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Abstract: Three ultra-compact half-mode substrate integrated waveguide (HMSIW) equal/
unequal filtering power dividers (FPDs) based on the metamaterial concept and the evanescent
mode technique are recommended in this paper. The spiral technique is a well-known technique
in planar microwave circuitry. By combining the spiral technique and the conventional
complementary split-ring resonator (CSRR) unit cell, the complementary spiral resonator
(CSR) unit cell can be achieved. The resonance frequency of the two-turns CSR unit cell is
half the resonance frequency of the conventional CSRR unit cell with the same size and shape.
Accordingly, the electrical size of the CSR unit cell is smaller than the conventional CSRR
unit cell with the same physical size. According to the evanescent technique, by loading the
CSR unit cell on the metal surface of the HMSIW structure, an extra forward passband can be
obtained. Therefore, three miniaturized equal/ unequal FPDs with arbitrary power-dividing
ratios of 1:1, 1:4, and 1:8 have been designed, simulated, fabricated and measured based on
the compact HMSIW-CSR structure. A reasonable agreement between simulated and measured
results has been achieved. The fractional 3-dB bandwidth of the designed equal/unequal FPDs
are approximately 21 % at 2.4 GHz. The whole dimension of the proposed FPDs is about 0.06

Ag x 0.06 Ag which confirms the small size of the presented structures.

Index Terms: Half-mode Substrate Integrated Waveguide (HMSIW), Filtering Power Divider
(FPD), Complementary Spiral Resonator (CSR), Evanescent Mode Technique, Miniaturization.
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I. INTRODUCTION

The filtering power divider (FPD) is a dual-functional module in modern wireless communication
systems which is realized by combining the bandpass filter (BPF) component and power divider
(PD) component into one component [1-17]. The FPD with arbitrary output power division
ratios is widely used in the feeding network in antenna applications that can reduce the insertion
loss and side-lobe levels. Several FPDs have been recently studied [1-17]. A miniaturized
equal/unequal SIW power divider with bandpass filtering response loaded by complementary
split-ring resonators (CSRRs) is proposed in [1]. In [2], A miniaturized SIW power divider with
embedded filter response and arbitrary power dividing ratio loaded by open complementary
split-ring resonators (OCSRRs) is presented. In [3], two ultra-compact power dividers based on
the SIW and half-mode SIW (HMSIW) technologies loaded by CSRRs are presented. In [4],
a four-way FPD based on a SIW using two layers of the dielectric substrate and based on the
eighth-mode SIW (EMSIW) technique is developed. In [5], a compact single-layer FPD based
on third-mode circular SIW cavities is introduced. Three miniaturized equal/unequal FPDs
using the stepped-impedance resonator (SIR) technique applying the HMSIW and metamaterial
concepts are offered in [6]. A novel ultra-compact fractal/meander CSRR (FMCSRR) HMSIW
FPDs using metamaterial unit-cell based on the fractal technique and meander technique is
introduced in [7]. In [8], a FPD based on air-filled SIW (AFSIW) technology for substantially
reducing the transmission losses is proposed. Additionally, [9] introduces butterfly-shaped
spoof surface plasmon polaritons (SSPPs) to design a broadband bandpass filter and FPD
with enhanced slow-wave effect, compact size, and wide stopband. A packaged FPD with low
radiation loss and low electromagnetic interference is investigated and synthesized in [10]. A
class of multiway wideband FPDs using three-line coupled lines with a wide isolation band
is designed in [11]. In [12], new class of wideband unequal power divider with enhanced
power dividing ratio, fully matching bandwidth, and filtering performance is presented. A
new concept for the in-phase power divider is presented based on four-port common-mode
network (CMN) is presented in [13]. In [14], a wideband FPD using vertically installed planar
(VIP) circuit is proposed. In [15], a microstrip high selectivity FPD with coupling from source/
load to the resonator utilizing the pairs of parallel-coupled lines and asymmetrical T-shaped
resonators is designed. A FPD based on a novel tri-mode resonator (TMR) is proposed in [16].
A four-way out-of-phase wideband FPD by using a multiport out-of-phase topology, and a
pair of multimode U-shape slotline resonators is introduced in [17]. Although these presented
structures have good performance, however, some of these implementations did not provide

a filtering response and suffer from high insertion loss, low selectivity, high fabrication cost,
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large size and high complexity of the manufacturing process [1-17].

