IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 57, NO. 3, MARCH 2009 657

A Compact E-Shaped Patterned Ground Structure
and Its Applications to Tunable Bandstop Resonator

Shao Ying Huang, Member, IEEE, and Yee Hui Lee, Member, IEEE

Abstract—In this paper, an E-shaped patterned ground mi-
crostrip bandstop resonant cell is proposed. In comparison to
other bandstop resonators, it provides the advantages of a high-Q
factor, and a sharp transition knee within a small circuit area.
This resonant cell is applied to the design of a tunable bandstop
resonator. Due to the unique E-shaped pattern etched in the
ground plane, the proposed resonant cell is able to provide tuning
function within a small circuit area.

Index Terms—Defected ground structure, patterned ground
structures, slotted ground structures, tunable bandstop filters,
tunable bandstop resonators.

1. INTRODUCTION

ICROSTRIP lines with patterned ground plane such as
M slots or/and etched patches have attracted a lot of atten-
tion in the research society due to their unique characteristics
including a prominent stopband and slow-wave effect [1]-[5].
They are also referred to as defected ground structure or slotted
ground structure. These structures exhibit advantages such
as ease of fabrication and compatibility with monolithic mi-
crowave integrated circuits. Various patterned ground structures
have been proposed for filter designs [5] and for optimization
of microwave devices, such as amplifiers [6].

Based on the characteristics of the stopband, these patterned
ground structures can be categorized into electromagnetic
bandgap (EBG) structures [1]-[4] and bandstop resonators [5],
[7]-[13]. EBG structures provides a wide stopband with high
attenuation. Therefore, they are often applied to the suppression
of the unwanted frequencies over a wide frequency range [6].
However, they are restricted by the Bragg reflection condition,
which requires a large circuit area for the EBG structure, espe-
cially for low working frequencies. On the other hand, bandstop
resonators show flexibility. They can be cascaded [14] or su-
perposed [15] to obtain a wide or an ultra-wide stopband. They
have been successfully applied to low-pass filter designs to
implement the series inductors, resulting in a sharp cutoff, wide
bandwidth, and high attenuation of the stopband, and yet their
size is still relatively small when compared to a conventional
stepped-impedance low-pass filter [5], [9], [16]. Recently, they
are applied to the design of tunable bandstop resonators [11],
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Fig. 1. Patterned ground microstrip bandstop resonator. (a) Dumbbell shaped
[5]. (b) Spiral shaped [8]. (c) Double-H shaped [9]. (d) Modified dumbbell
shaped [10]. (e) T shaped [12]. (f) E shaped.

[12], which are used as harmonic traps integrated with tunable
amplifiers or antennas to improve circuit performance.

Fig. 1(a)-(e) shows the schematics of the patterned ground
structures that have been proposed in the literature. The dumb-
bell-shaped cell [5] in Fig. 1(a) is one of the first patterned
ground structures. Based on this structure, many other modi-
fied and new patterned ground structures with improved perfor-
mances were proposed [7]-[9]. The development of patterned
ground structure is focused on the reduction in overall physical
size of the structure, the improvement in the sharpness of the
transition knee, and the increase in the () factor. An unloaded
@ factor is an important parameter that can be used to eval-
uate the intrinsic loss of a resonant circuit [17]. The shape of
the etched patch in a dumbbell-shaped patterned ground struc-
ture could changed from square to arrow-shaped or circular [7].
The change in the shape of the etched patch has minor effect
on the performance and physical size of dumbbell-shaped pat-
terned ground structure. The performance is improved signif-
icantly in terms of the sharpness of the transition knee by the
introduction of a spiral-shaped patterned ground structure [§]
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Fig. 2. U-slot patterned ground microstrip bandstop resonator [13].

shown in Fig. 1(b). In [9], a double-H-shaped resonant cell [see
Fig. 1(c)] was proposed with both significant reduction in the
physical size and enhancement of the sharpness of the transi-
tion knee as compared to a dumbbell-shaped cell [7]. In [10], the
conventional dumbbell-shaped patterned ground structure is fur-
ther modified by inserting a patch in the middle of each etched
patch [see Fig. 1(d)]. The modified structure shows an increase
in capacitance, resulting in a reduction in circuit area. Moreover,
due to the modification, the tunability of the structure becomes
possible by inserting varactors between the inserted patch and
ground plane. A frequency tuning range of 19% is demonstrated
in [11].

