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Abstract. In this paper a study of some microwave microstrip bandpass
filters (BPF) using defected ground structures (DGS) is presented. This tech-
nique allows designs of tight couplings without the necessity of using very narrow
coupling gaps. Based on the results of the study, four-pole cross-coupled planar
microwave bandpass filters were designed, with a single or with two ground slots.
Compared to similar microstrip filters without defected ground, the simulated

performances of these novel structures indicate some technological advantages.

1. Introduction

Ground slots have many applications in microwave techniques. Slot antennas and
slot coupled antennas [1] have been continuously developed and are widely used in
communications. The slot coupling is a convenient way to couple microstrip lines in
multilayer circuits [2].

In this paper are presented investigations on the effects of a ground slot on the cou-
plings between hairpin resonators. A slot in the ground plane can enhance the electric
coupling, or the electric part of a mixed coupling between two adjacent resonators.

The results of these investigations were used in the design of some four-pole cross-
coupled planar microwave bandpass filters with a pair of attenuation poles at imposed
finite frequencies. The filters were designed with a single or two ground slots.
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2. Coupling configurations

The microstrip circuit was designed on a FR4 dielectric substrate, with a thick-
ness of 1.6 mm, a dielectric constant of 4.6 and a cooper metallization thickness of
0.035 mm. Above and below of the microstrip two air layers of 20 mm thickness each
were considered, for simulation purposes only.

In order to develop applications for the 2.4 GHz ISM frequency band, 16.6 mm
long and 12 mm wide microstrip hairpin resonators were used. The ground slots are
all rectangular, with different lengths l4,; and widths wgjs-

The geometries of the main coupling configurations are shown in Figs. 1-4.

?sior

Fig. 3. Type-I mixed coupling configuration.
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Fig. 4. Type-II mixed coupling configuration.

Here dej, dmg, dmizt1 and diizeo are the (variable) coupling gaps for the electric,
magnetic, type-I and type-II mixed couplings configurations, respectively.

3. Coupling coefficients

The frequency responses of the coupling structures were obtained by using a
method of moments (MoM) commercial simulation software [3]. The coupling co-
efficient was calculated from the two split-resonance frequencies [4].
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Fig. 5. Electric coupling coefficient, ke;, vs. coupling gap, de; (in mm).

Fig. 5 shows the dependence of the electric coupling coefficient k.; on the gap dg;
between resonators, for several widths w of the ground slot. As expected, the electric
coupling coefficient is increased by the presence of slot.



202

N. Militaru et al.

U.US T : T :
Y ' '\ |—without DG
i R P o with DG, w=0 2mm | |
' i |—=—with DG, w=04mm
g R NELEEL EERCERCERCREEE e msso e r---1——with DG, w=0_8mm
; ——with DG, w=1.6mm
0.05F--- a5 0w A\ ----------- e bo--{——with DG, w=2 4mm -
: b |—with DG, w=3_.6mm
=) \ \ —— —d 4
[0 11 SR, "\ tu N e N . with DG, w=4 4mm| |
= s ' |—with DG,
] S :
U_UE _______________________________________________________
]
i i i i
UU 1 2 3 4 5
d
mg

Fig. 6. Magnetic coupling coefficient, kg, vs. coupling gap, dmg (in mm).

As depicted in Fig. 6, for slots of 0.2 mm and 0.4 mm width the magnetic coupling
coeflicient k4 is slightly smaller, while for widths greater than 0.8 mm the coefficient
is slightly larger, compared to the classical microstrip structure.

0.25 T I T T
—without DG

\ —+—with DG, w=0.8mm

\ ——with DG, w=1.6mm

02F-— N kbbb bbb il ——with DG, w=2 4mm

\ : : —+—with DG, w=3_.6mm

\‘\ i ——with DG, w=4 4mm

015k N \\J _______________ o i |7~ with DG, w=5_2mm

E :
-\K:

0.1
0.05
1]

Fig. 7. Type-I mixed coupling coefficient, kmizt1, vs. coupling gap, dmiz¢1 (in mm).
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Fig. 8. Type-II mixed coupling coefficient, kim;zt2, vs. coupling gap, dmizt2 (in mm).