The substrate-integrated waveguide (SIW) structure provides a new way to implement the
traditional three-dimensional metallic waveguides in a planar form. The SIW structure has
unique benefits in terms of high power handling capability, and easy integration with other
passive components [1-9]. But still, the devices implemented with the SIW structures have large
dimensions compared to the microstrip structures. The half-mode SIW (HMSIW) technique,
is a miniaturization technique that halves the size of the SIW structures without disrupting the
performance and efficiency of the SIW structures [1-9].

To further reduce the size of the devices and circuits realized by the HMSIW structure, using
the concept of metamaterial can be useful. The complementary split ring resonator (CSRR)
is considered as electric dipoles when excited by an axial electric field that exhibits negative
permittivity in planar technologies [1-7]. Therefore, the CSRR unit cell is a good candidate for
the design of negative effective permittivity and left-handed media in a limited frequency range.
For higher levels of miniaturization, the spiral technique has been used to design the novel CSRR
unit cell. The conventional CSRR unit cell is formed by two coupled aperture rings printed on
a dielectric slab, while the two turns complementary spiral resonator (CSR) is made by a single
aperture rolled up to form a spiral [18]. The electrical size of a two-turn CSR unit cell is roughly
half the electrical size of the conventional CSRR unit cell, provided dimensions are identical.
Obviously, by increasing the number of turns of the spirals, it is possible to further decrease their
electrical size.

In this study, three ultra-compact equal/unequal FPDs using the HMSIW structure loaded by
the CSR unit cell are proposed. The evanescent mode technique, the half-mode technique, and
the spiral technique have been employed, simultaneously to miniaturize the total dimension of
the proposed equal/unequal FPDs. The working principle of the proposed FPDs is based on the
evanescent-mode technique. According to this technique, an extra passband below the waveguide
cutoff frequency can be achieved by loading the electric dipoles on the metal cover of the HMSIW
structure. Consequently, by a combination of the CSR unit cell and HMSIW structure, a forward
transmission band has been achieved. Three samples of the proposed FPDs with different power
division ratios of 1:1, 1:4, and 1:8 have been fabricated and measured. The measurements agree
very well with the simulations. The proposed FPDs have many benefits such as very compact
size, low cost, low loss, high selectivity, high power-handling capability, and easy integration

with planar circuits.

N
w

jce.shahed.ac.ir



N
H

jce.shahed.ac.ir

Journal of
Communication

Engineering (JCE) Danaeian et al. | Ultra-compact Half-Mode SIW FPDs with Arbitrary Power Division ...

Il. Design of the Complementary Spiral Resonator (CSR) Configuration

The conventional complementary split-ring resonator (CSRR) unit cell is a well-known resonant
metamaterial particle that provides a strong electric dipole in the vicinity of its resonant frequency
and exhibits negative permittivity. As is well known, the complementary of a planar metallic
structure is obtained by replacing the metal parts of the original structure with apertures, and the
apertures with metal plates. The spiral technique is a valuable technique in planar microwave
circuitry. By combining the spiral technique and the conventional complementary split-ring
resonator (CSRR) unit cell, the complementary spiral resonator (CSR) unit cell can be achieved.
The conventional CSRR unit cell is formed by two coupled aperture rings printed on a dielectric
slab, while the two turns complementary spiral resonator (CSR) is made by a single aperture
rolled up to form a spiral [18]. Similarly, the CSR unit cell acts as electric dipoles when excited
by an axial external electric field, and an e-negative can be obtained in a narrow band near its
resonant frequency. The resonance frequency of the two-turns CSR unit cell is half the resonance
frequency of the conventional CSRR unit cell with the same size and shape. Consequently, the
electrical size of a two-turn CSR unit cell is roughly half the electrical size of the conventional
CSRR unit cell, provided dimensions are identical. Obviously, the electrical size can still be
reduced by increasing the number of turns of the spirals. Fig. 1 shows the conventional CSRR
unit cell and the proposed CSR unit cell with the same sizes, respectively. The CSR unit cell
can be modeled as a parallel resonant tank with inductance Lr and capacitance Cr. The Cr is the
capacitance of a rectangular-shaped plate surrounded by a metallic plane, and Lr is the inductance
of the metallic strip between the ring slots. Therefore, the resonance frequency of the CSR unit

