubljana, Slovenia
niko.basaric@fe.uni-lj.si

Prispelo (Arrived): 23.06.00 Sprejeto (Accepted): 22.11.00



UDK621.3:(563+54+621+66), ISSN0352-9045 Informacije MIDEM 31(2001)1, Ljubljana

VITERBIJEV ALGORITEM ZA DSP PROCESORJE

Sreco Plevel, Tomaz Javornik, Igor Ozimek,
Roman Trobec and Gorazd Kandus
Institut Jozef Stefan, Ljubljana, Slovenia

Kljuéne besede: sistemi komunikacijski digitalni, naprave radijske mobilne, kodiranje, dekodiranje, VITERBI algoritem, DSP obdelava signalov
digitalna, DSP procesoriji, kodiranje konvolucijsko, dekodiranje trdo, dekodiranje mehko, TMS320C4x Texas Instruments DSP procesorji, TMS320C6x
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Povzetek: Sodobni digitalni komunikacijski sistemi, zlasti mobilne radijske naprave, so v vse $iri uporabi. Za kvaliteten prenos podatkov in ucinkovito
izrabo razpoloZljivega radijskega frekvencnega spektra so potrebni kvalitetni modulacijski in kodirni postopki. Ena od pomembnih tehnik kodiranja je
konvolucijsko kodiranje in dekodiranje z uporabo Viterbijevega algoritma. Modulacijski in kodirni postopki so relativno zahtevni za obdelavo v realnem
¢asu in so se obicajno izvajali v specializiranih vezjih. Razvoj vedno bolj zmogljivih univerzalnih signalnih procesorjev pa omogoca programsko
izvedho teh postopkov in s tem koncept t.i. programijivega radia. Ta prinada razne prednosti, med drugim enostavno spreminjanje in s tem prilagodljivost
raznim komunikacijskim sistemom in standardom. V ¢lanku je predstavijena izvedba Viterbijevega algoritma za dve druzini univerzalnih signalnih
procesorjev TMS320C4x in TMS320C6x. Opisani so razni nadini optimizacije in pohitritve Viterbijevega algoritma ter predstavijene doseZene
zmogljivosti algoritma priizvajanju na teh dveh procesorijin tako za trdo kot mehko dekodiranje.

Viterbi Algorithm for DSP Processors

Keywords: digital communication systems, mobile wireless devices, coding, decoding, VITERBI algorithm, DSP, Digital Signal Processing, DSP
processors, convolution coding, hard decoding, soft decoding, TMS320C4x Texas Instruments DSP processors, TMS320C6x Texas Instruments

DSP processors

Abstract: Modemn digital communication systems, especially mobile wireless devices, are playing more and more important role in everyday life. For
reliable data transmission and efficient utilisation of limited frequency spectrum resources, bandwidth-efficient modulation and coding must be
employed. An important coding technique is convolutional coding and decoding with Viterbi algorithm. Modulation and coding procedures are
relatively demanding for digital real-time processing and until recently they were mostly implemented in specialised integrated circuits. The develop-
ment of ever more powerful general-purpose signal processors came to the point, where software implementation of these procedures is viable. This
approach, known as software radio, has a number of advantages. It allows easy modification and adaptation to various communication systems and
standards. In the article, the implementation of the Viterbi algorithm is described for two families of general-purpose digital signal processors,
TMS320C4x and TMS320C6x. Various optimisations are presented together with the resulting performance in terms of achievable bit rates and
error bit rates for hard and soft Viterbi decoding.

1. Uvod vrsta integriranih vezij za dekodiranje konvolucijsko

o kodiranih signalov, vendar je veCina od njih vezana
V sodobnih digitalnih telekomunikacijskih sistemih se na dologen konvolucijski kodirnik, torej na doloden
uporabljajo za zmanjSanje verjetnosti bitne napake komunikacijski sistem. V zadnjih nekaj letih se je na
kanalni kodirni postopki. Ti vnadajo v podatkovni tok podro¢ju mobilnih komunikacij pojavil koncept
dodatne bite, ki sprejemniku omogoéajo popravljavnje orogramljivega radija, za katerega je znagilno, da se
napak pri prenosu. Kanalne kodirnike delimo v blocne radijski vmesnik menja glede na storitve, ki jih zahteva
in konvolucijske. Pri blo€nem kodiranju razdelimo bitni uporabnik, in stanje radijskega kanala med
tok na posamezne bloke in vsakemu dodamo dodatne sprejemnikom in oddajnikom. Eden glavnih gradnikov
(redundantne) bite. Dekodiranje (s popravljanjem v sistemu programljivega radija so digitaini signalni
napak) se izvaja neodvisno na vsakem bloku posebej, procesorji - DSP. Viterbijev algoritem smo priredili tako,
nakar se izhodni biti sestavijo nazaj v neprekinjen bitni da ga je mogoge izvajati v digitalnih procesorjih druZine
tok, seveda z zakasnitvijo, ki je posledica sprejemanja Texas Instruments TMS320C4x in TMS320C6x.

in obdelave posameznega bloka. Pri konvolucijskih
kodirnih postopkih poteka kodiranje in dekodiranje 2

sproti na neprekinjenem bitnem toku. Posamezen Opis konvolucijskega kodiranja

simbol na izhodu kodirnika je odvisen od trenutnega Konvolucijsko kodiranje bomo prikazali na preprostem
vhodnega simbola in od stanja kodirnika, to pa od primeru kodirnika z enim vhodom in dvema izhodoma,
dologenega Stevila predhodnih vhodnih simbolov. pri katerem je izhodni 2-bitni simbol odvisen od
Stevilo izhodnih bitov je vegje od vhodnih za nek faktor, trenutnega vhodnega bita in dveh predhodno poslanih
kar zagotavija redundanco in s tem moZnost bitov. To pomeni, da ima kodirnik dva registra, torej
odpravljanja napak. Za dekodiranje konvolucijsko 2? = 4 moZna notranja stanja. Blo¢na shema kodirnika
kodiranih signalov se uporabljajo razlicni algoritmi, Je prikazana na sliki 1. Konvolucijske kodirnike pogosto
najpogosteje pa Viterbijev algoritem. Na trzis€u obstaja oznacujemo z zapisom (&t. izhodnih bitoy, §t. vhodnih
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bitov, st. registrov), v naSem primeru je oznaka (2,1,2).
Ta zapis ne navaja povezav med zakasnilnimi ¢leni in
izhodi, zato z njo kodirnik $e ni enoli¢no dologen.

Slika 1: Konvolucijski kodirnik (2,1,2)

Registra X1 in X2 predstavljata notranje stanje
kodirnika, register X0 pa je vhod v kodirnik. Ko je na
vhodu v kodirnik nov bit, se shrani v skrajno levi reg-
ister (na sliki X0), vsi ostali pa se pomaknejo za eno
mesto v desno. indeks notranjega stanja predstavija
kar binarni zapis registrov X1 in X2.

Diagram prehajanja stanj prikazuje slika 2. Crne
puscice pomenijo prehod stanja pri vhodnem bitu 0,
bele pa pri vhodnem bitu 1. Binarni zapis v krogih
pomeni stanja binarnih registrov pomnilnika
konvolucijskega kodirnika. Iz diagrama prehajanja
stanj je razvidno, da na vsakem koraku nov vhodni bit
pride na najpomembnejSe binarno mesto (z leve
strani), najmanj pomemben bit (desni) pa odpade.

Stanje X1 X2 lzhod X1 X2

0

Slika 2: Diagram prehajanja stanj konvolucijskega
kodirnika (2,1,2)

34

Ce oznacimo bita notranjega stanja x7 in x2, bit
na vhodu pa x0, potem izhod kodirnika zapisemo
z naslednjima enagbama:

y1=x0+x1+ x2
y2=x0+ x2

Pri tem pomeni znak + vsoto po modulu 2 oziroma
operacijo izkljucujoci ali (xor). Pri vsakem prehodu
iz trenutnega v naslednje stanje sta izhodna bita
kodirnika enolicno dologena s prehodom, njuna
vrednost je v sliki 2 zapisana nad vsakim prehodom.
[zhodni bitni tok opisanega konvolucijskega
kodirnika ima dvojno Stevilo bitov v primerjavi z
originalnim nekodiranim podatkovnim bitnim tokom
na vhodu in zahteva zato dvakrat vec&jo hitrost
prenosa v zameno za vecjo zanesljivost.

3. Viterbijev dekodirnik

Za dekodiranje konvolucijsko kodiranega signala se
obiCajno uporablja Viterbijev algoritem. (Ta se
uporablja tudi v primerih, ko podatki sicer niso
konvolucijsko kodirani, pa¢ pa neidealna prenosna
karakteristika komunikacijskega kanala povzroca
enak ucinek, t.j. medsebojni vpliv med pedatkovnimi
biti oz. simboli.) Na prenosnih poteh prihaja do
napak. Ce so napake na prenosni poti statisti¢no
necdvisne in se ne pojavljajo v rafalih (burstih), je
postopek dekodiranja konvolucijsko kodiranega
signala s pomoc&jo Viterbijevega algoritma
optimalen. Rafalom napak, ki pogosto nastopajo v
telekomunikacijskih sistemih, se izognemo s
premesSanjem (scrambling) poslanih bitov v daljSem
¢asovnem intervalu.

Dekodirnik opravi svojo nalogo, e ugotovi, kako
so prehajala notranja stanja v kodirniku, ko je kodiral
podatke za prenos. Po dogovoru se kodirnik na
zaCetku nahaja v stanju 0 (vsi biti notranjega
pomnilnika so nic).

Viterbijev algoritem gradi usmerjen graf vseh
moznih poti v mreZznem diagramu iz zacCetnega
stanja 0. Mrezni diagram dobimo, Ce prehajanje po
diagramu stanj raztegnemo po ¢asovni osi. Vsako
vozlise predstavija notranje stanje ob doloenem
¢asu, vsaka povezava pa predstavija mozen prehod
med notranjimi stanji kodirnika. Vsaki povezavi
izracunamo Hammingovo razdaljo med sprejetim
simbolom in izhodnim simbolom kodirnika pri izbrani
povezavi. (Hammingova razdalja je preprosta
aritmeticna vsota napak, v binarnem primeru je to
kar Stevilo napacnih bitov.) Minimalna pot v grafu
predstavlja najbolj verjetno prehajanje stanj
kodirnika. Dolzina vsake poti pomeni natanko Stevilo
napacnih bitov.

Viterbijev algoritem uporablja princip dinami¢nega
programiranja, ki pravi, da si je potrebno za vsako
vozlisCe v grafu zapomniti le najboljSo pot do njega.
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Druge poti v vozlise se zavrZe. Viterbijev algoritem
za vsako vozli§ée izracuna kumulativno metriko vseh
poti, ki vodijo v vozli§Ce. V vsakem vozlis¢u ohrani le
najbolj$o pot (pot z najmanj$o metriko). Na koncu
izmed vseh vozlid¢ poisée vozlis€e z minimalno
metriko in iz opisa poti v to vozlis¢e doloéi izhodni
simbol dekodirnika.

Ceprav ima konvolucijski kodirnik kon¢no dolZino
(8tevilo registrov), bi moral dekodirnik, ki opravija
recipro¢no funkcijo, za teoretitno optimalno
dekodiranje v vsakem trenutku racunati metriko
celotne poti od zadetka oddajanja signala. To v praksi
seveda ni mogoce, saj mora imeti dekodirnik konéno
dolzino. Napaka glede na optimalno reSitev postane
zanemarljiva, ¢e je dolzina dekodirnika (Stevilo
upostevanih vozlis¢ na poti pri vsakokratnem izradunu)
enaka ali vecja od priblizno &tirikratne vrednosti Stevila
registrov kodirnika.

4. Uporaba tabel za hitrejSe
delovanje Viterbijevega algoritma

Delovanje Viterbijevega algoritma pohitrimo z uporabo
tabel. Stevilo in vrsta tabel je odvisna od velikosti
pomnilnika, ki je na razpolago, in velikosti
konvolucijskega kodirnika.

Za zadetek smo se odlodili, da implementiramo
Viterbijev algoritem v C-ju na enem procesorju. V
¢lanku /1/ je predstavljen pristop s pomogjo vnaprej
izraGunanih tabel, ki jih algoritem uporablja za hitrejse
racunanje. Optimizacija je usmerjena v hitrost
izvajanja, velikost porabljenega pomnilnika pa ni
pomembna. Velikost tabel eksponentno naras¢a s
Stevilom registrov kodirnika, ki pa je relativno majhno
{tipicno manjse od 10).

Uporabliene so sledeCe tabele:

Tabela vseh moznih prehodov med stanji
MOrder (Mesh Order):

Prva pomembna tabela je tabela vseh moznih prehodov
med stanji za vsak vhodni simbol. Vrednost tabele
predstavlja stanja, iz katerih lahko pridemo v dano
stanje. S pomocjo te tabele v trenutku dobimo vsa
stanja, iz katerih je moZen prehod v neko stanje, kar je
kljuénega pomena pri hitrem iskanju najbolj verjetne
poti.

Tabela vnaprej izra¢unanih vseh moznih
Hammingovih razdalj - Distar:

To je najpomembnejSa tabela, v kateri so shranjene
vse mozne Hammingove razdalje za vsako pot pri
vsakem vhodnem simbolu. Tabela je tri-dimenzionaina.
Prva dimenzija pove, za kateri vhodni simbol gre, druga
pove, za katero pot po vrsti gre, tretja pa, za katero
konéno stanje. Branje iz te tabele nadomesti relativno

pogasno sprotno radunanje razdalj, kar pomeni
veckratno pohitritev izvajanja dekodirnega algoritma.

Tabeli trenutnih minimalnih razdalj do vozlis¢ -
OldMetric in NewMetric:

Potrebujemo $e dve tabeli, ki vsebujeta trenutno metriko
(minimalno Hammingovo razdaljo) do vsakega
notranjega stanja.

Tabela optimalnih prehodov med vozliséi -
NewSurviv:

V tabeli je shranjenih zadnjih 32 poti, ki so prezivele za
vsako vozlisce. Vsaki¢ pomaknemo bite v tabeli za eno
mesto v levo, e preZivi druga pot, besedo zapolnimo
z desne z 1, sicer pa z 0. Tako se po 32 korakih v njej
nahaja 32 bitov, ki po vrsti hranijo informacijo, katera
pot je prezivela.

Delovanje dekodirnika, ki ga ponazarja diagram na
sliki 3, je sledecCe:

Preberemo vhodni simbol, imenujmo ga Symb.

Hammingove razdalje racunamo preko vseh notranjih
stan]. Na vsakem koraku prideta v vsako vozli¢e dve
poti, od katerih ena prezivi, druga pa odpade. Ce
rac¢unamo stanje state, potem nam MOrder[state][0] ter
MOrder{state][1] povesta obe stanji, iz katerih vodi pot
v diagramu prehajanja stanj v kon¢no stanje state.
Imenujmo ju s0in s7. Stari metriki stanja OldMetric[s0]
je potrebno pristeti e Hammingovo razdaljo za zadnjo
pot Distan{Symb][0][state]. isto ponovimo za drugo pot
(OldMetric[s1], pri kateri pristejemo
Distan[Symb][1][state]).

Prezivelo pot in s tem novo metriko do vozlis¢a state
dobimo tako, da manjSo vsoto zapiSemo v
NewMetric[state]. Bite v NewSurviv[state] vsakic
premaknemo za eno mesto v levo, najbolj levi bit
odpade, z desne pa se zapiSe nova vrednost, ki pove,
katera pot je preZivela na zadnjem koraku.

Doloéanje izhoda se izvede na vsakin 16 sprejetih
simbolov. Algoritem najprej poiS€e stanje z minimalno
metriko, nato pa s pomogjo tabele NewSurviv izracuna
najbolj verjetno poslane podatke. Izpisuje se le 16
podatkov, ki so bili poslani pred 32 simbelnimi intervali.
To pomeni, da vedno izpisujemo dekodirano zgodovino
za 16 do 32 bitov nazaj, kar ustreza 32-bitni besedi
procesorja. Celotna potrebna zgodovina prezivelih poti
za vsako stanje je shranjena v eni besedi tabele
Newsurviv. Dekodirnik se mora najprej premakniti 16
prehodov stanj v zgodovino brez izpisovanja izhodnega
simbola, nato pa $e 16 z izpisovanjem.

