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Fig. 6. Total frequency magnitude response of four 2-D QMF filters summa-
tion. The values are nearly constant, ie., (0.999821 ~1.000179035) or
(—0.000777 dB ~ 0.000777 dB).
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Fig 7. The reconstruction error of Fig. 6 in enlarged scale. The largest error
is located at the four corners of the 2-D QMF filters (0.999821 ~ 1.000179035)
or (—0.000777 dB ~ 0.000777 dB).

nal signal can be proved to cancel each other, as long as the
Fy(Z,)’s are symmetric half-band filters. We can then perfectly
reconstruct the original signal without any distortion. The fac-
torization of the F;(Z;)’s into their maximum phase components
H,..(Z;) and minimum phase components H,; (Z;) is the same
as in 1-D cases [10]-[12].

IV. EXPERIMENTAL RESULTS

Fig. 4 shows the four-band partition of the frequency spectrum
in our 2-D subband coding scheme. First, we use the Parks—
McClellan FIR filter program to design a 63-point symmetric

- half-band filter F,(Z;), and the procedure in [12] is adopted to
factor out Fy(Z;) into its 32-point maximum-phase H_, (Z,)
and minimum-phase part H,; (Z;), respectively (see Tables
I-III). The four 2-D QMF filters can be efficiently designed by
the separable products of four 1-D QMF filters as in Fig. 3. The
frequency magnitude responses of four 2-D 32X 32 QMF filters
are shown in Fig. 5(a)-(d). The reconstruction error is within
+0.000777 dB (see Figs. 6 and 7), and the largest error is located
at the four corners of 2-D QMF filters, mainly due to the
factorization by homomorphic cepstrum.
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V. CONCLUSIONS

In this paper, a new 2-D subband coding scheme is proposed,
which adopts the 1-D QMF filter technique and Vetterli’s sep-
arable scheme. Two-dimensional QMF filters can be efficiently
designed by a separable product of identical 1-D QMTF filters;
this new 2-D subband coder can exactly reconstruct the original,
free of any distortion. This will be very useful for image coding
and transmission applications.
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High-Frequency Design of the Wien-Bridge
Oscillator Using Composite Amplifiers

A. RODRIGUEZ-VAZQUEZ, J. L. HUERTAS,
aND B. PEREZ-VERDU

I. INTRODUCTION

The finite gain-bandwidth (GB) product of the operational
amplifier (OA) severely degrades the high-frequency performance
of the conventional one-OA realization of the Wien-bridge oscil-
lator [1]. In [1], Budak and Nay have shown that the GB
influence can be reduced by the expedient of using two-OA
composite amplifiers. In particular, these authors focused on a
realization of the Wien bridge using Reddy’s amplifier [2] and
developed an innovative design procedure that makes it possible
to extend the range of operation of the oscillator. However, in
spite of the advantages of using the amplifier in [1], there still
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remains a strong dependence between the frequency of oscillation
and the GB value (see [1, eq. (8)]). Furthermore, the analysis in

[1] relies on linear models, thus disregarding any influence due to
either the amplitude-controlling mechanism or the OA nonlinear-
ities. In particular, the influence of the slew rate is very strong at
high frequencies, and as a result, important disparities appear
between theoretical and actual behaviors [3].

" The circuit in this letter is intended to overcome the above
drawbacks. We consider a composite-amplifier realization of the
Wien-bridge oscillator and use a nonlinear analysis technique for
modeling the influence of the slew rate on the circuit perfor-
mance. We then show that, by properly designing the amplifier, it
is possible to obtain high-frequency, low:distortion sinusoidal
signals whose frequency of oscillation is v1rtua11y independent of
GB. Experimental data confirming these predictions are in-
cluded

II. SLEW-RATE OSCILLATOR MODEL

The Wien-bridge oscillator circuit is shown in Fig. 1. Two
different blocks can be dlstmgulshed namely an amplifier and a
passive RC network. The transfer function for this latter network
is

SWa
8%+ S3Wa + Wa?

Tre(S) = (1)
where Wa=1/RC.

If an ideal amplifier were available, its gain would have to be
fixed to a value of 3, thus making the circuit oscillate at a
frequency Wo = Wa. However, in practice this idealized picture is
only valid at very low frequencies. When the frequency is in-
creased, both the required gain value and the oscillation frequency
deviate from those ideal values. Moreover, the influence of the
amplifier nonlinearities gives rise to the onset of distortion.
Clearly, all previous effects would have to be considered for a
proper design, this requiring a careful choice of the amplifier.

