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ABSTRACT It is always advantageous to include additional bandpass filtering functionality within different
circuits and components in the wireless communication system, and thus, a novel circular patch loaded with
vias and stubs is proposed as the basic element to achieve this function integration, as well as the performance
enhancement. Owing to the introduction of a new operation mode and flexibility of the proposed patch
element in locating the frequencies of different operation modes, excellent bandpass characteristics can be
implemented with simplicity in structure. First, the proposed patch element is used to implement a triple-
mode bandpass filter with a very wide harmonic suppression. As an extension, a novel rectifying circuit with
extended input power range and bandpass filtering property is implemented based on a bandpass filtering
power divider, which is also implemented using the basic patch configuration. To verify the validity of the
proposed patch configurations, three different kinds of circuits have been designed, fabricated, and measured.

All measured results are found to be in good agreement with the simulation results.

INDEX TERMS Bandpass filter, rectifier, harmonic suppression, function integration.

I. INTRODUCTION

The idea of the microstrip patch was first introduced as
an antenna by Deschamps in 1953. However, patch anten-
nas did not attract much attention by researchers until the
early 1970’s. The succedent advances have made it one of
the most widely used antennas in the wireless communication
systems [1], [2]. This is because it provides many advantages
compared to other conventional antennas, such as ease of
construction, strong mechanical structure, low profile, and
low cost, and so on.

Inspired by all these advantages, the patch element was
considered for the implementation of microwave circuits.
As the simplest case, the patch element is firstly utilized as the
resonator in a bandpass filter. Different shapes of microstrip
patch resonators have been proposed, such as square, cir-
cular and triangular patch elements [3]-[5]. Besides, patch
elements have also been employed for the implementation of
a quadrature coupler. Similarly, rectangular, circular, ellipti-
cal and circular sector shaped patch elements were reported

respectively [6]-[9]. The previous patch based circuits usu-
ally suffer from a narrow operational bandwidth and large
circuit size. Thus several approaches had been proposed to
address these two issues. For the narrow bandwidth issue,
stubs are loaded on rectangular patch coupler to provide
the dual band operation [10]. While the patterned ground
plane structure was introduced to compress the circuit size
without increasing circuit complexity [11]. As an extension,
the varactor diodes were loaded on the patterned ground plane
to implement frequency agility [12] and function reconfigura-
bility [13] for narrow bandwidth and large size issues respec-
tively. However, the operating mode of the patch element used
in these circuits is either 7M1 or TM»; mode. As a result, the
flexibility of these patch based circuits is limited.

In this paper, a new patch element is proposed as the
fundamental component to realize different types of circuits
with excellent performance and high integration level. Short-
ing vias are loaded on a circular patch element to introduce
additional TM(; mode, which has not been reported in the
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previous patch based circuits. Open stubs are loaded on
the patch element to improve the selectivity of the band-
pass and also introduce another operating mode. Based on
this basic element, a triple-mode filter with both excellent
bandpass filtering and very wideband harmonic suppression
characteristics can be implemented. To further demonstrate
the flexibility of proposed patch element, a power divider
with additional excellent filtering function and high-order
harmonic suppression is implemented and applied in a rec-
tifying circuit. The input power range of the rectifying circuit
is widened together with an excellent bandpass characteristic
owing to the introduction of the proposed power divider.

This paper is organized as follow. The working principle
of a vias and stubs loaded patch element is explained in
Section II. And a triple-mode bandpass filter with a wide
stopband up to 10™ harmonic is proposed in Section III. As an
extension, a power divider with bandpass filtering character-
istic is implemented and applied in a rectifier for power range
extension and function integration, as described in Section I'V.
Finally, a conclusion has been drawn in Section V.
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FIGURE 1. The configuration of the basic patch element.