Koda je napisana splo$no za poljubne konvolucijske
kodirnike z enim vhodom in dvema izhodoma. Pri
povecevanju Stevila registrov kodirnika se eksponentno
vela Stevilo notranjih stanj, s tem pa velikosti tabel in
¢as izvajanja.
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Slika 3: Viterbijev dekodirnik

3.2. DSP algoritem prirejen za
TMS320C44

Hitrost Viterbijevega algoritma smo testirali na
procesorju Texas Instruments TMS320C44. Kot testni
primer smo izbrali konvolucijski kodirnik z enim
vhodom, dvema izhodoma in petimi zakasnilnimi
celicami (2,1,5), ki se uporablja za kanalno kediranje
pri prenosu govora ali podatkov v GSM
telekomunikacijskih sistemih. lzhodna hitrost
vokoderja uporablienega v GSM mobilnih telefonih je
13 kbit/s, (blok 260 bitov, dolzina bloka je 20 ms). Blok
260 bitov je razdeljen na 3 dele, od katerih sta
konvolucijsko kodirana le prva dva podbloka doizine
182 bitov. Prvemu podbloku dodamo tri paritetne bite.
Zaradi lastnosti konvolucijskega kodirnika je potrebno
celotnemu bloku dodati Se stiri niCle na koncu prvih
dveh podblokov, tako da je podatkovna hitrost na
vhodu konvolucijskega kodirnika 9,4 kbit/s za en
govorni kanal. Pri prenosu podatkov s prenosno
hitrostjo 9,6 kbit/s uporabljamo enak konvolucijski
kodirnik, vendar je v tem primeru vhodna podatkovna
hitrost v konvolucijski kodirnik 12,2 kb/s.

Pri taktu DSP procesorja 50 MHz in algoritmu
napisanem v programskem jeziku C je procesor
potreboval za izpis 16 bitov informacije 0,305 ms, kar
pomeni podatkovno hitrost 52,4 kbit/s.

3.2.1  Uporaba hitrega notranjega pomnilnika
V naslednjem koraku smo vse tabele prestavili v hitri
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notranji pomnilnik, ki ga imajo procesorji TMS320C44
na naslovih od 0x002FF800 do 0x002FFFFF. Velikost
naslovnega prostora je 8 kB, oziroma 2048 lokacij.
Branje in pisanje v notranjem pomnilniku traja samo
en strojni cikel, v obi¢ajnem pomnilniku pa dva strojna
cikla. V tem primeru dobimo hitrost 72,9 kbit/s.

3.2.2 Uporaba naslavljanja »post incremented«

Dostop do tabel preko kazalcev predstavlja naslednjo
izboljSavo. Uporabili smo posebno naslavljanje (post
incremented addressing), pri katerem se prilinearnem
prehodu skozi tabelo ne izgubi ni¢ ¢asa za naslavijanje
tabele, saj se register (ki predstavlja kazalec na tabelo)
ob branju vrednosti, kamor kaze, samodejno poveca
za ena. RISC procesorji za opisani ukaz porabijo le
en cikel. Vsaka od vrstic v spodnjem primeru sesteje
staro metriko stanja in metriko dane poti, hkrati vistem
ukazu pa Se poveca oba kazalca za 1, tako da zaradi
posebne razvrstitve elementov tabel v naslednjem
koraku Ze dostopa do naslednjega stanja in poti;

ADDI  *AR2++,*AR7++,R10
ADDI  *AR2++,*AR7++,R9

V dveh urinih periodah procesorja dobimo dolzini obeh
moznih poti v koncno stanje. Podatkovna hitrost se je
povecala na 78,3 kbit/s.

3.2.3 Implicitna uporaba vrednosti MOrder

Dodatno povecanje hitrosti dosezemo z implicitno
uporabo vrednosti v tabeli MOrder. Za izbrani
konvolucijski kodirnik opazimo, da se vrednosti v tabeli
MOrderza prvo polovico stanjin prvo ter drugo vhodno
vejo v stanje povelujejo linearno s korakom 1. Enako
velja za drugi del stanj konvolucijskega kodirnika.

Tab. 1: Tabela MOrder

Potlstanje 0 1 2 3 4 5 6 7
0 0 o2 L4 |6 1.8 (.0 1.2 | .14
1 i1 ¥3 /) 45 o 47 59 4 W14 A3 45
Potistanje 8 9 10 11 12 13 14 15
0 0 2 4 |6 |, .8 |, 10 |, a2 |, .4
1 1,738 45 47 P9 A4 14 H3 L s

Lastnost tabele smo izkoristili tako, da vrednosti
kazalca nismo brali iz tabele MOrder, temvec¢ smo ga
linearno povecali. Z opisano izboljavo smo dosegli
za 10% hitrejSe delovanje algoritma in s tem
podatkovno hitrost 86,7 kbit/s.

3.2.4 Uporaba razporeditve dimenazij v tabeli
Distan

V tabeli Distan je v prvi dimenziji vhodni simbol, tako
da so v pomnilniku vse vrednosti za isti vhodni simbol
skupaj (32 vrednosti = 16 stanj x 2 poti). Algoritem v
enem Kkoraku vse razdalje po poteh raduna za isti
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vhodni simbol, ki ga sprejme kot parameter. Na
zacetku algoritem nastavi odmik kazalca na pravo
vrednost, nato se samodejno ob vsakem naslavljanju
poveda za 1. Zaradi omenjenega nacina naslavljanja
ne porabimo dodatnega ¢asa. Dosegli smo propustnost
93 kbit/s.

3.3  Mehki Viterbijev dekodirnik

Opisani dekodirniki so trdi dekodirniki, ker obdelujejo
le vrednosti 0 in 1. V vseh komunikacijskih sistemih,
tudi digitainih, se podatki v komunikacijskih kanalih
prenasajo s pomodgjo signalov, ki so analogne veli¢ine.
S pretvorbo signala v logi€ne vrednosti (0,1) izgubimo
del informacije, ki bi lahko izboljSal postopek
dekodiranja. Ce ni¢lo in enico predstavimo z
vrednostjo, ki pove, kako blizu je sprejeti podatek
logi¢ni enici ali nigli, in te vrednosti obdelujemo v
dekodirniku, govorimo o mehkem Viterbijevem
dekodirniku. Pri 8-bitni A/D pretvorbi sprejme
dekodirnik za vsak prenesen simbol vrednost med 0
in 255. Vrednost 0 pomeni gisto ni¢lo, vrednost 255
pa Cisto enico. Dekodimik (2, 1, n) mora sprejeti
vrednosti za dva sprejeta bita (t.]. skupno 16 bitov) za
vsak dekodirani bit. Radunanje razdalj je bolj zamudno,
saj bi bilo za enak nacin uporabe tabel kot pri prejSnjem
dekodirniku potrebno imeti zelo velike tabele. Tabela
Distan bi bila velika kar 16x2x2' = 2M naslovov, saj
je sedaj 2'® moznih vhodnih simbolov. Ce pa bi npr.
uporabili le vrednosti od 0 do 15 (4-bitha A/D
pretvorba), potem bi bila velikost 16x2x256 = 8K
naslovov.

Pri mehkem Viterbijevem dekodirniku se Hammingova
razdalja nadomesti s kvadratom evklidske razdalje
(razlike sprejetega simbola in pravilnega simbola) za
dano pot. Minimalna vsota po poti pomeni najbolj
verjetno oddano zaporedje simbolov, torej je to
Viterbijevo dekodiranje na podlagi maksimalne
verjetnosti (MLVD - Maximum likelihood Viterbi De-
coding, 171, poglavie 5-1-4).

3.3.1 Hitro dekodiranje s 16 nivoji

Napisali smo program za hitro dekodiranje za
16 nivojski dekodirnik (N=16) z uporabo dveh
novih tabel Dist1[SIMBOL][STANJEJ[POT] in
Dist2[SIMBOLJ[STANJE][POT]. Tabeli imata enako
viogo kot jo je imela tabela Distan pri trdem
dekodiranju, le da se sedaj prva tabela nanasa na prvi,
druga pa na drugi sprejeti simbol. Vsaka ima dimenzijo
vhodnega simbola enako 16, tako da sta velikosti
16x16%2 = 512 lokacij. Skupaj zasedeta 1024 lokacij,
kar je Ze polovico hitrega pomnilnika. Ostale tabele
so v delu druge polovice hitrega pomnilnika, nekaj
pomnilnika pa mora ostati prostega, saj se tam po
privzetem nahaja sklad. Funkcija za radunanje razdalje
je sedaj rahlo spremenjena, saj je potrebno pristet
stari metriki razdalji za oba sprejeta simbola.

Skupaj z vsemi opisanimi ¢asovnimi optimizacijami
in uporabo opisanih tabel preko kazalcev in hitrega
pomnilnika smo dosegli hitrost mehkega dekodirnika
73 kbit/s, kar je veC kot dvakratna pohitritev zaradi
uporabe tabelin le 20% slab&e od trdega dekodirnika.

3.4  Primerjava odpornosti proti Sumu
med mehkim in trdim dekodiranjem

Z manj$anjem $uma se razmerje med ucinkovitostjo
mehkega in trdega dekodiranja mono povecuje.
Mehko dekodiranje je veliko ucinkovitej$e kot trdo
dekodiranje.

Viterbi decoding

3oll8 decoding {+}

51 Soft16 decoding (*)

BER - Bit error Rate of decoded signal

i I X L

10‘6 L L }
5 2 2.5 3 3.5 4 4.5 5 55 6

SNR - Signal to Noise power Ratio [dB]

Slika 4: BER diagram za razlicne Viterbijeve
dekodirnike

Slika 4 prikazuje odvisnost pogostosti napak (BER
— Bit Error Rate) od razmerja moci signala in Suma
(SNR). Stiri krivulje prikazujejo: trdi dekodirnik,
mehki dekodirnik s $tirimi nivoji, mehki dekodirnik
z osmimi nivoji ter mehki dekodirnik s Sestnajstimi
nivoji. Na sliki se lepo vidi, da je mehki dekodirnik
veliko bolj3i od trdega. Z vedanjem razmerja sig-
nal/sum pa pride razlika $e bolj do izraza. Vsa
merjenja so zaradi omejenega ¢asa priblizna.

Mehki dekodirnik je za ve¢ razredov boljsi od trdega
dekodirnika, razmerje se s kvaliteto prenosnega
kanala 3e poveduje. Vendar pa vecanje natanénosti
na ved kot 16 nivojev (en prenesen bit predstavljen
s Sestnajst vrednostmi) ne prinese vidne izboljSave
h kvaliteti dekodiranja. Tako med rezultati
dekodirnika s 16 nivoji in dekodirnika z 256 nivoji
pri Gaussovem Sumu nismo zasledili razlike. Vel
nivojev pa pomeni mnogo vedje tabele, kar lahko
poslediéno na vedini sistemov pomeni tudi
pocasnej$e izvajanje zaradi omejene velikosti
najhitrejSega pomnilnika (npr. notranji pomnilnik pri
DSP, predpomnilnik pri PC).
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Pri mehkem dekodiranju dobimo malo bolj$e rezultate,
Ce simbolov 0 in 1 pri A/D pretvorbi ne postavimo ¢Cisto
na meje amplitudnega obmodja pretvornika. Tako pri
16 nivojskem mehkem dekodirniku dobimo najboljse
rezultate, ¢e vrednost 0 predstavimo z vrednostjo 2,
vrednost 1 pa z vrednostjo 13. Na ta nalin ostane
Sum znotraj amplitudnega obmocja pretvornika in
ohrani svoje lastnosti, 1.j. Gaussovo porazdelitev. V
nasprotnem primeru bi bil Sum na eni ali drugi strani
porezan, ne bi bil ve¢ Gaussov, in zato tudi dekodiranje
ne bi bilo ve¢ optimalno.

4. Zakljucek

Hitrost trdega dekodiranja na 50 MHz procesorju
zadoS8&a za bazno postajo GSM sistema, ki mora
delovati z 8-kratno hitrostjo mobilnih GSM terminalov.
Za mehko dekodiranje pa je potrebno imeti priblizno
20% hitrejsi procesor. Pri opisanem algoritmu se ne
uporablja operacij s plavajoCo vejico. Zaradi tega je
mogocCe uporabiti hitrejSe in cenejSe celostevilcne DSP
procesorje za izvedbo Viterbijevega algoritma v
realnem Casu. Opisani algoritmi omogoc¢ajo realizacijo
programljivega radijskega vmesnika, ki se prilagaja
zahtevam uporabnika in pogojem prenosa radijskega
signala med sprejemnikom in oddajnikom.
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ZASNOVA MOBILNE MULTIMODALNE KOMUNIKACIJSKE
NAPRAVE - OSEBNI NAVIGATOR
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Kljugne besede: telekomunikacije, komunikacije podatkovne, komunikacije mobilne, naprave komunikacijske multimodalne, navigatorji osebni,
GPS sistem pozicioniranja globalni, GSM sistemi komunikacij mobilnih globalnih, strezniki navigacijski, kartiranje

lzvleéek: Osebni navigator predstavlja zasnovo multimodalne komunikacliiske naprave, ki uporabniku omogoca vizualno, taktilno in govorno-siusno
komunikacijo. Glavni vmesnik med uporabnikom in sistemom je LCD zaslon obgutljiv na dotik, ki tako hkrati sluzi kot vhodna in izhodna naprava. S
pomocjo GSM podatkovne komunikacije, je osebni navigator povezan z navigacijskim streznikom, ki teCe na osebnem racunalniku in je prav tako
sestavni del celotnega sistema osebnega navigatorja. Osebni navigator ima vgrajeno podporo za digitalni signalni procesor, s pomocjo katerega
bosta izvedeni avtomatska sinteza in analiza govora. Trenutna zasnova osebnega navigatorja omogoca Siroko paleto aplikacij, kot so funkcije
turistiénega vodnika (obves&anje uporabnika kje se nahaja, prikazovanje znamenitosti in vodenje), informatorja (posredovanje dnevnih novicin
brskalnik po internetu) in komunikacijske naprave (beleZnica, posifjanje SMS sporocil in elektronske poste).

The Design of Mobile Multimodal Communication
Device - Personal Navigator

Keywords: telecommunications, data communications, mobile communications, multimodal communication devices, personal navigators, GPS,
Global Positioning System, GSM, Global System for Mobile communications, navigation servers, mapping

Abstract: In today's world there are increasing demands for products that would enable a palette of services and would be portable, light, small and
ergonomically designed. Their handling, however, should be as simple as possible, e.g. voice driven. Demands like that have brought about an
integration of different technologies. The concept of the device which we describe in this article is called personal navigator (Pic.1). Personal
navigator presents a multimodal communication device. It enables the user visual, tactile and voice communication. Visual and tactile communica-
tion between the user and the navigator runs over a graphical LCD display with touch-panel. Speech communication is supported by a powerfull
digital signal processor, which makes automatic recognition and the synthesis of speech possible. That way, the personal navigator can be controled
by speech. In that case ergonomically designed headphones are connected to the device, together with a combined microphone. The concept alone
also includes image transmission, connection to the Internet and positioning - using Global Positioning System. Personal navigator also needs a
navigation server (Pic.2), which runs on a PC. Combined GPS/GSM module /3/ is connected to the server. The GPS module inthe navigation server
is needed for implementation of differential positioning; GSM module serves for establishing data connection with Personal navigator.

