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ABSTRACT: In this paper, a mode control technology of a slotline resonator is proposed and utilized to guide the design of the slotline
resonator. With this method, characteristic modes generated by the slotline resonator are more controllable. With characteristic mode
analysis, which is the core of this technology, the desired and unwanted modes of the slotline resonator are easy to be analyzed, controlled,
and further used to expand the stopband bandwidth. By applying this technology, amulti-mode slotline resonator with a T-shaped coupling
structure (MMSR-T) is proposed by modifying a multi-mode slotline resonator (MMSR), and its unwanted modes out of the passband
are more controllable without influencing the expected modes in the passband. Based on the proposed MMSR-T, a balanced bandpass
filter (BPF) is proposed, which consists of a U-shaped microstrip/slotline transition as the input/output structure, a T-shaped slotline
feeding structure as a feeding terminal, and MMSR-T as the filtering unit. Through the mode analysis and design of MMSR-T, ultra-
wide differential-mode (DM) stopband, high common-mode (CM) suppression, and high DM selectivity are obtained in this design. The
measured results agree well with the theoretical predictions and simulated results. The effects of mode control technology on stopband
extension are proven.

1. INTRODUCTION

In traditional radio-frequency (RF) receiver front-end circuit,bandpass filter (BPF) with low insertion loss (IL) is needed
between the antenna and low noise amplifier (LNA). However,
since passband characteristics of the distributed filter are pe-
riodic, parasitic passbands are generated at higher frequencies,
thereby the stopband bandwidth is limited [1–3]. Consequently,
the high-frequency and high-power signals can accidentally en-
ter the receiving system to destroy LNA and post-stage RF cir-
cuits. Therefore, the filter with a high rejection level and wide
stopband is needed.
In the past few years, lots of methods have been introduced

to design BPF with wide stopband. The single-band [4–8]
and dual-band [9] microstrip filters with wide stopband were
proposed with good in-band performance and low insertion
loss. However, affected by the high-order harmonics, the stop-
band bandwidth and rejection level of these designs are limited.
In [10], a step impedance resonator (SIR) was first proposed,
and its resonance modes can be controlled by adjusting the
impedance ratio and electrical length ratio. After that, single-
band [11, 12] and dual-band [13–15] BPFs with wide stopband
were designed. However, their applications are limited by the
poor selectivity. Therefore, a better wide-stopband design pro-
cess needs to be further investigated.
On the other hand, compared with single-ended RF front-end

circuits, balanced ones [16] are important in the wireless com-
munication system because of their high immunity to environ-
mental noise. In the past few years, some balanced passive and

* Corresponding author: Feng Wei (fwei@mail.xidian.edu.cn).

active components, such as balanced filters [17], balanced an-
tennas [18], and balanced amplifiers [19] have been proposed.
In [20] and [21], balanced wide DM passband BPFs based on
branch-line structures with additionally attached stubs were de-
signed. In [22], CM signal transmission can be suppressed
without affecting DM performance by utilizing a series-LC res-
onant structure below the folded SIR. Meanwhile, to enhance
the CM suppression, the transversal signal-interference theory
was proposed in [23, 24]. However, poor selectivity and narrow
DM stopband limit their further application. To prevent the in-
terferences, balanced BPFs with high selectivity and ultra-wide
stopband need to be further researched.
In this paper, a mode control technology of the slotline res-

onator is proposed to realize ultra-wide stopband in balanced
design. The specific design process is as follows:
1) Appropriately design a resonator based on the expected

frequency. Use characteristic mode analysis to simulate the
characteristic modes.
2) Choose the desired and unwanted modes.
3) Analyze the E-field distribution under different modes

and optimize the structure of the slotline resonator to change
the characteristics modes generated by the slotline resonator.
4) Design the feeding structure to suppress the unwanted

modes without influencing the excitation of the desired modes.
The proposed mode control technology reveals the underly-

ing mechanisms of control of all modes and research unprece-
dented stopband extension. Through the detailed E-field dis-
tribution analysis and the proposed mode control technology,
the effects of the structure of the multi-mode slotline resonator
(MMSR) on characteristic modes are analyzed and utilized to
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extend the stopband. Therefore, the underlying mechanism of
mode control is comprehensively revealed, and the mode ex-
citation and suppression are clearly guided. In this paper, the
proposed technology guides the transformation of MMSR to a
multi-mode slotline resonator with a T-shaped coupling struc-
ture (MMSR-T), significantly distinguishing the desired and
unwanted modes. With further specific analysis of the E-field
distribution, the design requirements of the feeding structure
are clarified and achieved, suppressing the unwanted modes
without influencing the desired modes of excitation. Conse-
quently, the stopband bandwidth is greatly extended, and a bal-
anced BPF is designed. The proposed design consists of a mi-
crostrip/slotline transition structure, a T-shaped slotline feed-
ing structure, and MMSR-T. The rectangle coefficient of 3 dB
to 25 dB is 0.85. A stopband bandwidth with a rejection level
of 15 dB reaches up to 5.57 times the center frequency. Mean-
while, the CM suppression level is better than 47 dB for the DM
passband.