Recently, a T-shaped patterned ground structure [see
Fig. 1(e)] is proposed to achieve a significant improvement in
performance together with a large reduction in size [12]. In
this structure, the slot of the dumbbell-shaped patterned ground
structure in Fig. 1(a) is moved to the edges of the etched patch
with arms and it is lengthened, forming a T-shape. Among the
patterned ground structures compared in [12] that have a fixed
resonant frequency, this structure has the smallest physical size
and the sharpest transition knees. With the lengthened slot, it
becomes possible to embed a varactor into the arms so as to
allow for the tuning of the resonant frequency. A maximum
frequency tuning range of 13.2% is realized.

Based on the T-shaped patterned ground structure in [12], we
propose an E-shaped patterned ground structure [see Fig. 1(f)]
to further improve the sharpness of the transition knee and to
reduce the circuit area. In order to miniaturize the proposed
E-shaped structure further, the design concept of a U-slot pat-
terned ground structure [13] is adopted. Fig. 2 shows a U-slot
patterned ground structure in [13]. As can be seen in Fig. 2, a
U-slot cell consists of three connected slot lines in the ground
plane below the microstrip line, forming a U-shaped slot. It
is compact due to the unique U-slot configuration. For all six
structures shown in Fig. 1, only the T-shaped and the proposed
E-shaped structure can adopt a geometry similar to the U-slot
structure.

In this paper, an E-shaped patterned ground structure that
adopts the geometry of the U-slot structure is proposed. This
structure outperforms all the patterned ground structure re-
viewed in the literature in terms of physical size, sharpness
of the transition knee, and unloaded () factor. Furthermore,
the proposed structure is applied to realize a compact tunable
bandstop resonator. The proposed structure is designed in
Section II. Also in Section II, this structure is compared to
other patterned ground structures in the literature in terms of
physical size, frequency response (sharpness of the transition
knees, attenuation at the resonant frequency, insertion loss in
the passbands), and the @) factor. An equivalent circuit model
is also proposed in Section II. In Section III, the effect of the

variation of different dimensions of the proposed structure
on its performance are studied. The design and modeling
of a tubable bandstop resonator by employing the proposed
E-shaped structure is presented in Section IV.

II. DESIGN OF THE E-SHAPED PATTERNED
GROUND MICROSTRIP RESONATOR

A. Physical Size and Resonant Frequency of Patterned
Ground Structures

In a dumbbell-shaped bandstop resonator, the size of the two
etched rectangular patches has to be increased in order to ob-
tain a decrease in the resonant frequency. However, this results
in an overall increase in the circuit area of the cell. It has al-
ways been a challenge for a patterned ground structure to ob-
tain a low resonant frequency and a small circuit area simul-
taneously. In order to obtain a compact resonator at a low fre-
quency, a spiral-shaped etched pattern [see Fig. 1(b)] is intro-
duced in the etched patch of the dumbbell [8]. With the spiral-
shaped etched pattern, the size of the cell can effectively be re-
duced with a fixed resonant frequency. Similarly, a double-H-
shaped resonator [9] [see Fig. 1(c)] or a modified dumbbell-
shaped structure (with an inserted patch in the middle of each
etched patch) [10] [see Fig. 1(d)] can provide a reduction in
circuit area of the cell at a fixed resonant frequency. Keeping
the resonant frequency constant, the cell size can further be
decreased by using a T-shaped etched pattern with a length-
ened slot [12] [see Fig. 1(e)]. The report on a U-slot structure
[13] presents a big progress in the development of patterned
ground structures in terms of circuit miniaturization. Rectan-
gular etched patches are not required in a U-slot structure, and
thus it is more compact than the other dumbbell-shaped struc-
tures. A U-slot structure has two slot lines in the direction of the
transmission line [see Fig. 2], keeping the structure compact.
Of the five structures discussed, only the T-shaped structure can
be tailored to be of similar dimension to the U-slot structure, as
shown in Fig. 3(a). Moreover, a T-shaped structure is more com-
pact than a U-slot structure when they are designed to resonate
at the same frequency [12].

B. Proposed E-Shaped Patterned Ground Structure

The E-shaped patterned ground microstrip resonator pro-
posed in this paper is shown in Fig. 1(f). As shown, the
lengthened slot in a T-shaped structure is further extended to
the two edges of the etched patches that are in parallel to the mi-
crostrip line, forming the E-shaped structure. The dimensions
of this E-shaped structure are as labeled in Fig. 1(f). The width
of the the metal strip below the microstrip line (central ground
line), ¢/, is reduced to enhance the inductive effect. Similar
to the T-shaped structure, the proposed E-shaped structure
can further be miniaturized by adopting a U-slot geometry, as
shown in Fig. 3(b). In Fig. 3(b), = of the E-shaped structure is
set to be as large as the width of the microstrip line, w, and ¢’
is tailored.

