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Abstract—1In this letter, a novel substrate integrated defected
ground structure (SIDGS) resonant cell is proposed. Such SIDGS
resonant cells can not only introduce an ultrawide stopband for
spurious suppression but also achieve low radiation loss in a wide-
band, which can be easily implemented in passive circuits with
high performance. To verify this mechanism, a filtering power
divider (FPD) using the folded stepped-impedance scheme is
developed. Here, two coupled SIDGS resonant cells are cascaded
at the arms of the power divider to achieve a filtering response
with ultrawideband harmonic suppression. The fabricated FPD
is operated at 2.87 GHz (i.e., the passband center frequency fj)
with a 3-dB fractional bandwidth (FBW) of 23%, which exhibits
the 28-dB attenuation upper stopband with a low radiation loss
even up to 25 GHz (i.e., 8.71 fp).

Index Terms—Filtering power divider (FPD), high isolation,
low radiation loss, substrate integrated defected ground structure
(SIDGS), ultrawide stopband.

I. INTRODUCTION

ITH the ever-developing demands of complex

microwave circuits and systems, passive components
with wideband interference suppression are developed rapidly.
As a key component in modern wireless communication
systems, the power divider with filtering function and wide
stopband has drawn great attention recently. In [1]-[6],
the substrate integrated waveguide (SIW) is proposed for
the power-divider design with low radiation loss, which
suffers from the narrow stopband. To extend the stopband
bandwidth, the low-pass filter [7], stepped-impedance
resonators (SIR) [8]-[11] and defected ground structure
(DGS) [12]-[17] are proposed. However, the stopband
performances of these methods are limited by the restriction
of fabrication techniques. Recently, slow wave DGS
resonators [18], [19] are presented to further enhance the
stopband performance. Such resonators can not only allocate
the intrinsic fundamental resonance but also introduce an
ultrawide stopband with high rejection level. Nevertheless,
high radiation makes conventional DGS hard to be integrated
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Fig. 1. Configuration of the proposed FPD. (a) 3-D view. (b) Layer diagram.
(c) Top view.

in passive circuits. Therefore, the design of filtering power
divider (FPD) with ultrawide stopband and low radiation loss
for flexible integration still remains great challenges.

In this letter, a novel substrate integrated DGS (SIDGS) res-
onant cell is proposed. Such an SIDGS resonant cell consists
of a DGS resonator integrated between two substrate layers,
where a bottom grounded plane and surrounding metal-vias are
introduced as an integrated package. The proposed resonant
cell can not only reserve the harmonic suppression character-
istic of the DGS resonator but can also be easily integrated
in passive circuits with low radiation. Based on the proposed
SIDGS resonant cell, an FPD with ultrawide stopband and low
radiation loss is the design and fabricated.

II. SCHEMATIC AND OPERATION

Fig. 1 depicts the configuration of the proposed FPD. Two
pairs of coupling SIDGS resonance cells are cascaded on
the output arms of a Wilkinson power divider, while the
microstrip T-stubs act as feed lines. Note that the etched
defect area in the SIDGS resonant cells can be defined as
the DGS since the physical dimensions of such a scheme
cannot meet the theoretical definitions of slotline [20]. To
investigate the characteristics of the FPD, the design tools
advanced design system (ADS), CST Microwave Studio, and
dielectric substrate Rogers 4003C with resin bounding layer
(i.e., &, = 3.55, hy = h3 = 0.203 mm, and 4, = 0.1 mm) are
used.
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Fig. 2. Configuration of the proposed SIDGS resonant cell. (a) 3-D view.
(b) Top view. (c) Simplified equivalent circuit model. (d) Even-mode model.
(e) Fundamental resonance of the SIDGS cell versus /3.

A. Substrate Integrated DGS

1) Resonance: The configuration of the proposed SIDGS
is shown in Fig. 2(a) and (b). A C-shape etched defect is
located on the ground I, which is integrated between two
substrate layers. Besides, a bottom grounded plane and sur-
rounding metal-vias are introduced as a package. The etched
defect in the SIDGS resonant cell is similar to a 4/2 SIR
with two grounded ends [21], which allocates the intrinsic
fundamental resonance. To obtain the fundamental resonant
frequency, the simplified equivalent circuit of the SIDGS
resonant cell is derived, as shown in Fig. 2(c). It can be
seen that the proposed structure is symmetric to the dotted
line. Since the symmetric plane at the odd mode is equivalent
grounded, the odd-mode resonant frequency exhibits twice the
even-mode case (i.e., the symmetric plane at the even mode is
equivalent open). Therefore, the fundamental resonance occurs
when the even-mode input admittance (i.e., Yipe) is equal to
zero, as shown in Fig. 2(d). Yj,. can be calculated by (1),
as shown at the bottom of the page, where the characteristic
impedance and electrical length of the SIDGS can be obtained
by the pole-splitting method [22] with full-wave simulations.
Then, Fig. 2(e) depicts the effects of physical dimension (i.e.,
[3) on the resonant frequency (i.e., fp) with various ratios of
dzldslds and [3/l4/ls. Note that the slight deviation between
the calculated and simulated results is mainly caused by the
influence of the folded structure [23].

