A method is presentad for designing mopelithis filtevrs which uses
external freguency reference and digivally controlled resistor avrays. This
method produces a filter whose W_ and ¢ can be runed to better than 1% of their

desired values. The technlgue
INTRODUCTION
. Monolithic filters are smaller than discrete
component filters and are less expensive to
manufacture in quantity. Present techniques for
designing these filters suffer from several drawbacks
which make discrete component filters preferable in
many applications where space is not important. The

approach to monolithic filter design presented in this
paper greatly reduces these drawbacks.

COMMOn approaches toward
monolithic filter design, elither vesisior-capacitor
producte or capacitor ratics are used to determine the
filter characteristics. DMonolithle vesistor—capacitor
products are difficult to m with an accuracy

In the two most

greater than plus  or process
parameter variations. held to
reasonably tight tolev rates, but
the switched capacitor these

vatiocs suffer from rantly
produce good resulrb av e 10 kHz.
Another appxoach o is the
Switched~Resistor {1] tec s
are alternately and repe an
accurate resistance., The echnique
involves slowly switchin a filter
circuit and pretune circuit that the
effective RC products ave vatio of
two capacitors and inver o an
external reference frequency
THE ‘DIGITALLY SELF-~TUNED FILTER
As in the Switched~Resistor method, R-C products

controlled in the proposed technlque to determine
the filter characteristics, but instead of wutilizing
resistors which require repeated refreshment, each
adjustable resistor consists of a digitally controlled
array of vresistors and switches. The resistance of
each array is determined binary input signal

are

by a

ig applicable at both
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low and high freguencies.

which controls the switches and thus the resistance

the array. The arvay is designed so that its nomin
resistance approximates that required to give ths
filter a certain characteristic. Onee  established,

the binary inputs ave latched to maintain the requived

values.

For tuning, signals of known frequencies &y

applied to the input. A phase comparator is used to
determine the phase shift of the filter at different
frequencles near W . A control circult uses the

information provided” by the phase compavrater to adjust
the variable resistore mtil the
characteristics (e wg and Q) converge ¢

desired values.

ogs

The tuning procedure always occurs at power-up-
The tuning algorithm can be dimplemented at other
times, 1if necessary, such as when a significant
temperature change iz detected. With clever tuning
schemes, the time it takes to trim the filter is in
the millisecond ) Since the adjustment of the

filter is based on
charvacteristics are
parasicic effects.
used to produce
TADZR.

ured performance, the filter
insensitive to GB variatioms and
A standard NMOS process can  be

filters which operate in the 100kHz

the array shown in Figure ! is
to R,, where R_ 1is the maximum
The resistors in the arvray
are sized so that the series combination of the
registor and on-impedance of the switeh for
section on the vright side of the array equals
corresponding resistance on the left side of
array. This allows for approximately a -/~ 253% chan
in resistance about the nominal value of 3R /4 whi
should be adequate to adjust for process variation .
parasitics, and GB effects in many applications.

The resistance of
adjustable from™ R /2
vesistance of the Jrrﬁys
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A block diagram of the general filter structure
is shown in Figure 2. A graph of the iransfer
function of the resistor array is shown in Figure 3.
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THE CONTROL CIRCUIT

The eontrol circuit itself plays a major role in
the performance of the filter. It must be capable of
electrically isolating the actual filter from the
input signal for the short amount of time necessary
for tuning. It must then be able to apply reference
frequencies for the adjustment of the filter
characteristics. (For practical reasons, the
reference frequencies should be chosen as fractionzl
multiples of a single clock frequency. They should
also be spaced to give an adequately measurable change
in filter characteristics.)

For the block diagram shown in Figure 2, the
filter ‘is tuned by establishing the correct phase
response. By knowing what the duty cycle of the
output of the phase comparator should be for the
appropriate input frequency, the control circuit must
be able to adjust the binary control input to the
appropriate resistor array until the duty cycle
converges to the desired value, The control circuit
may take the form of hardware, both hardware and
software, or it may be a micro—-processor structure
responsible for tuning and adjusting the components of
a larger system of which the filter is only a part.
The filter and controller may be produced as a single
chip or as a 2-chip set where the controller chip may
be capable of tuning several different filters
individually.