Il. THE VIAS AND STUBS LOADED PATCH ELEMENT

Fig. 1 shows the configuration of the basic patch element,
which is a slotted circular patch with two shorting vias
and four open stubs loaded. The four slots with the width
of WS and the length of LS, are loaded on the circular patch
with a radius of R across the horizontal and vertical planes.
Two vias with a radius of Ry are located symmetrically on
the patch, which is indicated by P. Four open stubs with the
same width of WS, and the length of LS, are inserted into
the slots. Owing to the simplicity and symmetry in struc-
ture, this basic patch element can be analyzed theoretically
and further utilized to implement different types of circuits
easily.

To investigate the working principle of the proposed vias
and stubs loaded patch element, the behavior of a sin-
gle mode resonator based on a circular patch is evaluated.
As an example, a circular patch with a radius of 20 mm is
implemented using Rogers RO4003C substrate with dielec-
tric constant &, of 3.38 and thickness 4 of 0.813 mm. The
50 €2 input/output ports are connected to the patch resonator
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FIGURE 2. Frequency responses of the filters based on a circular patch
with and without vias.

directly. The shorting vias with a radius of 0.5 mm are
located at the position P, which is 0.7 mm away from the
center. The frequency responses of the resonator with and
without vias are shown in Fig. 2. Several resonant modes
can be observed within the operating frequency band when
the shorting vias are loaded on the patch element. They can
be determined as TMy;, TM11, TM>; and TM(y, respectively
according to the theory given in [14]-[16]. Fig. 3 shows the
current distribution within the patch under different resonant
modes. It can be observed that the introduction of vias does
not affect the existing 7M1 and TM> modes, but introduces
a new resonant mode located at 1.1 GHz, which has not been
reported in the previous patch based circuits. For example,
only TM11 and TM3>; modes are utilized in the snowflake
shaped patch [15] to implement a quadrature coupler. As the
current direction on the patch will rotate with the different
radii for the circular sector patch elements, the 7M1 mode
can be used to implement a bandpass filter [17], [18]. The
three operating modes of the proposed bandpass filter in
[17] and [18] are TMi‘l, TMf1 and TM>. Different from this,
a transmission zero and pole coincide in resonant mode 7M1
in this proposed configuration. This is because the direction
of current flow is vertical to the port 2, which means very little
energy will be transferred to port 2, as shown in Fig. 3. (b).
Therefore, the TMy; and TM3,; modes are considered here
alternatively.

The introduction of the TM(; mode can improve the sup-
pression within the lower stopband. When the vias are not
loaded on the circular patch, the resonant frequency for the
lowest mode (TMy) of the patch element is zero [14]. The
transmission coefficient (S71) of the filter will climb up
gradually with the decreasing frequency starting from the
resonant frequency of 7M 1| mode, as depicted in Fig. 2. This
results in the poor out of band suppression for the lower
band. Similar phenomena can be found in the two designs
reported in [15] and [17]. As shown in Fig. 2, the frequency
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FIGURE 3. Current distributions within the circular patch. (a) TMy; mode

(b) TM;; mode (c) TM»; mode (d) TMy, mode (e) TM,; mode
(f) TMg; mode.

for the TMy; mode is shifted from zero to 1.1 GHz with the
introduction of vias. Since there is no resonant mode within
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FIGURE 4. Simulated frequency responses of the basic patch filter with
different LS;.

the lower band, it can be concluded that the out of band
suppression is improved by the loaded vias. The resonant
frequencies of the vias loaded circular patch are determined
by the following equation [14], [16]:

kin - €
" 27R - /5,
where the indexes m and n represent the corresponding
TM mode, c is the velocity in the free space, ¢, is the relative

permittivity of the substrate and k;,, are the roots of the
following characteristic equation:

T Cnnt)Non K@) — T K@ Ny (ki) =0 (2)

where g is the ratio P/R; and J,,,(x) and N, (x) are the first and
second kind mth order Bessel functions and the prime denotes
the first derivative.