Seven resonant cells from Figs. 1(a)—(d), 2, and 3(a) and (b)
are designed to resonate at 5 GHz. Taconic (¢, = 2.45,h =
0.4 mm) is used as the substrate. The dimensions of the struc-
tures are tabulated in Table I. For structures in Fig. 1(a)—(d),
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(®)

Fig. 3. Slotted ground microstrip bandstop resonator adopted U-slot geometry.
(a) T-shaped structure [12]. (b) New proposed E-shaped structure.

TABLE 1
DIMENSIONS OF PATTERNED GROUND MICROSTRIP BANDSTOP RESONATORS
IN FIGS. 1 AND 2 RESONATING AT 5 GHz (UNIT: MILLIMETERS)

Figure Dimensions

Fig. 1l (@) | w=1.14, a = b =10.00, g = 0.25

Fig. 1 (b) | w=1.14,a =b=2.90, g =0.25, t = 0.30

Fig. 1 (¢) | w=1.14, D1 = 0.50, Do = 2.65, L1 = 4.08, Lo = 2.72

Fig. 1(d) | w=1.14,a=b=2820, g =025 c=d="7.70
Fig. 2 w=x =140, [ = 11.30, g = 0.25

Fig. 3 () | w=z = 1.40, a = 11.00, b = 0.80,
g=f=025t=t =0.30

Fig. 3 (b) | w =2 = 1.40, a = 5.20, b = 0.80
gn =gv =0.25, t =t = 0.30, l, = 4.70
w = 1.14 mm corresponding to a characteristic impedance

of 50 Q. For those in Figs. 2 and 3(a) and (b), the width of
the microstrip line is set to be 1.40 mm in order to accom-
modate the arms of the proposed E-shaped structure. It is ta-
pered to 1.14 mm at two ends for a load matching. x in the
U-slot, T-shaped, and E-shaped structure is set to be 1.40 mm,
x = w. All these structures are simulated using a full-wave
EM simulator, Agilent Technologies’ Advanced Design System
(ADS). They are compared in terms of physical size, frequency
response, and () factor.

C. Physical Size

Fig. 4(a) and (b) shows the S5;-parameters of these resonant
cells designed to resonate at 5 GHz. As can be seen in Fig. 4, all
the structures resonate at 5 GHz according to the design spec-
ifications. Table II tabulates the overall length, width, and the
area of these patterned ground structures in column two to four,
respectively. The fifth column shows the area of the proposed
E-shaped cell over that of the other resonant cells in percentage.
The last column of Table II lists the calculated unloaded () fac-
tors of the structures, which will be discussed shortly. As shown
in Table II, with the same resonant frequency, the proposed
E-shaped cell has the smallest circuit area. It is only 4.68% of the
dumbbell-shaped structure and less than half of the size of the
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Fig. 4. S>1-parameters of the patterned ground structures when they are de-
signed to resonate at f, = 5 GHz.

TABLE 11
PHYSICAL SIZE OF PATTERNED GROUND MICROSTRIP BANDSTOP
RESONATORS AT fo = 5 GHz

Resonator Cell | Width | Length Area E-shaped Q-factor
(mm) | (mm) | (mm?2) | /other cell (%)
Dumbbell 21.1 10.0 2114 4.68 43
Spiral-shaped 6.9 29 20.1 49.7 144.1
Double-H 14.7 6.8 100.2 9.88 28.0
M. Dumbbell 17.5 8.2 143.9 6.88 83
U-slot 1.9 11.3 21.5 46.05 557.6
T-shaped 1.9 11 20.9 47.37 639.4
E-shaped 1.9 5.2 9.9 100 714.6

most recently proposed T-shaped structure (47.37%). This ob-
servation implies that the proposed E-shaped structure has the
smallest physical size in all the resonant structures under this
comparison when they are designed to resonate at 5 GHz.

D. Frequency Response

The frequency responses of the patterned ground structures
resonating at 5 GHz are compared in terms of sharpness of the
transition knee, attenuation at the resonant frequency, and inser-
tion loss within the passband. In general, a bandstop resonator
is used for harmonic suppression. When it comes to harmonic
suppression, a sharp transition knee, high resonant attenuation,
and small insertion loss in both lower and higher passband is
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Fig. 5. Equivalent circuit model for the E-shaped bandstop resonator.

desirable. When a bandstop resonator is applied to suppress har-
monics, the sharper the transition knee of the resonator the less
insertion loss it introduces to the desired frequencies. High at-
tenuation is to provide effective suppression of unwanted fre-
quencies and small insertion loss within the passbands is to min-
imize the loss of the wanted frequencies.

