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Abstract

In this paper the design of a novel planar narrowband microstrip filter is presented. The
structure is designed and manufactured in microstrip technology, and it is formed by set of pairs
of resonators of different lengths. The length of one resonator in each pair is adjusted so that
a suitable odd resonance is tuned to the center frequency of the filter. The length of the other
resonator is adjusted so that the next even resonance is tuned again to the center frequency of the
filter. The different path of the signal in each resonator produces a cancellation of energy at a given
frequency, therefore implementing a transmission zero in the insertion loss response of the filter.
First, this paper presents a design example of a single set of resonators (basic unit cell) working at
the fifth and sixth resonances. Then, two basic unit cells working at the first and second resonances
are first optimized, and then they are cascaded to show how higher order filter responses can be
implemented. Measured results confirm the theoretical predictions, and validate the new structures
for high selectivity applications.

1 Introduction

Modern communications systems often call for frequency selective components with sharp cutoff
slopes to separate adjacent channels and prevent cross-talk [1]. In the design of filters, of paramount
relevance is the filter selectivity, which must be increased in order to better reject spurious signals [2].
The selectivity can be increased by using filters whose response includes attenuation poles (transmis-

sion zeros) at finite frequencies in the insertion loss response [3, 4].

In printed technology, several previous works have been developed in order to increase the filter
selectivity. For instance, in [5] a printed filter composed of square open-loop resonators is presented.

In the structure, the transmission zeros are obtained by classical cross-coupling interactions between
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nonadjacent resonators. The work proposed in [5] is based on previous works [6, 3|, in which elliptic
transfer functions are also implemented by using similar square open-loop resonators combined with
cross couplings between nonadjacent resonators. Another example of a printed filter which uses side
cross-coupling interactions can be found in [7], where hair pin resonators are placed in a square matrix

to achieve an elliptic transfer function for a second-order filter.

In addition to the classical side-coupled implementation of transmission zeros, other approaches
based on broadside couplings have been implemented. A very useful example can be found in [8],
where an elliptic transfer function is synthesized for a second order filter by broadside coupling two
resonators through a slot open on the common ground plane of a two layers microstrip structure. Also
in [9] a three pole filter is presented with a transmission zero due to a broadside cross coupling between
the first and third resonator. A different technique is used in [10], which uses A/4 stubs for generating
elliptic responses. Also in [11] transmission zeros are implemented with stub-tapped half-wavelength

resonators.

In this paper we present an alternative procedure for the implementation of transmission zeros in
the insertion loss response of microstrip printed filters. The main difference with respect to previous
designs is that the transmission zero is obtained by providing more than one path to the signal between
the input and output lines, so that destructive interference can take place. The structure is composed
of sets of two open-loop resonators of different lengths. The first length is adjusted to tune a suitable
odd resonance of the resonator to the center frequency of the filter. On the contrary, the second
length is adjusted to tune the next even resonance of the resonator to the center frequency. The
opposite phases occurring in the signal path from the input and output in both resonators produce a

cancellation of energy at a given frequency, therefore creating the desired transmission zero.

The advantage of the proposed configuration with respect existing ones, is that several structures
of the type just described can be easily cascaded to produce higher order responses. The in-line
configuration created with this approach, leads to a structure in which the different sections have
little or no influence on the others. As a consequence, each section can be optimized separately, and
then connected to the final structure with little tuning or re-adjustment of the individual units. This
advantage has already been recognized in [12], in the context of the study of the sensitivity of different

configurations of coupled resonator filters.

The structure proposed in this paper is based on the same design strategy as presented in [13]. In
[13], however, the technique is applied to the design of dual mode filters in waveguide technology. The
extension of this technique to planar printed microstrip structures shows to lead to very compact and
useful microwave filters exhibiting high selectivity. This idea was also proposed in [14] in the context

of novel coupling schemes to achieve elliptic transfer functions, but no implementations were reported.

In this paper the design strategy of a simple two order filter is presented, together with the pro-
cedure to cascade and optimize several basic configurations in order to obtain higher order structures
with the desired responses. First, the two order filter prototype is manufactured, and results are dis-
cussed. Next, two different configurations of cascading two of these structures are proposed. One leads
to a symmetrical geometry and places two transmission zeros on one side of the passband. The other
alternative places one transmission zero at each side of the passband, and leads to a non-symmetrical

geometry. This last configuration is very useful in applications when high rejection is required on



both sides of the passband. Measured results show that the structures presented are indeed feasible,

exhibiting high selectivity and high rejection capabilities.