The current testing implementation of personal navigator (Pic.3), combines GPS unit for establishing position of the user. It consists of GPS
receiver module and a GPS unit processor — microcontroler AT90S2313. The microcontroler communicates with the central processor Atmega103
through a paralle! data connection. The processor, which presents the centre of the navigator, is connected to the GSM and LCD modules. They
interact through a serial data communication (UART). Both these modules share a joint interface by a special switch unit, which is also controlled by
the central processor. The unit with the digital signal processor is connected to the central processor through a serial peripheral interface (SP1).
Because of the quantity of the processed data there is also an external RAM connected to the central processor. The navigator is designed
modularly, which enables easier and faster upgrading and optimisation. The Personal navigator currently performs the functions of a tourist guide,
aninformation and a communication device. As a tourist guide it informs the user about his position, displays the interesting tourist sights, tourist
information and tourist guiding. Besides the above-mentioned, it serves as an information source; it presents the daily news and offers the possibility
of browsing the Internet. It's communicational services include notebook, sending SMS messages and electronic mail.

The purpose of “the server - navigator system” is to enable a mobile device (personal navigator) to perform more demanding functions as are
available in other mobile devices today. This mobile device however does not need a very powerfull processing unit. The data, which demand more
power to process, are dealt with by the server. The server keeps a lot of useful information, needed for operating, in the storage unit. Therefore the
navigator requires as much memory, as is needed for performing basic operations (displaying the data received from the server). Smaller RAM and
aless capable processing unit consume less energy and for mobile devices that presents a compromise between their weight, size, capability and
price. The efficiency of this system will in future increase by upgrading the existing GSM network with the mobile network of the third generation,

called UMTS. This network will enable a faster transporting of multimedia data.

1. Uvod razvijala samostojno, vsako zase in se kot taka tudi

. . . . loGeno predstavljala na svetovnem trzisCu v obliki
V zadnjem &asu smo prica skokovitemu porastu naprav, ki so tako bolj ali manj sluzile le enemu
sodobnih tehnologij, kot so mobilna telefonija, internet, namenu. Satelitski navigacijski sistem GPS /1/, ki je
brezzi¢ni podatkovni prenosi, globalni pozicionirni bil prvotno namenjen izkljuéno v vojaske namene ZDA,
sistem in jezikovne tehnologije. Sprva so se ta podrocja se je v zadnjih letih nezadrZzno razsiril tudi na civilno
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podroCje. Najvedji razcvet je doZivela digitaina mobilna
telefonija GSM /2/. Stevilo uporabnikov GSM telefonije
po svetu namred eksponentno raste. Na podrodje
mobilne telefonije je Ze pricel prodirati tudi internet v
obliki WAP protokola, ki je nekako optimiran na relativno
majhno velikost zaslona na mobilnem terminalu.

V sodobnem Casu se kazZejo Cedalje vedje zahteve po
napravah, ki bi omogocale celo paleto najrazli¢nejsih
storitev in bi ob vsem tem bile Se prenosne, lahke,
majhne, ¢im dalj ¢asa avtonomne, ergonomsko
oblikovane, upravljanje z njimi pa bi naj bilo ¢im bolj
enostavno, na primer z govorom. Taksne zahteve so
privedle k zdruzevanju oziroma integriranju zgoraj
omenjenih tehnologij. V Clanku predstavljamo zasnovo
mobilne komunikacijske naprave, ki omogoca
multimodalno komunikacijo z uporabnikom in zdruZzuje
zgoraj omenjene tehnologije. Napravo smo poimenovali
osebni navigator.

2. Koncept osebnega navigatorja

Osebni navigator predstavija multimodalno
komunikacijsko napravo. Z uporabnikom omogoda
vizualno, taktiino in govorno-slusno komunikacijo. Sam
koncept zajema Se prenos slike, povezavo z internetom
ter pozicioniranje s pomocjo globalnega pozicionirnega
sistema.

Osebni navigator (slika 1) zdruzuje GPS enoto za
doloCanje pozicije uporabnika, GSM enocto za
telefoniranje in omogocanje brezzZi¢nega podatkovnega
prenosa z navigacijskim streznikom ter grafi¢ni, na dotik
obc&utljiv zaslon iz tekocih kristalov. Za avtonomijo
celotne naprave skrbi napajalna enota. Zaradi vse
vedjega pomena in porasta multimodalnih komunikacij,
je za osebni navigator predvidena Se enota z zmogljivim
digitalnim signalnim procesorjem, ki bo omogocala
govorno komunikacijo z navigatorjem. Tako bo mogoce
osebni navigator upravljati tudi z govorom. V tem
primeru bodo na napravo priklju¢ene ergonomsko
oblikovane sluSalke s kombiniranim mikrofonom.
Naprava je zasnovana modularno, saj s tem
omogocCimo lazje in hitrejSe kasnejSe nadgrajevanje in
optimiranje.

GPS
modul GSM
modut
tri-
DSP stanjski
vmesnik

—

] / LCD
zaslion

Napajaina

enota RAM

Slika 1: Blokovna shema osebnega navigatorja.
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Osebni navigator potrebuje za svoje delovanje tudi
navigacijski streznik (slika 2), ki te¢e na osebnem
racunalniku PC. Nanj je prikljuc¢en kombiniran
GPS/GSM modul /3/. GPS modul je v navigacijskem
strezniku potreben za implementacijo diferenénega
pozicioniranja, za dosego vecje toénosti, GSM modul
pa sluzi za zagotavljanje podatkovne povezave z
osebnim navigatorjem.

GPS satelit

Bazna postaja omrezja
GSHM

GPS{GSM
- modul
COSEENE — FITERNET
- NAMIGATOR B GPS in GSH [ - —
i antena “‘*‘ﬁf

| Prenosna { Podatkovna komunikacija [

Navigacijski
naprava preko omreZja GSM

streznik

Slika 2: Blokovna shema celotnega sistema osebnega
navigatorja

3. Zgradba in delovanje osebnega
navigatorja

Na sliki 3 je prikazana elektricna shema osebnega
navigatorja. V nadaljevanju bomo opisali naloge in
delovanje posameznih sklopov in enot.

3.1 Centralni procesor

Naloga centralnega procesorja je krmiljenje vseh enot

osebnega navigatorja. Za centralni procesor smo

izbrali 8-bitni mikrokrmilnik ATmega103 ameriske

firme Atmel /4/. Za ta mikrokrmilnik smo se odlo¢ili

zato, ker ze imamo preizkuSena razvojna orodja zan;,

glavni razlog pa so bile njegove dobre tehni¢ne

lastnosti:

e RISC arhitektura,

e 121 ucinkovitih ukazov, od katerih se vecina
izvede v samo enem urnem ciklu,

o velika hitrost delovanja do 6 MIPS,

¢ 128KB notranjega FLASH programskega
pomnilnika,

o 4KB notranjega statitnega RAM pomnilnika,

* vgrajen SPI vmesnik, ki bo sluzil za povezavo z
digitalnim signalnim procesorjem,
vgrajen serijski vmesnik (UART - Universal Asyn-
chronous Receiver Transmitter), ki sluzi za
krmiljenje GSM in LCD modula,

e vgrajen analogno-digitaini pretvornik s pomodjo
katerega nadziramo stanje akumulatorskih baterij,
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e moznost prikljugitve zunanjega dodatnega
pomnilnika,
s majhna poraba.

? Antena
GPS

modul

ENOTA Z DIGITALNIM
SIGNALNIM PROCESORJEM

h 4

. Antena
Ff ,k B 5Pl vadilo —:‘\
o ) GSM

SOFT ON modul
¥,

'y
TxD £ RxD

PREKLOPNA ¢
ENOTA MED
GSMINLCD

< | XD /RxD

Podatkovne, naslovne
in kortroing krge

ll l l in RS-232 )
napetostnimi nivoji RS.232

Pretvorba med TTL TTI.

D /RxD
. Kontrota delovanja
POMHNILNISKA baterij

ENOTA LCD MODUL

3V Povezava k vsem
NAPAJALNA ENOTA

» GND modulam

Slika 3: Elektricna shema osebnega navigatorfa

ATmega103 je 8 bitni mikrokrmilnik narejen v CMOS
tehnologiji z izbolj$ano RISC (Reduced Instruction Set
Computer) arhitekturo, kar mu omogoca, da lahko
izvréi en ukaz v enem urnem cikiu. Pozna 12 nacinov
naslavljanja. Poleg Ze naStetih lastnosti ima
ATmega103 Se 32 splo$no namenskih delovnih
registrov, ki so neposredno povezani z aritmeti¢no
logi¢no enoto (ALE). Le-ta lahko ob izvrSitvi
dolo¢enega ukaza hkrati dostopa do dveh registrov v
le enem urnem ciklu. Zato je omenjeni mikrokrmilnik
lahko tudi do 10 krat hitrej$i od podobnega
mikrokrmilnika CISC (Complex Instruction Set Com-
puter) arhitekture. Slika 4 prikazuje RISC arhitekturo
mikrokrmilnika ATmega103. Centralni procesor izvaja
naslednje glavne naloge:

¢ Krmiljenje preklopne enote med LCD modulom
in GSM modulom

ATmega103 ima en serijski vmesnik UART (Prikljucka
PEO in PE1), ki si ga delita tako GSM kot LCD modul,
zato je potrebna posebna preklopna enota, ki jo bomo
opisali pozneje. Ob vklopu osebnega navigatorja se
UART mikrokrmilnika najprej poveze z GSM modulom.
Sledi vkiop in inicializacija GSM modula. Po uspesno
opravljeni inicializaciji se UART mikrokrmilnika poveze
s serijskim priklju¢kom LCD modula. Mikrokrmilnik
sedaj ¢aka na ukaze poslane z LCD modula in se po
potrebi poveze z GSM modulom, da opravi zahtevano
nalogo, kot je prenos slike, posiljanje SMS sporodila, ...

Po opravijeni nalogi se UART mikrokrmilnika zopet
poveZe z LCD modulom ter mu posreduje rezultate
zahtevane naloge, oziroma pric¢akuje nov ukaz.

* Vklop, inicializacija ter krmiljenje GSM modula:

Vklop GSM modula se izvede tako, da mikrokrmilnik
za 3 sekunde postavi pin PE6 na visok nivo (logi¢na
enica, oziroma 5V). PE6 je povezan na prikljuCek
SOFT ON na GSM modulu. Sledi vpis PIN kode in
njena potrditev preko serijskih prikljuc¢kov UARTa PE1
(TxD, oziroma oddaja podatka) in PEO (RxD, oziroma
sprejem podatka). Glede na zahtevan ukaz z LCD
modula, mikrokrmiinik vzpostavi s pomoc¢jo GSM
modula podatkovno povezavo z navigacijskim
streznikom, opravi telefonski klic ali poslje SMS
sporodilo.

e Sprejemanje in izvrSevanje ukazov z LCD
modula:

LCD prikazovalnik ima preko svojega zaslona
nalepljeno posebno, na dotik ob&utljivo folijo s pomocjo
katere uporabnik upravlja z osebnim navigatorjem. Ob
pritisku na doloCeno polje, kot je na primer “Poslji”,
LCD po serijskem vmesniku poslje mikrokrmilniku
posebno, tako imenovano povratno kodo (Return
Code), ki jo mikrokrmilnik dekodira in izvede
zahtevano akcijo, ki je v tem primeru poSiljanje SMS
sporocila. Mikrokrmilnik iz svojega zunanjega RAM
pomnilnika posreduje LCD modulu tudi podatke za
izpis na zaslon, kot so tekoCa ura, datum, trenutna
pozicija, slika zemljevida in podobno.

‘ Podatkovno 8 bitno vodilo

G4Kx 18 Programski Status
programski Stevac in test

pamnitnik

Tt 32x8
azni splogne LM

M1 namenskih

Dekodirnik

ukazov

registrov Vhodna
Kontrolne linije

g izhodni |

registi
Neposredno Posredno
\ naslavliani

fianje

A AKX x 3
Daty lie

BRAM

AKX B

EEPAOM

\
Slika 4. Arhitektura mikrokrmilnika ATMEGA103

¢ Sprejemanje GPS podatkov od GPS enote:

GPS enota, ki jo sestavijata GPS modul in
mikrokrmilnik AT90S2313, neodvisno od centralnega
procesorja sprejema in obdeluje podatke o poziciji
osebnega navigatorja ter o uri in datumu. Na zahtevo
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centralnega procesorja se ti podatki prenesejo v RAM
centralnega procesorja in le-ta jih posreduje LCD
modulu za izpis na zaslon ali GSM modulu, ki jih po
podatkovni povezavi poslie navigacijskemu strezniku.

e Upravijanje z zunanjim stati¢nim RAM
pomnilnikom:

Ker ima centralni procesor premalo Ze vgrajenega

notranjega RAM pomnilnika, smo dodali Se vedji
zunanji delovni pomnilnik.

e Nadzor stanja akumulatorskih baterij:

S pomocjo vgrajenega analogno digitalnega
pretvornika mikrokrmilnik spremlja stanje
napolnjenosti akumulatorskih baterij.

¢ Posiljanje podatkov digitalnemu signainemu
procesorju:

Centralni procesor posreduje glede na zahtevani ukaz
podatke digitalnemu signalnemu procesorju preko
posebnega serijskega perifernega vmesnika SPI (Se-
rial Peripheral Interface).

3.2 Pomnilniska enota

Centralni procesor ATmega103 vsebuje 4KB
notranjega RAM pomnilnika. Sama aplikacija zahteva
velji pomnilnik, zato smo dodali 8¢ zunanji RAM
pomnilnik velikosti 128KB z dostopnim ¢asom 70ns.
Odlogili smo se za RAM HM628128, japonske firme
Hitachi /5/.

Zaradi varCevanja s Stevilom vhodno izhodnih
priklju¢kov, se je proizvajalec mikrokrmilnika
ATmega103 odloc¢il za multipleksirano naslovno-
podatkovno vodilo. Zato moramo med mikrokrmilnik
in pomnilnik prikijuciti e zadrZevalnik (latch)
74HC573, kot je prikazano na sliki 5.

ATMEGA103 0o.D7 082 |—0 s5v
d
e8I

PAD..PAT X A B ¢} A AQLAT

RLE gt B

74HCE73 SR
HM528128

PCO..PCT ABL.ATS

B * OF

B » WE

Slika 5: Prikljuéitev zunanjega pomnilnika na
mikrokrmilnik Atmega103

3.3 GPS enota

GPS enota je sestavljena iz GPS modula in
mikrokrmilnika AT9082313. V osebnem navigatorju
predstavlja glavni del GPS enote GPS sprejemni
modul GN-74, ki je produkt ameriSke firme Furuno
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Electric Co., Ltd. /6/. Gre za 8 kanalni GPS
sprejemnik, to pomeni, da lahko sogasno spremlja
in sprejema signale z osmih satelitov ter z njimi
doloCa svojo pozicijo. Njegova deklarirana to¢nost
znasa 26 metrov. Zaradi svoje relativno majhne
porabe (5V, 130mA), male velikosti in teZe je zelo
primeren za baterijsko napajane prenosne naprave.
Slika 8a prikazuje nacin prikljucitve modula.

Modul ima tri prikljuCke za prikijuCitev napajalne
napetosti +bV. V_. je glavno napajanje, V, . je
prikljucek za dovajanje napetosti aktivni anteni, V.
pa je prikljucek za napajane vgrajene ure realnega
¢asa, zato je ta prikljucek preko diode D2 povezan
na rezervno baterijsko napajanje V.. V samem
sprejemniku se nahaja tudi stati¢ni RAM, v katerem
je zapisan almanah (podatki o tem, kje se posamezni
sateliti nahajajo). Zelo pomembno je, da imamo
napajanje V.. vedno prisotno, ker se tako vsebina
pomnilnika lahko ohrani do naslednjega vklopa
sprejemnika in sprejemniku potem ni potrebno zadeti
iskati novega almanaha, kar je lahko zelo zamuden
postopek. Omenimo naj, da dokler sprejemnik nima
almanaha ne more priceti s pozicioniranjem. Aktivno
anteno priklju¢imo preko koaksialnega kabla na BNC
konektor. OjaCane signale z antene vodimo do
sprejemnika po koaksialnem kablu, ki hkrati sluzi
Se za dovod napajanja aktivni anteni. Komunikacija
z modulom poteka po standardnem serijskem
protokolu NMEA-0183 /7/ z bitno hitrostjo 4800bps.
Slika 6 prikazuje opis protokola NMEA-0183.