From Fig. 7 it can be noticed that the presence of the slot leads to a significantly
increased type-I mixed coupling coefficient k;,;z¢1-

For the electric and type-I mixed couplings, the dependence of the coefficients
on the coupling gaps shows a monotonic variation. However, for the type-II mixed
coupling (Fig. 8) the coupling coefficient k,izt2 shows a zero and a local maximum.
This behavior can be explained by the fact that the electric part of type-II mixed
coupling has an opposite sign as its magnetic part. At small gaps d,,izo the electric
part of the coupling is predominant, but at larger distances this part of the coupling
decreases faster than the magnetic part, so that there is a gap where the two cou-
plings cancel each other. At large distances, the magnetic coupling predominates.
This behavior is in agreement with other previous results [5] obtained for microstrip
resonators without ground slots.

4. Bandpass filters design and simulation

Based on the above results, some 4-pole cross-coupled planar microwave BPFs
with a single or with two ground slots were designed. These filters meet the following
requirements: a center frequency f. = 2.4 GHz, a bandwidth B = 168 MHz, fourth
order Chebyshev response with an in-band return loss Ry, = 20 dB. The filters should
exhibit two attenuation poles at the frequencies of 2.23 GHz and 2.56 GHz.

The extended coupling matrix M, obtained using the procedure shown in [6] and
an in-house developed program, corresponds to a filter having a topology easy to be
realized in the form of a planar bandpass filter, composed of four identical microstrip
resonators [7]:
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0 —-1.0235 0 0 0 0
—-1.0235 0 0 —-0.8705 —0.1704 0
M — 0 0 0 -0.7672 08705 0
0 —-0.8705 —-0.7672 0 0 0
0 —0.1704  0.8705 0 0 1.0235
0 0 0 0 1.0235 0

The layout of such a filter with four hairpin resonators is shown in Fig 9. The
input and output lines, directly coupled with resonators no. 1 and 4, have widths of
2.9 mm, assuring standard 50 €2 terminations for the filter.
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Fig. 9. Layout of the BPF
in a classical microstrip technology.

The design of the filter from Fig. 9 stays in finding the gaps d, in order to obtain
the needed external and mutual couplings for the resonators, as derived from the
extended coupling matrix M by a de-normalizing procedure [8]. The de-normalized
coupling values are shown in Table 1. The corresponding gaps, as resulted from the
full-wave EM-simulation technique, are presented in Table 2.

Table 1. The values of the external quality factors
and of the coupling coefficients between filter resonators

Qeat ki3 ka3 ka4 k14
13.6 0.0609 0.0537 0.0609 0.0119

Table 2. The gaps between resonators,
as resulted from a full-wave EM-simulation technique

d_01 d_13 d_23 d_24 d_14 d_45
[mm)] [mm)] [mm)] [mm)] [mm)] [mm)]
0.8 1.18 0.3 1.18 2.3 0.8

As shown in Table 2, some couplings lead to very narrow gaps between resonators,
technologically difficult to obtain.

For a defected ground structure, the same values of the coupling coefficients can be
obtained with the configurations from Figs. 1, 2 and 3, where the gaps are larger. The
corresponding gaps between two adjacent resonators and the ground slots parameters
are shown in Table 3.
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Table 3. The gaps between resonators
and the dimensions of the DG configuration

Coupling Coupling Gap Wslot lstot
type coeflicient [mm)] [mm)] [mm)]
electric 0.0119 2.6 2 12
magnetic 0.0537 0.42 2.8 12
type-I mixed 0.0609 1.6 24 16.6

Some 3D views of the designed filters with ground slots are shown in Figs. 10, 11
(single slot) and in Figs. 12, 13 (two slots).

L [] !

Fig. 10. Slot under electric coupling. Fig. 11. Slot under magnetic coupling.

— Z

Fig. 12. Slots under type-I mixed couplings. Fig. 13. Slots under electric
and magnetic couplings.

In comparison with the filters shown in Figs. 10-12, the BPF from Fig. 13 has
two ground slots placed under two different (electric and magnetic) couplings. The
performances of this filter are shown in Fig. 16.

The EM-simulated performances of the designed defected ground bandpass filters
plotted in Figs. 14-16 are, in general, very close to the filter requirements. Some
relevant parameters of these responses are summarized in Table 4.

Table 4. The main parameters of the responses shown in Figs. 14-16

BPF fe B Ry, fpole1 frote2
[MHz| [MHz] [dB] [MHz| [MHz]
w/o slot 2400 150 17 2218 2450
Fig. 10 2404 160 17 2210 2540
Fig. 11 2390 152 20 2212 2523
Fig. 12 2425 159 18 2198 2560
Fig. 13 2390 151 15 2195 2524
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Fig. 15. Simulated |S11| of the filters from Fig. 9, Figs. 10, 11 and Fig. 12, vs. frequency.
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Magnitude [dB]

Frequency [MHz]
Fig. 16. The performances of the BPF with two slots from Fig. 13.