In Fig. 4(a) and (b), it can be seen that the resonant cells
with the same resonant frequency exhibit different sharpness of
the transition knee. Comparing Fig. 4(a) and (b), among all the
structures, the conventional dumbbell-shaped cell has the flat-
test transition knee. The proposed E-shaped cell has a sharpest
lower transition knee and a similar upper transition knee to the
spiral-shaped cell. The E-shaped cell has the best performance
in terms of transition knee. In terms of attenuation at the res-
onant frequency, the U-slot cell has the highest attenuation of
—34 dB followed by the double-H-shaped cell with an attenu-
ation of —31 dB and the T-shaped cell with an attenuation of
—30 dB. The proposed E-shaped structure exhibits an attenu-
ation of —26 dB, which is the fourth highest attenuation in all
the structures. Insertion loss in the lower passband is dependent
on the lower transition knees, whereas that in the upper pass-
band is affected by the upper transition knee and the second
resonant frequency (how close it is to the first resonance) of
the structure. As shown in Fig. 4, the dumbbell-shaped cell
shows an insertion loss higher than —10 dB in the upper pass-
band. The spiral-shaped and modified dumbbell-shaped cell ex-
hibits the second resonance that is close to 11 GHz. The U-slot,
double-H-shaped, and T-shaped cell have a decreasing insertion
loss in the upper passband, while the proposed E-shaped struc-
ture shows a constant insertion loss at around —1.3 dB. Com-
paring the frequency response of the proposed E-shaped struc-
ture to other patterned ground structures, the E-shaped structure
shows the best transition knee performance within the smallest
circuit area.

E. Q Factor and Explanations

The unloaded @ factors of the patterned ground structures
resonating at 5 GHz are calculated based on simulation results
and compared. The circuit in Fig. 5 is proposed to model the
E-shaped structure within the frequency range of interest (up to
11 GHz in this study). The R, L, and C value in the circuit are
extracted using the following equations [18]:

We

— e 1
Zogs (w? — w?) M

1
L= 25 )

270

k= 2
Vst = (o (v~ z3z))

where w. and wq are the cutoff and center angular frequency,
respectively. Zy is the characteristic impedance of the trans-
mission line. g; is the normalized element value in the Butter-
worth-type one-pole prototype low-pass filter circuit g; = 2 [5].
S11(wo) is the reflection coefficient at the resonant frequency.
Based on simulation results at fo = 5 GHz, the value of f. and
S11(wo) of the E-shaped structure are extracted to be f. = 4.55
GHz and S11(wo) = 0.99. The @ factor without external circuit
for the parallel RLC resonant circuit is estimated using (4) as
follows in [17]:

3)

1 2
wowr _ wo2(we) wo2 - ZC|V|

@=—"Fp ="7p

4)
T
2R

where wr is the total electromagnetic energy, P is the power
loss, (w.) is the time-averaged electric energy, and V' is the
voltage connecting the two ports of the circuit. By using (1)—(4),
Q factor for the E-shaped structure is calculated to be 714.6.
Note that R in (3) and (4) accounts for the loss of the resonator
including loss through heat and radiation.

@ factors of other patterned structures in Fig. 1 are also es-
timated based on their simulated S-parameters [5], [8]-[10],
[12], [13]. Their Q factors are tabulated in the last column of
Table II. In Table II, the conventional dumbbell-shaped struc-
ture has the lowest @) factor at 4.3, indicating the highest loss.
The @ factor of the modified dumbbell-shaped structure is close
to that of dumbbell-shaped structure at 8.3. The () factor of the
double-H-shaped structure is almost seven times as much as that
of the dumbbell cell (28.0). The spiral-shaped structure has a )
factor as high as 144.1.

The three cells with a U-slot geometry (including the U-slot
cell itself) shows a significant increase in () factor. This can
be attributed to the strong field strength around the slot below
the microstrip line when the transversal dimension (x in Figs. 2
and 3) of the etched patch is reduced. Among these three cells
with high @ factor, the proposed E-shaped cell has the highest )
factor at 714.6. It is the highest ) factor among all the structures
under comparison.