Podatkovna
dolzina

ASCH 4800 8§ 1 NE

Tip BPS Stop hit Pariteta

Slika 6: Opis protokola NMEA-0183

NMEA-0183 (National Marine Electronic Associa-
tion) je mednarodni standard za medsebojno
povezovanje navti¢nih elektronskih naprav.
Asinhrona serijska komunikacija po linijah RD (Re-
ceive Data) in TD (Transmit Data) uporablja
polnodupleksni nacin, kar pomeni, da lahko modul
sotasno oddaja podatke in sprejema nove ukaze iz
krmilnega procesorja AT9052313. Mikrokrmilnik
komunicira z GPS modulom v obliki ukazov in
odzivov, ki se v NMEA terminologiji imenujejo
vhodni in izhodni stavki (input, output sentences).
Le-ti imajo to¢no predpisano obliko, ki je prikazana
na sliki 7.

$<naslovno polie>| <podatkovno polje>|[ "<nadzorna vsota> | <CR><LF>

Slika 7: Osnovna zgradba vhodnih in izhodnih
stavkov
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Modul GN-74 je z mikrokrmilnikom AT9052313
povezan preko vgrajenega serijskega vmesnika UART.
Mikrokrmilnik AT90S2313 /8/ ima zelo podobno
arhitekturo kot Ze opisani centralni procesor
ATmega103, s tem da razpolaga z manj programskega
(2KB) in delovnega (128B) pomnilnika. Ima tudi samo
15 vhodno izhodnih priklju¢kov. Mikrokrmilnik
AT9082313 opravlja naslednji dve nalogi:

¢ Upravljanje z GPS modulom GN-74:

Mikrokrmilnik ob vklopu napajanja najprej inicializira
GPS modul tako, da mu poda podatek o priblizni
lokaciji, uri in datumu. S temi podatki pricne GPS
modul mnogo hitreje samostojno iskati svojo pozicijo.
Ko GPS modul pri¢ne s pozicioniranjem in oddajanjem
stavkov $GPGGA in $GPZDA pa mikrokrmilnik
dekodira njuno vsebino ter si podatke ¢ poziciji, uri,
datumu in statusu zapisuje v svoj notranji RAM.
Osvezevanje vsebine pomnilnika se izvri vsako

sekundo, saj je to tudi interval v katerem GPS modul
oddaja izhodna stavka.

e Posiljanje GPS podatkov centralnemu
procesorju:

Ko pride od centralnega procesorja zahteva po GPS
podatkih, mikrokrmilnik AT90S2313 prekine z
dekodiranjem stavkov, ter vsebino svojega pomnilnika
posreduje centralnemu procesorju. Uporabili smo
paralelno podatkovno povezavo 2z osmimi
podatkovnimi in dvema kontrolnima linjjama, tako kot
je prikazano na sliki 8b.

a) +E5Y D2
o Lo
ﬂj T == vVbat
2] -
Aktivna antena
Vee Vant  vrt
E% ¢ RD —4—o¢
ANT GN-74
BNC D=
konektor G:ED
b)
Antena
GPS —?

Mikrokrmilnik GPS enote

Centralni procesor

Slika 8 a). Prikljuéitev modula GN-74
b): Podatkovna povezava med centralnim
procesorjem in GPS enoto

3.4 Preklopna enota med GSM in LCD
modulom

Kot smo Ze omenili, ima centralni procesor le en serijski
vmesnik UART, zato ga moramo deliti med GSM in LCD
modulom. |zbiro, komu nameniti UART, opravlja program
v centralnem procesorju. V stanju mirovanja je UART
centralnega procesorja povezan z LCD modulom, tako
da lahko procesor sprejema ukaze, ki jih uporabnik
osebnega navigatorja posilia preko zaslona, obCutljivega
na dotik. Ko se pojavi potreba po delu z GSM modulom,
pa se UART centralnega procesorja s pomocjo preklopne
enote poveze na GSM modul in izvréi zahtevano opravilo.
Nato spet sledi prekiop nazaj na LCD modul. Slika 9a
prikazuje izvedbo prekiopne enote s pomocjo $tirih
tristanjskin vmesnikov. S slike lahko tudi vidimo, da
predstavija priklju¢ek centralnega procesorja PE4
(aktiven nizek nivo) omogocitveni signal za GSM modul,
PE5 (aktiven nizek nivo) pa omogocitveni signal LCD
modula. Programsko je obvezno potrebno poskrbeti, da
izhoda PE4 in PES5 nikoli ne bosta hkrati aktivna.

3.5 GSM enota

V osebnem navigatorju predstavija GSM modul A2,
nemske firme Falcom GmbH, glavni del GSM enote,
katere naloga je vzpostavljanje podatkovne povezave z
navigacijskim streZnikom, ki prav tako vsebuje podoben
GSM modul. Sicer pa je s pomocjo tega modula mozno
tudi telefoniranje in posiljanje kratkih SMS sporocil. S
staliS§¢a uporabe, se obnasa GSM modul A2 v bistvu kot
modem s klasi¢nim, tako imenovanim Hayesovim
naborom AT ukazov, ki jih dandanes poznajo vsi modemi.
Na tem mestu pa velja opozoriti, da GSM modul ni mo-
dem v pravem pomenu besede. Izraz modem namrec
pomeni MOdulator-DEModulator, saj je njegova naloga
modulirati digitalne podatke na analegni nosilni signal in
potem na drugi strani prenosne PSTN telefonske linije
demodulirati analogni signal tako, da spet dobimo prvotni,
odposlani digitalni signal. Glede na to, da je omrezje
GSM Ze v svoji osnovi digitalno, se podatki kot taki tudi
prenasajo digitalno, torej ni med dvema
komunicirajo¢ima GSM moduloma nobenega procesa
modulacije oziroma demodulacije ve¢. Zato tudi ni
smiselno uporabljati izraza modem. Modul A2 je prirejen
za prikijucitev na omrezje GSM 900 v asinhronem
transparentnem ali netransparentnem nacinu s
standardnimi bitnimi hitrostmi od 300bps do 9600bps.
Kompatibilen je s standardi CCITT V.21, V.22, V.22BIS,
V.32 in V110.

Na sliki 9b je prikazan nadin prikljucitve modula FALCOM
A2. Prikljutek SOFT ON je z dvema uporoma 10k
priklju¢en na maso ter preko tipke na napajalno napetost
5V. Ce tipko pritisnemo za 3 sekunde, modul vklopimo.
Tipka je na sliki prikazana le simboli¢no. V osebnem
navigatorju izvrsi vklop modula centralni procesor. Ce
zelimo modul uporabljati kot telefon, nanj prikljucimo Se
slusalko in mikrofon, medtem ko ju za podatkovno
povezavo ne potrebujemo.
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Slika 9 a): Izvedba preklopne enote med GSM in
L.CD modulom
b): Prikljucitev GSM modula FALCOM A2

LCD modul EA KIT240-7CTP predstavlja vmesnik
med uporabnikom in sistemom osebnega
navigatorja, saj preko njega uporabnik zahteva
izvr§itev doloCenih akcij, kot sta na primer
telefoniranje in poSiljanje SMS sporocil. Po drugi
strani pa na LCD modulu sistem posreduje
uporabniku Zeljene informacije, kot so izris
zemljevida, izpis Zeljenih internetnih strani in
podobno. Velikost uporabljenega monokromatskega
modro-belega LCD zaslona znaSa 240 x 128
slikovnih pik ali piksiov. Ima lastno osvetlitev, kar
nam omogoca, da lahko osebni navigator
uporabljamo tudi v popolni temi. Ze sam modul
vsebuje 64KB pomnilnika, in ima zmoznost, da van;
zapiSemo prakti¢no celotni zunanji vmesnik z vsemi
menuji vred. Celotni zaslon je prekrit s 60 na dotik
obd&utljivimi celicami, kar zadostuje tudi za
implementacijo obi¢ajne tipkovnice. Glavna
prednost na dotik obd&utljivega zaslona je ta, da tako
na sami napravi ne potrebujemo vec nobenih drugih
tipk. S tem se velikost prednje ploS¢e osebnega
navigatorja omeji le na velikost zaslona.
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3.7  Enota z digitainim signalnim
procesorjem

V osebnem navigatorju smo predvideli tudi podporo
za digitalni signalni procesor (DSP), ki bo lahko
opravljal avtomatsko sintezo in analizo govora. Pri
avtomatski sintezi govora bo generiral govor iz posebej
opremljenega teksta, ki se bo preko GSM podatkovne
povezave prenesel iz navigacijskega streznika. S
pomodjo avtomatske analize govora bo mogoce
osebni navigator upravljati tudi z govorom. Predvideli
smo podporo za DSP s celostevilsko aritmetiko serije
C5000, ameriske firme Texas Instruments. DSP bo s
centralnim procesorjem komuniciral preko serijskega
perifernega vmesnika SPI. Trenutno je enota v fazi

razvoja.

3.8  Napajalna enota

Napajalna enota skrbi za energetsko oskrbo osebnega
navigatorja. Ocenjena tokovna poraba celotnega vezja
zna8a pri napetosti 5V v povprecju 800mA, zato je
zelo pomembna izbira nacina stabiliziranja napetosti,
saj mora napetostni stabilizator delovati s ¢im vecjim
izkoristkom. Upostevaje zahteve, je najprimernejsi DC/
DC stikalni stabilizator (switcher). Stikalni stabilizator
je mozno izvesti z MOS FET tranzistorjem, vendar
smo se raje odlodili za integrirano izvedbo stabilizatorja
LM2596 firme National /9/, saj ima moznost povratne
vezave z vgrajeno notranjo regulacijo. Poleg tega je
taka izbira tudi cenovno dokaj ugodna. Slika 10
prikazuje celotno elektricno shemo napajalne enote.
Za napajanje sluZi 8 zaporedno povezanih NiMH
akumulatorskih celic. Stanje njihove napolnjenosti
kontrolira preko prikljucka PFO centralni procesor s
pomodjo internega analogno digitainega pretvornika.

Povezava na prikijucek PFO centralnega

procesorja (Analegne digitalni pretvornik)
vo! el 1ZHOD 5V
bd K o
»»»»»»»» 5 LM 2596 v e
A 25 1 v o k] . AN T 7
YuH 1 ] ] z
LoL - on S M
o T de 9 ot P Ta oy ‘:«r,c-;\r.»s.zv { |
g k = | ssih At Tax
........ I = Bl l H

3
2
z
T T
ot

ACCU | g zaporedno vezanih
1600 mAh NiMH celic

Slika 10: Elektricna shema napajalne enote

4, Podatkovna povezava z
navigacijskim streznikom

Za komunikacijo osebnega navigatorja s streznikom
smo uporabili ISO referenéni model za povezovanje
odprtih sistemov (OSI) /10/. Komunikacija poteka med
dvema GSM enotama. Osebni navigator ima viogo
stranke, streznik pa se odziva na njegove zahteve.
Uporabili smo tri sloje:
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o Fizi¢ni sloj
Fizicni sloj vsebuje mehani¢ne, elektricno-
proceduralne vmesnike in prenosno sredstvo. Do sloja

podatkovne povezave je uporabljen serijski prenos
podatkov.

e Sloj podatkovne povezave

Sloj podatkovne povezave uporabija storitve fiziCnega
sloja. Ta sprejema golo bitno zaporedje in ga sku3a
prenesti na sprejemno stran. Ukvarja se z
uokvirjanjem, nadzorom napak, krmiljenjem pretoka
in dodeljevanjem dostopa. Zaradi uporabljenega
protokola za oddajo z mirovanjem v drugem sloju ni
potrebno krmiljenje pretoka, ker se naslednji okvir
poslie Sele po potrditvi predhodnega. Na sliki 11 je
prikazana osnovna sestava podatkovnega okvirja.

17106 17L0G 4 71L061 H ZLOGOV 2ZLOGA

ZACETHI
INAK

HEKODIRANO

STATUS DOLZINA PODATKI CRC-16

KODIRANC

HOBIRANE

Slika 11: Sestava podatkovnega okvirja

* Aplikacijski sloj

Aplikacijski sloj predstavlja osnovni uporabniski
vmesnik streznika (Slika 12).

i Nastavitve vrat 1

OSNOVNO OKNO PE— X

L

i
padatkov

Slika 12: Funkcionalna shema streznika

5. Funkcionalni opis osebnega
navigatorja

Opisana zasnova strojne opreme osebnega
navigatorja omogoca $iroko paleto aplikacij.
Trenutna testna implementacija zajema funkcije
turisticnega  vodnika, informatorja  ter
komunikacijske naprave. V ta namen streZnik
vsebuje podatke, ki omogocajo vodenje in
posredovanje informacij za sredi$¢e mesta Maribor.
V nadaljevanju opisana funkcionalnost pa je splosno
uporabna in ni vezana na trenutno izvedbo. Pritem
seveda mora streznik vsebovati ustrezne baza

podatkov. Storitve, ki jih navigator opravlja kot
turistiéni vodnik so:

e Obveséanje uporabnika kje se nahaja. Na
zaslonu se prikaze ime ulice ali ime znanega
objekta v neposredni blizini, poleg tega pa 3e
celotna zgodovina in sedanji namen objekta ter vse
ostale objekte, ki so povezani z opisanim. Na
zaslonu se izpiSe tudi zemljepisna $irina ter dolzZina.
e Prikazovanje znamenitosti. Na zaslonu se
izpidejo vse pomembnej$e znamenitosti v srediscu
mesta. Vsaka znamenitost ima 3e kratek opis, Ki
se izpie po Zelji. Za vsako izbrano znamenitost je
mozno vodenje od trenutne lokacije do lokacije,
kjer se nahaja znamenitost. Na zaslonu se izrie
zemljevid, kjer je ta pot oznacena. Hkrati se
izraCuna dolzina poti in potreben &as za pot,
podatke o hitrosti potovanja ter podatek o
preostalem ¢asu potrebnem do izbranega objekta
pa uporabnik dobiva tudi med samim potovanjem.
o Turistiéna pot. IzriSe se nacrt turistiCne poti.
Uporabnik lahko poveca ali zmanjSa obseg poti
(vecje ali manj$e Stevilo znamenitosti), odvisno od
razpoloZljivega &asa.

s Informacije in vodenje do nakupovalnih sredisc,
avtobusne in zelezniske postaje, do posameznega
naslova v mestu...

Storitve osebnega navigatorja kot informatorja
zajemajo poleg prej nastetih storitev $e naslednje:
¢ Posredovanje dnevnih novic. Uporabniku se na
zaslon izpidejo naslovi trenutno najbolj svezih
novic, ter povezava za podrobnejSi opis, ki ga
navigacijski streznik dobi z interneta.

¢ Brskalnik po internetu. Uporabnik lahko izbere
naslove, ki vodijo do posameznih spletnih povezav.
Lahko tudi sam vnese naslov izbrane spletne strani,
kar da uporabniku neomejene moZnosti
pregledovanja.

Kot komunikacijska naprava pa osebni navigator
zagotavlja naslednje:

e Beleznica. MoZen je vnos lastnih zapiskov preko
na dotik obéutljivega zaslona (tipkovnica), ki se
lahko preko elektronske poste prenesejo na
uporabnikov naslov ali pa jih uporabnik shrani, ¢e
jih bo potreboval za kasnej$a opravila.

» Posiljanje SMS sporocil.

» Posiljanje elektronske poste. Je zelo podobno
posiljanju SMS sporodil.

V trenutni testni izvedbi se ob vklopu naprave na LCD
zaslonu najprej pojavi za¢etni pozdravni menu in
sporocilo o inicializaciji. Po uspedno opravljeni
inicializaciji, ki traja pribliZno 30 sekund (inicializacija
GPS modula ter vpis PIN kode in ostalih parametrov
v GSM modul), se na zaslonu prikaze glavni izbirni
menu, kot ga prikazuje slika 13. Glavni menu vsebuje
v desnem zgornjem kotu podatke o tekodi uri in
datumu, v njegovem srednjem delu pa so §tiri velika,
na dotik obc&utljiva izbirna polja:
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Trenutna lokacija,
Telefon,
WWW,
Pomodg.