2) Stopband Characteristics: Since the etched defect is
packaged by the ground II and metal-vias, the TEM spurious
resonant modes are introduced at higher frequency [24]. By
using the eigenmode solver in the CST Microwave Studio,
the spurious resonant modes can be observed in Fig. 3(a). Note
that the parallel plate region (i.e., Reg. ) allocates the first and
the second TEM mode spurious (i.e., fs1 and fy2). Fig. 3(a)
illustrates that these spurious resonant-mode frequencies can
be adjusted by the physical dimensions /3 and /4, respectively.
Besides, the frequency responses of the SIDGS resonant cell in
different configurations are depicted in Fig. 3(b). It can be seen
that most spurious resonances are suppressed by the metal-
vias. Meanwhile, the proposed SIDGS could achieve a wide
stopband once a microstrip T-stub locates at the symmetric
plane as a feed line. In this case, the feed line is placed
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Fig. 3. (a) Electric field distributions of the first and second spurious resonant
modes and the two spurious resonant-mode frequencies f| and f> versus I3
with various /4. (b) Simulated frequency responses of the SIDGS resonant cell
in different configurations (I3 = 3.9, Iy =4.7, 15 =4.0, d3 = 1.4, dy = 1.0,
and ds = 0.3, unit: mm).

0.5 —rad. loss
0.1 FAN —-—-cond. loss
0.4 r0.08 A ———sub. loss
o 0.06f /
90.310041 S -
a ooz}
= 0
©n 0.2 2 3 4
-
0.1 R
™ fj
skt A -

0 5 10 15 20 25
Stopband Frequency (GHz)

(a) ®)

Fig. 4. (a) Electric field distribution of the SIDGS filter at the passband
frequency (i.e., fy = 2.9 GHz) and stopband frequency (i.e., fs = 12.7 GHz).
(b) Simulated loss responses of the SIDGS filter (rad.: radiation; cond.:
conductor; and sub.: substrate).

at the virtual grounding of the first spurious resonant mode;
hence, f;1 is suppressed. Moreover, a deep transmission zero
fz created by the T-stub can be used to reduce the f;».
Thus, as shown in Fig. 3(b), the SIDGS resonant cell with
a microstrip T-stub can achieve an ultrawide stopband.

3) Radiation Loss: The electric and magnetic fields of
conventional DGS are distributed in an open space, which
leads to large electromagnetic radiation [23]. Such radiation
leads to an extra passband insertion loss and electromag-
netic interference. To investigate the loss characteristic of the
SIDGS, a two-order filter using the proposed SIDGS resonant
cell is implemented. The electric field distributions of the
filter are shown in Fig. 4(a). Note that the electric fields’
contribution of SIDGS is mainly restricted in a quasi-cavity by
ground II and metal-vias. With such characteristics, the SIDGS
can effectively reduce the radiation loss compared with the
conventional DGS [25]. Besides, the proposed SIDGS can
be easily integrated into passive circuits design due to the
surrounding of a complete ground plane. The loss responses
of the filter using the proposed SIDGS are shown in Fig. 3(a).
Here, the radiation loss is simulated under the case of lossless
metal and substrate (i.e., S11, and S»;,). The radiation loss L,
is calculated by

Ly =1—1811,1> = |Su,1% 2)

Once the radiation loss is obtained, the conductor loss and
substrate loss (i.e., L. and Lg) can be calculated using (3)
under the cases of lossless substrate and lossless metal (i.e.,

1 Z1Zr) — Z1Z3tanbr tan O3 — ZrZ3 tan O tan O3 — Z% tan 0 tan 6

Yine = —Jj=

Z\ ZrZ3tan b3 + Z% tanbr + Z1Zytan @) — ZZ3 tan @} tan 6, tan 03

1)
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Fig. 5. (a) Configuration of the filtering part and efforts of dimension dy, da,
and w1 on the coupling coefficient k and external Q.. (b) Schematic of the
Wilkinson power divider and simulated |Sy], |S21], and [S31| with various
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Fig. 6. Measured, simulated results, and the photographs of the proposed
FPD (d] =23,dy =1.0,d3 =13,dy =1.0,d5s =03,1] =38, =4,
I3 =39, 14 =46,15 =40, =29,17 =6,I3g =109, ly =72,
o = 11.6, w1 = 1.1, wy = 042, w3 = 0.2, wg = 0.1, and w5 = 0.22,
unit: mm). (a) |Syil, [S2¢], and [S31]. (b) [S23].
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It is that the bandpass filter using SIDGS resonant cells
exhibits low radiation loss in a wide frequency range. More-
over, the passband insertion loss is mainly contributed by
the conduct and substrate losses. Compared with the filter
using a microstrip resonator [26], the SIDGS filter exhibits
the following advantages.

