Design of bandstop filters utilising circuit

prototypes

W.M. Fathelbab and M.B. Steer

Abstract: A systematic circuit-oriented approach to the design of bandstop filters with pre-defined
upper passband characteristics is presented. An experimental filter is built with a fundamental stop-
band centred at 1.085 GHz and a first spurious stopband centred at 5.4 GHz.

1 Introduction

Conventionally-designed bandstop filters typically have a
first spurious stopband at a frequency only three times
that of the fundamental stopband centre frequency, f,
[1, 2]. A solution to this problem was recently proposed
by Levy ef al. [3] who introduced bandstop filter structures
with extended upper passbands. Design of the filters in [3]
begins with conventional bandstop networks and improve-
ment of their upper passband performance is subsequently
done by circuit optimisation.

It is the purpose of this paper to redesign the filter struc-
tures presented in [3] based on a systematic circuit-oriented
approach. The method presented provides insight into the
physical operation of these filters and requires minimal
circuit optimisation.

2 Circuit-oriented design

Fig. la depicts a lumped element lowpass prototype that
realises finite-frequency transmission zeros due to the
series parallel LC branches. This prototype is then trans-
formed to that of Fig. 15 (with impedance inverters) using
the conventional bandstop transformation for a certain stop-
band bandwidth. From Fig. 1b the impedance function of
any of the lumped bandstop resonators can be expressed
in terms of the Laplace variable, s as

_ (L) +1

o i=1,2,3... (1)

Z(s)
The transmission zeros of the fundamental stopband are
found from (1) as follows

1
v = LG,

Each lumped bandstop resonator can be exactly trans-
formed into a shunt section comprising series short- and
open-circuited stubs of characteristic impedances Zgc;

i=1,23... )
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and Zy(;, respectively. This leads to the distributed band-
stop prototype shown in Fig. 2. In this case, the impe-
dance function of any of the distributed bandstop
resonators can be expressed in terms of the Richards’
variable, S as

Z(8) = (ZSCi)S2S+ Zoci

Consequently, the set of resonant frequencies of (1) may
now be rederived using (3) to give

2 VZsciZoci
ww-zi(wr>tan_l<saoa> i=1,23... 4

m SCi

i=1,2,3... 3)

In (3) and (4), S is equal to j tan((7/2)(w/w,)) where o, is
the angular frequency at which the stubs of the prototype
are one quarter-wavelength long. Thus, to transform a
lumped element bandstop resonator into its distributed
counterpart equations (1) and (3) and that their differen-
tials must be equal at each respective resonant frequency,
w,; for a selected commensurate frequency, w,. This leads
to the following design expressions
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Zoei = i=1,2,3...(6)

Examination of (3) shows that the function approaches
infinity at multiples of w, so that the first upper passband
is centred at w,. With the knowledge of (4), it is seen that
(3) also goes to zero at the following set of frequency
points

k20, —w, and k- 2w, + v, k=1,2,3... (7)

The response of a bandstop filter with distributed resona-
tors satisfying (3) is shown in Fig. 3. The interesting
feature is that the location of the first pair of spurious
stopbands is a function of the commensurate frequency,
w,, and thus by specifying w, as large as possible, it is
feasible to have a wide spurious-free upper passband.
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Fig. 1 Lumped element prototypes

a Initial lowpass prototype
b Corresponding bandstop prototype with impedance inverters

For example, doubling the commensurate frequency (i.e.
moving from o, to 2w,) leads to a response where the
spurious responses are shifted leaving behind a broad
upper passband region. This vital property of distributed
bandstop filters was not highlighted in [3].

The next step is the realisation of the impedance inverters
of the prototype. In an analogous fashion to the design
approach of [2], each inverter in the distributed prototype
of Fig. 2 must be approximated by a physical transmission
line that is resonant at the fundamental stopband centre fre-
quency. This is a relatively broadband approximation to an
inverter valid for filters with fundamental stopband band-
widths of up to 40%. The proceeding step degrades the
return loss (RL) level of the passband and the level of degra-
dation is directly proportional to the width of the fundamen-
tal stopband. To elaborate on this point, two filters were
synthesised for the same centre and commensurate frequen-
cies, but for different fundamental stopband bandwidths.
The RL level in the passband was originally 20 dB. Upon
approximation of the inverters by transmission lines, the
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Fig. 2 Distributed bandstop prototype with impedance inverters
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Fig. 3 Frequency response of a distributed bandstop filter for
a commensurate frequency o,
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values of the characteristic impedances of the transmission
lines were adjusted slightly to restore the RL level back to
an acceptable level. The plots illustrated in Fig. 4 show
that the optimised RL level was better than 15 dB in the nar-
rowband case but only better than 7 dB in the wideband
case. Possible adjustment of the rest of the element values
in the networks would eventually lead to better overall per-
formance as is common practice in filter design based on
prototype synthesis.