2 Structure Description

The basic configuration (basic unit cell) of the filter structure can be seen in Fig. 1. It consists on
the input and output lines which are coupled in a shunted configuration to two open loop resonators
of different lengths. One resonator is designed to work at a suitable odd resonance, while the other is
designed to operate at the next even resonance. The interaction of the signal in both paths produces
the required cancellation of energy at a given frequency, therefore leading to a transmission zero in

the insertion loss response of the filter.

The two main geometrical parameters in this structure are the lengths of the resonators, whose
approximated values are N Acfr/2 and (N + 1) Aofr/2 respectively at the center frequency of the
passband, where N is the selected operational resonance for the loops. By adjusting properly these
two lengths, the cancellation of energy, and therefore the transmission zero, occurs in the proximity

of the center frequency, leading to a sharp transition between the transmission and the cut-off bands.

In this structure the lengths L;, and L,, of Fig. 1, together with the gaps Sy, S;, control the input
and output couplings of the filter, and must be carefully adjusted to achieve the required bandwidth
and desired in-band characteristics. Since the input and output lines are side coupled to the resonators,
relatively narrow bandpass filters can be obtained. A final fine adjustment of this coupling is required

to achieve the required level of insertion losses within the passband of the filter.

There are two main issues than need to be considered when selecting the value of N (order of
the resonance in which the resonators operate). The first one is the insertion losses of the structure,
together with the size of the resonators. Higher values of N lead to electrically bigger resonators. This
can give better geometrical control for millimeter wave filters, where dimensions are very small. On
the contrary, the insertion loss response of the filter deteriorates as N increases. We have experienced
a 1.4dB increment in the insertion losses of the structure, each time the order of the resonance N
is increased by one. The second important issue is for the special case when N = 1. In this case
the length of the whole loop resonator is only Acsf/2. This means that the input/output coupling
lengths, L;, and L,, of Fig. 1 need to be considerably smaller than Acfr/2. This results in rather
small input/output coupling values that can be achieved with this configuration. If the amount of
input/output couplings that can be achieved is not enough for your application, then a design with
N = 2 is required. From this point you can select higher N values if you need to gain control over the

physical dimensions of the resonators, but at the expense of additional insertion losses.

Finally, by cascading several basic unit cells shown in Fig. 1 higher order filter responses can
be easily optimized. Due to the in-line configuration, the different sections of the filter have very
small influence on the other sections. This allows to optimize each section separately, with subsequent
interconnection of the different sections, reducing or minimizing the final tuning of the whole structure.
In the next section the design procedure for the basic unit cell shown in Fig. 1 will be first described,
and then we will show how the basic unit cells can be cascaded in two different configurations to

produce transmission zeros in one or both sides of the filter passband. Each alternative can be most



conveniently used in applications where high rejection is needed either in one side or in both sides of

the passband.

3 Design Procedure

For the design of the basic unit cell shown in Fig. 1, first the input and output lines width is
chosen so as to synthesize 50€2 microstrip lines. Then the lengths of the resonators are calculated to
tune the required odd and next-even resonances respectively at the center frequency of the filter. For
the design of the loop resonators, the length of the coupled lines (L;, and L,,), as well as the width
of the gaps (Sy, S;), must be carefully selected to achieve the required signal coupling (bandwidth of
the filter). In the examples shown in this paper we have selected a gap width of S, = S; = 0.2mm
so that the manufacturing process does not become critical. Also the separation between input and
output lines must be high enough to avoid direct coupling between the input and output ports. A

direct coupling between the input and output lines could degrade the overall filter performance.

If above considerations are taken into account, the optimization of the basic unit cell shown in
Fig. 1 involves only a final adjustment of the length of the resonators L,, and L,,. The difference
between the two lengths will control the position of the transmission zero, as well as the level of
the reflection coefficient of the filter inside its passband (ripple). This is an interesting feature of
the configuration proposed, since the position of the transmission zero can be easily shifted from one
side of the passband to the other side, by just modifying the ratio between the lengths of the two
resonators. Fig. 2 shows a basic unit cell in Fig. 1 optimized to produce a transmission zero above the
passband. For this design the two resonators operate at N = 1 and N = 2 resonances respectively.
If the length of the longer resonator is slightly increased with respect the shorter resonator, then the

response is shown in Fig. 3, where the transmission zero is located now below the passband.

In the filter configuration proposed, we have a trade off between the value of the constant ripple
inside the passband and the position of the transmission zero out of the passband. If the lengths
of the resonators are adjusted so as to decrease the coupling between the two poles, then a lower
reflection coefficient is obtained, but at the expense of a lower bandwidth since the transmission zero
approaches to the passband. On the other hand, by increasing the coupling between the reflection
poles, a wider matching bandwidth can be obtained with higher level of reflection coefficient, but the

rejection capabilities of the filter are worse since the transmission zero moves apart from the passband.

