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Abstract— This paper discusses the use of multi-band-stop filters
for application as frequency discriminators. A novel design method is
presented (multi-band-stop filters based on the balanced gray code)
and compared to the straightforward method (traditional gray code).
The novel method increases individual rejected bands fractional
bandwidth, while assuring that each filter possess the same amount of
rejected sub-bands. For a frequency span, it is also shown that the
sub-bands fractional bandwidth relative standard deviation is
reduced.
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I. INTRODUCTION

In Instantaneous Frequency Detection, a frequency
discriminator is a frequency-sensitive device that allows the
system to infer the frequency of an unknown incoming signal.

A way of implementing Digital Instantaneous Frequency
Detection Systems is using a set of interferometers along with
power detectors that create a unique combination of output
words to represent the detected frequency.

However, a group of interferometers can be substituted by
a set of filters that mimic its frequency response, allowing the
use of much more developed implementation techniques.

As a natural solution, these filters ended mimicking the
code in which the interferometers are built: the traditional gray
code.

This paper presents a method for defining the
characteristics of a set of filters for application as frequency
discriminators based on the balanced gray code. Also, a
comparison between both methods is present, showing
average sub-band fractional bandwidth along with standard
deviation and variation coefficients.

II. MICROWAVE FREQUENCY DISCRIMINATORS

Historically, interferometers have been used in analogue
Instantaneous Frequency Measurement Systems (IFM) as
frequency discriminators. A microwave interferometer
operates similarly to an optical one, splitting an incoming
signal into two equal parts, guiding each one into different
paths. When combining the signals, the phase shift between
them produces a pattern that allows the recognition of the
signal frequency. [1].

From this method, a straightforward solution to implement
a digital IFM is to attach microwave detectors along with
voltage comparators [2, 3]. If a certain detected signal’s

voltage level is higher than a predefined threshold, the output
bitis ‘1’ (or ‘0’ otherwise).

To increase resolution, multiple interferometers can be
utilized. Since the frequency response of an interferometer is
periodical, the output bits will present a periodical pattern with
respect to the input signal frequency. Thus, the output code
(composed by the individual bits) has to respect such pattern.

The traditional gray code is perfectly suited for this
application since its bits sequences are composed by a
sequence of ‘0’s followed by the same number of ‘I’s,
therefore being easily implemented with interferometers.
Another advantage from the use of this code is that its
consecutive words differ by only one bit, preventing spurious
results in the band transition proximities. [4]

Below, is the 4-bit traditional gray code:
0000000011111111
0000111111110000
0011110000111100
0110011001100110

A. Frequency Discriminators Using Multi-band-reject Filter
Responses based on Traditional Gray Code.

The use of filters as frequency discriminators emerge from
the concept that any couple of microwave network will
perform the same function as long as their frequency
responses are equal.

Nonetheless, microwave filter design techniques are far
more  advanced when compared to  microwave
interferometers’, what makes the choice for the previous very
appropriate.

Some solutions employ filters as frequency discriminators
utilized multi-band-reject filters for this task [S]. In [6] the
filter design was chosen to mimic the interferometers’
frequency response. In this example, all filters were
implemented using square ring resonators that while being
suitable for implementing the narrowest sub-bands, requires a
large number of rings for implementing the widest ones.

Also, as predicted by the use of the traditional gray code,
every subsequent filter sub-bands bandwidth is half the size of
its predecessor. In order to increase the system resolution,
more filters have to be added with even narrower sub-bands.



B. Frequency Discriminators Using Multi-band-reject Filter
Responses based on Balanced Gray Code

The balanced gray code is a variation of the traditional
gray code that while maintaining its characteristics, reduces
the number of transitions, therefore, allowing the filters’
rejected bands to be less narrow when compared to their
traditional counterparts.

The key concept behind this choice is that the set of n
filters will still keep its key requirements: producing 2" output
words, while two consecutive words differing by a bit only.
Nonetheless, the filter design can benefit from this choice in
the form of the shape of its sub-bands and quantity of sub-
bands per filter.