3 Synthesis and implementation of a bandstop
filter

The network with the performance of Fig. 4a will be
derived. Fig. 5a shows the synthesised lumped element
bandstop prototype. The centre frequency, f,, of the funda-
mental stopband is 1 GHz and the band-edge frequencies
are 962.5 MHz and 1037.5 MHz (i.e. 7.5% bandwidth).
The RL level in the passband is 20 dB. The fundamental
stopband attenuation level is 40 dB spanning from
977.5 MHz to 1022 MHz. Transformation of this prototype
into its distributed form using (5) and (6) for a commensu-
rate frequency, f. of 3 GHz leads to Fig. 5b. Now according
to (7), the first pair of upper stopbands will theoretically be
centred at frequencies of 5 and 7 GHz. Subsequently, all the
inverters in the circuit were approximated by transmission
lines that are resonant at f,,. Fine-adjustment of the charac-
teristic impedance of the first transmission line (from the
left-hand side of the network) was performed. The value
changed from 1 to 1.032€) and no other element
needed adjustment. Since f,. was selected as 3f, the physical
transmission lines were split into three sections as shown in
Fig. 5¢. Consequently, in order to overcome realisation dif-
ficulties, the sub-sections inside the dashed boxes were
transformed into parallel coupled lines (PCLs) using the
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Fig. 4 Simulated performances of bandstop filters after approxi-
mating the inverters in the prototypes by physical transmission
lines. The fundamental stopband is centred at 1 GHz and the com-
mensurate frequency is 3 GHz

a Fundamental stopband bandwith is 7.5%
b Fundamental stopband bandwidth is 40%
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Fig.5 Bandstop filter design

a Synthesised lumped bandstop prototype in 1 ) system (inductors in
nH and capacitors in pF)

b Transformation to distributed prototype (all impedances are in ))
¢ After approximating the inverters by transmission lines

d Electrical filter layout in 50 €} system

well-known circuit equivalences presented in [1, 3, 4]. The
resulting electrical layout of the filter is illustrated in
Fig. 5d, with small sections of transmission lines separating
the PCLs.

A physical layout was then created using ADS [5] for
construction on an FR4 printed circuit board (PCB) with a
substrate thickness of 62 mil (1.57 mm), relative dielectric
constant of 4.7 and loss tangent of 0.016. It is observed
from Fig. 5d that there is an open-circuited stub with a
characteristic impedance of 141.659 Q). This impedance
level is actually the highest that is realisable by the PCB
manufacturer corresponding to a 6 mil wide line. This
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implies that for the 7.5% fundamental stopband, the
selected commensurate frequency of 3 GHz can be regarded
as the optimum leading to the broadest spurious-free upper
passband realisable on this PCB.

The measured response of the filter is shown in Fig. 6. It
is observed from Fig. 6a that the centre frequency of the
filter has shifted up by 8.5%. This can be easily compen-
sated for by slightly increasing the lengths of the bandstop
resonators. However, by examining the wide-band per-
formance depicted in Fig. 6b, it is clear that the first
upper stopband is centred at 5.4 GHz complying with
theoretical expectations. It is also observed that the
second spurious stopband (that was supposed to be
centred at 7 GHz) has disappeared. This is primarily attrib-
uted to the parasitic losses in the filter as seen from the plot
of Fig. 6¢.

4 Conclusion

A step-by-step technique for the design of distributed band-
stop filters with fundamental stopbands of up to 40% has
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Fig. 6 Measured performance of the constructed bandstop filter

a In-band frequency response

b Wide-band frequency response

¢ Comparison between measured and simulated wide-band
performances
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been presented. Selection of the commensurate frequency of
the distributed bandstop resonators of the filter determines
the location of its first pair of upper spurious stopbands. The
bigger the commensurate frequency is, the smaller the
overall size of the resulting filter and the broader its upper
passband. The approach utilises classical circuit synthesis as
a starting point leading to filter structures that may require
some optimisation. A practical filter was implemented
whose performance closely matches the simulations.
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