cell is calculated from [1-7]:

1
vy el (1)
The spiral slot line on the CSR unit cell causes higher inductance and capacitance. Consequently,
the resonance frequency of the CSR unit cell is decreased compared to the conventional CSRR with
the identical sizes. This means that the electrical size of the CSR is decreased without occupying
the extra space and miniaturization has been occurred. Therefore, a downward frequency shift
in the frequency responses of the proposed CSR structure compared to the conventional CSRR

structure is obtained. The results show that miniaturization of about 50% is achieved.
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(@) (b)
Fig. 1. Configuration of the (a) conventional CSRR unit cell, and (b) CSR unit cell

lll. Design Procedure of the Proposed HMSIW-CSR FPDs

The substrate-integrated waveguide (SIW) structure provides a new way to implement the
traditional three-dimensional metallic waveguides in a planar form. In the SIW structure, two
metal plates on the top and bottom sides of the substrate are connected by two rows of metalized
via holes which are used to form the electric sidewalls of the waveguide. The top metal layer and
ground layer within a substrate act as the upper and lower walls and the vias on both sides of the
structure act as side walls. This topology makes it possible to implement a nonplanar rectangular
waveguide in planar form. The dominant mode in the SIW structure is TE mode which is similar
to the conventional rectangular waveguide. The dispersion constant of the SIW structure can be

calculated by the following relation [1-7]:

k=27 11,6, )
f;)Z

E=&, (1 g A3)

Where f'is an operating frequency and f is considered as the cutoff frequency of the dominant
TE,, mode. The p_and ¢ represent the permeability and permittivity effect of the substrate that
the SIW structure is implemented on it. If f > f a positive ¢ . and a real k are achieved while if
f<f, anegative ¢ . and an imaginary k are obtained. In the second case, it means when f < f, all
field components will decay exponentially away from the source of excitation. Such modes are
referred to as evanescent modes. Consequently, when the SIW structure is operated below f, a
negative permittivity media can be automatically achieved and k becomes an imaginary number.

Therefore, wave propagation is not allowed. From the point of view of the metamaterial concept,

N
a

jce.shahed.ac.ir



N
(]

jce.shahed.ac.ir

Journal of
Communication

Engineering (JCE) Danaeian et al. | Ultra-compact Half-Mode SIW FPDs with Arbitrary Power Division ...

this property is a unique feature of SIW structures. The SIW structure has unique benefits in
terms of high power handling capability, low cost, high-quality factor, easy fabrication process
and easy integration with other passive components [1-7]. But still, the devices implemented
with the SIW structures have large dimensions compared to the microstrip structures. The half-
mode SIW (HMSIW) technique, is a miniaturization technique that halves the size of the SIW
structures without disrupting the performance and efficiency of the SIW structures [1-7]. The
HMSIW structure has been achieved by cutting plane along the magnetic wall and keeps half of
the field distribution of the dominant TE,j mode.

