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A UHF Third Order 5-bit Digital Tunable Bandpass Filter Based on
Mixed Coupled Open Ring Resonators

Ming-Ye Fu, Qian-Yin Xiang", Dan Zhang, Deng-Yao Tian, and Quan-Yuan Feng

Abstract—This paper presents a third-order digital tunable bandpass filter based on digitally tunable
capacitor loaded microstrip open ring resonator. Magnetic dominated mixed coupling is utilized to
make the coupling coefficient meet the requirement of stable bandwidth response. Electric source-load
coupling is designed to generate a transmission zero for improving the frequency selectivity. This filter
is designed, fabricated and measured. The measurement shows that the filter can be digitally tuned
by 5-bits pure digital command. The fractional bandwidth is 9 & 1%, and the tuning range is from
410 MHz to 820 MHz.

1. INTRODUCTION

With the fast development of wireless technology, miniaturization of radio frequency components is
highly demanded. Thus the design of tunable components such as a tunable filter becomes a popular
research topic for multi-band or frequency agile wireless systems [1-4]. Most of today’s tunable filters
are designed based on either mechanical, magnetic, or electrically tunable resonators. Mechanical
and magnetic ones have high quality factor; however, their bulkiness, cost, tuning speed limit their
modern applications [5]. For electrical tunable filters, the tunable/switchable components are mainly
semiconductor varactors diodes, PIN diodes, and RF MEMS, among which, semiconductor varactor
diodes are the most popular ones because of their fast tuning speed and low cost [6-16]. However,
they suffer from poor linearity [9]. Besides, semiconductor varactor diodes need high analogue voltage
sources to bias the PN junction, and there is a limited power handling capability, as well. PIN diodes
with high switch on power consumption also need high voltage bias source [17]. RF MEMS has been
used to design tunable RF devices [2,18-21]. However, RF MEMS have complicated biasing schemes,
stringent processing and packaging requirements. Recently, semiconductor digitally tunable capacitors
(DTCs) are available on the market [22]. These DTCs can be used to design digitally tunable RF filters
and antenna impedance matching networks [23, 24]. Due to their high power handling capability, small
size and fast tuning speed, DTCs will be essential components for future tunable RF filters.

Open-ring resonator (ORR) is one of the modified forms of half wave-length uniform resonator and
is widely used with good performance [25,26]. In this paper, DTC loaded ORRs are used to design
a third order microstrip tunable filter. Based on the third order magnetic dominated mixed coupling,
magnetic feeding, and electric source-load coupling, a high side transmission zero is generated to improve
the frequency selectivity. The filter can be controlled by the microprocessor based digital control board
directly. The filter is designed, fabricated and measured. In Section 2, the basic design theory is
presented. Sections 3 and 4 discuss the simulation and measurement, respectively. A conclusion is
given in Section 5.
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2. FILTER DESIGN

The configuration of the proposed tunable bandpass filter with DTC loaded ORRs is shown in
Figure 1(a). DTC is loaded at the split of the ORR. Magnetic dominated mixed coupling is utilized to
meet the requirement of constant fractional bandwidth, and magnetic feeding is implemented to achieve
impedance matching across a wide tuning range. Meanwhile, multiple coupling path, which can cause
several signals cancel each other at a certain frequency, can be used to generate transmission zeros [27].
In this design, electric source-load coupling is introduced to generate a high-side transmission zero for
improving the frequency selectivity. The coupling topology of the filter is shown in Figure 1(b). A
phase shift of —7/2 can be obtained through the source-load coupling path at the high frequency side
of the resonating frequency, and the phase shift from source to load through the coupling of resonators
ism/2(=n/2—7/24+7/2—7/24+7/2—7/2+ 7/2). Therefore, the two waves cancel each other. As a
result, a high side zero can be generated.
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Figure 1. The proposed third order tunable filter: (a) the configuration, (b) the coupling topology.

The required coupling coefficient k; ; can be given by:

kl,]

Mij = vEw )
where FBW is the filter’s fractional bandwidth, and k;; is the coupling coefficient between the ith
and jth resonators. M; ; is a constant for a specific response. In order to achieve constant fractional
bandwidth (CFBW), from Equation (1) it shows that the coupling coefficient should be unchanged
while the center frequency varies.