Zeljeno moZnost izberemo s pritiskom na izbrano polje.

UIRTURLNI UODIC: glauni meni
153: 26
24,85, 2008

r o

Slika 13: Glavni izbirni menu osebnega navigatorja

¢ Trenutna lokacija

V tem podmenuju, ki ga prikazuje slika 14a, ima
uporabnik na voljo informacijo o tekod¢i uri in datumu
ter o svoji poziciji. Pozicija je podana v dveh
koordinatah, prva je zemljepisna Sirina (severno,
juZzno) druga pa zemljepisna dolzina (vzhodno,
zahodno). V zadnji vrstici je prikazan status, ki pove
ali GPS pozicioniranje v sprejemniku ze teCe. S
pritiskom na polje “Karta” se podatki o uporabnikovi
poziciji prenesejo v navigacijski streznik. Streznik na
osnovi teh podatkov posreduje osebnemu navigatorju
sliko zemljevida. Hkrati iz baze podatkov dolodi
objekte, ki se nahajajo v neposredni blizini in ulico v
kateri se osebni navigator trenutno nahaja (slika 14b).
Na uporabnikovem zaslonu se tako prikaze zemljevid
(del nacdrta mesta) z oznaceno uporabnikovo trenutno
pozicijo (utripajoC znak).

VIRTUALNI YODIC: lLokacija
19: 04
24,08,2000

46733,84244 H

B815737.6328° £
Pozicionirands: OA

oy H
Qo 30SPUSVETSKA

a) b)

Slika 14 a): Podmenu “Trenutna lokacija”
b): Prikaz izrisa zemlijevida in izpisa ulice

e Telefon

Podmenu telefon, prikazuje ga slika 15a, omogoca
uporabniku telefoniranje in posiljanje SMS sporodit.
Ce Zelimo telefonirati, enostavno odtipkamo Zeljeno
telefonsko §tevilko skupaj z omrezno skupino, ter
pritisnemo “DA”. Klic prekinemo s pritiskom na “NE”.
Zadnja izbrana telefonska Stevilka vedno ostane v
pomnilniku, éetudi podmenu zapustimo in jo lahko
ponovno pokli¢emo, e pritisnemo "DA”.
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\VIRTUALHL VODIC! Telefon ]

ESTHT PRIMER SHS SPOROCILA.
:
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a) b)

Slika 15 a): Podmenu telefon
b): Podmenu za pisanje SMS sporocil

Ko uporabnik zeli poslati SMS sporocilo, mora najprej
vpisati telefonsko Stevilko prejemnika, nato pa pritisniti
polje “SMS spor.”. Odpre se nov podmenu, ki je
prikazan na sliki 15b. V tem menuju piSemo SMS
sporocilo s pomocjo klasi¢ne, za na$ prikazovalnik
nekoliko prirejene, “QWERTZ" tipkovnice. Znak
zbrisemo s pritiskom na polje “Bris”, SMS odposljemo
s “Poslji’, pisanje SMS sporodila pa prekinemo s
“Prekini”,

s WWW

Ta podmenu uporabniku omogod&a dostop do podatkov
na nekaterih spletnih straneh na internetu. Takoj po
izbiri tega podmenuja v glavnem izbirnem menuju,
navigator pokli¢e navigacijski streznik. Le-ta obdela
vsebino izbranih www strani in njihovo vsebino
posreduje osebnemu navigatorju. Ko so podatki
preneSeni, lahko uporabnik pregleda Zeljene
informacije (slika 16).

¥

Slika 16: Podmenu WWW, podatki so na razpolago

Kot je prikazano na sliki 17a, ima trenutno uporabnik
na voljo teko¢e vremenske podatke in teko€o tecajno
listo Banke Slovenije (slika 17b).

Napoved za $loveniic TECATHA LEISTA BAMKE SLOVENIJE
UALLTA HAKUERT SREDMIT PRODAIMI
Danes  in  Jdutri  bo  pretezno  Jazno EUR 1 2620683 207,694 206,3145
Jutri  popoldne  ba U severouzhodiny RTS 1 15.9482 15.9335 15.1388
Sloveniyl zapihal severni veler. BEF 1 5.é331 S.1485 S.1633
Nainizye Jutrante temperature hodo od I i 29,9264 34.9312 35,9380
I d R e s s e
dnevns o o storind C. 1 822 . L5095
IEP 1 262.9225 262,72137  264.5848
Mapousd za sosedhje pokradine ITL 108 18,6942 18,7264 19.7388
. = LLE } %.tg%l F.148% S.1639
Tudi v sosednsih pokraiinah bo LG 93,9635 34,2452 94,5283

Slika 17 a): Prikaz vremenske napovedi
b): Prikaz teCajne liste
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Ce se zapis nahaja na ve¢ straneh, uporabimo gumb
">>" Informacija se kroZno ponavlja. S pomocjo
gumba “Nazaj" se vrnemo v podmenu WWW. Od tam
lahko izberemo pregled drugih podatkov, ki so na voljo,
lahko pa se vrnemo v glavni izbirni menu. Kadarkoli v
glavnem izbirmem menuju izberemo WWW, se vedno
zahteva prenos svezih podatkov z navigacijskega
streznika.

e Pomoc

Ta podmenu nudi uporabniku razne nasvete terizCrpna
navodila kako uporabljati osebni navigator. V dolo€enih
primerih lahko uporabnik zahteva $e dodatna navodila.

6. Zakljucek

Namen sistema streznik - osebni navigator je
omogoditi mobilni napravi (osebnemu navigatorju)
opravljanje ve¢ zahtevnejsih funkcij, kot jih trenutno
opravljajo danasnje mobilne naprave. Pritem mobilna
naprava ne potrebuje zelo zmogljive procesne enote.
Podatke, pri katerih je za obdelavo potrebno zelo veliko
procesne modi, posreduje streznik. Streznik hrani v
pomnilniku veliko uporabnih podatkov, ki jih potrebuje
pri opravljanju Ze prej imenovanih nalog. Torej
potrebuje navigator toliko pomnilnika, kot ga je
potrebno za opravljanje osnovnih operacij (prikaza
podatkov posredovanih od streZnika). Manjsi pomniinik
in manj zmogljiva procesna enota porabita man;
energije, kar predstavlja pri mobilnih napravah
kompromis med tezo, velikostjo, zmogljivostjo in ceno.
V nadaljnjem razvoju osebnega navigatorja Zelimo
raz8iriti njegove funkcije ter uporabnost z dodajanjem
govorne vhodno/izhodne enote podprte z DSP (Digi-
tal Signal Processing) procesorjem. Tako bomo
omogog&ili govorno posredovanje informacije z
moznostjo razpoznavanja in sinteze govora. Z uporabo
tehnologije za sintezo in analizo govora se bo naviga-
tor priblizal multimodaini komunikacijski napravi, saj
bo za komunikacijo s ¢lovekom uporabljal ve¢ vhodno/
izhodnih kanalov, kar bo pove&alo hitrost in
uginkovitost komunikacije med osebnim navigatorjem
in uporabnikom. Tako bosta na primer SMS sporocilo
ali elektronska posta hitreje sestavljena in poslana.

Uporablieno GSM omreZje je omejeno na relativno
po&asni podatkovni prenos s hitrostjo 9600bps, kar je
ena njegovih najvedjih omejitev. Prav tako je s tem
omejen tudi danes implementirani WAP protokol.
Slabost protokola je posredovanje le tekstovnih
informacij z omejenimi grafi¢nimi zmoZnostmi.
Uginkovitost samega sistema bomo v prihodnosti
povecali z nacrtovano nadomestitvijo obstojecega
GSM omrezja druge generacije z mobilnim omrezjem
tretje generacije (UMTS). Storitev GPRS in omrezje
UMTS bosta omogocali hitrejsi prenos multimedijskih
podatkov. Skupaj s standardom IPv6 bo prislo do
velikega porasta tako imenovanega mobilnega
interneta (mobile IP). To napoveduje tudi Nokia, eno

izmed vodilnih svetovnih podjetij za mobilne
telekomunikacijske sisteme, s svojo novo tehnologijo
IP-RAN (IP-Radio Access Network). /12/

V ¢lanku podana zasnova navigatorja predstavija
analizo moZnosti uporabe multimodalne
komunikacijska naprave za uéinkovito povezavo
uporabnika s sodobnim komunikacijskim omrezjem in
moznostjo nudenja mnozice obstojecih ter tudi povsem
novih storitev, ki jih omogoCa zdruZzevanje sodobnih
tehnologij.
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RAZVOJ RAZSIRITVENE KARTICE S SIGNALNIM
PROCESORJEM ZA PCI VODILO

Daniel Ceh-Ambrus, Iztok Kramberger, Zdravko Kaéié¢
Fakulteta za elektrotehniko, racunalnistvo in informatiko
Univerza v Mariboru, Slovenija

Kljuéne besede: racunalnistvo, DSP obdelava signalov digitalna, kartice racunalniske, kartice racunalniske raz§iritvene, PCI povezava komponent
perifernih, PCl vodila, PC raCunalniki osebni, flash pomnilniki, TMS320C31 Texas Instruments DSP procesorji

Izviegek: Clanek obravnava razvoj in programiranje PCI raziritvene kartice za digitalno procesiranje signalov, zgrajene z DSP procesorjem s
plavajoCo vejico Texas Instruments TMS320C31. RazSiritvena kartica predstavija ustrezno razvojno okolje za razvoj zahtevnejsih aplikacij, ki zahtevajo
procesiranje velike koli¢ine podatkov in njihov prenos med pomnilnikom razsiritvene kartice in gostiteljskega ra¢unainika in za katere so vodila
obstojecih sistemov prepocasna. Obstojedi sistemi s tem procesorjem na PCl vodilu so zelo redki in ne izpolnjujejo postavijenin zahtev. Razvit
sistem je zasnovan tako, da v najvecji moZni meri izkori§Ca zmoZnosti signalnega procesorja in lahko brez razsirjanja pomnilniskih kapacitet na njem
realiziramo aplikacije kot so spektralni analizator za nizkofrekvenéne signale (z analognim vmesnikom na sistemu do frekvenc okoli 20kHz), 32-
kanalnilogi¢ni analizator z vzor€enjem do 25MHz (pri uri procesorja 50MHz), generator 32-bitnih digitalnih signalov do 12.5MHz, FIR filter z okoli
500 koeficienti za signale vzorCene s frekvenco 48kHz, procesor zvocnih efektov in vrsto drugih. Sistem omogoca povezavo z gostiteljskim osebnim
racunalnikom preko PCl vodila in deluje v okolju Windows 95/98/Me/NT/2000 operacijskega sistema. Kartica vsebuje 1MB stati¢nega pomnilnika
in 512kB Flash pomnilnika za zagon sistema, PCI vodilo za prikljucitev na gostiteljski racunalnik, 20-bitni dvokanalni analogni vhodno/izhodni
vmesnik s frekvenco vzorc¢enja do 48kHz, razsiritveni vmesnik za prikljucitev uporabniskih modulov ter programsko opremo, ki je potrebna za
inicializacijo sistema, programiranje signalnega procesorja in komunikacijo s kartico. Programska oprema deluje v sistemu Windows 95/98/Me/NT/
2000.

Development of Expansion Card with DSP Processor
for PCI bus

Keywords: computer science, DSP, Digital Signal Processing, computer cards, computer expansion cards, PCl, Peripheral Component Interconnect,
PCl buses, PC, Personal Computer, PCS, Personal ComputerS, flash memories, TMS320C31 Texas Instruments DSP processors

Abstract: This article treats the design and programming of a PCl expansion card, build around the Texas Instruments TMS320C31 floating point
DSP. We encountered the need for a development system, which could be used for development of advanced applications in signal processing.
The existing development kits usually use serial or parallel interface to the host PC, which are too slow for advanced signal processing applications.
There are also some expansion cards using the ISA interface and very few PCl cards, but none of them suits the defined needs. The expansion card
consist of several units: The first is the memory unit, which consist of 1MB static memory implemented in the form of two memory banks of 128k x
32bit. The schematic of the first memory bank is shown in figure 2. A 512kB Flash memory for booting and initialization is in-system programmabile.
The second unitis the PCl local bus interface for connecting to the host PC, which is realized with the PLX PCIS050 PCl bridge /9/. The PCl bridge
provides low cost connectivity for PCl slave designs. It is specifically targeted at easing the transition of existing ISA designs to the more feature rich
and performance oriented PCl bus. The PCI 9050 provides direct slave PCI functions by interfacing the adapter’s I/O circuitry (control, address and
data lines) to a host computer's microprocessor/memory architecture via the 32-bit PCI bus, which typically runs at 33 MHz. The behavior of the
bridge is controled via the local configuration registers printed in table 1. The third unit is the two channel analog input/output interface, which
consists of a 20-bit stereo audio CODEC from Crystal (CS4222 /8/), supporting sampling rates up to 48kHz, the corresponding input and output
buffers and a microphone preamplifier. The fourth unitis presented with expansion connectors for connecting application specific hardware and an
emulator connector for connection of a hardware emulator unit. The system data transfer rates between the DSP and the host PC vary between
50MB/s and 132MB/s. These figures are valid for the DSP running at 50MHz. This means that the DSP can read with a 25MHz clock (25MHz x
32bit = 100MB/s) and write with a 12,5MHz clock (50MB/s). In this way the whole TMB RAM on the expansion card can be rewritten in 20ms. When
accessing the memory via the PCI bus, the local bus operates with a 33MHz clock, which gives us the peak performance of 132MB/s. The
development environment consists of the device drivers for Windows 95/98/NT/2000 and the utilities for initialization of the system, downloading of
program code and communication with the card via the PCl bus. Without upgrades, the system is capable to run applications like a spectrum
analyzer for low frequencies (up to 20kHz ), 32 channel logic analyzer with a frequency up to 25MHz, a 32 bit generator of digital signals, with a
frequency up to 12,5MHz, FIR filters with about 500 coefficients for filtering analogue signals, which are sampled with a frequency up to 48kHz, a

sound effect processor, and many more.

vmesnik. Slaba lastnost obeh vmesnikov je pocasnost.
Komunikacija preko teh vmesnikov sicer zadostuje za
spoznavanje osnov digitalnega procesiranja signalov,
odpove pa pri zahtevnejsih aplikacijah, pri katerih
imamo opravka z veliko koli¢ino podatkov. Da reSimo

Uvod

Pri delu z Ze obstojeCimi sistemi (npr. DSK komplet
podjetja Texas Instruments /2/) vedno znova naletimo
na problem prenosa podatkov med signalnim
procesarjem in osebnim raéunalnikom. Ta in temu

podobni sistemi uporabljajo za komunikacijo z csebnim
racunalnikom standardni zaporedni ali vzporedni

48

ta problem je smiselno pocasni zaporedni ali vzporedni
vmesnik nadomestiti s hitrim PCI| vodilom, ki bo
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omogocal razvoj kompleksnejsin aplikacij (npr.
razpoznavanje in sinteza govora, obdelava slike,
celotni spekter avdio procesiranja,
telekomunikacijski algoritmi,...). Ker pa je razvoj
taksnih aplikacij pogosto povezan tudi z dodatno
strojno opremo, mora sistem omogocati tudi
nadgradnjo z dodatnimi vezji, kot so npr. digitalna
sita, hitri A/D in D/A pretvorniki, MPEG
kompresorji,... . Trenutno je na trzis¢u zelo malo
proizvajalcev, ki bi ponujali takdno resitev. Eno
izmed njih ponuja podjetje innovative Integration,
Inc., ki pa ne izpolnjuje podanih zahtev, saj je kartica
namenjena predvsem merjenju signalov v industriji
in ima slabe moZnosti razsiritve. Vecje Stevilo
proizvajalcev pa ponuja kartice zasnovane na ISA
vodilu, ki pa, uposStevaje prihodnji razvoj osebnih
racunalnikov ni veé zanimiva resitev, saj novejsa
racunalniSka oprema ne podpira vel ISA vodila.
Prav tako je ISA vodilo ob&utno poc¢asnejSe od PCl
vodila. Obstojece ISA kartice pa tudi ne vkljuCujejo
CODECov z vec kot 16 bitno kvantizacijo, in tudi
mozZnosti razsiritev so precej skromnejse.