On the other hand, according to the explanation of the previous section, the CSR unit cell
exhibits an e-negative when excited by an axial electric field. Consequently, by a combination
of two e-negative materials, an e-positive medium is achieved. An g-negative material is derived
with the use of HMSIW structure below its cutoff frequency and another with the use of the
CSR unit cell. The configuration of the HMSIW-CSR filter is depicted in Fig. 2. The method of
operation of the HMSIW-CSR filter is based on the evanescent-mode technique. According to
this approach, a forward passband below the HMSIW cutoff frequency is attained by engraving
the CSR unit cell on the metal surface of the HMSIW structure. Fig. 3 shows the simulated
frequency responses of the HMSIW—CSR filter. A forward passband below the cutoff frequency
of the HMSIW structure has been obtained at f =2.40 GHz. Fig. 4, illustrated the real part of € and
p of the designed HMSIW-CSR filter which proves that a positive € achieved at 2.40 GHz. This
figure confirms that an e-positive environment can be obtained by merging two environments
with g-negative. The simulated unwrapped phase of the HMSIW-CSR filter is shown in Fig. 5.
The phase is negative at 2.40 GHz which verifies that the forward propagation below the HMSIW
cutoff frequency is occurred. Fig. 6 illustrates the curve of the attenuation constant and the curve
of the normalized dispersion relation of the HMSIW-CSR filter. According to the attenuation
constant curve, there are two passbands which one of them is the intrinsic HMSIW high passband
and another passband is the forward-wave passband below the cutoff frequency of the HMSIW
structure which confirms that an additional passband has been achieved. The positive slope of the
dispersion curve at 2.40 GHz validates the forward-wave nature of the passband that occurred

below the HMSIW cutoff frequency.
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Fig. 2. Configuration of the HMSIW-CSR band-pass filter
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The proposed filtering power dividers (FPDs) with arbitrary power division ratios using the
HMSIW-CSR structure are designed and simulated. The recommended equal FPD is shown in
Fig. 7. Fig. 8 represented the simulated frequency responses of the proposed equal HMSIW FPD.
The whole size of the proposed HMSIW-CSR FPD is about 4.5 mm x 4.1 mm (0.067 &, x 0.061 2. ),
where Xg is the guided wavelength in dielectric at the central frequency. The goal of reducing the
size of the structure has been achieved by using two techniques which are the half-mode technique
and the spiral technique. The filtering properties of the presented power dividers have been obtained
using two techniques which are the evanescent mode technique and the spiral technique.

The suggested unequal FPD is also shown in Fig. 9. The simulated frequency responses of the

proposed unequal HMSIW-CSR FPDs with the power division ratios of 1:4, and 1:8 are presented in
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Fig. 10 (a) and (b), respectively. The different power division ratios could be achieved by changing
the locations of the output ports which is plotted in Fig. 11. The power division ratios of the proposed
FPDs can be regulated by varying the locations of the output ports. The Fig. 11 confirms that; the
power division ratio can be increased simply by increasing the value of w,. Moreover, the center
frequency of the proposed equal/unequal FPDs can be simply adjusted by resizing the CSR unit cell.
The insertion loss (IL) and the bandwidth of the passband can be tuned by changing the values of 1,
and w,. The phase difference between the two output ports over the entire operating bandwidth of
the proposed equal/unequal HMSIW-CSR FPDs are shown in Fig. 12.
The design steps for implementing the proposed HMSIW-CSR FPDs have been summarized
as follows:
1. The cut-off frequency of the dominant TE,) mode for the proposed configuration can be
tuned by altering the values of w, d, and p.
2. The center frequencies of passband can be adjusted simply by varying the dimension of the
CSR unit cell (the values of w, 1, s, and ¢).
3. The bandwidths, insertion losses and return losses of the proposed configuration can be
regulated by varying the values of | and w.,.