The increase of couplings in the presence of a ground slot has a simple physical
explanation. For a conventional microstrip structure in the electric coupling configu-
ration, many of the electric lines starting from a resonator end on the ground plane. In
the presence of the slot, a part of these lines are forced to end on the other resonator,
enhancing this way the electric coupling, or the electric part of a mixed coupling.

5. Experimental results

Based on the EM-field simulation results, two bandpass filters have been fabricated
and measured. Photographs of these structures are shown in Fig. 17 and in Fig. 18.

a) top view b) bottom view

Fig. 17. Photograph of the bandpass filter with a slot under the magnetic coupling.
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a) top view b) bottom view

Fig. 18. Photograph of the bandpass filter with two slots, under the electric
and magnetic couplings.

The measured performances are plotted in Fig.19 and in Fig. 20.
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Fig. 19. Measured frequency response of the BPF from Fig. 17.

Both filters exhibit a center frequency of 2.4 GHz and a relatively high in-band
insertion loss of 5.2 dB, mainly due to the use of the low-cost substrate FR4.

The 3dB bandwidth is of about 160 MHz for the BPF with a slot under the
magnetic coupling, and of 156 MHz for the filter with slots under both electric and
magnetic couplings.
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Fig. 20. Measured frequency response of the BPF from Fig. 18.
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Fig. 21. Measured group delay of the bandpass filter from Fig. 17.

The measured group delay characteristics for both filters, shown in Fig. 21 and in
Fig. 22, are approximately constant in the filters’ passband.
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Fig. 22. Measured group delay of the bandpass filter from Fig. 18.

6. Conclusions

The main advantage of the BPF with ground slots stays in the possibility of using
larger gaps between resonators. This solution is especially convenient when tight
couplings are needed.

The filters’ layouts were designed after a study of the coupling coefficients versus
gaps, based on EM-field simulation.

The designed filters — one with a ground slot under the magnetic coupling and
the other with two slots under electric and magnetic couplings — were fabricated and
tested. The measured frequency responses of these filtering structures demonstrated
the validity of the design and of the EM-field simulations.

The DGS design can be also applied to many other types of bandpass filters,
allowing a relaxation of the fabrication tolerances.

If better performances are required, lower loss substrates should be used.

References
[1] RAO Q., JOHNSTON R. H., Modified Aperture Coupled Microstrip Antenna, IEEE
Trans. Antennas Propagat., vol. 52, no. 12, pp. 3397-3401, 2004.

[2] KIM J. P.,, PARK W. S., An Improved Network Modelling of Slot-Coupled Microstrip
Lines, IEEE Trans. Microwave Theory and Tech., vol. 46, no. 10, pp. 1484-1491, 1998.



Enhanced Couplings in Broadband Planar Filters 211

3]
(4]

*** em User’s Manual, Sonnet Software, Inc., New York — Sonnet Professional, version
10.52, 2005.

HONG J.S., LANCASTER M.J., Couplings of Microstrip Square Open-Loop Resonators
for Cross-Coupled Planar Microwave Filters, IEEE Trans. Microwave Theory and Tech.,
vol. 44, pp. 2099-2109, 1996.

HONG J.S., LANCASTER M.J., Cross-Coupled Microstrip Hairpin-Resonator Filters,
IEEE Trans. Microwave Theory and Tech., vol. 46, no. 1, pp. 118-122, 1998.

CAMERON R., Advanced Coupling Matriz Synthesis Techniques for Microwave Filters,
IEEE Trans. Microwave Theory and Tech., vol. 51, 2003.

HONG J.S., LANCASTER M.J., Design of Highly Selective Microstrip Bandpass Filters
with a Single Pair of Attenuation Poles at Finite Frequencies, IEEE Trans. Microwave
Theory and Tech., vol. 48, no. 7, pp. 1098-1107, 2000.

LOJEWSKI G., MILITARU N., Design of Microstrip Bandpass Filters with Prescribed
Transmission Zeros at Finite Frequencies, U.P.B. Sci. Bull., Series C, vol. 68, no. 1,
pp. 3-12, 2006.