Zasnova razsSiritvene kartice

Osnovni deli strojnega dela sistema so: DSP
procescr, pomnilniski podsistem, vhodno-izhodni
vmesniki in razsiritveni vmesnik.

Na sliki 1 je blokovna shema sistema. Osrednji del
je digitalni signalni procesor (DSP) Texas Instru-
ments TMS320C31. Naslednji velji del sistema je
pomnilniski podsistem, ki je sestavijen iz 1MB
statiénega pomnilnika in 512kB Flash pomnilnika.
Slednji omogoc¢a samostojno vzpostavitev in
delovanje sistema brez priklju¢itve na gostiteljski
radunalnik. RazsSiritveni vmesnik sestavljata dva
konektorja, na katera je speljanih vecina signalov.
Tako imamo na razsiritvenem vmesniku podatkovno
in naslovno vodilo, napajanje, signale iz naslovnega
dekodirnika (za enostavno dodajanje novih vezij)
in prekinitvene linije. Ostali deli sistema so razli¢ni
vhodni, izhodni in vhodno/izhodni vmesniki,
namenjeni prikljulitvi perifernih naprav ter
komunikaciji sistema z drugimi napravami.

DSP procesor Texas Instruments TMS320C31

Procesor TMS320C31/1//5/ je eden od ¢lanov druZine
32-bitnih procesorjev s plavajoco vejico Texas Instru-
ments TMS320C3x. Znadilnost te druZine procesorjev
je visoka stopnja vzporednosti; v enem ciklu lahko
hkrati izvedejo mnoZenje in aritmeti¢no/logi¢no
operacijo nad celo$tevilénim ali realnim Stevilom
($tevilom s plavajoco vejico). Spremembe naslovnih
registrov izvajata dve namenski aritmetiéno logicni encti
(ARAUO in ARAU1) in lahko zato potekajo vzporedno. Na
procesorjin sta ob centraini procesni enoti (CPU-Central
Processing Unit) tudi dva &asovnika, zaporedni vmesnik
(dva pri ‘C30), DMA koprocesor (dva pri ‘C32), dva bloka

PCimast
PLX PCIRSE

E

Y

D8P praceser .‘._._._} Rayzsiritveni vrmessi
TMS320C31 3 H ’ dontin -,:v_:r" "

iSteren augin CODEC -

DAt E esnpizhnd 5

Pomalinik

Slika 1: Blokovna shema razsiritvene kartice

pomnilnika, ROM pomnilnik (Boot Loader pri ‘C31 in ‘C32)
in instrukcijski predpomnilnik (Cache).

Pomnilniski podsistem

Pomnilniski sistem sestavljata stati¢ni pomnilnik /6/
velikosti 1MB in Flash pomnilnik /7/ velikosti 512kB,
ki omogoca vzpostavitev in delovanje sistema brez
posredovanja gostiteljskega racunalnika.

Do stati¢nega pomnilnika lahko procesor dostopa brez
¢akalnih stanj, s tem popolnoma izkoris¢amo
procesorjevo hitrost tudi pri dostopanju do zunanjega
pomnilnika. Flash pomnitnik lahko programiramo v
samem sistemu, brez potrebe po programatorju. Lahko
ga tudi zas¢itimo pred pisanjem.

Statiéni pomnilnik /6/ je zgrajen iz dveh 32-bitnih bank
velikosti 128k pomnilniskih lokacij. Skupna velikost
pomnilnika na sistemu je tako 2x128kx32=8Mbitov
oziroma 1M zlogov (1MB). Podatkovne linije RAMov
s0 povezane na podatkovne linije procesorja. Kerima
procesor 32 podatkovnih linij, vsak RAM pa osem, so
za vsako banko potrebni &tirje RAM-i. Na naslovne
linfje RAMov je vezanih spodnjih 17 naslovnih linij
procesorja (2417=131072 oziroma 128k naslovnih
lokacij v eni banki). Prva banka je preslikana v
naslovno obmaodéje od 820'000h do 83F'FFFh, druga
pa v obmocgje od 840'000h do 85F'FFFh. Zaradi
izvedbe dekodirnika z vezjem 74F138 pride do
vecCkratne preslikave fizicnega pomnilnika.
Vezavo prve pomnilniske banke prikazuje slika 2.

Statiéni pomnilnik je dostopen tudi neposredno preko
PCivodila. Pritaksnem dostopu mora PCl most podati
zahtevo po vodilu. Ko jo TMS odobri, lahko neposredno
dostopamo do pomnilnika. Tak nacin komunikacije
nam omogoc&a velik pretok podatkov in optimalno
izkoris¢enost DSP sistema. V naSem sistemu smo
uporabili DSP s frekvenco ure 50MHz, kar pomeni da

49



Informacije MIDEM 31(2001)1, str. 48-52

D. Ceh-Ambrus, I. Kramberger, Z. Kagi¢:
Razvoj razsiritvene kartice s signalnim...

Slika 2: Prva pomnnilniska banka sistema

lahko bere iz pomnilnika s frekvenco 25MHz. To nadalje
pomeni da je prenos v tem primeru 100 MB/s. Ta vrednost
je seveda najvisja meja, saj ne uposteva Casa, Ki je
potreben za obdelavo podatka, prav tako so pisalni cikli
enkrat poCasnejsi, kar pomeni da lahko zapisujemo z
najved 50MB/s. Ce posegamo do pomnilnika preko PCI
vodila, je najvecja frekvenca vodila 33MHz, kar omogoca
najvedji prenos do 132MB/s. Ce uposdtevamo dejstvo,
da ima nas sistem 1MB spomina, pomeni to, da ga lahko
v celoti prepisemo v 20ms, preberemo pa v 10ms.

Celotni Flash EEPROM je razdeljen na osem sektorjey,
ki jih lahko neodvisno ali hkrati brisemo. V sistemu je
Flash EEPROM preslikan v naslovno obmocje 400°000h-
47F’FFFh in omogoc€a vzpostavitev sistema iz njega.
Velikost naslovnega obmodja je 512k naslovov, kakrna
je tudi zmogljivost EEPROMa, zato je v tem naslovnem
obmodgju le ena slika EEPROMa.

Povezava DSP sistema z osebnim
racunalnikom

Za povezavo signalnega procesorja z osebnim
rac¢unalnikom smo uporabili PCt most podjetja PLX Tech-
nologies. Funkcija PCl mostu je, da povezuje PCI vodilo
osebnega racunalnika in lokalno vodilo DSP sistema.
PCI most PCI 9050 /9/ je visokozmogljiv PCl vmesnik
za raz8iritvene kartice. Nacrtovan je tako, da omogoca
prikljucitev Sirokega spektra sistemov z lastnim lokalnim
vodilom na PCI vodilo osebnega racunalnika in jim
omogocta izmenjavo podatkov z osebnim racunalnikom
tudi do 132 MB/s. PCI 9050 lahko poveZzemo na
multipleksirano ali nemultipleksirano lokalno vodilo, Sirine
8, 16 ali 32b. Predvsem moZnost povezave 8b in 16b
vodil na PCI vodilo omogoca enostavno predelavo
starej$inh ISA kartic za uporabo na PCl vodilu. PCl 9050
popolnoma izpolnjuje zahteve PCI 2.1 specifikacije.

Delovanje PCI mostu PLX PCIS050 /9/ dolo¢amo in
spremljamo s pomocjo lokalnih konfiguracijskih registrov.
Spisek lokalnih konfiguracijskih registrov in njihovi odmiki
od baznega naslova, so podani v tabeli 1.

Te registre lahko razdelimo v vec skupin:
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. registri za definiranje velikosti lokalnih
naslovnih prostorov,

. registri za preslikavo PCl naslovnega
prostora v lokalni naslovni prostor,

o registri za nastavitev lastnosti
posameznih lokalnih naslovnih prostoroy,

. registri za nastavitev izbirnih (chip select)
finij,

. register za nastavitev in obravnavo
prekinitev ter

. kontrolni register.

Tab. 1: Lokalni konfiguracijski registri PLX PCI9050 /9/.
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PCI most PLLX PCI 9050 ima vgrajen vmesnik za
prikljuéitev zaporednega EEPROMA, ki ga lahko
uporabimo za zapis zacetnih nastavitev PCI mostu.
PCIl most podpira 1k bitne EEPROME, ki imajo
MICROWIRE vmesnik in omogocajo sekvencno
branje. Taksni EEPROMI imajo ponavadi oznako
93C(S)46 (Pomen oznak: 93 - MICROWIRE vmesnik,
C/CS — razlicne opcije, odvisno od proizvajalca in
46 - 1k bit spomina). V sistemu smo uporabili
EEPROM proizvajalca ST Microelectronics z oznako
M93C46 /10/.
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Pri povezavi DSP sistema z osebnim racunalnikom
smo implementirali dva nac¢ina dostopa do DSP
sistema. Prvi nadin je neposredni dostop do lokalnega
pomnilnika DSP sistema, drugi nacin pa je
neposredna komunikacija s signalnim procesorjem
TMS320C31.

Neposredni dostop do lokalnega pomnilnika omogoca
hitro branje in pisanje podatkov v lokalni pomnilnik
DSP sistema. Pri tem nadinu PCI 9050 da zahtevo po
vodilu signalnemu procesorju. Ko ta zahtevo odobri,
lahko PCI 9050 neposredno dostopa do lokalnega
pomnilnika. Ker smo uporabili hiter staticni pomnitnik,
se ta komunikacija izvede v hitrem nacinu. Hitrost ki
jo doseZemo na ta nalin je odvisna od lokaine ure
sistema in se giblje med 50MZlogov/s (12.5MHz x 32b)
in 132MZlogov/s (33MHz x 32b), kar je tudi najvecja
mozna hitrost PCl 9050. Tak$na komunikacija npr.
omogoda prikaz rezultatov procesiranja v realnem
gasu in popolno izkoris¢anje DSP sistema. Signali, ki
sodelujejo pri tej komunikaciji, so predstavijeni na sliki
3. Pri tem je h1 ura lokalnega vodila signalnega
procesorja, /PCI RAM CS je signal s katerim procesorju
signaliziramo, da Zelimo dostopati do lokalnega
pomnilnika. Na to zahtevo DSP odgovori s postavitvijo
signala /HOLDA, s Cimer se odklopi od lokalnega vodila
in prepusti pomnilnik PCI vodilu. PCl vodilo se priklopi
na lokalno vodilo s pomaocjo signalov /PCI-ADDR in /
PCI-DATA. Pisalni in bralni cikel je doloCen s signalom
/LRDY, pomnilni$ko banko pa izbiramo s signali /A20,
/CS-RAM1 in /CS-RAMZ.

;1 G

/PCI RAM CS 1 ....................................................... FTTTT
/HOLDA ] [
/PCI~ADDR R o
/PCI -DATA T 3 e
/LRDY 2220%
/RDY [ZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ
/R20

/CS-RAM2 s -

Slika 3: Simulacija signalov za neposredni dostop do

lokalnega pomnilnika.
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Slika 4: Simulacija signalov za neposredno
komunikacijo s TMS320C31.

Pri neposredni komunikaciji s TMS320C31 gre za
neposredno komunikacijo s signalnim procesorjem
TMS320C31. Pri tem izkoris¢amo HOST-LOCKED
naCin komunikacije signalnega procesorja
TMS320C31. Ta nacin komunikacije uporabljamo
veCinoma za krmilno-statusno komunikacijo.
Omogoca inicializacijo sistema, nalaganje programov
v DSP ter krmilno - statusno komunikacijo z DSP
procesorjem. Potek komunikacije prikazujejo signali
na sliki 4. Ce Zelimo podatke vpisati v DSP, postavimo
signal /PCI CS nalogi¢no enico, DSP to zazna v obliki
prekinitve in odgovori s postavitvijo signala /TMS CS.
Ko sta oba signala aktivna se izvede pisalni cikel s
pomaodjo signalov /LRDY in /RDY.

Analogni vmesnik Crystal CS4222

Analogni vmesnik je namenjen zajemanju in
predvajanju dveh kanalov analognih signalov, katerih
frekvence so v obmogju ¢&loveku slisnih frekvenc
(20Hz-20kHz). Kot osnovo analognega vmesnika smo
uporabili stereo avdio kodek podjetja Crystal, z oznako
CS4222 /8/. To je integrirano vezje, ki vsebuje 20
bitnidvokanalni analogno-digitalni (A/D) pretvornik in
20 bitni dvokanalni digitalno-analogni (D/A) pretvornik.
Prenos digitalnih podatkov poteka preko zaporednega
vmesnika, ki smo ga prikljucili na zaporedni vmesnik
procesorja. A/D in D/A pretvornika delujeta po principu
delta- sigma modulacije. Po podatkih proizvajalca je
razmerje signal/Sum 99dB, skupno harmonsko
popacenje in Sum pa sta tipicno manjsa od —S0dB.
Vezje podpira standardne frekvence vzorCenja 32kHz,
44 1kHz in 48kHz. S kaksno frekvenco vzorcenja bo
vezje delovalo, je odvisno od sistemske ure vezja ter
od urinih signalov na zaporednem vmesniku kodeka.
Frekvenca sistemske ure je lahko 256-, 384- ali 512-
kratnik frekvence vzorcenja. Avdio CODECu smo
dodali tudi potrebno vhodno in izhodno prilagoditveno
vezje, ter mikrofonski predojacevalec, ki omogoca
neposredno prikljucitev mikrofona na kartico.

Emulatorski in razsiritveni vmesnik

V procesor TMS320C31 je vgrajena tehnologija
imenovana MPSD (Modular Port Scan Device), ki
omogocga popolno emulacijo preko zaporednega
XDS510 vmesnika.

Razviti sistem vsebuje tudi razSiritveni vmesnik, ki
sluZi priklju€evanju razlicnih perifernih naprav na DSP
sistem. Razsiritveni vmesnik je sestavljen iz dveh 50
pinskih ploS¢atih konektorjev. Na te konektorje je
speljano celotno lokalno vodilo (naslovne in
podatkovne linije, R/W’, /READY in /[STROBE signali),
signali iz naslovnega dekodirnika, prekinitvene linije,
prosti pini iz programirljive logike, linije za generiranje
¢akalnih stanj, liniji TCLKO in TCLK1, ki jih lahko
uporabljamo kot liniji internega ¢asovnika TMS320C31
ali pa kot prosto programirljivi liniji (npr. za 12C) ter
napajalne linije (+12V, -12V, +5V, +3.3V in GND).
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Tak$na zasnova rezSiritvenih konektorjev omogoca
enostavne nadgradnje sistema v obliki uporabniskih
modulovy, ki se prikljucijo na te konektorje, saj imamo
na voljo vse potrebne signale za krmiljenje in napajanje
modulov ter za komunikacijo med procesorjem in
moduli.

Programiranje sistema:

Programiranje sistema lahko razdelimo na dva dela.
Prvi de! zajema komunikacijo med osebnim
racunalnikom in PCI kartico. Programiranje tega dela
izvajamo v okolju Windows 95/98/Me/NT/2000.
Programiramo lahko v razlicnih programskih jezikih,
kot so npr. C++, Visual Basic, Delphi,...

Drugi del programiranja zajema programiranje
signalnega procesorja TMS320C31 in perifernih
naprav (Avdio CODEC, 12C vodilo, razsiritvene kartice,
Flash pomnilnik). Ta del programiranja izvajamo v
programskem razvojnem okolju, ki vsebuje tudi zbirnik
in programski jezik C, ki ga ponuja podjetje Texas In-
struments /2/ /3/ /41.

