occur between the 10th and 11th FP orders of FFP, indicat-
ing a properly designed second filter. A portion of the appar-
ent 4dB loss at the adjacent FP orders of FFP, and most of
the 15dB loss of FFP, is due to the O:1nm resolution
(13GHz) of the optical spectrum analyser. In the cascaded
response shown in Fig. 2b, all FP orders of both filters are
completely eliminated. Excellent locking characteristics were
obtained with no isolator between the filters, and with both
controllers operating with a nominal dither frequency of 2-
4kHz. Power was measured at (B) and (C) in Fig. 1 with
—16-7dBm power input at {A). Total insertion loss of the
cascaded filter was measured at 5-6dB with FFP, preceeding
FFP, and verified by spectra shown in Fig. 3a. Known losses
in the cascaded filter were 3-2dB for the FFPs and 1-0dB for
the two splitters (10% each) leaving 1-4dB for three connec-
tors and the excess loss for two splitters. Wavelength locking
was achieved with as much as 26 dB attenuation of the input
signal at (A) also shown in Fig. 3a. When FFP, preceeded
FFP,, the total measured insertion loss of the cascade was
anomalously high at 8-6dB. Apparently, dithering of the
wider band filter caused an additional average loss in the
narrower band filter. Wavelength-locking of the cascaded
filter was verified by changing the temperature of the DFB
laser source thereby generating the curves of Fig. 3b.
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Fig. 3 2nm output spectrum of cascaded FFP filter showing insertion
loss of 56 dB and dynamic range of 26 dB, and wavelength locking with
(-3 nm source drift
a 5-6dB insertion loss and 26 dB dynamic range
(i) laser
(i) laser + FFP,
(iti) laser + FFP, with 26 dB added attenuation
b Wavelength locking with 0-3 nm source drift

Summary: A two-stage FFP filter consisting of all com-
mercially available components has demonstrated character-
istics necessary to separate 1000 channels in an EDFA
spectrum.

C. M. Miller and J. W. Miller (Micron Qptics, Inc., 2801 Buford
Highway, Suite 140, Atlanta, GA 30329, USA)
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USING MULTIPLE-INPUT
TRANSCONDUCTORS TO REDUCE NUMBER
OF COMPONENTS IN OTA-C FILTER
DESIGN

A. Wyszynski and R. Schaumann

Indexing terms: Transconductors, Integrated circuits, Filters,
Operational amplifiers

Depending on the structure of the OTA and the topology of
an OTA-C filter, the use of multiple-input OTAs can reduce
the number of components, silicon area, and power dissi-
pation by approximately a factor k, where k is the number of
inputs of the OTA. A suitable bipolar OTA is presented,
together with an example of ladder synthesis.

Introduction: The number of components in integrated ana-
logue interface systems for VLSI signal processing is constant-
ly growing. Although the analogue circuitry is usually
confined to a small part on the digital chip, the number of
components and the total power dissipated in the analogue
part has long ceased to be negligible. This is true especially in
high-frequency circuits which are built with operational trans-
conductance amplifiers and capacitors, OTA-C circuits. In
these designs, the majority of components is used to build
highly linear, tunable and frequency compensated gain blocks,
OTAs. With increasing OTA requirements, the number of
components unavoidably grows. There are many examples of
such cells in the literature [1-3, *]. None of them addresses
the need of saving components and power.

Generally, fully-balanced designs prove to be superior to
single-ended ones because of reduced offset, distortion, noise,
nonlinearities and improved power supply rejection [2, 7, *].
However, the price for using a differential structure is roughly
double the number of circuit components. Moreover, because
the output DC level in a fully-balanced circuit is not defined,
an additional common-mode feedback (CMF) circuit has to
be added [4, 5]. This further increases the number of com-
ponents, because a good CMF circuit, such as the one in Fig.
3, may be comparable in size with the OTA. Finally, the larger
number of components results in increased vulnerability to
layout parasitics, crosstalk or distortion caused by the
extended connection lengths, nonuniformity of temperature,
doping, and electrical conditions across remote parts of the
system on the chip. Bearing these arguments in mind,
reducing the number of elements in contemporary analog cir-
cuits seems to be a task of prime importance.

Method of saving components: OTAs with multiple inputs
have been used for various reasons, such as facilitating signal
addition, improving the output impedance, and obtaining
superior noise performance [7, 8], but the possibility of
reducing circuit complexity seems not to have been recognised
or systematically exploited.

The idea of saving components in OTA-C filter synthesis is
as follows: given an arrangement of OTAs and capacitors

* SZCZEPANSKI, 5., WYSZYNSKI, A., and SCHAUMANN, R.: ‘Highly linear
voltage-controlled CMOS transconductors’, submitted to [EEE
Trans. Circuit and Systems, 1991
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which realise an OTA-C filter by ladder simulation or cas-
cading of biquad sections, frequently two or more OTAs have
their outputs connected together to a current summing node.
This configuration, presented in Fig. 1 for two OTAs, is equiv-
alent to a single OTA with two inputs and one common
output.

b 34101

Fig. 1 Circuit diagram for two single-input OT As and one double-input
oTA

a Two single-input OTAs
b One double-input OTA

Adding the output currents of the two OTAs in Fig. la
yields

lo=1i+ 1, =guVi = V) + 6V —V3) o
which is the equation for the double-input OTA cell in Fig.