The three cells with a U-slot geometry are simulated using
CST Microwave Studio. Fig. 6 shows the surface current of
their ground planes at the resonant frequency. The size and
color (in online version) of the arrows are proportional to the
magnitude of the surface current. As can be seen in Fig. 6,
currents are flowing around the etched patterns resulting in a
periodic charging and discharging process. This charging and
discharging process generates capacitive and inductive effect.
Fig. 6(a) shows a sketch of the associated inductance and capac-
itance. With the above charging and discharging mechanism, the
capacitance is determined by the current density and the width
of the slot, whereas the inductance is determined by the length
of the current path. Table III shows the extracted R, L, and C'
values from the equivalent circuit model in Fig. 5. The U-slot
cell has the highest inductance due to the long current path [the
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Fig. 6. Simulated surface current of the ground planes of the patterned ground
structures. (a) U-slot patterned structure. (b) T-shaped structure. (c) E-shaped
structure.

TABLE III
R, L, C OF THE CIRCUIT MODELS IN FIG. 5 FOR THE PATTERNED
GROUND MICROSTRIP RESONATORS AT fo = 5 GHz

Resonator Cell R L C
(k) | @H) | (P
U-slot 27.97 | 1.60 | 0.64
T-shaped 22.81 | 1.14 | 0.89
E-shaped 13.52 | 0.60 | 1.68

largest longitudinal dimension [ in Fig. 6(a)]. For the T-shaped
structure, the inductance is still high due to the long current path.
Its capacitance is increased from the U-slot cell since the surface
current density in the central line of the T-shape structure is in-
creased. However, due to the large width of gaps in the longitu-
dinal direction [b in Fig. 6(b)], the capacitance is increased only
by a small amount. The E-shaped structure has the highest ca-
pacitance because it has two parts of equivalent capacitance: one
between the central line and the extended arms (g. in Fig. 6(c)
where g. = b — g, — t) and the other is between the arms and
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Fig. 7. S, -parameters of the E-shaped bandstop resonators with different {,,
(w=114mm,ea =b=5mm, g, =g, = 0.25mm, ¢t =¢ = 0.3 mm).

the edge of the etched patch [g;, in Fig. 6(c)]. Since there is high
surface current density along the arm of the E-shaped structure,
as shown in Fig. 6(c), the resultant capacitance is high. The in-
ductance, on the other hand, is reduced due to the reduction in
longitudinal path length (a. < a; or [ in Fig. 6). The high ca-
pacitance contributes to the significant increase in the @) factor
of the proposed E-shaped structure with a simple modification
to the patterned ground structure.

III. EFFECT OF THE DIMENSIONS

For the proposed E-shaped bandstop resonant cell, the effect
of the dimensions, the horizontal arm length (), the width of
the central ground line (¢'), and the gap width (g5, and g,) on
the performance of the resonator are studied based on simula-
tion results. The structure in Fig. 3(b) with ¢ = b = 5 mm is
used in the study. Fig. 7 shows the transmission coefficients of
the E-shaped structures when [, is varied while the rest of the
dimensions of the structure is kept constant. As can be seen in
Fig. 7, when [, increases, the resonant frequency fy decreases
while the cutoff frequency f. remains the same. Moreover, in-
sertion loss in the upper passband increases as [, increases. A
negligible change in f. indicates that [, has insignificant contri-
bution to the inductance L in the equivalent circuit. This is be-
cause that the surface current density at the end of the E-shaped
arms is almost negligible, and thus, the change in the length of
the current path of the arms of the patterned ground structure is
neglected. Since the equivalent L is a constant, the shifting of
fo to a lower frequency as [, increases is because of a change
in capacitance C. An increase in [, causes an increase in the
length of the gaps between the arms and the edge of the etched
patch [gy, in Fig. 3(b)]. The capacitive effect between the central
line and the extended arms [g. in Fig. 3(b)] is negligible due to
a large g, in this part of study (g, = 4.45 mm, g5, = 0.25 mm,
ge > gn)- Although the current density is not high at the end of
the arms, the increase in [, results in a notable increase in C' due
to the small width of the gaps. For the higher loss in the upper
passband with a longer [, it is because the increase in [, results
in a shifting of the second resonance to lower frequencies.