Let us consider that the amplifier in Fig. 1 is realized using the
two-OA composite structure of Fig. 2 [4]. The high-frequency
nonlinear behavior of this amplifier can be accurately analyzed
by resorting to the use of the OA model shown in Fig. 3 [6].
Assume that each OA in Fig. 2 is replaced by such a model. In
the frequency domain, we may assume the signal V] to be
sinusoidal and then analyze the circuit by using the describing-
function technique. As a preliminary step, we have to identify
which of the two OA nonlinearities is the dominant one. Obvi-
ously, it will depend on the actual values of both the K and the P
parameter in Fig. 2. However, for the values to be considered
herein, it can be shown that the nonlinearity of OA2 is the
dominant one [3]. Taking this into account, we get the following
transfer function for the amplifier in Fig. 2:

S
1+ 2P
A) =K 2
G(s,4) ) s K s? KP @)
+— +
GB N(A4) GB* N(4)

where GB denotes the gain—bandwidth product of the OA (we
have assumed GB, = GB,) and A is the-amplitude of the funda-
mental harmonic at the input.of OA2. The describing function is

given by
(2/m)[sin1 (8/4) +(8/4)1—(8/4) ]

for (8/4) <1
1 elsewhere.

N(4) =
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Fig. 1. Block diagram of the Wien-bridge oscillator.
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Fig. 2. Two-OA composite amplifier realization.
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Nonlinear model for the OA.

Fig. 3.

Consider now that we are using the previous amplifier model
in Fig. 1. From the theory of nonlinear systems [7], it is known
that there is a limit cycle oscillation for every solution of

G(S’A)TRC(S)|S=jWo=1' (4)
Using (2) in (4), we get the following characteristic equation:
3WaKP
GB?N(4)
WaKP]

St—s—"+S +
GB2N(A) GBN(A4)
Wa’KP
GB*N(4)

KpP 3[ K

3WaK
+
GBN(A4)

+82{1+ .
| g
a’K

m—KWa]+Wa2=O (5)

+ S[3Wa+

which, after some algebraic manipulation, can be shown to
exhibit the following solution:

Wo=Wa
- 3
 1+9[Wa/GBN(A)]
3 _
P (6)

This is a very interesting solution in that the actual frequency
of oscillation is equal to the ideal one. As a matter of fact, given a
value of the Wa of the RC network, previous equations give us
the required values of K and P for achieving the goal of making
Wo =Wa. However, in order to solve these equations, prior
knowledge of N(A) is required. In practice, we may resort to the
use of some distortion measure related to N(4). In particular, we
propose to use the ratio (expressed in decibels) of the amplitudes
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Fig. 4. (a) Plot of K versus oscillation frequencies for different distortion
levels. (b) Plot of P versus oscillation frequencies for different distortion
levels.

of the third and the fundamental harmonic at the output of OA2
(this is meaningful because the nonlinearity we are dealing with is
odd). Such a ratio can be calculated from the corresponding
value of N(A), as in [7]. Using the results of these calculations in
(6), we can obtain the plots in Fig. 4. There we show K versus
Wo (Fig. 4(a)) and P versus Wo (Fig. 4(b)) for different values
of the distortion parameter. Given Wo and the maximum distor-
tion level, we can then obtain the required values of K and P.

At this point, the only question which remains to be answered
is whether or not the limit cycle oscillations are stable. Applying
Loeb’s criterion [7], we obtain the following condition for stabil-
ity (3] '

Wa?

_s
GB?

KP*+9-3K<0

(7
which can be shown to be fulfilled for the values given in (6).

III. DiscussiON OF RESULTS

The design procedure introduced in the paper has been tested
via experimental measurements. Table I is a summary of the
results we have obtained using LM747 dual operational ampli-
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TABLE I
EXPERIMENTAL RESULTS FOR DIFFERENT OSCILLATION FREQUENCIES
Theoretical Experimental

Wa /27, kHz K Wo /2w, kHz Dist., dB
22.7 2.98 225 —42

491 2.89 49.2 —41.5

88.4 2.68 88.3 —41

107.8 2.55 105.5 -37
154.8 2.2 147.7 -36

fiers and passive components with a 1-percent tolerance. The first -
part of the table shows the theoretical values obtained during the
design phase. These values have been calculated from (6) taking
GB =800 kHz and assuming the distortion to be —40 dB. The
second part shows the measured parameters. As can be seen,
there is very close agreement between each value of Wa and the
corresponding frequency of oscillation. In fact, the deviation is

_less than 2 percent for frequencies up to 100 kHz. It compares

favorably with the model proposed in [1]; there, the deviation is 2
percent for a frequency less than 6 kHz (see [1, eq. (18)]).

As a final point, it is important to mention that the proposed
modeling technique is not directly applicable to a composite-
amplifier structure different from the one in Fig. 2. This is
because instability problems can appear. In particular, such
problems arise when trying to use Reddy’s amplifier [3]. In fact,
the composite amplifier in Fig. 2 has been selected from the
whole catalog of amplifier structures [4], [5] as the one best

" tailored for getting Wo = Wa [3).
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Delay-Time Sensitivity in Linear RC Tree

NAVNEET K. JAIN, V. C. PRASAD, AND
A.B. BHATTACHARYYA

Abstract —The study of RC networks is important to understand digital
MOS integrated circuits. Several authors studied these networks from the
point of view of bounds on voltage waveform {1], [2], signal delay [3], etc.
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