The TM»>; mode should be properly controlled to approach
the TMy; mode for the implementation of the multi-mode
operation and wide stop band. As the current under TMjy
mode flows in the radial direction, the slots do not affect
the current path of TMp; mode, the resonant frequency
of TMp; remains unchanged with slots loaded. While the
slot can effectively lengthen the current path under the
TM3>1 mode [15], resulting in a decrease in frequency of
the TM>1 mode. This property can be demonstrated by the
simulated results shown in Fig. 4, in which TM1; and TM>;
have been merged with each other. Therefore the imple-
mentation of a dual mode bandpass filter with good out of
band suppression becomes possible. To introduce additional
resonant mode within the passband and a transmission
zero within the suppression band, four open quarter-
wavelength stubs are loaded on the previous dual mode patch
resonator [19], [20]. Because the two modes (TMy; and TM>1)
are not affected by the loaded stubs, the implementation
of triple-mode bandpass characteristics becomes possible.
It should be emphasized that the working principle for the
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proposed patch element is different from those reported in
[17] and [18], a better selectivity can be achieved by intro-
ducing the TMy; mode and open stubs.

Besides the control of operating frequency for the
TM>1 mode, the slots can suppress some higher order modes
of the circular patch simultaneously for the implementation of
wideband harmonic suppression. Fig. 4 shows the frequency
responses of the basic patch filter with different LS;. With the
four slots loaded, the current paths on the patch for different
modes will be affected. The high-order modes except the
TMy4 and TMg; modes are suppressed by the disturbing of
current paths. This is because only the current paths under
TMy41 and TMg; modes are almost in parallel with the slots,
as shown in Figs. 3. (e) and 3. (f). According to Fig. 4, when
the slots with a proper length are loaded, the high-order can be
suppressed except the TM4; (7.8 GHz) and TM3g; (13.3 GHz)
modes. In this way, by properly controlling the dimensions of
the slots and stubs, a triple-mode bandpass filter with a wide
stopband can be implemented.

The operation principle of proposed patch element had
been explained, the detailed analytical method should be
provided as well. Since the proposed patch element is
not a regular shape patch, the Green’s function is not
available in the literature. The planar component will be
analyzed through the segmentation and desegmentation
methods [21], [22]. Firstly, the proposed patch can be consid-
ered to be the combination of a slots and vias loaded circular
patch « and four open stubs 8 as shown in Fig. 5. (a). How-
ever, the impedance matrix of the slot loaded patch « is still
difficult to obtain. The sub-circuit « can be treated as a regular
via loaded circular patch ¢ with four rectangular patch y
subtracted, as indicated in Fig. 5. (b). The impedance matrix
fora, B, y and ¢ segments are Zy, Zg, Z,,, and Z; respectively.
According to the methods described in [21] and [22], the
impedance matrix Z of the proposed vias and stubs loaded
patch can be expressed by Zg, Z,, and Z;. As segment S,
y and ¢ are all regular shapes, the corresponding impedance
matrices Zg Z,, and Z; can be obtained respectively [16].

Therefore, the impedance matrix of this basic vias and
slots loaded patch can be calculated accordingly. Once the
overall Z-matrix of this network is obtained, S-parameters
characterization can be realized by using standard Z-matrix
to S- matrix transformation.

Ill. TRIPLE-MODE PATCH BANDPASS FILTER WITH A

WIDE HARMONIC SUPPRESSION BAND
A. COMPACT TRIPLE-MODE PATCH BANDPASS

FILTER CONFIGURATION

With the emerging broadband communication systems, the
demand for the wide bandwidth of bandpass filters has been
unprecedentedly increasing. To accomplish the wideband
characteristic, the most straightforward way is to cascade
several patch resonators. But this will result in major draw-
backs in terms of bulky size and high insertion loss. Alterna-
tively, a multiple-mode resonator is considered to achieve a
compact size and wide bandwidth simultaneously [23], [24].
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FIGURE 5. An illustration of the segmentation and desegmentation
methods for the analysis of proposed patch element. (a) The first step of
the segmentation and desegmentation methods. (b) The second step of
the segmentation and desegmentation methods. (c) The third step of the
segmentation and desegmentation methods.