Trenutno je na voljo naslednja programska oprema:

1. Gonilnik za operacijski sistem Win
dows95/98/Me/NT/2000 /11/.
2. Dinamicna knjiznica (DLL) z osnovnim

naborom funkcij, ki omogoc&ajo
inicializacijo sistema, nalaganje
programske kode v DSP in komunikacijo
z DSP procesorjem preko PCI vodila.

3. Programi v zbirniku, ki omogocajo
uporabo perifernih enot (avdio CODEC,
FLASH pomnilnik ter 1PC vmesnik).

Na voljo je tako vsa osnovna programska oprema, ki
omogoca razvoj Siroke palete aplikacij digitalnega
procesiranja signalov v realnem casu.

Zakljucek

Sistem je nacrtovan zelo odprto, saj omogoca
enostavno nadgrajevanje preko razsiritvenih
konektorjev in omogoc¢a tudi spremembe znotraj
samega sistema. Logiko v programirljivem logicnem
vezju Lattice, v katerem je precejSen del sistema, lahko
izku$en uporabnik po potrebi spremeni oziroma
prilagodi lastnim zahtevam. V Flash pomnilnik, ki je
del sistema, lahko enostavno vpiSemo delujocCo
aplikacijo in tako dobimo namensko PCI kartico (npr.
glasbena kartica, koprocesorska Kkartica,...). Sistem
je zasnovan tako, da v najvedji mozni meri izkoris¢a
zmoznosti signalnega procesorja in lahko brez
razsirjanja pomnilniskih kapacitet na njem izvedemo
aplikacije kot so spektralni analizator za
nizkofrekvenéne signale (z analognim vmesnikom na
sistemu do frekvenc okoli 20kHz), 32-kanalni logicni
analizator z vzoréenjem do 25MHz (pri uri procesorja
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50MHz), generator 32-bitnih digitalnih signalov do
12.5MHz, FIR filter z okoli 500 koeficienti za frekvenco
vzor&enja 48kHz, procesor zvocénih efektov in
podobno. Zamenjava vzporednega oz. zaporednega
vmesnika s hitrim PCI vodilom, omogod&a razvoj
mnozice aplikacij, ki zahtevajo kompleksnejse
obdelave signalov in predvsem hitre prenose podatkov
med razS8iritveno kartico in gostiteljskim racunalnikom.
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A STUDY OF HIGHLY DOPED LAYERS FOR BICMOS
COLLECTOR INSERTS

Radko Osredkar, Faculty of Computer Sciences and Faculty of
Electrical Eng., University of Ljubljana, Slovenia,
and
Bostjan Gspan, Repro MS, Ljubljana, Slovenia

Keywords: microelectronics, IC, Integrated Circuits, BICMOS circuits, Bipolar CMOS circuits, circuit fabrication, dopant concentration profile, thin
layers, collector insert fayers, computer simulations, technological treatments

Abstract: In order to develop a BICMOS IC fabrication module based on implantation and diffusion of dopants for the collector insert layers for the
vertical npn bipolar transistors, we performed a detailed comparison of simulations of such a process and results of actual fabrication of the layers.
We conclude that the thickness and half—width of the collector insert layers can be simulated accurately (within 4% of measured values, on
average), which satisfies the requirements for developing the process module. However, for process control purposes simulations seem to have to
be augmented by a direct measuring method.

Studija moéno dopiranih plasti za BiICMOS kolektorske vlozke

Klju¢ne besede: mikroelektronika, IC vezja integrirana, BICMOS CMOS vezja bipolarna, izdelava vezij, profit koncentracije dopantov, plasti tanke,
vioZki kolektorski transistorjev, simulacije racunalniske, postopki tehnoloki

lzvleéek: Z namenom, da bi za razvili modularni tehnoloski postopek za izdelavo integriranih vezji tipa BICMOS, na osnoviimplantirane in difundirane
dopirane plasti za kolektorski viozek vertikalnih, bipolarnih npn tranzistorjev, smo izvedli natanéno primerjavo racunalniske simulacije izdelave
taksnih plastiin fizikalnih karakteristik izdelanih plasti. Ugotovili smo, da se simulacije in meritve debeline plasti in njene polovi¢ne Sirine ujemajo v
povprecju na 4 %. To zado$c¢a za potrebe razvoja procesa, medtem ko je za procesno kontrolo simulacije dopolnjevati z neposrednimi meritvami

fizikalnih fastnosti plasti.

1. introduction

BiCMOS technology integrates both CMOS and bipo-
lar device structures on the same chip. This capability
can be exploited in a number of ways to produce inte-
grated circuits (IC) with performances that exceed
those that are possible when only one of the device
types is used. These benefits are attained at the ex-
pense of a more complex fabrication technology, in-
cluding development and chip manufacturing tasks,
however, in many high performance digital applica-
tions and in mixed analog/digital systems the benefits
often exceed these extra costs. The key feature of a
BiCMOS technology is fabrication of the collector in-
serts for the bipolar npn vertical transistors. In high
performance BICMOS ICs the fabrication of the insert
is usually based on epitaxial layers. However, if one
wishes to augment an existing CMOS technology by
adding bipolar devices (e.g. in /O drivers), an improve-
ment of IC performance can still be achieved by a
simpler, and relatively low cost BiCMOS technology,
involving essentially only additional implantation and
diffusion processing steps /1/. A serious limitation in
developing such a process is that there exists no reli-
able nondestructive method for characterizing the in-
sert layers, in addition to the fact that lack of a reliable
measuring method makes tight control the fabrication
process difficult. However, computer process simula-

tion is sometimes a viable alternative to characteriza-
tion measurements required by the development and
production. In this contribution we present an attempt
to correlate a destructive layer characterization
method, Spreading Resistance Analysis (SRA), with
results of a detailed simulation of a 1.2 um IC fabrica-
tion process, extended to BiCMOS capability, and
comment on the applicability of simulation for devel-
opment and production needs.

2. Experimental

Test processing in our study was designed as an ex-
tension (i.e. insertion module) in an existing 1.2 pim
CMOS process. (This is a standard, although propri-
etary 17 layer process defined and used by the IMP,
San Jose, Ca., USA.) /2, 8/ It was executed on p-type,
<1-0-0> silicon wafers, nominally 25-50 2cm, selected
for uniformity. The fabrication of the collector insert
layer consisted of doping in a two-step process: a phos-
phorus implantation followed by a deposition of a layer
of phosphorus-doped poly-Si. The implantation was
performed at 150 keV, at the dose of

8 . 102 ions/cm?. The poly-Si layer was the dopant
source for diffusion of phosphorus into silicone during
the deposition itself and in subsequent processing step.
In a preliminary study it has been determined that the
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required insert layer properties can be achieved only
by a medification of the standard process: doped poly-
Si layer was deposited at 1150 °C in N, atmosphere,
followed by oxidation at 1130 °C. At this stage the poly-
Si layer was removed from the wafer surface and fur-
ther diffusion performed at 1000 °C for 240 min. This
processing results in a thick {approximately 5 um),

low resistivity (1.5 to 2.5 Qcm) layer that is adequate
for fabrication of the collector inserts. For convenience,
the details of the process parameters of short loop are
summarized in Table 1.

Tab. 1: Process parameters of key process steps in
fabrication of the collector insert layer.

process step process parameters

dose: 8 x 10" ions/cm”;
voltage: 150 keV

P implantation

poly-Si temp: 1150 °C
deposition dep. time (diffusion 1): 32, 24.5,
22,20 min
oxidation temp: 1130 °C
time (diffusion 2); 14.5, 11, 8.5,
8.5 min
diffusion temp: 1000 °C

time: 240 min

Finally the experimental run was split in two parts:
one was analyzed by the SRA method and the other
further processed (metallization, etching) to allow stan-
dard C-V analysis. The poly-Si deposition and diffu-
sion steps was performed in a Thermco diffusion fur-
nace /3/.

A C-V characterization of the insert layers with a para-
metric tester, Hewlett Packard model HP 40628, was
attempted. From the numerical analysis of the C-V
data the dopant profile can in principle be determined
/4,5/ if certain limitations of the method, concerning
the size of the capacitor, dopant concentration and
inversion layer depth are not exceeded. However, in
our study precisely this was the case; the method
yielded reasonable data for surface dopant concen-
trations but the insert layer thickness could not be
determined by this method.

Spreading Resistance Analysis (SRA) allows for an
accurate and relatively simple determination of the
dopant profile /6/ by a 2-point method. However, it is
destructive. A bevel, inclined approximately 0.5 deg
to the wafer surface, is ground into the wafer with
5 um grit. Knowing the angle of the taper gives the
distance from the surface as a function of displace-
ment along the bevel. The shallow taper allows an
accurate probing of the profile in over 100 steps of
10 um each. The probe contact force was 7.5 x 10%
N. SRA measurements were performed at Sclecon
Laboratories Inc, Ca., USA, according to their stan-
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dard procedures. Having the SRA measurements per-
formed at a commercial laboratory was deemed nec-
essary as no reliable calibrated dopant profile stan-
dards are available which would insure the required
precision of measurements.

For simulations of the collector insert fabrication steps
the well known 2 dimensional program package
SUPREM 4, with capability of generating data for the
2-D IC simulator PISCES 2B, (7), run on s Sun work-
station, was used.

3. Results and discussion

The simulations program package that we have used
is usually applied for simulations and analysis of stan-
dard IC fabrication steps for which processing param-
eters are, to a certain extend, generic. However, fab-
rication of collector inserts involves parameters that
exceed the standard ones and it was not obvious from
the outset that the mathematical models used in the
simulations package are adequate for modeling the
formation of very thick, highly doped films. A detailed,
point by point comparison of simulation results and
SRA profile measurements was therefore performed.
4 different processing sequences (each involving 5
wafers) were studied, the relevant detalls of which are
given in Table 2, and the results of measurements
and simulations in Table 3.

Tab. 2. Details of the 4 different processing
sequences studied.

bevel
# | ps (cm 3) diffusion 1 | diffusion 2 | angle

{rad)
1,8.10" 32 min 14.5 0.0099
218 24.5 11.0 0.0103
3|8 22 8.5 0.0107
4 |8 20 8.5 0.0107

Tab. 3. Results of SRA measurements and
simulations for the 4 different processing
sequences studied

# SRA measurements simulation
ns dyw di ns dy di
em® | @m) | @m) (em™) (um) | (um)
1190 107 3.7 4.8 45 10"° 3.6 4.8
2 9.5 3.8 4.5 3.8 3.8 4.9
3 7.0 3.8 4.6 4.0 3.7 4.8
4 6.5 3.6 4.5 4.3 3.9 47

It has been determined that some of the features of
the profiles can be simulated quite accurately while
the surface concentrations of the treated wafers less
so. Even though over-all agreement was deemed
sufficient for proces development purposes, it has
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been attempted to reduce these differences by vary-
ing the simulation parameters, but no significant im-
provement could be achieved.

The resulting shape of the concentration profiles re-
sulting from fabrication steps employed in our study is
quite similar to those of the standard processing steps,
which have been well studied and are understood /2,
and References therein/. Therefore it is sufficient to
characterize our profiles with 4 parameters only: con-
centration of dopants in untreated wafer p, (bulk
concentration; for our study wafers with the same
py= 8.10" cm?® were selected), surface concentra-
tion of the treated wafers (i. e. on top of the fabricated
collector insert) p_, half-width of the distribution d,,
conveniently defined as the depth at concentration

Cpp = sqrt(ns X Pg),

and the depth of the inversion layer d.. Comparison of
measured and simulated values shows that the differ-
ences in d,, and d, in no case exceeds 8 %, the aver-
age vale of the difference being less than 4 %. Our
data demonstrate that the doped poly-Si layer is not
depleted as a source during the deposition and sub-
sequent oxidation. Thus the details and possible varia-
tions during processing of these two steps are not criti-
cally reflected in the properties of the final insert layer.
The layer profile and its thickness (depth of the inver-
sion layer) are primarily determined by the final diffu-
sion step, which insures reliability and repeatability of
the fabrication module, as was intended.

The relatively large discrepancy between the mea-
sured and simulated values of ng (largest difference
60 %, average over the 4 sequences 45 %) could not
be traced to a single cause with any degree of cer-
tainty. The measured values are in all cases larger
than the simulated ones and it seems probable that
the actual thermal balance of the processing is not
faithfully reflected by the simulation, and thus the ef-
fect of the depletion of dopants in the poly-Si exag-
gerated. However, the integrated concentrations of the
dopants in a fabricated layer, which largely determine
its bulk properties and have been calculated from the
measuring and simulations data, differ only slightly
and are not significantly effected by the differences in
ng obtaint via the two routes. From the production
standpoint the discrepancy is a point of only minor
concern as the over-all properties of the collector in-
sert are satisfactory and the developed production
module has been proven to yield working ICs with the
required properties. However, it demonstrates the limi-
tations of simulations for process contrel and the need
for a physical measuring method for such purposes.

4, Conclusion

On the basis of over-all and reasonable agreement

between the results of measurements and simulations,
we conclude that computer simulations of processing
steps required for fabrication of the collector inserts are
a reliable tool in developing BICMOS technologies in
which such layers are fabricated by implantation and
diffusion of dopants. In particular, the thickness of the
collector insert layer and its resistance can be simu-
lated accurately. It seems that with some care such an
approach, combined with a direct measuring method
(e.g. C-V measurements), can be used in process con-
trol, and possibilities in this direction are presently be-
ing explored in our laboratory.
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GENERAL INFORMATION

The 37" International Conference on Microelectronics,
DEvices and Materials, MIDEM 2001, continues the
tradition of annual international conferences organized
by the MIDEM Society. These conferences have al-
ways attracted a large number of Slovene and foreign
experts working in these fields.

The topics covered by the conference are quite di-
verse, and presenting about 60 papers in five ses-
sions over three days seems rather demanding. How-
ever, once a year scientists and engineers have the
opportunity to present their work to the international
public and to meet and discuss trends, news and prob-
lems related to their field of work. We believe that this
at least balances the effort required by the attendees
and the organizer.

The conference is well known in the electronics com-
munity. Hundreds of distinguished scientists from all
over the world have taken part in previous MIDEM
conferences. The goal of establishing contacts, col-
laboration and friendship among scientists and their
companies remains the main aim for the organizer.

Therefore, you are kindly invited to take part in the
forthcoming :

37" International Conference on Microelectronics,
Devices and Materials - MIDEM 2001 Conference

The conference will be held in Hotel Zlatorog,
Bohinj, Slovenia, October 10 — 12, 2001

ORIGINAL PAPERS RELATING TO THE FOL-
LOWING AREAS ARE INVITED FOR SUBMIS-
SION :

e Novel monolithic and hybrid circuit processing
techniques

New device and circuit design

Process and device modeling
Semiconductor physics

Sensors and detectors

Electromechanical devices

Microsystems

Optoelectronics

Photovoltaic devices

New electronic materials and applications

s Electronic materials science and technology

e & & o ¢ o o o
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o Materials characterization techniques

¢ Reliability and failure analysis

¢ Education in microelectronics, devices and mate-
rials

As with previous years each session will be introduced
by distinguished invited speakers giving an overview
presentation on a related field.

INVITED CONFERENCE PAPERS

Prof.Dr.Radivoje S.Popovi¢

EPFL-Swiss Federal Institute of Technology Lausanne,
Switzerland

Christian Schott and Robert Racz

SENTRON AG , Zug, Switzerland

Integrated Hall / Flux Concentrator
Microsystems

Abstract: The speaker gives a survey of a new class
of highly sensitive single-axis and two-axis integrated
Hall magnetic sensor microsystems. They are based
on an integrated combination of a CMOS integrated
circuit and a planar magnetic flux concentrator. The
magnetic flux concentrator is made of a thick
ferromagnetic layer deposited on the CMOS wafer in
a post-processing step. The CMOS part of the system
contains two or more conventional Hall elements
positioned under the peripheries of the flux concen-
trator. The flux concentrator converts locally a mag-
netic field parallel with the chip surface into a field
perpendicular to the chip surface. Therefore, a con-
ventional Hall element can detect an external magnetic
field parallel with the chip surface. Moreover, the flux
concentrator provides a magnetic gain of about 10.