2. MODE CONTROL TECHNOLOGY

2.1. Mode Analysis
With the characteristic mode analysis, characteristic modes of
arbitrary-shaped resonators can be obtained directly. Mean-
while, the desired and unwanted modes can be clarified.
Figure 1 shows a multi-mode slotline resonator (MMSR),

which integrates a half-wave-length slotline resonator, an open
slotline stub, and a spiral-short-ended slotline stub, which are
denoted as A, B, and C, respectively. The lengths of half A,
B, and C are LA, LB , and LC , respectively. With the charac-
teristic mode analysis, six modes generated by MMSR and the
correspondingE-field distributions from DC to 15GHz are ob-
tained and shown in Table 1. The arrows suggest the direction
of the E-field of each mode.

Radiation Boundary
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FIGURE 1. Geometrical model of MMSR. (a) Boundary setup. (b) Top
view.

For mode 1, the E-field energy is primarily concentrated on
A and B, and its directions on both arms of A are reversed. The
electric lengths of B and half A can be considered as quarter-
wavelength at f1. Therefore, when the admittance of A is equal
to twice that of B, the formula for mode 1’s characteristic fre-
quency can be expressed as

f1 =
c

4 (LA + LB)
√
εeff

(1)

TABLE 1. E-field distributions of characteristic modes generated by
MMSR.

Mode 1 (2.93 GHz) Mode 2 (3.82 GHz)

E-fields

(V/m)

Min

Max

Mode 3 (4.35 GHz) Mode 4 (9.2 GHz)

E-fields

(V/m)

Min

Max

Mode 5 (12.3 GHz) Mode 6 (12.5 GHz)

E-fields

(V/m)

Min

Max

where c denotes the speed of light in free space, and εeff is the
effective permittivity. It can be observed that mode 1 is not
affected by the loaded spiral-short-ended slotline stub.
Similar to the analysis process of mode 1, modes 2 and 3 can

be adjusted independently by LA and LC , respectively. More-
over, the characteristic frequencies of modes 2 and 3 can be
summarized as

f2 =
c

4LA
√
εeff

(2)

f3 =
c

4(LA + LC)
√
εeff

(3)

Based on the above analysis, modes 1, 2, and 3 can be con-
trolled flexibly and independently, thereby these three modes
are excited to generate the DM passband. Based on the E-field
distributions of the stubs, these three modes can be excited si-
multaneously only when stub A is fed.
The rest of modes 4, 5, and 6 are undesirable modes as their

resonance frequencies deviate from the expected passband, pro-
ducing high-order harmonics. For mode 4, theE-field energy is
mainly distributed on A, B, and C. For mode 5, the E-field en-
ergy is mainly distributed on the open end. For mode 6, the E-
field is mainly distributed on B and C. Therefore, it is needed to
ensure that the unwantedmodes 4, 5, and 6 are not excited when
stub A is fed. Next, by improving the structure of the MMSR,
all unwanted modes will not resonate on stub A, thereby sup-
pressing unnecessary modes and forming a wider stopband.
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2.2. Mode Control and Suppression of Unwanted Modes
To realize the control of all modes, MMSR is modified and
MMSR-T is proposed, which is realized by adding a pair of
stubs D perpendicular to both sides of stub A in the structure
of MMSR, as shown in Fig. 2. The proposed MMSR-T in-
tegrates a half-wavelength slotline resonator, an open slotline
stub, a spiral-short-ended slotline stub, and the T-shaped slot-
line coupling structure which are denoted as A, B, C, and D,
respectively. The lengths of half A, B, C, and half D are LA,
LB , LC , and LD, respectively. As shown in Table 2, differ-
ent from MMSR, there are five unwanted modes generated by
MMSR-T from DC to 15GHz.
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FIGURE 2. Geometrical model of MMSR-T. (a) Boundary setup. (b)
Top view.