1b. Assuming that g, = ¢,.; = g, as happens in most OTA-C
designs, eqn. 1 takes the form

fo=gul(V + V) — (V7 + V3] 2)

Eqn. 2 can also be interpreted in a slightly different way:
assuming appropriate voltage summing circuitry is available,
the sum of different voltages can be applied to one single-
input OTA, resulting in substantial component savings.

C2

Rs L

If k identical OTAs have a common output, and are combined
to a multiple-input OTA with k inputs, the number of com-
ponents required is N, = N, + [k — 1), where N, is the
number of elements in a single-input OTA, and ! is the
number of components used by cach of the additional multi-
ple inputs. Reasoning this way, a total saving of components,
S = (number of components)/(reduced number of com-
ponents), can be calculated as

kN,
-~k
N+ (k—1) @

Eqn. 3 assumes that (K — I)f € N, ie. it follows that a suit-
able circuitry for an OTA should add the smallest possibie
number of elements per each additional input. In this case,
component savings by, in the limit, a factor k take place.
When the condition is not fulfilled, savings also occur but they
are more modest.

Filter synthesis with multiple-input OT As: As a simple illustra-
tion of using the above technique, consider the synthesis of a
third-order elliptic filter. Its ladder and single-input fully-
balanced models are presented in Fig. 2a and b. By grouping
OTA2 with OTA3, OTA4 with OTAS5, and OTA6 with OTA7
as having common outputs, three double-input OTAs:
OTA23, OTA45, and OTAG67 are identified and connected as
in Fig. 2¢.

Because of the voltage divider R, /(Rs + R;) the RLC model
in Fig. 2a has a —6dB fiat loss. To compensate for this loss,
the g,, value of OTAI in the single-input realisation of the
filter should be doubled, which is conveniently realised by
connecting two OTAs in parallel. This is equivalent to the
double-ended OTA11 in Fig. 2¢, with its inputs tied together.

The total count after the conversion is four double-input
OTAs instead of eight single-input OTAs. Clearly, if the
double-input OTA consisted of approximately the same

+Vg

-Vg

Fig. 2 Circuit diagram for third-order elliptic low pass filter

a Passive prototype ladder
b With single-input OTAs and capacitors
¢ With double-input OTAs and capacitors
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number of components as the single-input OTA, savings by
nearly one half in the number of components would result.

It is possible to extend this procedure to practically all
OTA-C structures; in some of them OTAs with more than
two differential inputs can be used. For example it is noted
that OTA11 and OTA23 in Fig. 2¢ share a common output.
Thus. 2 four-input OTA could be substituted for additional
savings of components, but the OTAs would no longer be
identical. The general problems and procedures of OTA-C
filter synthesis using multiple-input OTAs are being currently
investigated.

Multiple-input OT A cell: The circuit in Fig. 3 represents a
suitable solution for a multiple-input OTA according to the
previously established guidelines: it uses only two additional
transistors and two resistors for the second input pair. Its
single-input operation has been described elsewheret and will
not be repeated. It should be pointed out here that the OTA is
fully-tunable, and its differential transconductance is given by

gy = ! @

2R I
Using an 8 GHz bipolar transistor array process, the OTA has
a —3dB frequency of more than 2-7GHz, and a maximum
linear input range of +2:5V for a power supply of +5V. The
circuit consists of total of 22 transistors and 16 resistors, of
which eight transistors and eight resistors form the CMF
circuit. For the double-input structure, linearity, input and
output impedance, power consumption and bandwidth stay
almost the same as for the single-input configuration.

An additional advantage of using multiple-input trans-
conductors in OTA-C filter design is a reduction of parasitic
capacitances associated with the OTA. It can be shown that
for the filter in Fig. 2¢ parasitics associated with the capacitors
C,, C, and C, are less than for the filter in Fig. 2b. It is due to
parasitics of the output stage in a double-input OTA being
theoretically half of those of two single-input OTAs. This in
turn allows designs with smaller values of capacitors and may

+ WYSZYNSKI, A., SCHAUMANN, R., SZCZEPANSKI, S., and VAN HALEN, P.:
‘Design of a 27GHz linear OTA and a 250 MHz elliptic filter in
bipolar transistor-array technology with lateral PNPs submitted to
IEEE Trans. Circuit and Systems, 1991

permits a higher cut-off frequency of the filter, given the
maximum value of g,, [9].

Conclusion: The idea of saving components, and reducing
power consumption and circuit parasitics by using miltiple-
input OTAs in OTA-C filter design has been presented. Theo-
retically it can lead to reducing the area occupied by a filter
and the power consumption by a factor k, where k is the
number of inputs per OTA. The values of savings obtainable
in practice strongly depend on the structure of the filter and
the OTA cell. It can be also shown that this method leads to a
reduction of layout parasitics due to shorter connections on a
smaller occupied area, and circuit parasitics. This makes the
technique preferable for VHF filter design.