Fig. 8 shows the simulated Ss;-parameters of the proposed
structures with a varied width of the central ground line ¢'. When
t’ = 1.14 mm, the width of the central ground line is equal
to the width of the microstrip line above it. As seen in Fig. §,
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Frequency (GHz)

Fig. 8. S2-parameters of the E-shaped bandstop resonators with different ¢’
(o, =220 mm, w = 1.14 mm, ¢ = b = 5.00 mm, g, = ¢, = 0.25 mm,
t = 0.30 mm).
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Fig. 9. S5;-parameters of the E-shaped bandstop resonators with different ¢,
orgn (I, =2.20mm, w = 1.14 mm,a = b =5.00 mm, ¢t = ¢ = 0.3 mm).

an increase in ¢’ leads to an increase in both fy and f.. This is
because an increase in ¢’ shortens the current path, thus reducing
the equivalent inductance. The change in capacitance at g. due
to the increase in #’ is neglected because g.. is large, as previously
stated.

Fig. 9 shows the Ss;-parameters of the E-shaped structures
when g, or gy is varied. In Fig. 9, it is observed that f. does
not change with the width of the gap while f; increases when
g, Or gy increases. This is because that the width of the gap
(vertical or horizontal) affects the equivalent C, but not L. L
is not changed since the size of the etched patch remains the
same (the length of the current path remains the same). It is also
noticed that an increase in g, introduces a larger increase in f
than the same amount of increase in g;. This implies that g,, has
more significant effect than gj,, which is due to the high surface
current density around the microstrip line.

IV. E-SHAPED TUNABLE BANDSTOP RESONATOR

A. Design and Circuit Model

The E-shaped tunable bandstop resonator is designed and im-
plemented. In [12], a tunable bandstop resonator is implemented
applying T-shaped patterned ground structure [see Fig. 1(e)]
with varactors embedded in the arms. However, in a T-shaped
structure, the length of the arms x has to be sufficiently large

Unit: mm

Fig. 10. Schematic of an E-shaped structure for realizing the tuning function-
ality.
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Fig. 11. S2;-parameters of the E-shaped structures with or without gaps in
Figs. 3(b) and 10.

in order to accommodate the varactors, which results in a large
circuit area of the structure. If the U-slot geometry is adopted to
the T-shaped structure, as shown in Fig. 3(a), it becomes diffi-
cult to accommodate varactors.

In this proposed E-shaped bandstop resonator shown in
Fig. 3(b), the extension arms make it possible for lumped
circuit components to be embedded easily into the structure.
Fig. 10 shows an E-shaped structure with two identical gap of
length d. The gaps can be moved along the arms. The arms
of length [/, are coupled to the central ground line through the
gaps. The strength of coupling is determined by d, the length
of the gap in the arms.

Fig. 10 shows the E-shaped resonator with gap. It is used to
demonstrate the tuning functionality of the proposed structure.
Taconic (¢, = 2.45,h = 0.4 mm) is used as the substrate. The
dimensions are labeled as shown in Fig. 10. w = 1.14 mm
corresponding to a characteristic impedance of 50 2. In order
to facilitate the fabrication and testing, g, = g, = 0.25 mm,
t = 1.00 mm, and ¢’ = 0.40 mm. The length of the arm, z is
set to 8.01 mm in order to minimize interference caused by the
embedded circuit components. This E-shaped structures without
gap and with gap are simulated. Fig. 11 shows their simulated
So1-parameters. As shown in Fig. 11, the structure without gap
shows a resonant frequency of 1.80 GHz, whereas the structure
with gap shows a resonant frequency of 2.66 GHz.

Based on the equivalent circuit of an E-shaped structure in
Fig. 5, a circuit model is proposed for the E-shaped structure
with gaps [see Fig. 10] and shown in Fig. 12(a). As shown
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Fig. 12. Proposed circuit model for E-shaped structure: (a) with gaps and
(b) with mounted capacitors across the gaps.

in Fig. 12(a), Cy corresponds to coupling between the central
ground line and the edge of the etched patches, while Cs corre-
sponds to that part of coupling between the arm with a length of
I/, and the edge of the etched patch. Therefore,

Ci+20,=C 5)

where C is the capacitance in the equivalent circuit of the
E-shaped structure without gaps in Fig. 5. Cj is the new
coupling between the arm [/, and the central ground line intro-
duced by the gap. Nodes of the circuit are labeled as shown in
Fig. 12(a) for further analysis.

