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ABSTRACT In this paper, a reconfigurable wideband filtering balun with tunable dual-notched bands
is proposed, using coplanar waveguide (CPW)-to-slot transitions and varactor-loaded shorted-slots. The
wideband filtering balun consists of a triple-mode slot resonator, two CPW-to-slot transitions, and a CPW
short-stub. Three transmission poles are allocated by the triple-mode slot resonator to achieve the wideband
operation. To further improve the amplitude- and phase-imbalance responses, two CPW-to-slot transitions
are used. Besides, the CPW short-stub is introduced to enhance the passband selectivity. Then, based on
the proposed wideband filtering balun, a reconfigurable balun with tunable dual-notched bands is achieved
by introducing two pairs of varactor-loaded shorted-slots. The measured results show that the frequency
tuning ranges of the dual-notched bands are 1.28–1.58 GHz (21.6%) and 1.89–2.41 GHz (24.2%) with 15-dB
rejection, respectively. The proposed filtering balun shows the advantages of wide fractional bandwidth, high
selectivity, low insertion loss, and tunable notched band operation.

INDEX TERMS Balun, coplanar waveguide (CPW), notch, reconfigurable, slot, wideband.

I. INTRODUCTION
The ever increasing demand for compact modern microwave
wireless communication systems leads to the requirement
of highly integrated multi-function microwave circuits,
especially the passive components. Therefore, a significant
number of researches have been conducted to realize the inte-
gration of baluns and filters. Then, many filtering baluns have
been reported [1]–[12]. By using some special technologies,
such as low temperature co-fired ceramic (LTCC) technol-
ogy [1], multilayer organic Liquid Crystal Polymer (LCP)
substrate [2], and patterned Permalloy thin film [3], filtering
baluns with minimized size have been proposed. However,
the structures and design procedures are very complicated
because of the complex processing technologies. Based on
the Printed Circuit Board (PCB) processing, a compact
microstrip filtering balun using the hybrid resonator [4]
exhibits a easy design procedure with good in-band perfor-
mance but poor stopband response. To improve the stopband
response, several filtering baluns have been developed based

The associate editor coordinating the review of this manuscript and
approving it for publication was Jaime Laviada.

on the conversion from balanced filters [5]–[8]. Neverthe-
less, the narrow bandwidth performance limits their appli-
cations in the practical wideband systems. To further extend
the bandwidth of filtering baluns, the high-order planar
structure [9], multimode stepped-impedance resonator [10],
asymmetric coupled-section [11], and broadside-coupled
microstrip/slotline resonator structure [12] are proposed.
Nevertheless, the in-band performances still need to be
improved.

Recently, microstrip-to-slot transitions have been reported
to implement the wideband passive circuits, such as fil-
ter [13], power divider [14], and filtering baluns [15]–[17].
A compact out-of-phase uniplanar microstrip power
divider (balun) operating over an ultra-wide frequency
band is presented [15], which can offer good in-band
performance. Then, to further improve the selectivity of
filtering baluns, balun based on the triple-mode slotline
with microstrip-to-slot transitions is implemented in [16].
However, the microstrip impedances and guided-wavelength
characteristics are very sensitive to the substrate thickness.
Then, coplanar waveguide (CPW) is introduced to form the
transitions [17], which allows a wide range of impedance
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FIGURE 1. (a) The layout and simplified equivalent transmission-line model of the CPW-to-slot transition with air-bridges. Balun
prototypes (b) without and (c) with the shorted-slot.

values on relatively thick substrates. Besides, the circuit
model of the CPW cross-junction is simple, intuitive, and
general. This transition has been used to construct a wide-
band CPW balun that is uniplanar and does not require any
vias [17]. Nevertheless, the existing wireless network signals
may interfere the wideband signal propagation for themodern
application. To suppress the existed signal interferences in
the operation band, notch filters based on the terminated
cross-shaped resonators [18] and varactor-loaded microstrip
stubs [19] are introduced. However, there is still not a research
on wideband filtering balun with notches for interference
suppression. Therefore, the design of a wideband filtering
balun with good selectivity, excellent in-band balance, and
fixed/tunable notched band operation is still a great challenge.