To obtain the desired coupling coefficient, mixed coupled tunable half-wavelength OORs are utilized
in the proposed filter. The electric and magnetic coupling between the resonators can be evaluated by
studying the voltage and current distributions [28]. Ignoring the parasitic effects, the DTC can be
equivalent to a segment of open-ended microstrip line [29]. Figure 2(a) shows the normalized voltage
and current distributions of the resonator under different DTC capacitance. The middle part with the
length of L denotes the passive microstrip line of the resonator. AL; and ALy are used to represent
the DTC with different capacitance. The length of the coupled region is d. When the capacitance of
the DTC is larger, the equivalent microstrip line is longer and the resonant frequency is lower. At the
fundamental resonant frequency, the normalized voltage and current distribution under minimized and
maximum DTC capacitances are given in Figure 2(a). The electric and magnetic coupling coefficient

can be given as [29]:
d+Ad
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Figure 2. (a) Normalized voltage and current distributions on the tunable resonator under low and
high frequency, (b) the analysis model of the coupled resonators.

The total coupling coefficient can be obtained as:
k= ’km - ke’ (4)

In the coupling region, it can be seen from Figure 2(a) that the magnetic coupling increases, and
the electric coupling decreases when the tunable capacitance increases. Therefore, the overall coupling
coefficient is slightly increased when the resonant frequency is decreased.

Y matrix is used to calculate the resonant frequency and coupling factor. In order to calculate the
Y matrix of this proposed filter, the microstrip line of each resonator can be divided into four segments,
as shown in Figure 2(b). For each microstrip line, the ABCD matrix is given as follows:

‘ o cosf. j Yi sin 6,
Atine.e = ( jY.sinf,  cosf,. (5)

where Y, is the characteristic admittance of each type of the microstrip line with an electric length of
0., here ¢ =1, 2, and 3. By using even and odd method, the ABCD matrix of the microstrip line of the
resonator shown in Figure 2(b) can be written as:

Aline(e,o) = Aline_1 - Aline_S(e,o) * Aline_2 * Aline_1 (6)

where, the subscript (e, 0) stands for the even or odd mode.
Therefore, without considering the loaded capacitor Cr, the Y matrixes of the microstrip line of
each resonator can be expressed as:

Aline e,0 /Aline e,0 _AAline e,0 /Aline e,0
}/iine(e,o) = ( 22(e0) 12(e.0) (¢:0) 12(e0) > (7)

_1/A1ine12(e,o) _Alinell(e,o) /Aline12(e,0)
where, A is the determinant operator. Meanwhile, the admittance matrix of the loaded capacitor Cf,
is:
jwCr —jwCy,
Yo, =( 7 . (8)
—jwCp  jwCp,

Since the loaded capacitor C}, is connected to the microstrip lines in parallel, the total admittance
matrix of each resonator Yt = Ve + Y, , the even and odd mode of Yt can be written as:

vt _ < AlineZQ(e,o) /Aline12(e,o) + jWCL _AAline(e,o)/Aline12(e,o) - jWCL > (9)
(&) _1/Aline12(e,o) —jwCp, _Alinell(e,o) /Alin612(e,o) + jwCp,

The input admittance seen from port Py or P, is given as [30]:
Yt(e,o)(17 1) ’ Yt(e,o)(Qv 2) - Yt(e,o)(lu 2) ’ Yt(e,o) (27 1)
Yi(e,0)(2,2)

Ying, = (10)
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Therefore, the admittance matrix for each coupled resonator can be written as:
Yine+Yin, Yin.—Yin,
_ 2 2
V=1 vinving YinetYing (11)
2 2

The resonant frequency wgy and coupling coefficient k£ can be calculated by the admittance matrix
as [9]:

Im [Yi1 (wo)] = 0 (12)
_ Im[Yi5(wo)]
b= b(wo) 19)

where: )
w mirip(w
bw) = 2 Ow

Numerical calculation and simulation are used to verify the tunable capability. The simulation
was carried out by using SONNET and ADS (Advanced Design System). Ideal capacitor Cp is used
as the tunable capacitor, and the geometry parameters of the proposed filter shown in Figure 1(a) are:
W1 =203, W2 =105, W3 =25 Wd=1 W5 =02, W6=1, W7 =09, W8 =0.9, W9 = 1.5,
W10 =0.9, W11 =0.5, L1 =30.6, L2 =115, L3 =29, L4 =4.7, L5 =115, L6 = 28.7, and L7 = 3.8
(Unit: mm). F4B-2 (h = 0.8 mm, &, = 2.65, tanf = 0.001) is selected as the substrate. Figure 3(a)
shows that the center frequency of the filter can be changed by tuning the capacitor Cp,, and Figure 3(b)
shows that the coupling coefficient & is stable when the center frequency is tuned. Both the calculation
and simulation shows that a stable fractional bandwidth response can be achieved by using the proposed
tunable filter.
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Figure 3. Simulated results based on ideal tunable capacitor: (a) center frequency tunable capability,
(b) coupling coefficient k versus center frequency.