In an application of this method for an OTA-C filter design,
double-input OTAs were used. The numbers of components,
chip area and the total power consumption were nearly
halved. A practical benefit of applying double-input OTAs, on
a transistor-array chip of a given size, was the realisation of a
fifth-order elliptic filter with cutoff frequency of 250 MHz and
attenuation better than 50dB. Originally, using single-output
OTAs, the chip could barely accommodate a third-order ellip-
tic filter, with the same cutoff frequency, but with attenuation
of only 22dB.
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IMPROVED RECOGNITION CAPABILITIES
FOR GOAL SEEKING NEURON

R. G. Bowmaker and G. G. Coghill

Indexing term: Neural networks

RAM based neural networks are a relatively new class of
neural network which exhibit faster learning and greater ease
of VLSI implementation than the traditional analogue
models. Two RAM based neural models, the probabilistic
logic neuron (PLN) and the goal seeking neuron (GSN), are
simulated to determine their recognition capabilities. Tt is
found that the PLN has very poor capabilities, whereas the
GSN has widely varying capabilities due to the random
nature of the GSN learning algorithm. A new GSN learning
algorithm is presented which gives consistently good results.

Introduction: The vast majority of artificial neural network
research and application deals with the traditional analogue
neural model. Analogue networks have a number of advant-
ageous characteristics, including intrinsic generalisation abil-
ities. The disadvantages of analogue neural models typically
include slow training and difficulty of VLSI implementation.
RAM based neural networks are a relatively new class of
neural network which overcome these disadvantages [1]. This
Letter answers the question of whether RAM based neural
networks can be made to exhibit, in some sense, the important
generalisation ability of analogue networks.

The first popular RAM based neural model was the prob-
abilistic logic neuron (PLN) proposed by Kan and Aleksander
[2]. The PLN is a very simple model, and is therefore very
easy to implement. GSN networks suffer, however, from the
problems of nondeterministic response, saturation of learning
space, and poor generalisation ability [3].

The goal seeking neuron (GSN) is a more complex RAM
based neural model proposed by Filho et al. to overcome the
limitations of the PLN [4, 5]. A GSN network has a deter-
ministic response, makes more efficient use of the limited
storage space of a RAM-based neuron, and has some intrinsic
generalisation abilities.

Nonrandom learning: The operation of the GSN is determin-
istic, except for the learning state of the neuron. When there is
more than one possible location to write the desired output
value to, a random decision is made. This means that two
identical GSN networks, trained with the same data, could
have different recognition properties due to different decisions
being made during the learn phase of the network.

It was found that to implement such a random decision
would be difficult using digital logic, and would make the
performance of the GSN network inconsistent in the manner
mentioned above. For these reasons, the following alternative
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methods of choosing a location were evaluated as alternatives
to the random method:

(1) choose the first applicable cell when arranged in numerical
order of cell addresses

(2) If the desired output of the pyramid is 0, choose the applic-
able cell whose address is closest to 00 ... 0 (i.e. all 0s) in terms
of Hamming distance; if the desired output of the pyramid is
1, choose the applicable cell whose address is closest to 11 ...
1 (i.e. all Is) in terms of Hamming distance.

The first method was evaluated for its simplicity and ease of
implementation. The second was designed to force the
network to make the internal representations of patterns
which are to be associated with the same output value as
similar as possible to each other and the internal representa-
tions of patterns which are to be associated with different
output values as different as possible to each other. This
should have the effect of improving the ability of the network
to differentiate between separate classes, and generalise
between members of the same class.

Network simulations: Computer simulations of PLN and GSN
networks were carried out using the two nonrandom learn-
ing approaches presented above to test the generalisation
ability of the different networks. Each network consisted of
eight pyramids of four levels each, with a neuron connectivity
of 4. The resulting input space of the networks was 256 bits,
arranged as a 16 x 16 grid of binary values. The training data
consisted of eight, 16 x 16 character patterns, each with a
Hamming distance of 48 bits from all of the other patterns.
The networks were trained such that each of the eight pyr-
amids was to respond with a 1 for its respective character, and
0 for all the other characters.

The recognition capability of each of the networks was
tested by corrupting (i.e. logically inverting) n bits of the first
character pattern in random positions, where n ranged from 0
to 49. For each value of n, 1000 randomly corrupted patterns
were sequentially applied to the input of the network. Because
the input pattern was a corrupted version of the first pattern,
only the first pyramid should have responded with a 1. All
other network outputs were considered to be erroneous. The
number of erroneous outputs per 1000 input patterns was
recorded as the error rate for the particular level of corrup-
tion.

This test was designed solely as a means of comparing the
different neural networks. The types of corruption encoun-
tered in real applications, such as blurring, interference or
aliasing, may have significantly different characteristics to the
random corruption used in this test.

Fig. 1 shows the results of the simulations as a graph of the
recognition error rate as a percentage (out of 1000) against the
level of corruption as a percentage (of 256 bits).
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Fig. 1 Results of recognition capability test
(i) probabilistic logical neuron
(ii) goal seeking neuron (1)
(ii1) goal seeking neuron (2)
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