To maintain a compact size, the microstrip line resonator
with stubs loaded was proposed to realize the triple-mode
filters [25]. For the implementation of a triple-mode bandpass
filter on a patch element, four varactor diodes were loaded
alternatively [17].

Besides the bandwidth issue, the harmonic suppres-
sion characteristic is also important for a bandpass fil-
ter, as the poor harmonic suppression may degrade the
system performance. To suppress the harmonics of res-
onators, various methods have been proposed [26]-[32].
Substrate suspension [26] and wiggly lines [27] had been
utilized to compensate the phase velocities for harmonic
suppression. Another method is to use the individual
stepped-impedance resonators (SIRs) with the same fun-
damental resonance frequency fy but different harmonic
resonance frequencies [28]. The discriminating coupling
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FIGURE 6. The configuration of the triple-mode bandpass patch filter
with wide suppression band.

technique was proposed to suppress the second
harmonic [29]. The spur lines were utilized for the harmonic
suppression of stub loaded resonators alternatively [30].
A circular patch with four orthogonally oriented slots was
proposed in [31], which extended the stopband to 4.66 fy.
However, the proposed circular patch filter only exhibits
dual mode bandpass filtering property with a low harmonic
suppression level. All these structures suffer from the narrow
bandwidth or high design complexity caused by a large
number of design parameters required. Therefore, a new
structure is desired to implement the bandpass filter with a
wide bandwidth, wide harmonic suppression band, and good
frequency selectivity.

The operation principle of a vias and stubs loaded patch
element had been explained in the previous section, the imple-
mentation of a bandpass filter can be obtained subsequently.
Different feeding methods could be considered for this patch
element. The most common feeding method, especially for
planar structures, is the simple microstrip feed line. How-
ever, the input impedance at the input/output ports of the
patch element is found to be lower than 50 €2, an impedance
transformer can be used but at the expense of a larger circuit
size. Moreover, the suppression of the high-order harmonics
should be taken into consideration in the feeding mechanism.

The configuration of the proposed patch bandpass filter
is described in Fig. 6. Two feeding lines are inserted into
the patch element orthogonally. Two slots are employed on
the input/output ports as impedance transformers for simul-
taneous impedance matching and harmonic suppression.
To investigate the effects of slots, the frequency responses
of a bandpass filter with different slot length LS3 are shown
in Fig. 7. It can be found that the three operating modes
are not affected by the slots, but the impedance match-
ing deteriorates significantly when LS3; varies to a smaller
value. Figs. 7. (b) and 7. (c) show the frequency responses
of the designed filter within the upper suppression band.
It can be found that the introduction of slots can improve
the suppression level of upper stopband significantly. When
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FIGURE 7. Simulated frequency responses of proposed triple-mode
bandpass patch filter with different LS5. (a) Simulated return losses

around the pass band. (b) Simulated return losses within the stop band.
(c) Simulated insertion losses within the stop band.

LS3 increases from 0 mm to 2 mm, the stopband with a
suppression level larger than 20 dB can be extended from
7 GHz (3.91y) to 14.5 GHz (8fy). It can be concluded that
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FIGURE 8. Simulated frequency responses of proposed triple-mode
bandpass patch filter with different L,. (a) Simulated return losses.
(b) Simulated insertion losses.

the slots are introduced on the input/output ports to obtain a
better impedance matching within the passband and a high
suppression level within the stopband simultaneously.

To verify the operating principle of the loading stubs
given in the previous section, the parametric study on the
parameters (LS») is also conducted in Fig. 8. It can be seen
that the transmission zero moves from 2.5 GHz to 2.1 GHz
with LS> increasing from 20.4 mm to 24.4 mm. At the
same time, the frequency for the third mode moves from
2.3 GHz to 1.94 GHz. Therefore, the open stubs are respon-
sible for enhancing the selectivity and introducing additional
mode [19], [20].