1) The SIDGS resonant cell with T-stub feed line could
introduce a wide stopband, while the microstrip res-
onator suffers from the harmonic interference.

2) Lower radiation loss is introduced by the SIDGS filter
compared with the microstrip type. Thus, the proposed
filter is attractive for the integrated circuit with strong
electromagnetic compatibility.

B. FPD Design

To verify the aforementioned characteristics, an FPD operat-
ing at 2.87 GHz with a 3-dB FBW of 23% is designed based on
the SIDGS resonant cell. Such a power divider is composed of
two filtering parts and a stepped-impedance Wilkinson power
divider. As shown in Fig. 5(a), a pair of SIDGS resonant
cells and T-stubs constitute the filtering part. The coupling
coefficient £ and external quality factor O, of the filtering
part can be obtained from the desired center frequency fy and
3-dB FBW [27]. k can be adjusted by the dimension d; and
d>, while the dimension w is the critical element to dominate
Q.. Besides, a 1/4 open stub is added on T-stub to generate a
transmission zero at the upper stopband, which could improve
the passband selectivity. Then, the stepped-impedance scheme
in Fig. 5(b) is used for the Wilkinson power-divider design to

TABLE I
COMPARISON OF STATE-OF-THE-ART FPDs

This
Ref. [6] [7] [8] [10] [19] work
Tech.* SIW | Microstrip | Microstrip | Microstrip| DGS | SIDGS
fo
Gy | 482 0.9 237 2.02 231 | 2.87
IL"" | 2dB | 16dB | 03dB | 1dB | 12dB | 1dB
Rf;‘;‘;“ >14dB| >15dB |>214dB| >15dB |>18 dB|>15 dB
Stopband | | >20dB | >10dB | >40dB | >30 dB | >28 dB
Rejection (1.1fo) | (G4fo) | @55f0) |(8.66f0)|(8.71f0)
Passband
o N/A | >23dB | >16dB | >22dB |>17 dB|>20 dB
Stopband S22 dB | >28 dB | >25 dB
Isolation | WA | NA NIA 1 G4 a1fy) | (8:66f0)|8.71F0)
Raff;;"“ Low | High High High | High | Low
H 2 2 2 ] 2 2
Size | 039A2 | 0.02X2 | 0.1732 | 0.05A2 | 0.38A2 | 0.10A2

*: Technology. **: Insertion loss.

achieve good impedance matching with a compact size. The
return loss of port 1 is varied with Z,, which is optimized
once Z>» = 95 Q. The isolated resistor is chosen as 180 Q to
enhance output isolation.

III. FABRICATION AND MEASUREMENT

Based on the abovementioned principles, an FPD operating
at 2.87 GHz with 3-dB FBW of 23% is fabricated. The
photograph of the fabricated FPD is shown in Fig. 6. Note
that the metal-vias near port 1 are used to ensure that ground I
and ground II have the same electrical potential, which can
reduce the performance degeneration caused by the SMA
connector. The prototype exhibits a compact core-circuit size
of 29.8 mm x 14.9 mm (i.e., 0.464, x 0.234,, where A, is
the microstrip-guided wavelength at 2.87 GHz). The measured
results depicted in Fig. 6 are performed using the Agilent
N5244A PNA-X network analyzer over the frequency range
from 0.01 to 25 GHz. The measured minimal passband inser-
tion loss is 1.1 dB, excluding 3-dB division loss. Meanwhile,
the proposed FPD could achieve an ultrawide upper stopband
up to 25 GHz (i.e., 8.71 fy) with a rejection level greater than
28 dB. Besides, a transmission zero is created at 4.05 GHz to
improve the passband selectivity. The in-band isolation greater
than 20 dB is measured. The performance summary and
comparison with state-of-the-art FPDs are shown in Table I,
which reveals that the proposed FPD shows competitive merits
of the insertion loss, stopband performance, isolation, and
radiation loss.

IV. CONCLUSION

In this letter, a novel SIDGS resonant cell is proposed for the
high-performance integrated system design. Compared with
the conventional DGS, such SIDGS can not only introduce
a wide stopband performance but also reduce the radiation
loss in a wideband. Based on the proposed SIDGS reso-
nant cell, an FPD with low insertion loss, ultrawideband
harmonic suppression, and low radiation loss is developed.
With such good performances, the proposed FPD using SIDGS
is attractive for integrated systems with wideband spurious
suppression.
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