With Cy, the total capacitance between node a;az, Cq,, can
be estimated using (6) as follows:

Calz = (CZCg)/(C2 + Cg) (6)

Based on (6), C,,, = C> when there is no gap and C,; goes to in-
finity, resulting in C +2C,,,, = C according to (5); Cy,,, < Cs
when gaps are introduced and (| is a finite number, leading to
Ci1+2C,,, < C1 +2Cy; Cy,, = 0 and node a; and ay are
disconnected when C is approaching 0. Based on the simula-
tion results and (1)-(3), RLC in the equivalent circuit for the
E-shaped structure without gap is obtained to be 289479.70 €2,
3.25 nH, and 2.37 pF, respectively. Using a schematic, Agilent
Technologies’ Advanced Design System, C'; can be obtained
by following the guidelines as follows: C; + 2C5 < C since a
small portion of coupling between the arms to the edge of the
etched patch is eliminated due to the gap; C; > 2C5 due to
the high confinement of electromagnetic fields around the mi-
crostrip line. With C; = 1.1 pF and (5 = 0.59 pF, Cj is ex-
tracted to be 107° pF for the structures with gap (C,; ~ 0 and
node a; and ay are equivalent to open circuit). The equivalent
circuits for the E-shaped structure without gap and with gap are
simulated. Fig. 11 shows their simulated So1 -parameters. As can
be seen in Fig. 11, the simulation results of the equivalent cir-
cuits are in good agreement with those using a full-wave simu-
lation.

R
L Port 2
P%rt ! Y'Y Y g
Y
G Ly Ry c \ |
1 7 9]
Port 1 Port 2 C; Cg
Cp
Y b )
A AN -
Equivalent circuit of the varactor \ @—4)
(MV31020-46, MDT)
2 Ce
o Py e
c

Fig. 13. Equivalent circuit of the tunable E-shaped bandstop resonator with
varactors.

In the design of an E-shaped patterned ground structure, when
Cy is approaching 0 as that in the case above, C can be esti-
mated using (7) as follows:

Cy =1/ (wj,L) (7

where wy,, is the angular resonant frequency of the E-shaped
structure with gap.

The gaps along the arms allow accommodation of circuit
components. If a capacitor is mounted across the gap, the
circuit in Fig. 12(a) is modified to the circuit in Fig. 12(b)
where the mounted capacitor introduces a C, that is in parallel
with Cy. With the mounted capacitors across the gaps, the
total capacitance between node a;as changes and is denoted as
C..,- C.,, can be expressed as follows when L. is neglected
in the derivation:

Coy, = (Co(Cy + CL)/(Ca + Cy + C). ®)

a2

When C, = 0,0}, | ~ C2C./(C2 + C.). According to (8),
Co > (), > Cy,,,thus,C > C1 4207 |, > C142C,,, based
on (5). Therefore, mounting capacitors across gaps tunes the
resonant frequency within a range of frequencies between the
frequency for the structure without gap and the frequency for the
structure with gap. The structure becomes a tunable bandstop
resonator when tunable capacitors or varactors are used. When
varactors are embedded into the structure, the tuning range of
the E-shaped resonator can be obtained based on the equivalent
circuit in Fig. 12(b) and the specifications of the varactor.

The MV31020-46 varactors from the MDT Corporation,
Westford, MA, are used in order to realize a tunable bandstop
resonator. The equivalent circuit of the E-shaped structure with
varactors is shown on the right of Fig. 13. The capacitor C.
in the equivalent circuit for the E-shaped structure with gap in
Fig. 12(b) is replaced by the equivalent circuit of the varactor,
as shown on the left of Fig. 13. C; is the junction capacitance
that can be estimated using (9) as follows [19]:
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Fig. 14. Measured and simulated S2;-parameters of the tunable E-shaped
bandstop resonator when varactors are mounted across the gaps.

Co;

where Cp; is the junction capacitance at 0 V in picofarads,
® is the built-in potential, V' is the applied reverse voltage,
and ~y is the tuning slope. L, is the parasitic inductance, R
is the parasitic resistance, and C), is the package capacitance.
Fig. 14 shows the simulation results of this equivalent circuit
when the dc bias is set to 0 and 15 V with L, = 0.170 nH,
R; = 0.497 Q,C, = 0.100 pF, Cp; = 20.007pF, & =12V
for GaAs, and v = 1.250 [19]. As shown in Fig. 14, the equiva-
lent circuit has a resonant frequency at 1.81 and 2.07 GHz when
V is set to 0 and 15 V, respectively. The predicted tuning range
is 12.4%.

Cy= pF €))

B. Experiment

The E-shaped structure is fabricated. The measured Ss;-pa-
rameters of the structure without a gap and with a gap are shown
in Fig. 11 with their simulated results. As can be seen in Fig. 11,
the E-shaped structure shows a resonant frequency 1.80 GHz
when there is no gap in the structure, whereas a resonant fre-
quency of 2.66 GHz when there is a gap. The measurement re-
sults agree well with the simulation results.