The preliminary work of this paper is published in our con-
ference paper [20] as a wideband filtering balun. Compared
to the previous work, a deep analysis on balun prototype
using the proposed CPW-to-slot transition with air-bridges
and baluns with merits of wideband, low insertion loss, high
selectivity, and fixed/tunable notched band operation are pro-
posed in this paper. Firstly, the CPW-to-slot transition is
introduced with the related analysis of CPW cross-junction
equivalent circuit model to implement the balun prototypes.
Meanwhile, to suppress the parasitic odd mode and ensure
single TEM mode operation, air-bridges between the ground
planes are applied. Secondly, based on the balun prototype
using the proposed transitions, a wideband filtering balun
operated from 1.03GHz to 3.17 GHz is implemented. Finally,
shorted-slots without and with loaded varactors are used
to achieve fixed and tunable notched bands, respectively.

The tuning range of the tunable dual-notched bands are
1.28–1.58 GHz (21.6%) and 1.89–2.41 GHz (24.2%) with a
15-dB rejection, respectively. The paper is organized as fol-
lows. Section II-A shows the schematic and operation of the
balun prototypes using the proposed CPW-to-slot transition.
Then, filtering balun with fixed frequency notch and recon-
figurable balun with tunable dual-notched bands based on the
proposed balun prototype are depicted in Section II-B and C,
respectively. The measurement results of these baluns are
presented in Section III. Finally, a conclusion is given in
Section IV.

II. SCHEMATIC AND OPERATION
A. BALUN PROTOTYPE
Fig. 1(a) shows the layout and simplified equivalent
transmission-line model of the CPW-to-slot transition. The
proposed transmission-line model is based on the previously
publishedmodel in [14], which provides insights to the circuit
operation. The proposed transition has four port terminations.
Port 1 and Port 2 are the CPW, while Port 3 and Port 4 are the
slot. Besides, the air-bridges with an equivalent reactance ZA
are placed above the CPW-to-slot transition to suppress the
parasitic odd mode. Then, combined the CPW-to-slot transi-
tion with a slot uniform impedance resonator (UIR), a balun
prototype is achieved, as shown in Fig. 1(b). Frequency
responses with uniform magnitude and 180◦ phase difference
are introduced by the slot UIR with CPW-to-slot transitions.
The slot is introduced as a multi-mode resonator and the
feed lines are CPWs at the two sides. As discussed in [21],
the CPW-to-slot coupling strength achieves its maximal
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FIGURE 2. Simplified circuit model of the balun prototype in Fig. 1(b).

value, assuming that the length of the open-circuited stub
(i.e., l1o) is equal to one quarter guided-wavelength. In addi-
tion, the emergence of two transmission poles is due to two
resonant modes in the slot resonator. At the junction of the
CPW-to-slot transition, the 1:1 transformer is detached (i.e.,
T1= T2= 1). Then, the simplified equivalent circuit model of
the balun prototype illustrated in Fig. 1(b) is shown in Fig. 2.
As for a lossless balun network, the theoretical S-parameters
could be obtained as

S11 =

∣∣∣∣Zin − Z0Zin + Z0

∣∣∣∣ (1)

S21 = −S31 =
1
√
2

√
1−

∣∣∣∣Zin − Z0Zin + Z0

∣∣∣∣2. (2)

It is obvious that the return loss (i.e., S11) and insertion
loss (i.e., S2,31) are only determined by the input impedance
looking from Port 1 (i.e., Zin), which is calculated as

Zin = Z0
ZAZin1 + jZ0(ZA + Zin1) tan θ1
Z0(ZA + Zin1)+ jZAZin1 tan θ1

(3)

ZA = Rs + jωLs +
1

jωCs
(4)

Zin2 =
j2ZAZ0Zs tan θs

2ZAZ0 + j(ZA + Z0)Zs tan θs
(6)

where the impedances (i.e., Zs and Zc) and electrical lengths
(i.e., θs and θc) could be obtained from the physical width
(i.e., ss and sc) and length (i.e., ls and lc) of the slot UIR [22],
respectively. The detailed calculated procedure is shown in
Appendix-A.