B. DESIGN EXAMPLE AND EXPERIMENTAL RESULTS

For demonstration purposes, the design and experimental
results of a triple-mode patch bandpass filter centered at
1.8 GHz, will be presented in this section. The circuit was
fabricated using Rogers RO4003C with a dielectric constant
of 3.38 and thickness of 0.813 mm. The dimensional circuit
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FIGURE 9. Photograph of the designed triple-mode patch bandpass filter.

parameters are Wo = 1.88 mm, Ry = 174 mm, R, =
17 mm, Ry = 0.9 mm, WS| = 2.5 mm, LS| = 14.3 mm,
WS> = 0.4 mm, LSy = 24.4 mm, WS3 = 3.3 mm, LS3 =
2 mm, WS4 = 5.7 mm, LSy = 3.1 mm, P = 1.4 mm.
Fig. 9 shows the photograph of designed triple-mode patch
bandpass filter. It is worth mentioning that the little difference
between R; and R, are set for a better impedance match-
ing, rather than exciting the degenerate mode of the circular
patch.

The simulated and measured frequency responses of the
triple-mode patch bandpass filter described above are shown
in Fig. 10. Good agreement between simulated and exper-
imental results is observed, which validates the proposed
design. The circuit exhibits good return loss better than
10 dB within the passband from 1.64 GHz to 1.97 GHz.
The insertion loss is smaller than 2 dB over the same band.
The measured results show that the high suppression level
(1S21] < —20dB) can be found within the desired stopband
up to 10" harmonic frequency (18 GHz), which is much
better than that of reconfigurable patch filter [17]. Within
the lower stopband, the suppression level is high as 40 dB
at 0.5 GHz, which is also much better than that of the
reconfigurable patch filter [17]. Two transmission zeros with
more than 30 dB suppression level are observed at about
2.03 GHz and 5.5 GHz, which are generated by the load-
ing stubs and slots at input/output ports. The transmission
zero at 2.03 GHz improves the selectivity of designed filter
significantly.

Table 1 summarizes the comparison between the pro-
posed patch filter and other related structures that can be
found in the literature. First of all, the proposed struc-
ture achieves the widest stopband and largest suppres-
sion level compared to the previous patch based filters.
Moreover, the bandwidth of the proposed filter (18.3%)
is larger than those of the microstrip line based filters
except [25]. Meanwhile, the stopband up to 10™ harmonic
suppression is wider than those of the compared filters
except [28]. Finally, the proposed patch filter exhibits a
high simplicity in structure owe to the introduction of the
new patch element, compared to other microstrip line based
structures [25]-[30].
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TABLE 1. Comparison between proposed patch filter and previous works.

Ref. fo(GHz) | Technology | Insertion loss (dB) | No.of Modes | BW (%) Harmonic suppression

[17] 2.4 Patch 2 3 31.5 > 15 dB up to 2.5™ harmonic
[25] 1 Microstrip 1.62 3 27.2 > 20 dB up to 2" harmonic
[27] 2.5 Microstrip - 2 10 > 20 dB up to 2.4™ harmonic
[28] 1.5 Microstrip 2.52 2 8.9 >23.7 dB up to 10.6" harmonic
[29] 2.4 Microstrip 2.4 2 12.5 > 30 dB up to 3.1" harmonic
[30] 2.4 Microstrip 0.78 3 15.8 > 20 dB up to 4™ harmonic
[31] 0.8 Patch 0.778 2 33 > 10 dB up to 4.6™ harmonic
vl;}(:;i 1.8 Patch 2 3 18.3 > 20 dB up to 10" harmonic