In these modes, the E-field distributions for modes 1, 2, and
3 are similar between MMSR-T and MMSR to design the pass-
band. The frequencies of the corresponding characteristicmode
are as follows:

f1 =
c

4 (LD + LA + LB)
√
εeff

(4)

f2 =
c

4(LA + LD)
√
εeff

(5)

f3 =
c

4(LD + LA + LC)
√
εeff

(6)

The remaining modes are unwanted modes because they are
outside the passband. For mode 4, theE-field energy is mainly
distributed on B and C. TheE-field energy of mode 8 is similar
to mode 4. For mode 7, theE-field energy is mainly distributed
on the open end. For mode 5, the E-field energy is mainly
distributed on D. And the E-fields on both ends of D are in the
same direction. Mode 6 is similar to mode 5.
All characteristic modes in the passband produceE-field dis-

tribution with unique characteristics compared with other unde-
sired modes. For mode 1, the E-field distributions on two ends
of the D are opposite. Similar to mode 1, the E-field distribu-
tions of modes 2 and 3 exhibit the same characteristics. Since
stubs A and D form the T-shaped slotline coupling structure,
only modes 1, 2, and 3 generate an opposite E-field on both
ends of D. With the T-shaped slotline feeding structure shown
in Fig. 3(a), the E-field required for modes 1, 2, and 3 is pro-
vided, and the flexibly controllable passband can be designed.
In the stopband design, Figs. 3(b), (c), and (d) show the E-

filed distribution of the rest of the modes on the feeding ter-
minal. As shown in Fig. 3(b), there is little or none of energy

Both ends of D180

(a) (b) (c) (d)

FIGURE 3. (a) Layout and E-field distribution of the T-shaped slotline
feeding structure. E-field distribution on both ends of D for (b) modes
4, 7, 8, (c) 5, and (d) 6.

distributed on both ends of D for modes 4, 7, and 8. Therefore,
these three modes cannot be excited by the T-shaped slotline
feeding structure. As shown in Fig. 3(c), the E-field required
for mode 5 to be excited has the same direction on both ends of
D. However, the T-shaped slotline feeding structure can only
provide the E-field shown in Fig. 3(a). The distribution of the
E-fields shown in Figs. 3(c) and (d) cannot be provided by the
T-shaped slotline feeding structure. These two modes are also
inhibited.
Figure 4 depicts the illustration of the high-order mode sup-

pression. Only modes 1, 2, and 3 are excited to generate the
expected passband. Modes 4, 5, 6, 7, and 8 are inhibited. At the
same time, a wide stopband is achieved. The effectiveness of
the modification from MMSR to MMSR-T is validated. Com-
pared to the traditional design methods, with this mode control
technology, the design requirements of the feeding structure are
significantly clarified to further achieve better stopband perfor-
mance.

Passband

Weak energy on feeding terminal

Conflict of boundary conditions

M1M2M3 M4 M5 M6 M7M8

FIGURE 4. Illustration of the high-order modes suppression. (M∗ de-
notes mode ∗.

2.3. Balanced BPF with Ultra-Wide Stopband
In order to simplify the wide stopband design process, mode
control technology based on the characteristic mode analysis is
innovatively adopted to design a balanced BPF with ultra-wide
DM stopband. As given in Fig. 5(a), the designed balanced BPF
consists of balanced input/output U-shaped microstrip lines,
MMSR-T, and a T-shaped slotline feeding structure. By intro-
ducing U-shaped balanced input/output ports, all CM signals
are prevented into the resonator, and only the DM responses
need to be considered. Four shielded strips are employed to en-
hance the coupling between the T-shaped slotline couple struc-
tures.
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TABLE 2. E-field distributions of characteristic modes generated by MMSR-T.

Mode 1 (2.9 GHz) Mode 2 (3.8 GHz) Mode 3 (4.3 GHz) Mode 4 (8.9 GHz)

Mode 5 (9.2 GHz) Mode 6 (9.9 GHz) Mode 7 (11.6 GHz) Mode 8 (12 GHz)

  
E-fields

(V/m)

       Min

Max

  
E-fields

(V/m)

       Min

Max

W1

Ws1
Ls3

Ws3

Ws4

Ws5

W2

Ls1

L2

Ls5

Ls6

Ls7

Ws8 Ls8

g1

Ws6

Ws7

L1

Ws9

Ls9

Top Layer Bottom Layer Slotline

Ws2 Ls4

g2

Zsce,Zsco Slotline

Microstrip Line

s3

Zs1, s1

Zs2, s2

Zs6, s6 Zs8, s8Zs7, s7

Zs5, s5

Port1+ Z1, 1 n:1

Zsce,Zsco

s3

Zs1, s1

Zs2, s2 Zs5, s5

Z1, 1
n:1

Port1-

Port2+

Port2-

(a)

(b)