Air-bridge is utilized to suppress the unwanted modes,
such as the slot mode. As discussed in [23], the enhanced
air-bridge structure behaves like a series resonator, and it can
approximately be modeled as a series RLC resonator. The
layout and simplified model are shown in Fig. 3(a) and (b),
respectively. In order to get the approximate parameters for
the simplified series resonator model, the equations given
in [24] are used to calculate, as discussed in Appendix-B.
The extracted element values of the simplified model are

FIGURE 3. (a) Top view of the air-bridge based on RT5880 with εr = 2.2
and h = 0.508 mm (wa = 7 mm, ha = 3 mm, and da = 0.4 mm).
(b) Simplified RLC resonator of the proposed air-bridge. (c) Comparison
between EM-simulation and simplified RLC model simulation.

FIGURE 4. Comparison between circuit model and simulation of the
balun prototype in Fig. 1(b) (lc = 100 mm, ls = 10 mm, l1o = 9 mm, and
sc = ss = 1.5 mm).

Rs = 0.6 �, Ls = 0.25 nH, and Cs = 0.48 pF under the case
of wa = 7 mm, ha = 3 mm, and da = 0.4 mm, respectively.
Fig. 3(c) shows the comparison between EM-simulation of
the air-bridge and simplified RLC models, which shows a
good agreement between each other. Then, the theoretical
S-parameters of the lossless three-port balun network can be
calculated. To verify the mechanisms, the balun prototype
shown in Fig. 1(b) is implemented on a RT5880 substrate with
thickness h of 0.508 mm and dielectric constant εr of 2.2.
Fig. 4 shows the comparison between the circuit model and
simulation results, which shows a good agreement. Note that,
the end-effect in shorted-slot is considered in the calculation
of circuit model [25].

Zin1 = −
jZAZ0 cot θ1o

ZA − jZ0 cot θ1o
+

jZcZs(Zin2 + jZc tan θc) tan θs
Zc(Zin2 + jZc tan θc)+ jZcZs tan θs − Zin2Zs tan θs tan θc

(5)

VOLUME 7, 2019 36763



J. Zhou et al.: Reconfigurable Wideband Filtering Balun With Tunable Dual-Notched Bands

FIGURE 5. Simplified circuit model of the balun prototype with the
shorted-slot in Fig. 1(c).

FIGURE 6. EM-simulation frequency responses of the balun prototype
with and without the shorted-slot. (lc = 100 mm, lc1 = 30 mm,
lc2 = 70 mm, ls = 10 mm, l1o = 9 mm, lr = 30 mm, sc = ss = 1.5 mm, and
sr = 0.5 mm).

For the suppression of interferences in the operation band,
the shorted-slot is introduced taped at the slot UIR, as shown
in Fig. 1(c). The corresponding simplified circuit model of
the notched balun prototype illustrated in Fig. 1(c) is shown
in Fig. 5.When input impedance (i.e., Zinr ) of the shorted-slot
is infinite, the signal power would not be able to be transmit-
ted to the next stage, which leads to a transmission zero fn
(i.e., notch) in the passband, as shown in Fig. 6. Meanwhile,
Zinr could be obtained as

Zinr = jZr tan θr (7)

where Zr is the characteristic impedance of the shorted-slot.
Therefore, the electrical length (i.e., θr ) of the shorted-slot at
the notch frequencies is satisfied with

θr = (2n+ 1)
π

2
, (n = 0, 1, 2, ...). (8)

As shown in Fig. 6, the proposed shorted-slot can not only
introduce a transmission zero (i.e., fn) but also a resonance
(i.e., frs), simultaneously. The resonant frequency (i.e., frs)
of the shorted-slot is depended on the electrical length θrs
(i.e., θr + θc1 + θs), just like the resonant frequency (i.e.,
fl) of the UIR is determined by θu (i.e., 2θs + θc, where θc
= θc1 + θc2) [16]. Therefore, this resonant frequency frs can
be controlled and adjusted relying on θr . Fig. 7 depicts the
normalized resonant frequencies of the shorted-slot, i.e., frs/fl
versus t , where t = θr /θu. As shown in Fig. 7, with t increas-
ing, the normalized resonant frequency would decrease. The
normalized frequency of the narrow notched band (i.e., fn/fl)
with respect to electrical length ratio (i.e., t) is also simulated
as plotted in Fig. 7. Note that, over the range of t , frs/fl is
still smaller than fn/fl . Therefore, the notched band frequency