3. SIMULATION

The geometry parameters presented in the last section are used in the simulation. The 5-bit digitally
tunable capacitor PE64904, with the tunable capacitance of 0.6 pF to 4.7 pF, is chosen as the tunable
capacitor. Equivalent circuit model of PE64904 [22] is used in the circuit simulation. Figure 4(a)
shows the package of PE64904, and Figure 4(b) shows the layout of it. Figure 5(a) shows the simulated
scatter parameters of the filter. It shows that the passband of the filter can be tuned, and a transmission
zero is located at the high side of the passband. Figure 5(b) summarizes the bandwidth versus center
frequency for all the 32 states. It shows that the tuning range is from 410 MHz to 820 MHz. The
fractional bandwidth increases from 7.5% to 10%, while the center frequency decreases.



Progress In Electromagnetics Research C, Vol. 64, 2016 93

GND

rF- [_1 9 ] RF+
re- [ 2 & ) RF+
- o (|
il ]
voo [ & (6 ) sEN FIT
8

SCL

(a) (b)

Figure 4. (a) The package of PE64904, (b) layout of PE64904.
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Figure 5. Simulation results: (a) the tunable scatter responses, (b) the bandwidth versus center
frequency.

4. FABRICATION AND MEASUREMENT

The filter is fabricated on an F4B-2 substrate (h = 0.8mm, ¢, = 2.65, tanf = 0.001) with an
overall size of 60mm X 68.5mm, as shown in Figure 6(a). The 5-bit DTC PE64904 is controlled
by a MCU (STM8S103F3P6) based control board through SPI (Serial Peripheral Interface), as shown

() (b)

Figure 6. (a) The fabricated digital tunable bandpass filter, (b) the control board.
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Figure 7. (a) The measured scatter parameters, (b) the measured bandwidth versus the center

frequency, (c) the center frequency and insertion loss versus the command state.

Table 1. Comparison with related works.

Reference | Order | Tuning device | Tunable range Bandwidth Insertion loss Foot print
[23] N =2 DTC 0.52-0.86 GHz 110 + 5 MHz" 4.8-3dB 24mm X 19 mm
[26] N =3 | Varactor diode | 1.1-1.88 GHz 90 + 8 MHz" 6.8-4.3dB 40 mm X 36 mm
[31] N =3 | Varactor diode | 1.75-2.25 GHz 95 + 10 MHz™" 7.2-3.2dB 10.4 mm x 14.8 mm
This N=3 DTC 0.41-0.82 GHz 54+ 12MHz 6.5-4.9dB 60 mm X 68.5 mm
work (9£1%)"

*-3dB bandwidth, T-1dB bandwidth

in Figure 6(b). There is no analog control circuit required, and the filter can be tuned digitally. The
frequency response of the filter is measured by Agilent E5071C vector network analyzer.

Figure 7(a) shows the measured and simulated S-parameters of the filter at state 0, 5, 15, and
31. A transmission zero is located at the upper stop band. The rejection level is larger than 40 dB.
Figure 7(b) shows the measured and simulated bandwidth versus the center frequency. Figure 7(c)
shows the center frequency and insertion loss under all the 32 digital command states. The simulation
matches the measurement very well. The result shows that the fractional bandwidth is about 9 4+ 1%,
and the insertion loss is less than 6.5dB for all the states. The absolute bandwidth is 54 £ 12 MHz
over the center frequency tuning range from 410 MHz to 820 MHz, and an octave tunable capability is
achieved. The comparison with related works is summarized in Table 1.

5. CONCLUSION

Digitally tunable capacitor loaded open ring resonator with mixed coupling is utilized to design a third
order 5-bit digital tunable filter. Based on the magnetic dominated mixed coupling, electric source-load
coupling is designed to generate a high side transmission zero for improving the frequency selectivity
of the proposed filter. The measured results show that the filter can be digitally tuned with 5-bits,
the fractional bandwidth is 9 + 1%, and an octave tuning range from 410 MHz to 820 MHz is achieved.
Simulations and measurements are in excellent agreement for this filter. The proposed filter can be used
in the digital reconfigurable RF front-end of wideband frequency agile systems.
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