Below, is the 4-bit balanced gray code:
0111111000000110
0011110011110000
0000111110011100
0001100000111111

III. COMPARISON BETWEEN TRADITIONAL AND
RECONFIGURABLE DISCRIMINATOR DESIGNS

Considering multi-band-reject filters, one possible way to
construct such devices is by the combination of sub-filters that
individually reject each sub-band. Implementing a set of filters
mimicking the traditional gray code will result in
disproportion in the number of sub-bands per filter. As an
example, using the 4-bit traditional gray code, filters 1 and 2
will possess 1 rejected sub-band, while filter 4 will possess 4
rejected sub-bands.

The balanced gray code, however, grants that each filter
has the same quantity of sub-bands. On the 4-bit balanced gray
code, every filter has the same amount of rejected sub-bands,
i.e. 2 rejected sub-bands per filter. This impacts directly on the
filter size uniformity, since each filter will be constructed with
the same amount of sub-filters.

For a better understanding of the concept, let us define Af"
as the resolution of an IFM system of # bits, given by:
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where f, and f; are respectively the maximum and minimum
frequencies of the IFM system.

Considering a rejected sub-band belonging to a multi-
band-stop filter, its limiting frequencies will be apart from
each other by a multiple of the system's resolution, as shown
in Fig. 1.
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Fig. 1 - A filter Individual Re)ected Sub-band

In this representation, a and b are integers and represent
how far from the maximum and minimum frequencies the sub-
band cutoff frequencies are; while f;' and f,' are the rejected
sub-band cutoff frequencies.

The fractional bandwidth of a filter individual sub-band
can be expressed in terms of this representation by:
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As a comparison, let us choose fo/fi = 2, the values of a and
b give the fractional bandwidth for each sub-band, as shown
on Table 1. (Note that the variables considered are those of a
4-bit system). The results show that for the same number of
bits, the average fractional bandwidth is greater, while the
standard deviation is smaller.

FBW'=

Table 1 — Fractional Bandwidth Comparison for f3/f; = 2

Traditional Gray Code Balanced Gray Code
Filter | Band | a b FBW’ | Filter | Band | a b FBW’
1 1 8 0 | 0.2857 1 1 1 9 | 0.3000
2 1 4 4 | 0.3333 1 2 13 1 0.0667
3 1 2 10 | 0.2000 2 1 2 10 | 0.2000
3 2 10 2 | 0.1429 2 2 8 4 | 0.1538
4 1 1 13 | 0.1111 3 1 4 7 0.2222
4 2 5 9 | 0.0909 3 2 11 2 | 0.1053
4 3 9 5 | 0.0769 4 1 3 11 | 0.1000
4 4 13 1 0.0667 4 2 10 0 | 0.2069
Average: 0.1634 Average: 0.1694
Standard Deviation: 0.1003 Standard Deviation: 0.0774

Fig. 2 shows the average fractional bandwidth vs. fo/fi for
both traditional and balanced gray code. Having a greater
fractional bandwidth means that the filter implementation can
be done easier because the sub-bands are relatively wider.
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Fig. 2 — Average Fractional Bandwidth versus f./fi

Fig. 3 presents the relative standard deviation of the
fractional bandwidths. Having a smaller relative standard
deviation means that the sub-bands fractional bandwidths are
closer. Therefore, a same technology will be suitable for all
rejected sub-band individual filter implementation.
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Fig. 3 — Fractional Bandwidth Relative Standard Deviation
versus f/fi

IV. CONCLUSION

In this paper, it is demonstrated that the use of balanced
gray code for the definition of sub-bands in a multi-band-stop
filter increases the average fractional bandwidth of the
individual rejected bands while assuring that each filter will
possess the same amount of rejected sub-bands.

Also, it is shown that, for a specific frequency region, the
rejected sub-bands bandwidth relative standard deviation is
also reduced, which means that it is easier to construct all
filters using the same technology.
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