FIGURE 7. Normalized resonant frequency (frs/fl ) and transmission zero
frequency (fn/fl ) versus electrical length ratio of proposed shorted-slot
(t = θr /θu).

FIGURE 8. Configuration of the proposed wideband filtering balun.

FIGURE 9. EM-simulated frequency response of the proposed λ/2 slot
UIR with EBG and spiral shorted-slots.

(i.e., fn) can be appropriately allocated higher than the reso-
nant frequency (i.e., frs).
To further enhance the passband performance of the balun

prototype in Fig. (b), the CPW short-stub, electromagnetic
bandgap (EBG) structure, and a pair of shorted-slots are
introduced, as shown in Fig. 8. The wideband operation is
mainly achieved by the triple-mode slot resonator, which con-
sists of the slot UIR with EBG and shorted-slots. As shown
in Fig. 9, the triple-mode slot resonator could provide three
split resonances (i.e., fl , fh, and fss) in the passband. Here,
the triple-mode slot resonator is meandered to minimize the
size of the proposed balun, which would lead to a slight effect
on the split resonances. Meanwhile, a transmission zero fzs
upper the passband could also be generated by the pair of
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FIGURE 10. (a) Normalized resonant frequency (fh/fl ) of the proposed
triple-mode slot versus the length le2 with different width ratios
(le1 = 3 mm and we1 = 1 mm). (b) Normalized resonant frequency (fss/fl )
of the proposed triple-mode slot versus the length lss (sss = 0.3 mm).

the shorted-slot [26], [27]. The split resonances fl and fss
are determined by the length ln and lss of the slot UIR and
shorted-slot, respectively. Meanwhile, fh is about twice of
fl and could be adjusted by tuning the practical dimensions
of the EBG structure [20]. The normalized frequencies fh/fl
and fss/fl of the proposed triple-mode slot resonator versus
the length le2 with different width ratios and the length lss
are shown in Fig. 10(a) and (b), respectively. Note that, both
the normalized frequencies could be adjusted within a large
range by tuning the physical dimensions, which means a
flexible bandwidth control operation for the balun implemen-
tation. The coupling is enhanced by the proposed CPW-to-
slot transitions and an additional transmission pole ft could
be introduced close to the central frequency, which lead to
a passband with low insertion loss [20]. In addition, a CPW
short-stub [28] is introduced to generate another additional
transmission pole fp and transmission zero fzl for improved
in-band performance and lower passband selectivity of the
proposed filtering balun, simultaneously. Then, as shown
in Fig. 11, a wideband filtering balun with five transmission
poles and two transmission zeros is achieved.

FIGURE 11. Simulated S-parameters of the proposed wideband filtering
balun (unit: mm. le1 = 3, le2 = 4, ln1 = 12.5, ln2 = 95, ln3 = 13.1, lo = 3,
lp1 = 13.2, lp2 = 5.94, lss1 = 5.5, lss2 = 4.4, lss3 = 4, sn = 1.6, sss = 0.3,
we1 = 1, we2 = 7, wp = 1.76, wc = 1, wss1 = 3.7, wss2 = 3, and
wss3 = 2.3).

B. BALUN WITH FIXED FREQUENCY NOTCH
The balun with fixed frequency notched band (Balun A)
is developed based on the balun prototype in Fig. 1(c),
as depicted in Fig. 12. Fig. 13(a) shows the simulated notch
frequency fn and calculated electrical length θr at notch fre-
quency versus length lr , while Fig. 13(b) shows the sim-
ulated notch frequency fn and calculated impedance Zr at
notch frequency versus width sr of the shorted-slot. It is
notable that the electrical length θr is about π /2 at the notch
frequency. The mismatch between theory and simulation is
mainly caused by using the spiral type in slot design for size
minimization. Meanwhile, the notch frequency fn will shift
downwith length lr increasing. The impedance Zr , increasing
with width sr increasing, has a slight impact on the notch
frequency in the practical implementation. Then, a wideband
filtering balun with a fixed notched band at 2.39 GHz is
implemented based on RT5880. The simulated S-parameters
are shown in Fig. 14.