IV. BANDPASS FILTERING RECTIFIER WITH WIDE INPUT
POWER RANGE
A. BANDPASS FILTERING RECTIFIER WITH WIDE INPUT
POWER RANGE
Since the concept of wireless power transmission (WPT)
has been proposed by Dr. Brown at the end of 1950’s [32],
the WPT technology has gained increasing interest since
it is valuable for various potential applications [33]-[35].
The rectifier plays the most important role in the WPT
system. Recently, different kinds of rectifying topologies
have been intensively investigated around the world. For
instance, class F load has been used as the output filter for
efficiency enhancement [36], which is similar to the design
concept of a Class-F amplifier. Besides, two-way rectifier
structure also has been proposed for efficiency enhancement.
A full-wave rectifying structure was employed to realize the
high-efficiency rectifier [37]. A differentially driven rectifier
structure has been proposed to gain higher efficiency [38].
However, most of these rectifiers can only maintain a high
efficiency within a narrow input power range. In order to
extend the operating power range of the rectifier, many solu-
tions have been proposed. For example, a FET was introduced
in the traditional rectifier as an adaptive switch to extend
the operating power range [39], [40], but the operating fre-
quency around 100 MHz may limit their practical applica-
tions. In [41], the power detector and switches are combined
to achieve a high efficiency over a wide input power range.
Besides the requirement in the input power range, the inter-
ference with the existing wireless communication systems
should be avoided. Therefore, it is advantageous to integrate
additional bandpass filtering functionality within the high
efficiency rectifier.

To achieve all these characteristics, a two-way rectifier is
proposed, as shown in Fig. 11. A bandpass power divider is

7048

employed to split the target input signal into two parts for rec-
tifying, and reject the unwanted input signal to avoid the inter-
ference with existing wireless communications. To guarantee
the high conversion efficiency, the class F loading approach
is utilized. The combination of a A/4 microstrip line and three
open stubs is used as the dc pass filter. The lengths of open
stubs are determined as quarter wave length at the fundament
frequency, second and third harmonic frequencies respec-
tively. The amplitudes of 4" and higher order harmonics are
very low, and do not significantly contribute to the power loss,
so the previous harmonic control is enough for a high conver-
sion efficiency. Thus a power divider with bandpass filtering
property is required for function integration and input power
range extension. However, most of existing of power divider
configurations do not exhibit additional bandpass filtering
characteristics.

B. BANDPASS FILTERING POWER
DIVIDER CONFIGURATION
The conventional approach to introduce additional band-
pass filtering function is to insert bandpass filters between
input/output ports and power divider, but this will result in a
larger size and higher insertion loss. Recently, several designs
have been proposed to achieve this integration. The main idea
is to replace the transmission lines with different resonators,
such as quarter-wavelength short-circuited resonators [42],
net type resonators [43] and stub-loaded resonators [44].
Owe to the unique property of vias and stub loaded patch
element, a bandpass filter with very wideband harmonic
suppression has been implemented in the previous section.
Thus the implementation of a bandpass power divider using
the patch element is considered. The proposed configuration
is shown in Fig. 12. Different from the filter configuration,
the separation angle between ports are fixed to be 120° for

VOLUME 5, 2017
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FIGURE 10. Simulated and measured responses of the designed
triple-mode bandpass patch filter with wide suppression band.
(a) narrow-band frequency response (b) wide-band frequency response.
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FIGURE 11. The schematic of the proposed bandpass filtering rectifier
with a wide input power range.

symmetry, as indicated in the figure. The same vias and stub
loaded circular patch is also utilized to implement a power
divider with bandpass characteristics. For additional trans-
mission zero and ease in impedance matching, the parameters
for the slot and stub between port 2 and port 3 are arranged
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FIGURE 12. The configuration of the proposed bandpass power divider
with wideband harmonic suppression.
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FIGURE 13. Simulated frequency responses of proposed bandpass patch
power divider with different LS.

to be different from those for other slots and stubs between
port 1 and port 2 or port 3. But the whole structure remains
symmetric across the symmetric plane for equal power divi-
sion. To get a further investigation on this proposed power
divider, a parameter study is carried on.

Fig. 13 shows the simulated |S»;| (dB) with varied stub
length LS4 with other parameters fixed. It can be observed
that the transmission zero within lower suppression band can
be controlled by the parameter LS. Since the working prin-
ciple of this power divider is similar to that of the bandpass
filter, which has been given in Section III, the power divider
also shows a bandpass filtering characteristics and harmonic
suppression. The three working modes are same as those of
the bandpass filter, which are the TMy;, TM>; and another
mode introduced by the quarter-wavelength open stub.