In addition, independent control of the passband characteristics and the position of the transmis-
sion zero can be achieved by acting on the input and output coupling. If input/output coupling is
increased, for instance by decreasing S, and S;, then the bandwidth of the filter will increase. More-
over, independent control on the level of return loss (S11) can be achieved by adjusting asymmetrically
the gaps S; and S,,. To illustrate this last property, we present in Fig. 4 the response of the filter in
Fig. 2 for three different values of the S, and S; gaps. It can be seen that the position of the trans-
mission zero is essentially the same in all cases. Also the level of return losses within the passband
is the same (-20dB), but the relative bandwidth of the filter has varied from 0.85% (S, = 0.29mm,
S; = 0.30mm) to 2.5% (S, = 0.11mm, S; = 0.10mm).

Once the single filter has been designed, two identical unit cells can be cascaded to obtain a higher-



order response in a compact structure. Both high selectivity and bandwidth can simultaneously be
obtained by cascading two of these novel filters configurations as shown in Fig. 5. The two basic
structures whose responses are shown in Fig. 2 and Fig. 3 will be used as starting points for the design
of more complex four pole bandpass filters. If two unit cells of the type shown in Fig. 2 are cascaded,
then a four order filter is obtained. It should be noted that the geometry is completely symmetric
from input to output, and that the transmission zeros due to both basic unit cells lie on the same side
of the passband. An alternative design can be foreseen, if a unit cell of the type in Fig. 2 is cascaded
with a unit cell of the type in Fig. 3. This last structure can be used when high rejection is to be
obtained on both sides of the passband, since then a complete elliptic transfer function is obtained
with one transmission zero at each side of the passband. On the contrary the complexity of the design

increases, since this last concept leads to a non-symmetric structure.

Once the basic unit cells are optimized, the cascading process only involves the optimization of
two extra parameters. The first one is the distance L; between the two set of resonators (see Fig. 5).
For the symmetric configuration, this length can be adjusted to control the balance between the two
pair of resonances produced by each basic unit cell. The other important parameter is the width
of the coupling line joining the two unit cells (W, in Fig. 5). For the symmetric configuration this
width can be decreased in order to adjust properly the inter-resonator coupling between the two set of
resonances. By adjusting this width, a final equal-ripple filter response can be achieved throughout the
whole passband. This last step simplifies considerably the optimization of higher order filter responses

since only two extra parameters need to be optimized at each step.

For the non-symmetric configuration the final optimization also involves the adjustment of the
same geometrical parameters. However, due to the non-symmetric nature of the structure, the effects
of both L; and Wy are coupled to each other. To show this behavior we present in Fig. 6 and Fig. 7 the
response of the filter when L; and Wy are varied respectively. As can be seen in Fig. 6, the variation
of Ly affects not only to the balance of the two pair of resonances, but also to the coupling between
them. In addition L, also affects the attenuation slope that can be achieved out of the bandpass. It is
observed in Fig. 6 that a sharper attenuation slope out of the passband (better rejection) is achieved
with increasing Ly length. On the contrary, improvements in the reflection coefficient are obtained
by reducing Lg. The final adjustment of this length, therefore, must be carried out on the basis of
this trade off. Furthermore, in Fig. 7 we also observe that W, affects not only to the inter-resonator
coupling between the two pair of resonances, but also to the balance between them. Finally, it is
observed in Fig. 7 that also this parameter affects the balance between the two attenuation slopes
above and below the passband due to the transmission zeros. By adjusting properly W, we can place
both transmission zeros symmetrically, therefore obtaining the same degree of rejection above and
below the passband of the filter.

The thick solid line in Fig. 6 and Fig. 7 corresponds to the final optimized structure. It can be seen
that by adjusting Ly and Wy a constant ripple characteristic has been obtained inside the passband,
together with symmetric transmission zeros on both sides of the passband, and with rejection levels
of -27dB out of the passband due to the effect of the two transmission zeros. In spite of being a
complex non-symmetric structure, the adjustment of these two parameters leads to constant-ripple
elliptic filter response with high selectivity and transmission zeros symmetrically disposed on both

sides of the passband.



4 Results

The full wave electromagnetic analysis tool employed for the simulation and optimization of the
filters was the HP-ADS software. The first prototype manufactured was a single stage filter, with
two loop resonators operating with N = 5 and N = 6 higher order resonances respectively. The
structure has been optimized following the basic simple steps shown in this paper. The structure has
been manufactured on a TMM-4 substrate (¢, = 4.5 and thickness h = 0.51mm), with the layout and

physical dimensions shown in Fig. 8.