C. RECONFIGURABLE BALUN WITH TUNABLE
DUAL-NOTCHED BANDS
The reconfigurable balun with tunable dual-notched bands
(Balun B) is proposed in Fig. 15(a). To change the notched

FIGURE 12. Configuration of the proposed balun with fixed frequency
notch (Balun A).

FIGURE 13. (a) Simulated notch frequency fn and calculated electrical
length θr at notch frequency versus length lr (sr = 0.5 mm). (b) Simulated
notch frequency fn and calculated impedance Zr at notch frequency
versus width sr of the shorted-slot (lr = 34.5 mm).
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FIGURE 14. Simulated S-parameters of the proposed balun with fixed
frequency notch (lr = 31.5 mm and sr = 0.5 mm).

band frequency, the length or the gap size of the shorted-slot
can be adjusted [29]. In order to accomplish the tunable
notched bands, two pairs of varactor-loaded shorted-slots are
introduced and they are symmetrical and identical. Besides,
diodes are applied for varactors, which can also be used
for DC-block capacitances. As shown in Fig. 15(b) and (c),
the diode varactors Ca and Cb are connected across the gaps
and placed on the bottom layer (i.e., CPW layer). The DC
voltage is supplied from the plane with a microstrip line on
the top layer and vias are introduced to the both layers. Thus,
the DC supply for the diode varactors can be obtained through
the vias. RF chokes (10-k� resistors) are placed between the
DC supply and the diode varactors in order to minimize the
RF loss within the frequency range of interest. Moreover,
the DC supply and RF chokes are located away from the
circuit area of the resonator to eliminate their effects on the
shorted-slot.

FIGURE 15. The reconfigurable balun with tunable dual-notched bands
(Balun B). (a) Configuration. (b) The top view of the varactor-loaded
shorted-slot. (c) The bottom layer of the varactor-loaded shorted-slot.
(d) The simplified circuit models of the varactor-loaded shorted-slot.

Fig. 15(d) shows the simplified circuit models of the pro-
posed varactor-loaded shorted-slots. Similar to the mecha-
nisms on balun with fixed frequency notch, the transmission

FIGURE 16. The simulated notch frequencies of Balun B (la = 10.8 mm,
lb = 9.3 mm, and sa = sb = 0.1 mm) with different DC supply (Va and Vb).
(a) The low notch frequency (fa). (b) The high notch frequency (fb).

FIGURE 17. Layout of the fabricated balun with fixed frequency notch
(lr = 31.5 mm and sr = 0.5 mm). (a) Top view. (b) Bottom view.

zeros (i.e., notches) are generated when input impedances
(i.e., Zina and Zinb) are infinite. Meanwhile, Zina and Zinb at
frequency f could be obtained as

Zina,inb = Za0,b0
Zpa,pb + jZa0,b0 tan θa0,b0
Za0,b0 + jZpa,pb tan θa0,b0

(9)

where

Zpa,pb =
jZa,b tan θa,b

1− 2π fCa,bZa,b tan θa,b
(10)

and Za, Zb, Za0, Zb0, θa, θb, θa0, and θb0 are characteris-
tic impedances and electrical lengths of these two shorted-
slots [22], respectively. The Skyworks SMV1232 varactors
(Ca) and SMV1235 varactors (Cb) are used in this work. The
tuning range for these two capacitances are from 4.15 pF
to 0.72 pF and from 18.22 pF to 2.38 pF, respectively,
with the applied bias DC voltage varying from 0 V to
15 V. Fig. 16 shows the simulated two notch frequencies
of the Balun B when varactors across the gaps have differ-
ent DC bias. As shown in Fig. 16, the tuning range of the
low frequency notch (i.e., fa) and the high frequency notch
(i.e., fb) are 0.77–1.64 GHz and 1.67–2.91 GHz, which are
adjusted by Va and Vb, respectively. Meanwhile, with the
bias DC voltages increasing, the notches will change to high
frequency.
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TABLE 1. Comparisons with the state-of-the-art filtering baluns.