4. The power division ratios of the proposed FPDs can be controlled by changing the value w,.

The dimensions of the fabricated HMSIW-CSR FPDs are listed as follows: w = 4.5 mm,
w, = 3.6 mm, w, = 0. 5 mm, w, (“Aout” = 0 dB) = 0 mm, w, (“Aout” = 6 dB) = 2.7 mm, w,
(“Aout”=9dB)=3.3 mm, 1, =0.25 mm, |, =3.6 mm, |, =4.1 mm, s =0.2mm, ¢ =0.2 mm,d =
0.8 mm, p = 1.5 mm. All of the designed structures are simulated using the ADS electromagnetic
simulator. In the equal FPD, the simulated center frequency is located at 2.4 GHz, with a 3 dB
bandwidth of 550 MHz ranging from 1.95 to 2.5 GHz which means the fractional band width
(FBW) is approximately 23%. Within the passband, the simulated insertion loss is around 0.5
dB, and Aphase is <0.04°. Moreover, the in-band return loss is better than 20 dB. In the unequal
power divider with Aout = 6 dB, the simulated results illustrate the center frequency is located at
2.4 GHz, with a 3 dB bandwidth of 500 MHz ranging from 2 to 2.5 GHz which means the FBW
is approximately 21%. Within the passband, the simulated insertion loss is around 0.6 dB, and
Aphase is <0.03°. Moreover, the in-band return loss is 27 dB. In the unequal power divider with
Aout = 9 dB, the simulated results illustrate the passband is centered at 2.4 GHz, with a 3 dB
bandwidth of 500 MHz ranging from 2.05 to 2.55 GHz which means the FBW is approximately
21%. Within the passband, the simulated insertion loss is around 0.7 dB, and Aphase is <0.4°.

Moreover, the in-band return loss is 20 dB.
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To further reduce the total dimensions, the fractal and meander techniques can be used. Fig. 13
shows the HMSIW bandpass filter loaded by the fractal complementary spiral resonator (FCSR)
unit cell, and the meander complementary spiral resonator (MCSR) unit cell, respectively. The
resonance frequencies of the FCSR unit cell and the MCSR unit cell, are less than compared to
the conventional CSR with the same sizes. Therefore, their electrical sizes are decreased without
occupying the extra spaces. That is, by utilizing these unit cells instead of the conventional CSR,
the whole physical size of the proposed structure can be reduced without altering its central
frequencies. Accordingly, further miniaturization has occurred. The simulated frequency responses
of the proposed HMSIW filter loaded by the FCSR unit cell and MCSR unit cell with the same
size as the conventional CSR unit cell have been shown in Fig 14. As confirmed in this figure,
the resonance frequencies for the FCSR unit cell and the MCSR unit cell have occurred at 1.8
GHz and 2.05 GHz, respectively. Accordingly, by using the fractal and meander techniques, the
resonance frequencies become lower compared to the conventional CSR unit cell with identical

sizes.

IV. Fabrication and Measurement Results

The photograph of the fabricated FPDs with power division ratios of 1:1, 1:4, and 1:8 is shown
in Fig. 15. The Rogers RO4003C substrate has been used to realize the designed equal/unequal
FPDs with a thickness of 0.508 mm, dielectric permittivity of 3.55, and loss tangent of 0.0027. All
of the designed FPDs are simulated using the ADS electromagnetic simulator. The experimental
measurements have been achieved by the employment of a vector network analyzer (VNA) Rohde
& Schwarz, zvk through 50 Q subminiature version A (SMA) connectors which are connected
at the end of each port. Reasonable agreements between the measured and simulated results are
found. The little difference between the measured and simulated results can be attributed to the
tolerance of the dielectric constant, fabrication errors, and the insertion loss of SMA connectors.
The proposed equal/unequal HMSIW-CSR FPDs have a total size of 4.5 mm x 4.1 mm (0.067
A, % 0.061 ). The simulated and measured results for the proposed HMSIW-CSR FPDs are
shown in Fig. 16. The recommended equal/unequal HMSIW-CSR FPDs are designed at 2.40 GHz
which are appropriate for WLAN applications. For the equal power divider, the measured in-band
insertion loss and return loss are 0.7 dB and better than 20 dB, respectively. For the unequal FPD
with Aout=6 dB, the measured in-band insertion loss and return loss are 0.8 dB and better than 23
dB, respectively. For the unequal FPD with Aout=9 dB, the measured in-band insertion loss and
return loss are 0.9 dB and better than 20 dB, respectively. Table 1 compares the performances of