WORKSHOP on OPTOELECTRONIC
DEVICES AND APPLICATIONS

Begining in 1998, workshops dedicated to a special
field were incorporated to the programme of the
MIDEM Conferences. During the workshop, five to
seven invited speakers present papers on the chosen
topics from different aspects within their special field,
thus offering the audience valuable information. Time
for thorough discussions is provided between invited
presentations. Conference attendees are encouraged
to present their research results in the Conference
session dealing with the dedicated topic. Attendance
at the workshop is included in the Conference regis-
tration fee.

For the year 2001, we are pleased to announce a
Workshop on OPTOELECTRONIC DEVICES
AND APPLICATIONS.

Selected topics associated with advanced aspects
within lasers, light emitting devices, thin-film transis-
tors, optical fiber systems, etc. will be presented, cover-
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ing the basic physical principles, as well as actual and
possible applications of these optelectronic devices
and systems.

The workshop is organized by Laboratory of Semi-
conductor Devices at Faculty of Electrical Engineer-

ing.

The programme committee is pleased to announce
the following invited speakers, who will give their pre-
sentations on the following subjects:

Prof. Dr. Martin Stutzmann

Walter Schottky Institut, Technische Universitat
Minchen, Germany

The Status of GaN-based LEDs and Laser
Diodes

Abstract: High brightness blue, green, and white light
emitting diodes based on InGaN/GaN/AlGaN
heterostructures have developed into a mass prod-
uct, with more and more companies competing with
each other in a rapidly expanding market. Full colour
displays, traffic lights, car lighting, back lighting for
LCD displays, and indoor spot light applications are
the main present and emerging applications. Yet, the
efficiency of GaN-based LEDs is still limited by poor
materials quality due to the lack of a suitable sub-
strate for homoepitaxy and by the problems with p-
type doping, in particular in the AlGaN-cladding lay-
ers of a typical quantum well LED. Here, more re-
search is necessary before the full potential of solid
state lighting can be exploited also for high efficiency
applications in office or home illumination. The basic
materials problems are even more important in the
development of blue laser diodes for data storage. At
present, only Nichia Corp. has reported laser diodes
emitting in the near UV and exhibiting a reasonable
device lifetime of several thousand hours. Most other
companies still are fighting severe degradation prob-
lems of their laser diodes, which are mainly attributed
to defects caused by heteroepitaxy on sapphire or SiC
substrates. Also, no real blue laser diodes with an ac-
ceptable lifetime have been reported. The purpose of
this presentation is to summarize the present status
concerning GaN-based LEDs and LDs, to discuss the
basic materials physics behind the success and the
limitations of these devices, and to point out present
attempts and ideas to overcome these limitations in
the future.

Prof. Dr. R. E. I. Schropp

Debye Institute, Physics of Devices, Utrecht Univer-
sity, The Netherlands

New Developments in Thin Film Transistor
Techology

Abstract: Thin film transistors (TFTs) are currently
used as the switching element in active matrix (AM)
liquid crystal displays (LCD), such as the TFT display
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used in lap top computers. Recently, page-size 2D
matrix-addressed image sensors for application in digi-
tal copiers and X-ray imaging have been presented.
Current trends in research and development are: 1)
TFTs on plastic substrates (low T deposition is re-
quired); 2) The development of low temperature
polysilicon for the pixel TFTs: polysilicon TFTs have a
higher field-effect mobility and allow larger drive cur-
rents, so that the pixel aperture ratio can be increased
and bright, low power LCDs can be obtained even when
they have a large size, such as in the notebook and
the CRT-monitor replacement market; 3) Integration
of row and column drivers on the glass, so that panels
can be made much thinner: by supporting both n-chan-
nel and p-channel operation, poly-Si TFTs also en-
able CMOS circuits for display drivers; 4) Addressing
of OLEDs (Organic Light Emitting Diodes) by silicon
TFTs. For such advanced applications of TFTs a few
issues are relevant: (i) fast, defect free deposition of
thin silicon films and gate dielectrics, (ii) higher elec-
tron mobility, (iii) stability. Whereas a high deposition
rate is generally needed to reduce the production cost,
for novel high current applications the latter two is-
sues have recently become more essential.

Prof.Dr.Gil Rosenman

Department of Electrical Engineering-Physical
Electronics, Tel Aviv University, Israel
Engineered Domain Configurations For
Nonlinear Optical Devices

Abstract: New generation of nonlinear optical devices
allows developing coherent light sources in spectral
regions where conventional lasers are unavailable. It
is based on engineered micrometer-scale ferroelec-
tric domain configurations. Applied quasi-phase-
matching technique exploits tensorial properties of fer-
roelectrics where specifically designed domain struc-
ture with alternative direction of spontaneous polar-
ization provides needed variation of a sign of a non-
linear optical coefficient.

Ferroelectric LiNbO,, LiTaO,, KTP and isomorphic
crystals are mainly exploited due to their high nonlin-
ear optical coefficients and stable built-in domain struc-
ture. The conventional process of domain grating fab-
rication consists of application of an electric field to a
photolithographically patterned electrode on a polar
crystal surface made of a arrays of metallic and insu-
lating strips. Detailed studies showed those fundamen-
tal processes of minimization of depolarization field,
domain nucleation, anisotropy of domain walls veloc-
ity determine quality of tailored domain configurations
and strongly affect parameters of optical converters.

Highly homogeneous periodic, aperiodic and multiple
domain gratings with periods in the range 4-39 pm for
diverse quasi-phase-matched nonlinear optical devices
in UV, visible and infrared regions have been developed.

Dr. Christian Hanke

Corporate Research Photonics, Infineon Technolo-
gies, Munich, Germany

High Power Semiconductor Laser Diodes

Abstract: In the last decades the output power of semi-
conductor laser diodes has increased dramatically.
Starting from a power range of several milliwatts, which
is sufficient for a range of mass applications in the
field of optical communication and optical storage sys-
tems, now semiconductor laser systems with an out-
put power in the kilowatt range are available. The main
advantages of diode lasers are the small volume, the
high overall efficiency up to 60%, the availability of a
wide spectral range and the high reliability. This com-
bination together with the high output power opens a
wide field of applications covering e. g. pumping of
solid state lasers and amplifiers, transfer to printing
plates, soldering and direct machining.

The high optical and thermal power densities in semi-
conductor laser diodes lead to limitations of the maxi-
mum useful output power. The approaches to improve
the device performance will be described for single
stripe laser diodes with diffraction limited beam qual-
ity and for laser arrays with multimode emission. To
further increase the output power combinations of sev-
eral emitters are used and beam combining techniques
have been developed. The present status and future
developments will be presented.

Dr. Helmut Stiebig

Institut fir Photovoltaik, Forschungszentrum Jalich,
Germany

Color Aliasing Free Detectors

Abstract: Colorimage processing is usually performed
with the aid of color filter array (CFA) coated CCD or
CMOS sensor arrays. However, color detection with
CFA leads to the color moiré or color aliasing effect,
which is observed when structures with high spatial
frequencies are captured. Furthermore, traditional
sensor systems exhibit a rather limited resolution and
a low fill factor, because one color pixel is split into
several chromatic sub pixels. In order to overcome
the color aliasing effect, vertically integrated sensor
structures have been proposed, which detect the color
information in the depth of the structure. The spectral
response, dynamic range and the transient behavior
of the vertically integrated sensors based on amor-
phous and crystalline silicon are determined by the
optoelectronic properties of the employed materials
and the device design (two, three and four terminal
devices). We will discuss different three-color detec-
tors and compare the properties of the structures (e.g.
p/n, pin, piiin, nipin) regarding their appropriated ap-
plications.

Additionally, three-color sensors are limited by the
mismatch between the spectral sensitivity of the de-

59



Informacije MIDEM 31(2001)1, Ljubljana

tector and the human eye. This mismatch leads to a
color error. For high quality and low color error imag-
ing applications (e.g. picture archiving) typically multi-
spectral technology is applied. In this case the sensor
array is covered sequentially with different color fil-
ters and the individual spectrum of each color point is
reconstructed afterwards. Due to the fact that several
images of the same scene are taken sequentially real
time imaging is prevented. To overcome this draw-
back of a multi shot mode we have developed verti-
cally integrated 4 and 6 channel detectors based on
amorphous silicon and its alloys, which can be read
out with one and two shots, respectively.

The purpose of this presentation is to demonstrate the
advantages of amorphous silicon based detectors in
the field of color sensor technology and to point out
the operation of the different device structures to fit
the demand of various applications.

Dr. Matjaz Vidmar

Faculty of Electrical Engineering, University of
Ljubljana, Slovenia

Optical-fiber Communications: Components and
Systems

Abstract: Optical-fiber communications brought a revo-
lution to communication technology, outperforming other
communication systems by several orders of magni-
tude in transmission capacity, unrepeated and repeated
communication range and decreasing installation and
operating costs. The optical-fiber revolution started ap-
proximately 30 years ago, when technology improve-
ments decreased the optical-fiber loss to less than 20dB/
km. The theoretical loss limit for silica (SiO2) based
fibers was reached only 10 years later, but the fiber
handling and line-terminal technology was far from
mature at that time. Even with primitive line-terminal
technology, optical fibers immediately outplaced co-
axial-cable systems and decreased the importance of
microwave and satellite point-to-point radio links. in the
last two decades, significant improvements have been
made in the line-terminal technology, including narrow-
spectrum solid-state lasers, wide-bandwidth modulators,
laser optical amplifiers, fast and sensitive photodetec-
tors and last but not least, high speed electronics. Al-
though advanced laboratory experiments are quickly
approaching the theoretica! capacity offered by the >10
THz bandwidth of a single mode optical fiber, several
problems have yet to be solved to make high-capacity
systems viable, including linear and nonlinear propa-
gation effects in the optical fiber itself, high performance
electro/optical and opto/electric converters, efficient high
speed electronics an all-optical signal-processing com-
ponents. The purpose of this presentation is {o sum-
marize the present status of optical-fiber communica-
tion technology, to discuss the basic components and
the limitations of these devices, and to present the re-
quirements and proposals for future systems.
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Dr. Gvido Bratina

Nova Gorica Polytechnic, Slovenia

Organic Semiconductors as Candidates for
Advanced Optoelectronic Devices

Abstract: Organic semiconductors are rapidly emerg-
ing as promising candidates for the expansion of the
optoelectronic devices to the field of flexible material
systems. Relatively weak van der Waals intermolecu-
lar bonding allows the fabrication of organic semicon-
ducting layers on a variety of substrates ranging from
glass to thin polymer foils. The electronic and optical
properties of thin organic semiconducting layers are
strongly dependent on their chemical composition and
structural parameters. Both features may be varied,
making the synthesis of light emitting or light detect-
ing devices with variable operating wavelength
straightforward. Typical possible applications include
multi-color light emitting diodes and flexibie full color
displays.

The level of understanding of the processes in the
field of organic light emitting devices, however, is
analogous to the status in the field of llI-V semicon-
ductor-based devices in the early seventies. The ma-
terial purity is one of major concerns, and depends
heavily on the method of preparation. The structural
parameters crucially affect the mobility of charge car-
riers, and are a function of growth protocol as well as
of the type of the substrate. Doping of organic semi-
conductors appears to be extremely uncontroliable.
Metal-organic-semiconductor contacts are instrumen-
tal to the operation of every device, and as such are a
subject of intensive research.

The first part of the lecture will give an overview of
the demonstrated organic-semiconductor-based light
emitting devices. In the second part the efforts to clarify
electronic transport in thin organic-semiconductor lay-
ers and metallic contacts will be illustrated.
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Please, see instructions for ABSTRACT and PA-
PER submission on our WEB page !!

ACCOMODATION

The Conference will take place in the Hotel Zlatorog,
Bohin;.

The hotel is mirrored in the crystal waters of Lake
Bohinj in the heart of Triglav National Park and is sur-
rounded by the peaks of the Julian Alps. A setting of
scilence, tranquility, sunshine and greenery.

Please send your room reservations indicating “ for
MIDEM 2001 Conference”, directly to :

Hotel Zlatorog

Ukanc 65, 4265 Bohinjsko jezero

Slovenia

Tel.+386 (0)4 5723 281, fax.+386 (0)4 5723 384
Hotel.zlatorog @ bohinj.si

SOCIAL EVENTS

The Conference dinner will be held on Thursday, Oc-
tober 11 at 20:00.

REGISTRATION

The registration fees are as follows :

e« FULL registration fee : 200 EUR ( *)

e MIDEM Society members, MIDEM sponsors : 150
EUR

The fee includes Conference Proceedings and free
access to ali Conference events ( Conference dinner ).
(*) Full registration fee ( applies to non MIDEM soci-
ety members ONLY ) includes a two year full MIDEM
Society membership.

Undergraduate students have free access to all Con-
ference sessions on submitting their study papers. For
other Conference events there will be an additional
charge.

Accompanying persons who will not take part in the
conference may join other conference events at an
extra charge ( DINNER : 30 EUR).

Programme and Organizing Committee,
MIDEM 2001 Conference

MIDEM at MIKROIKS

Mrs Meta Limpel

Stegne 11

1521 Ljubljana, SLOVENIA

tel.+386-(0)1-5112 221, fax.+386-(0)1-56112 217
email ; Iztok.Sorlieguest.arnes.si

Conference Web page:

http://paris fe.uni-lj.si/midem/conf2001/
MIDEM 2001 Conference official Email:
midem @ paris.fe.uni-lj.si

Contact person for the Workshop on OPTO-
ELECTRONIC DEVICES AND APPLICATIONS

Dr.Marko Topi¢, workshop chairperson

Faculty of Electrical Engineering in Ljubljana
Trzaska 25, 1000 Ljubljana, Slovenia

tel.+386 (0)1 4768 470 , fax.+386 (0)1 4264 630
Email : marko.topic @fe.uni-lj.si
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ODPRTJE KOLARJEVE PREDAVALNICE

Zamisel o tem, da bi seminarsko sobo Odseka za
keramiko poimenovali po prof. dr. Dragu Kolarju,
se je porodila ze februarja lani, potem ko nas je
nas cenjeni kolega nepri¢akovano zapustil. 14.
februarja je minilo leto od takrat, zato smo se tega
dne na Odseku za keramiko poklonili spominu nanj.
Nabito polna, od sedaj Kolarjeva, predavalnica, ki
sta jo odpria prof. dr. Vito Turk in prof. dr. Marija
Kosec, je zgovorno pri¢ala o tem, kako Ziv je
spomin na prof. Kolarja v vseh, ki smo ga imeli
priloznost poznati in delati z njim in ob njem. Vabilu
so se odzvali $tevilni sodelavci Instituta ,"Jozef
Stefan”, profesorjevi sodelavci s fakultet, institutov,
podjetij in tovarn, prisla je tudi njegova héi Jana.
Prireditev je obogatila nadarjena mlada violinistka,
dijakinja srednje glasbene $ole, Ziva Ciglenedki,
ki je zaigrala nekaj skladb, s katerimi se uspesno
" uveljavlja na mednarodnih mladinskih tekmovanjih.
Prvo predavanje v Kolarjevi predavalnici z
nasiovom Strukture v sistemu TiO, -GayO3 ~La,05 je
pripravil prof. dr. Ljubo Goli¢, Kolarjev dolgoletni
fakultetni in institutski sodelavec.

Sodelavci Odseka za keramiko se zahvaljujemo
vsem, ki so z nami pocastili spomin na prof. Kolar-
ja, vsem, ki so poklicali, da ne bodo mogli priti in
vsem, ki v sebi, kot mi, hranijo majhen prostoréek
za tega velikega Cloveka.

Prispevek je pripravila Sanja Fidler in je bil objavijen v
internem glasilu NOVICE [JS st. 87, marec 2001
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Govor ob odprtju Kolarjeve predavalnice je imela vodja
Odseka za keramiko prof.dr, Marija Kosec.