The control circuit may also add flexibility to
the filter design by switching in different capacitor
values from a capacitor bank to achieve different
filter characteristics. This allows for post
fabrication circuit design.

THE PHASE COMPARATOR

Figure 4 shows a block diagram of a phase
comparator that can be used for the corresponding
block in Figure 2. The test frequency clock input to
the phase comparator 1is a square wave which is also
used as the test input to the actual filter during
tuning. When the output of the filter is applied to
the phase comparator, an output pulse whose duty cycle
is proportional to the phase shift between the input
and the . output of the filter is generated. The
control circuit measures this duty cycle and adjusts
the appropriate resistor array until it converges to
the desired value,
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Figure 4: Schematic of Phase Comparator
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The resistor arraye B, zpd B are used to
and Q respectively, For %his example it 1s assume
that ¥ = 50 kiz +/= 1% and Q = 10 +/- 5%. The
following calculations show that 6 bits are required
to attain this resclution, provided that R, and R, can
be maintained to within <+/- 33% of t%eir nominal
values over temperature and process variations.
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»2 ig the maximum resisgtance

o1 = l'dﬁh
By substitution:
dFiz = leSRw
Thus:
—————3-——%%01 ét;tz = 33.3 steps

Rounding up, this requires & bits,

The sensitivity of ¢ wrt Rb ig:
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The nominal registance of the type of binary

array shown in Figure 1 is:

3

R T

Reb
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Where Rtb is the maximum resistance of the array.

Ther for Q = 10 and h = 49:

de
.05 = 3.857 T
brnom
By substitution:
dRb = .013 Rb
Thus:
1
R, =3 R -
_th 2 th . 38,6 steps

013 Rtb

Rounding up, this requirves & bits,

It is important to know how much offget voltage
can be tolerated im the voltage comparator used in the
phase comparator and still meintain the desired
acCuracye. For example, for the second-order bandpass
filter ghown in Figure 3, and using the equation:

1- Ly

W= W

6= 90° - tan”! e

O/ZQ

1- L

R 492 Hy
=~ tahn W
O/ZQ
where © ig the phase shift of the filter, a I%

variation. in W_ gt W, causes a phase shift of 11,26%

For a iV peak input signal, this corresponds to a
voltage shift of sim 11,26 - sin 0.0 = 195.26auV.
Assuming no error in W, a 3% variation in a Q  of i0
at W=1.05W_ causes a phase shift of 1,407, This
corresponds to a voltage shift of sin ~44.31 = sin
=45.70 = 17.27uV. If the maximum error of 3%
introduced by six bits of resolution on the @
adjustmént were to occur, this would leave 2%
allowable error remaining. This corresponds to an

allowable offset voltage of sin =44 .31 = sin -44.88
7.08uY on the voltage comparator. If the resolution
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were increased to 8 bits, an adjustment accurdcy of
0.76% could be achieved, leaving 4.24% remaining for
the phase comparator and allowing an offset voltage of
sin ~44,31 - sin -45.50 = 14.7lmV. The error in the
expected phase shift for the Q measurement is very
large for a 1% error in W_. The control circuit will

have to compensate for this error by measuring the
phase shift at W and adjusting the expected phase
shiftc for the Q measurement accordingly. These

characteristics are a function of the filter topology,
and may vary for a different filter design.

CONCLUSIONS

Not only does the monolithic filter design
technique presented in this paper offer improvements

in the accuracy and frequency range available in a
monolithic filter, it also lends itself well to
applications in harsh environments where large
temperature variations cause significant changes in
component values. It is process independent. Modest
process parameter variations will not affect the
accuracy of the filter. The ultimate frequency range
is 1limited by the GB's and slew rates of the OP AMP's

and the speed of the phase comparator. If W . is
within the operating range of the OP AMP's, variagions
in the GB's will not affect filter accuracy, which is
also insensitive to parasitics. Since switching and
tuning are only pearformed at power-up oOF after
significant temperature changes, the noise
characteristics are greatly superior to the
characteristics of those techniques which require
constant high-speed switching. The dynamic vrange is
very good, and is comparable to that reported by Banu
and Tsividis {3].
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