FIGURE 18. Measured and simulated results of the balun with fixed
frequency notch. (a) S-parameters, isolation, and group delay.
(b) Passband magnitude- and phase-imbalances.

III. MEASUREMENTS
To verify the aforementioned mechanisms, a series of
baluns (i.e., balun with notched band and reconfig-
urable balun with dual-notched bands) are implemented
on the dielectric substrate RT5880 with εr = 2.2 and
h = 0.508 mm. And the S-parameter and group delay
responses are performed using Keysight 5230A network
analyzer.

FIGURE 19. Layout of the fabricated balun with tunable dual-notched
bands. (a) Top view. (b) Bottom view.

A. BALUN WITH FIXED FREQUENCY NOTCH
A wideband filtering balun with fixed frequency notch is
implemented and fabricated. The proposed balun, shown
in Fig. 17, exhibits a circuit size including ground
of 97.5 mm× 43.6 mm (i.e., 0.76λg× 0.34λg, where λg is the
CPW guided-wavelength at the center operation frequency).
As shown in Fig. 18(a), the measurement exhibits a wide-
band passband from 1.05 to 3.26 GHz, which has a narrow
notched band at 2.38 GHz with interference suppression level
of 24.88 dB. The 10-dB notched FBW of notched bands
are 8.8%. The measured minimum insertion loss is found
to be 0.4 dB (excluding 3 dB division loss). The simulated
and measured amplitude- and phase-imbalances are plotted
in Fig. 18(b). It is obvious that the in-band amplitude- and
phase-imbalance are less than ±0.503 dB and 180◦ ± 1.54◦,
respectively. In addition, it can be observed from Fig. 18 that
both the measurement and simulation are in good agreements
with each other over a wide band.

B. RECONFIGURABLE BALUN WITH TUNABLE
DUAL-NOTCHED BANDS
The reconfigurable balun with tunable dual-notched bands
is fabricated with a circuit size including ground of
97.5 mm × 43.6 mm (i.e., 0.76λg × 0.34λg), as shown
in Fig. 19. Fig. 20 depicts the measurements of the reconfig-
urable balun with tunable dual-notched bands. As it shown,
the passband bandwidth is from 1.06 GHz to 3.1 GHz and the
minimum in-band insertion loss is 1.01 dB (excluding 3 dB
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FIGURE 20. (a) Measured case of tuning the high frequency notch with lower notched band switched off. (b) Measured case of
tuning the high frequency notch with fixed low frequency notch. (c) Measured case of tuning the low frequency notch with fixed
high frequency notch. (d) Measured case of tuning dual-notched bands. Measured and simulated results of (e) passband
magnitude- and phase-imbalances and (f) group delay under the case of Va = 8.3 V and Vb = 2.8 V.
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division loss). Compared to the insertion loss of the wideband
filtering balun, the increased insertion loss is mainly caused
by the loss of varactor and RF choke resistor. Fig. 20(a)
shows the measured S-parameters with the lower notched
band switched off. The tuning range of the higher notched
band is 24.2% (i.e., 1.89–2.41 GHz) with a rejection level
of 15–25.9 dB and a 10-dB notched FBW of 5.2%–9.3%.
In Fig. 20(b), as the lower notched band is fixed
(f1 = 1.41 GHz), the measured S-parameters are shown.
The upper notched band can be tuned from 1.92 GHz to
2.34 GHz with a rejection level of 15.1–22.5 dB. Fig. 20(c)
depicts the measured S-parameters while the upper notched
band is fixed (f2 = 2.4 GHz). The tuning range for the
low-frequency notch is 1.28–1.58 GHz (21.6%) with a
rejection level of 15.1–20.3 dB and a 10-dB notched FBW
of 3.1%–5.7%. The two notch frequencies can also be tuned,
simultaneously, as shown in Fig. 20(d). The simulations and
measurements of passband amplitude- and phase-imbalance
are shown in Fig. 20(e), under the case of Va = 8.3 V and
Vb = 2.8 V. It is notable that the in-band amplitude- and
phase-imbalances are less than ±1.1 dB and 180◦ ± 2.6◦,
respectively. And the group delay under the same case is
shown in Fig. 20(f).