Measured and simulated results are compared for the transmission and reflection responses of this
filter. The simulated results were computed with the HP-ADS software tool simulation (which uses
the infinite size multilayered media Green’s functions [15]), while the measured results were obtained
with an HP-8720-ES vector network analyzer. In Fig. 9 the results are compared for the scattering
parameters of the filter. It can be seen good agreement except for a frequency shift of about 50
MHz. Also, since higher order resonances (N = 5,6) have been used to optimize the passband of the
filter, lower order resonances can be seen before the actual passband. Results show that the nearest
lower order resonance occurs around 3.9 GHz. The optimization of a filter prototype with N = 1 will

decrease further the total dimensions of the filter as compared to Fig. 8.

Measured results show that the filter has a bandwidth of 1.38% and center frequency fy of 4.43GHz.
The passband ripple remains lower than 0.25dB. As expected, the two resonators produce a 2-pole

response filter with sharp transition due to a transmission zero.

Once the single filter configuration has been designed, manufactured and successfully tested, the
next step is to cascade two unit cells to obtain a higher order response in a compact structure. The
two basic structures whose responses are shown in Fig. 2 and Fig. 3 are used as starting points for the
design of more complex four pole bandpass filters. The structures were also optimized following the
basic guidelines given above, which essentially involves the optimization of the length and width of
the extra line connecting the two basic unit cells (Ly and Wy of Fig. 5). In this case we have used for
the design two basic unit cells operating and the first and second resonances (N = 1) of the structure.
Also we have now used a different substrate for the manufacturing of the filters, namely a Duroid
RO-4003 substrate (¢, = 4.5 and the thickness A = 0.51mm).

A first filter was designed by cascading two identical unit cells of the type shown in Fig. 2, to pro-
duce two transmission zeros above the passband. Furthermore, a second filter was designed using one
unit cell of the type shown in Fig. 2 and one of the type shown in Fig. 3, to produce one transmission
zero at each side of the passband. The common dimensions of both filters are shown in Fig. 5. For
the first design, both loop resonator are the same, and the branch dimensions shown in Fig. 5 take
the following values: L,, = Ly, = 3.3bmm, and L,, = L,, = 34.70mm, with W; = 2.4mm.

The second filter leads to a non-symmetric structure, and the dimensions in the second unit cell
change to L,, = 3.15mm and L,, = 35.45mm, again with W; = 2.4mm. As seen, the relation between
the lengths of the resonators has increased for this second unit cell, and this produces the transmission
zero below the passband. Finally, the distance between the two unit cells (Lg) is set to 10.6mm in
the first case, and to 6.3mm for the second filter. The general aspect of the manufactured hardware

obtained by cascading two unit cells can be seen in Fig. 12.



The results obtained are shown in Fig. 10 for the first design and in Fig. 11 for the second design.
The figures show measured results and compare them with theorical predictions obtained with HP-
ADS software. In the figures the theoretical predictions include losses in both the dielectric and
in the metallic areas of the structure (finite conductivity). Measured results agree reasonably well
with predictions. The measured responses exhibit higher bandwidth than expected. The differences
are thought to be due to the assumption of infinite dielectric material by the software, and the
imperfections of the PCB process (which was done with an LPKF ProtoM at-C30S milling machine).

5 Conclusions

In this paper we have presented a new microstrip filter structure exhibiting high selectivity. Unlike
traditional designs, transmission zeros are implemented by providing more than one path to the signal
between the input and output lines, so that destructive interference can take place. The basic structure
consists of a two open-loop resonators of different lengths. The opposite phases of the signal in each
resonator produces the cancellation of energy required for the implementation of a transmission zero.
Single configurations as well as more complex filter prototypes, working at different resonances and
manufactured on different substrates, have been designed, manufactured and tested. Two different
four order filters have been proposed for maximum selectivity on one side or on both sides of the

passband. Measured results confirm the validity and usefulness of the proposed configurations.
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Figure 2: Basic response with one transmission zero above the passband. The dimensions
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Figure 3: Basic response with one transmission zero below the passband. The dimensions
are L; = L, = 8.0mm, L;y = L, = 10.4mm, L, = 29.0mm, W; = 2.5mm,
L,, = 35.45mm, L,, = 3.15mm, and S, = S; = 0.2mm. The relative dielectric
constant is €, = 3.38 and the thickness A = 1.1mm.
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Image of the manufactured hardware obtained by cascading two basic unit cells
of order two.

12