For demonstration purposes, a patch bandpass power
divider is designed to operate at 1.8 GHz. The circuit was also
fabricated using Rogers RO4003C substrate with a dielectric
constant of 3.38 and thickness of 0.813 mm. The physical
circuit parameters are: Wy = 1.88 mm, R = 17.5 mm,
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FIGURE 14. Photograph of the designed bandpass power divider.

R3; = 0.7 mm, WS; = 3.2 mm, LS| = 14.6 mm, WS, =
1.5 mm, LS, = 23.7 mm, WS3 = 2.7 mm, LS3 = 5 mm,
WS4 = 1.5mm, LSy = 37 mm, WS5 = 12 mm, LS5 = 7 mm,
L = 2 mm. Fig. 14 shows the photograph of proposed
circular based patch power divider with bandpass filtering
characteristic.

Fig. 15 shows the simulated and measured frequency
responses of the bandpass power divider described above.
Good agreement between simulated and experimental results
is observed, which validates our proposed design. The sim-
ulated and measured 10 dB impedance matching bandwidth
are 18% (from 1.63-1.97 GHz) and 24.2% (1.56-1.99 GHz),
respectively. The additional insertion loss is smaller than
1.5 dB over the whole passband. The measured results also
show that the high suppression level (|S2;| < —20dB) can
be found within the desired stopband up to 5™ harmonic fre-
quency (9.5 GHz). And two transmission zeros are observed
at 1.2 GHz and 2.15 GHz within the lower and upper suppres-
sion bands respectively, which can improve the selectivity of
the passband. Similar to the proposed filter, within the lower
suppression band, the suppression level decreases to around
40 dB at 0.5 GHz due to the introduction of TM(y; mode,
which had been explained in Section II.

Table 2 summarizes the comparison between the proposed
power divider with other structures that can be found in
the literature. Compared to the microstrip line based power
dividers [42]—[44], the patch based configuration can obtain a
bandwidth of 24.2%, which is about 4 times of the bandwidth
achieved by [42]. Meanwhile, the proposed patch power
divider also exhibits a lower insertion loss compared to the
previous works [43]. Small amplitude imbalance within the
passband, high-frequency selectivity and a large rejection
level within the suppression band are achieved in the pro-
posed structure simultaneously. Moreover, the patch based
configuration are more suitable for the high-frequency appli-
cations compared to the microstrip line based configuration
owing to the ease of fabrication.

C. DESIGN EXAMPLE AND EXPERIMENTAL RESULTS
Based on the schematic of a bandpass rectifier and the new

bandpass power divider configuration, a rectifier operating at
2.4 GHz is designed and fabricated using Rogers RO4003C
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FIGURE 15. Simulated and measured responses of the designed
bandpass patch power divider with wide suppression band.
(a) narrow-band frequency response (b) wide-band frequency response.

substrate with a dielectric constant of 3.38 and thickness
of 0.813 mm. A Schottky diode HSMS286b is chosen due
to its low built-in voltage (0.3V) and high breakdown volt-
age (7V). Fig. 16 shows the configuration of the proposed
rectifying circuit. The bandpass power divider proposed in
the previous section is redesigned to operate at 2.4 GHz. The
photograph of the fabricated rectifying circuit is shown in
Fig. 17. The load resistance is determined as 1200 €2. The
bandpass rectifier circuit has been designed and optimized
using the advanced design system (ADS) software, and the
optimized parameters are (unit: millimeter): Wy = 1.38,
R=129,R3 = 0.5, WS; =24,LS] = 11.2, WS = 1.7,
LS, =177, WS3 =2.2,L53 = 3.7, WS4 = 1.1, LS4 = 15.6,
LS¢ = 105, WSs = 8.8, LSs = 5.1, L = 1.5,L; = 3,
Ly =59,L3=11.6,L4 =19,Ls =58,Lg =9,L7 =9,
Lg =10.1,Lo =88, W; =1.6, W, =39, W3 =2.2.