A comparison of the proposed wideband filtering baluns
with the state-of-the-art researches is shown in Table 1.
It indicates that the proposed filtering baluns feature the
merits of the wide FBW, low insertion loss, competitive
in-band balance, and fixed/tunable notched band operations.
To the authors’ knowledge, this is the first work on wideband
filtering balun with notched bands.

IV. CONCLUSION
In this paper, a wideband filtering balun with tunable
dual-notched bands is proposed, implemented, and fab-
ricated. The wideband operation is achieved using the
triple-mode slot resonator. The CPW-to-slot transitions are
introduced to enhance the amplitude- and phase-imbalance
responses. Besides, the CPW short-stub and shorted-slot are
employed to improve the passband selectivity. Two pairs of
the varactor-loaded shorted-slots are introduced to achieve
the tunable notched band operation. The proposed recon-
figurable balun exhibits the high merits of the wide frac-
tional bandwidth, low insertion loss, good in-band balance
performance, and tunable notched band operation, simultane-
ously. Good agreements between the measured and simulated
results are achieved. With such good performance, the balun
prototypes are attractive for practical applications in wide-
band cognitive radios with high interference levels.

APPENDIX
A. CHARACTERISTIC IMPEDANCE AND ELECTRICAL
LENGTH OF SLOT
As depicted in [22], the characteristic impedance
Z0 and guided-wavelength λ of a slot within

0.0015 ≤ s/λ0 ≤ 0.075 can be expressed as

Z0 = 60+ 3.69 sin
[
(εr − 2.22)π

2.36

]
+ 133.5 ln(10εr )

√
s
λ0

+ 2.81[1− 0.011εr (4.48+ ln εr )]
( s
h

)
ln
(
100h
λ0

)
+ 131.1(1.028− ln εr )

√
h
λ0

+ 12.48
(1+ 0.18 ln εr )s

h
√
εr − 2.06+ 0.85( sh )

2
(11)

and

λ = λ0

[
A− B ln

(
h
λ0

)]
(12)

where

A = 1.045− 0.365 ln εr +
6.3

( s
h

)
ε0.945r

238.64+ 100
( s
h

) (13)

B = 0.148−
8.81(εr + 0.95)

100εr
(14)

where εr is the dielectric constant, h is the thickness of
substrate, and s is the width of the slot. λ0 is the free space
wavelength (i.e., λ0 = c/f , where c is the velocity of light in
free space and f is the operation frequency). Then, the elec-
trical wavelength θ of a slot with physical length l can be
calculated as

θ = 2π ×
l
λ
=

2π l

λ0

[
A− B ln

(
h
λ0

)] . (15)

B. EQUIVALENT RLC RESONATOR MODEL OF AIR-BRIDGE
The simplified series resonator model of the air-bridge is
shown in Fig. 3(b). As depicted in [24], the relationship
between the transmission coefficient and Rs, Ls, and Cs may
be expressed as

|S21|2 =
4
(
1− ω2LsCs

)2
+ 4R2sω

2

4
(
1− ω2LsCs

)2
+ ω2C2

s (2Rs + Z0)
2
. (16)

From (21), Rs can be obtained from |S21|, at the first resonant
frequency as

Rs =
Z0|S21|

2 (1− |S21|)

∣∣∣∣
ωres

(17)

and Ls can also be calculated by choosing the bandwidth
(ω2 − ω1) with S21 = a, at ω = ω1, ω2,

Ls =

√
a2 (2Rs + Z0)2 − 4R2s

2 (ω2 − ω1)
√
1− a2

. (18)

Then, Cs will be obtained by substituting Ls into the equation
as follow,

Cs =
1

ω2
resLs

. (19)
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