FIGURE 5. (a) Layout of the designed balanced BPF. (W1 = 2.4, W2 = 1.8, Ws1 = 7.5, Ws2 = 0.1, Ws3 = 0.2, Ws4 = 0.2, Ws5 = 0.1,
Ws6 = 0.2, Ws7 = 0.1, Ws8 = 9.8, Ws9 = 0.1, L1 = 16.5, L2 = 4.6, Ls1 = 2.9, Ls3 = 6.9, Ls4 = 11.8, Ls5 = 4.2, Ls6 = 9.5, Ls7 = 7.5,
Ls8 = 1.9, Ls9 = 3.2, g1 = 0.1, and g2 = 0.1, all in millimeters.) (b) DM equivalent circuit of the proposed balanced BPF.
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FIGURE 6. Calculated and simulated DM responses of
the proposed BPF with ultra-wide DM stopband.
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FIGURE 7. Photographs of the fabricated balanced BPF. (a) Top view. (b) Bottom view.
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FIGURE 8. EM-simulated and measured results of the proposed BPFwith ultra-wide DM stopband. (a) DM transmission results. (b) CM transmission
results.

TABLE 3. Comparison with other prior-art works.

Ref. IL (dB) CM suppression (dB) DM Stopband (dB) Size (λ2
g) ∆f3 dB/∆f25 dB

[4] 1 > 28 22 dB@ > 3.6f0 0.245 0.65
[5] 4 > 30 20 dB@ > 2f0 0.292 0.66
[6] 1.01 No 20 dB@ > 3.9f0 0.005 0.33
[7] 1.33 No 20 dB@ > 1.11f0 3.31 0.31
[8] 2.91 No 25 dB@ > 2.1f0 1.86 0.45
[16] 0.8 No 15 dB@ > 1.42f0 0.108 0.92
[17] 0.5 > 33.7 21.2 dB@ > 3.04f0 0.31 0.71

This Design 0.6 > 47 15 dB@ > 5.57f0 0.162 0.85

Figure 5(b) shows the DM equivalent circuit of the proposed
balanced filter. Due to the replacement between the transmis-
sion line model and slotline model in ADS, there are some dif-
ferences between the calculated results and simulated ones. In
this paper, the transition between the microstrip line and slot-
line is expressed as an equivalent transformer.
Figure 6 shows the comparison between the calculated re-

sults and simulated ones, which are obtained by ADS and
HFSS, respectively. The first TZ (TZ1), which is generated
by the open slotline stub, contributes to improving the selec-
tivity of the lower passband. The second TZ (TZ2), which is
determined by the spiral-short-ended slotline stub, controls the
higher cut-off frequency. TZ1 and TZ2 can be independently
controlled by Ls8 and Ls9, respectively.

2.4. Simulation and Measurement
According to the above analysis, a balanced BPF with a cen-
ter frequency at 3.48GHz is designed and fabricated. Based
on the above analysis, f1, f2, and f3 are selected at 2.90GHz,
3.84GHz, and 4.32GHz, respectively. The overall size of the
filter is 33.9 × 18.8mm (0.54λg × 0.30λg , λg is the guided
wavelength at the center frequency). Photographs of the fabri-
cated balanced BPF are shown in Fig. 7.
Figure 8 exhibits the measured and simulated S-parameters

of the designed BPF. The measured DM center frequency is

3.59GHz, and the measured minimum DM IL is 0.6 dB. At the
same time, the 3-dB DM fractional bandwidth is 44.52%, and
the DM return loss is greater than 15 dB. Two TZs are located
at 2.48GHz and 4.50GHz, respectively. The rectangle coeffi-
cient of 3 dB to 25 dB is 0.85, which indicates that DM high se-
lectivity is obtained in this design. Furthermore, the DM stop-
band reaches up to 5.57 times of the center frequency with a
rejection level of 15 dB, and the 25 dB DM stopband rejection
level is achieved from 6GHz to 16GHz. Meanwhile, the CM
suppression level is better than 47 dB for the DM passband.
According to Table 3, a wider DM stopband is realized in this

design. Meanwhile, high CM suppression and good selectivity
are achieved. The design process is based on the characteristic
mode analysis, which makes this design more attractive.

3. CONCLUSION
In this work, the application of characteristic mode analysis
is significantly expanded beyond its traditional uses. A new
mode control technology specifically designed for the slotline
resonators is presented. As a core of this technology, character-
istic mode analysis is used to analyze the characteristic modes
of the proposed slotline resonators, further clarifying the de-
sired modes suitable for flexible passband design and unwanted
modes that require suppression. Through the E-field analy-
sis of all modes, the modification of the slotline resonator is
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guided, and the design requirement of the feeding structure is
further clarified. Consequently, the original unwanted modes
are suppressed without influencing the excitation of desired
modes. Thereby, the stopband is significantly extended. To
verify the correctness of this technology, a balanced BPF with
steep DM selectivity, ultra-wide DM stopband, and high CM
suppression is designed and fabricated. The simulation and
measurement show a good agreement.
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