the proposed equal FPD with some recently reported FPDs. As well as a comparison between the
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Fig. 15. Photograph of the fabricated equal/unequal HMSIW-CSR FPDs:
(a) “Aout” = 0 dB, (b) “Aout” = 6 dB, and (c) “Aout” =9 dB

proposed unequal HMSIW-CSR FPD with Aout=6, 9 and other FPDs is given in Table 2. In these
tables, the advantages in size reduction and low insertion loss is very clear. The total size of the
proposed FPDs are approximately 0.04, 0.07, 0.08, 0.004, 0.004, 0.30, and, 0.37 of the whole size
of the reported FPDs in [1-7], respectively.
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Fig. 16. Measured and simulated results of the fabricated equal/unequal HMSIW-CSR FPDs:

(b) “Aout” =6 dB, and (c) “Aout” =9 dB

(a) “Aout” =0 dB,
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Table 1. Comparison with other equal FPDs

Ref. Num. CF (GHz) IL (dB) RL (dB) FBW (%) Size (A, A))
[1] 5.82 1.2 24 15.8 0.37 x 0.21
[2] 5.39 1.3 13 13.73 0.31x0.14
[3] 5.62 1 15 6 0.21x0.18
[4] 35 1.3 17 7.75 0.66
[5] 5.61 1.2 14 7.8 0.82 x 0.81
[6] 24 0.5 28 39.5 0.11 x 0.09
[7] 24 0.6 25 21 0.09 x 0.09
[8] 5.45 1 11 11.2 1.81 x 0.96
[9] 3.68 1 13 109.7 1.23
[10] 245 3.59 15 19.6 0.38 x 0.25
[11] 1 0.9 16 107 0.36 x 0.33
[13] 2 3.75 20 70 0.68 x 0.28
[14] 2 0.7 15 103.56 0.65 x 0.32
[15] 2.1 0.42 214 19 0.45 x 0.29
[16] 3.26 1.2 15.9 15.9 1.04 x 0.38
[17] 4 ~7 20 75.1 1.25 x 1.00

Proposed Equal FPD 2.40 0.7 20 23 0.06 x 0.06 (=0.003)

Table 2. Comparison with other unequal FPDs

Ref. Num. Aout CF (GHz) IL (dB) RL (dB) FBW (%) Size A X 1)
1] 6/9 5.73/5.83 1.71.3 >20 7711 0.30x0.16/0.30 x 0.15
2] 6/9 5.47/5.68 1.4/1.6 26/17 8.41/8.97 0.25x0.17/0.25 x 0.18

6] 6/9 2.4/2.4 0.4/0.5 27/22 40/38.3 0.11 x 0.09

7 6/9 2.4/2.4 0.6/0.6 18/16 18/18 0.09 x 0.09
[12] 6/9 2.4/2.4 1.85/1.96 1/11.8 90/100  0.1x0.6/1.28 x 0. 66
Proposed Unequal FPD  6/9 2.4/2.4 0.8/0.9 22/20 121 006 0.0670.060.08

(=0.003)
V. Conclusion

In this paper, three ultra-compact equal/ unequal HMSIW power divider with filtering
response is recommended. The whole dimension of the proposed equal/unequal FPDs is only
0.06 kg % 0.06 kg. By varying the locations of the output ports, the power division ratio can be
easily tuned. The 3-dB FBW is approximately 21% from 2 to 2.5 GHz. The phase imbalances
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between the output ports of the proposed equal/ unequal FPDs are lower than 0.4°. Three filtering
HMSIW PDs with different power division ratios of 1:1, 1:4 and 1:8 are designed and tested to
confirm the efficiency of the design method. The simulation and measurement results show an
acceptable agreement. The measured results prove the ability of the proposed FPDs in terms of
size reduction, easy integration with other planar microwave circuits, low loss, low fabrication
cost and high selectivity. Therefore, the proposed equal/unequal HMSIW-CSR FPDs are a good
candidate for the implementation of the FPDs with compact size, easy center frequency tunability

and arbitrary power division ratio.
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