The MV31020-46 varactors are mounted across the gaps.
Fig. 15 shows the capacitance—voltage (C—V) characteristics of
this varactor. The tuning range for the capacitance is from 20
to 0.5 pF when the applied bias dc voltage is varied from O to
15 V.

Fig. 16(a) and (b) shows the photographs and schematic of the
microstrip line of the implemented tunable bandstop resonator,
respectively. Fig. 17 shows the photograph of its ground plane.
DC voltage is supplied from the plane with a microstrip line,
through a via, to the varactors on the other side of the board (the
ground plane). On the plane with a microstrip line, an RF choke
(47 nH with a self-resonant frequency at 2.6 GHz) is placed
between the dc supply and the varactor in order to minimize RF
loss of the circuit in the frequency range of interest. Moreover,
the dc supply and RF chokes are located outside the the circuit
area of the resonator so as to eliminate their possible effect on

Total capacitance (pF)

Reverse voltage (V)

Fig. 15. C-V characteristics of the varactor used in the proposed tunable band-
stop resonator.

DC
RF el -
choke Via
-
[ Microstrip line
-
pm
Via
BE
choke DC
(®)

Fig. 16. Fabricated tunable E-shaped bandstop resonator with varactors and
de supply. (a) Photograph of the microstrip line side. (b) Schematic of the mi-
crostrip line side.

the resonant cell. In Fig. 16(b), the E-shaped pattern is etched in
the ground plane. Vias are introduced to the arms and varactors
are connected across the gaps.

Fig. 14 shows the measured S»;-parameters when varactors
across the gaps have dc bias. As shown in Fig. 14, the E-shaped
structure has a resonant at 1.81, 1.90, 1.97, and 2.07 GHz when
dc bias of 0, 5, 10, and 15 V are supplied, respectively. This
proposed E-shaped tunable bandstop resonator realize a tuning
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Fig. 17. Photograph of the ground plane side of the fabricated tunable E-shaped
bandstop resonator with varactors and dc supply.

range of 12.4%. As can be seen in Fig. 14, the resonant fre-
quency increases with an increase in the dc voltage (a decrease
in total capacitance of the varactors) within the expected tuning
range (1.80-2.66 GHz). The measured results when the dc bias
is 0 and 15 V are in good agreement with the simulated re-
sults of the equivalent circuit in Fig. 13. This indicates the ac-
curacy of the proposed equivalent circuit in Fig. 12(b) for the
E-shaped structure with mounted lumped components across
the gap. Based on the measured S-parameters, the () factors of
the implemented tunable resonator are calculated for different
dc supply voltages. The @ factor varies from 18.65 to 31.67
when the dc supply is changed from O to 15 V. Comparing to
the E-shaped structure in Fig. 3(b), the tunable resonator has a
lower () factor. This is probably due to the loss of the varactors
and the dc supply circuits that are used for tuning.

In comparison to a T-shaped structure, their tuning ranges
are comparable, while this proposed E-shaped structure is much
smaller in physical size when the center frequency of tuning is
set to be the same. Furthermore, only the E-shaped structure is
able to accommodate lumped components even when the length
of the arm, z, is very small.

V. CONCLUSION

In this paper, a new E-shaped patterned ground structure is
proposed by modifying the most recently developed T-shaped
resonator and adopting the U-slot resonator geometry. A de-
tailed literature review on patterned ground structures is pre-
sented. This proposed bandstop resonator has an E-shaped pat-
terned ground plane. It is designed, analyzed, and compared
to the patterned ground structures in the literature. When all
these structures are designed to resonate at the same frequency
of 5 GHz, the proposed structure has the smallest circuit area
among all the structures. It takes less than 50% of the area of
all other resonant cells. Moreover, it has the sharpest transition
knees and the highest @ factor. It is comparable to the best al-
though the attenuation at the resonant frequency and the perfor-
mance in the upper passband is not idea. Besides the compar-
ison, the effect of the dimensions of the proposed structure on its
performance is also studied in details. This proposed structure is
applied to the design of a tunable bandstop resonator. It is fabri-
cated and tested, achieving a compact physical size and a wide
tuning range of 12.4%. An accurate circuit model is proposed

to ease the study of the tuning behavior of the structure. Sim-
ulation and measurement results shows good agreement with
each other, verifying the accuracy of the proposed circuit model
and the superior performance of the proposed patterned ground

structure.
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