To demonstrate the effectiveness of proposed structure, a
single way rectifier based on the same class F load approach
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TABLE 2. Comparison between proposed power divider and previous works.

Reference BW (%) Insertion loss Transrrli;izfl Zeros Harmonic Suppression
[42] 6.5 0.99 2 > 25 dB up to 2.4™ harmonic
[43] 4.2 3 2 > 28 dB up to 5" harmonic
[44] 7.1 1.2 2 > 20 dB up to 2.9"" harmonic

This Work 24.2 1.5 2 > 20 dB up to 5" harmonic

TABLE 3. Comparison between proposed rectifier and previous works.

Via

FIGURE 16. The topology of the proposed rectifying circuit.

FIGURE 17. Photograph of the fabricated rectifying circuit.

is designed, fabricated and measured for further comparison.
The schematic of this rectifier is shown in Fig. 18.

The simulated and measured input reflection coefficient
and efficiency are depicted in Fig. 19. It can be observed that
measured and simulated results agree with each other well.
Measured efficiency and input reflection coefficient of the
proposed rectifier are shown in Fig. 20. Only the signal at
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Additional .
Reference Frequency Diode Input pow(e):r range for bandpass Harmonic
e .
eff >60% (mW) functionality Suppression
[36] 2.45 GHz HSMS2860 1-20 mW No No
[38] 900 MHz HSMS8202 5-30 mW No No
HSMS2860
[39] 100 MHz /NE3210S01 0.1-126 mW No No
This Work 2.45 GHz HSMS286b 7-45 mW Yes 3rd
DC Block

Matching
Circuit
Resistive
Load

RF Source

FIGURE 18. The schematic of a single way class F rectifier.
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FIGURE 19. Simulated and measured return losses of the proposed
rectifier.

the specific frequency band will be converted to DC power,
exhibiting good bandpass characteristics. In Fig. 21, the
measured efficiency of the proposed rectifier and the single
way rectifier are compared. The proposed rectifier topology
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FIGURE 21. Measured efficiency of the proposed rectifier and the single
way rectifier.

can significantly enhance the input power range maintaining
an efficiency higher than 60%. The maximum conversion
efficiency of the designed rectifier is 70.1% with the input
power of 31.6 mW, which is larger than that of the single way
one. These measured results show that the designed rectifier
achieves a wide input power range and function integration
simultaneously, which has not been reported previously.

In Table 3, the comparison between the proposed rectifier
and several recently published works is conducted. Firstly, the
proposed rectifier is the first configuration to realize input
power range enhancement and bandpass filtering function
integration simultaneously. The input power range for a con-
version efficiency larger than 60% is 7 to 45 mW, which
is wider than those of the rectifiers operating at microwave
frequencies [36], [38]. The adaptive reconfigurable rectifier
based on FET in [39] can achieve a wider input power range,
but its operating frequency is low as 100 MHz, which may
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find limited applications. Moreover, the proposed structure
achieves a wide stopband up to the 3™ harmonic.

V. CONCLUSION

In this paper, a basic structure based on a vias and stubs
loaded circular patch with attractive behaviors have been
presented and analyzed theoretically. The patch element has
the advantages of high flexibility in the control of oper-
ation modes, which are particularly suitable for designing
microwave circuits with bandpass filtering characteristics.
By properly applying feed approach at the certain position of
the patch, a triple-mode bandpass filter and bandpass power
divider can then be designed. For demonstration, a triple-
mode patch bandpass filter, and a power divider have been
designed and fabricated. The measured results are all in good
agreement with simulated predictions. Besides the desired
characteristics within the passband, all designed circuits also
exhibit a wide stopband. Furthermore, the designed power
divider is applied to a rectifier for both input power range
enhancement and bandpass function integration. This funda-
mental element can also be considered to implement other
types of devices such as couplers, duplexers, antennas and
so on. In addition, more feeding mechanisms such as coplanar
waveguide fed and aperture coupled fed can be employed for
performance enhancement.
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