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Abstract— In this letter, we present a general design method for
tunable matching networks that have a prescribed filter charac-
teristic over a range of complex port impedances. The approach
enables prediction of the achievable tunable impedance range,
given a filter topology and tuning element values. As experimental
validation, a 2.5-GHz second-order Chebysheyv filter is designed
using Skyworks SMV2205-040LF varactor diodes to tune the
filter resonator and inverter. It is shown that the filter can match
port impedances in a region that spans a range of real and
imaginary parts of the impedance between 10 and 150 2 with
an insertion loss of 1.5 dB.

Index Terms— Coupling matrix, filter, impedance tuning.

I. INTRODUCTION

N MICROWAVE front ends, filtering is required between

cascaded components, e.g., a power amplifier (PA) and
antenna in a transmitter as shown in Fig. 1. The antenna
impedance can vary due to scanning in a phased array
(e.g., [1]) or changing surroundings as in a hand-held device
(e.g., [2], [3]). The active device of a PA generally requires
a complex impedance match for best power, gain, or effi-
ciency and this can vary over output power and supply
voltage in applications such as envelope tracking (e.g., [4]).
In dynamic load-modulation of PAs one also requires tun-
able load impedances [5]. Various other applications such as
microwave cooking, plasma generation [6], RF tumor ablation
[7], and beamforming MIMO [8] present loads that vary in
time and require adaptability. Such impedance variations can
be compensated with tuning networks, which are typically
lossy, e.g., [2], [9], or have limited power handling capabilities,
e.g., [8], [10], [11]. Filters designed as real-to-real impedance
transformers are discussed in, e.g., [12], [13], and a filter the
frequency of which tunes to a complex antenna is shown in
[14]. In [15] the antenna is integrated with the filter achieving
frequency tuneability, and in [16] an amplifier is integrated
with a frequency-tunable filter.

The goal of this work is to develop a design procedure
and demonstrate an impedance-tuning network with a specific
filter spectral response in order to reduce the footprint and
loss of the front end. The fixed network design approach in
[17] is extended to a tunable network design. We demonstrate
the approach on a 2.5-GHz second-order Chebyshev filter with
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Fig. 1. Transmitter front end, where both antenna impedance and PA output
impedance can vary and can be matched with the tunable filter.
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Fig. 2. Filter diagram for an impedance tunable second-order all-pole filter,
showing the two necessary tunable elements.

one fixed 50-Q port, while the impedance on the other port
can be tuned over a range of real and imaginary parts of the
impedance between 15 and 150 Q.

II. DESIGN METHODOLOGY

The port impedance of a coupled resonator filter can be
modified by adjusting the resonant frequency and the coupling
to the first resonator [17]. This impedance modification does
not alter the frequency response of the filter as long as it
remains conjugately matched on both ports as shown in the
appendix of [17]. Fig. 2 shows the diagram of a filter with a
tunable port impedance, showing the tunable elements.

The first admittance inverter value is given by Hong [18]
and Cameron et al. [19]

Js1 =mgy, | ——— (1

where mg; is the coupling matrix element for the source to
resonator 1 coupling, fo is the center frequency, A is the
fractional bandwidth, C is the base resonator capacitance and
R is the reference port resistance, which in our case is the
real part of the target complex impedance Zgy = Rg + jXs,
which is the complex conjugate of the impedance the filter
will present at its poles. The resonant frequency of the first
resonator can be derived as

_ mnA 2 mnA
Jor=Jfo|{/1+ 5 - (2)
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Fig. 3. Schematic of the second-order filter. The shaded areas are the tunable
input inverter (blue) and the tunable resonator (green).
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Fig. 4. Photograph of the 2.5-GHz filter, where the blue and green shaded
rectangles areas correspond to those in Fig. 3.

where mi; = my0 + Am; is the coupling matrix element
for the first resonator. This element can be used to adjust the
imaginary part of the port impedance by Estrada et al. [17]

Xs
Amy = —xsm3, = ——"m%, 3)
Rs

where m o is the original coupling matrix element of a filter
terminated in a real impedance.

The source to resonator 1 coupling (mg;) modifies both
the real and imaginary parts. The resonant frequency can
be controlled by using a capacitively terminated stub with a
variable capacitance and provides control over the imaginary
part of the impedance. A tunable inverter can be approximated
using transmission line inverters [18] with a similar tunable
stub. Both circuit elements can be controlled using varactor
diodes, as illustrated in Fig. 3.

The input impedance of the filter is given by

CanA 1
s () rex(f -2 @

where wy = 2z fyp. In this equation, it can be explicitly
seen that the real and imaginary parts can be controlled by
modifying Jg; and that changing f;; modifies the imaginary
part exclusively.

A demonstrator filter with the schematic shown in Fig. 3
is implemented in microstrip. The input inverter (Jg;) and
the first resonator ( fy;) are implemented with varactor-loaded
stubs, while the other two inverters (Ji, and J,;) are imple-
mented with quarter-wavelength lines and the second resonator

+i1.0
+j0.5 +i2.0
Zs = 22.54§6.11Q
Zs = 27.14j22.2Q
Zs = 49.5+j22.2Q
+o0. Zs = 44.7+j41.7Q i5.0
Zs = 59.4+j39.6 Q
Zs = 73.2466.8Q
™ ) > S
0.0 = L= [e9)
-j0. £35.0
-j0.5 Ji2.0

53] (dB)

2 2.2 24 26 2.8
f (GHz)

(b)

Fig. 5. Simulated filter performance. (a) Input reflection coefficient from
2.26 to 2.54 GHz on a 50-Q Smith chart for different varactor bias volt-
ages. (b) Frequency response for the different filter configurations. As the
impedance deviates from the nominal Zg = (45 — j42) Q, the quality of the
match and the bandwidth present small variations, as expected.

(fo2) is a half-wavelength open stub resonator. A varactor
is used to tune the resonator, and an anti-series varactor
connection is used for inverter tuning. The impedance tuning
range is limited by the tunable inverter Js;, which increasingly
differs from an ideal inverter as the capacitance of the varactor
varies farther from the central design value.

III. FILTER DESIGN

The filter is designed to be an in-line all-pole filter with
15-dB return loss. The coupling matrix for that filter is

0 10369 0 0
10369 0 1288 0

lm] = 0 1288 0  1.0369] ©)
0 0  1.0369 0

The filter response is centered at 2.4 GHz with 9% band-
width. The port impedance of the filter is designed to cover
a region in the lower (capacitive) half of the Smith chart,
“centered” around a nominal impedance of (45— j42)Q.
Simulations are performed in Cadence AWR, the circuit is
EM simulated using Axiem, the diodes, and discrete passive
(packaged) components are simulated using Modelithics mod-
els. The resulting layout is seen in Fig. 4 where the differ-
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Fig. 6. Measured filter performance. (a) Input reflection coefficient, from
2.35 to 2.65 GHz, on a 50-Q Smith chart for different configurations.
(b) Frequency response for those different filter configurations. The green
lines correspond to the center of the varactor bias range.

ent components of the circuit are labeled in correspondence
to Fig. 3.

The microstrip filter uses a Rogers RO4350B substrate
with 762-um dielectric thickness and 35-um copper thickness.
The variable capacitors are SMV2205-040LF varactor diodes
from Skyworks which use a continuous control voltage from
2 to 10 V. The capacitance values for the design are closer
to those of a single varactor for the resonator (3—15 pF)
and an anti-series configuration for the inverter capacitance
(1.5-7.5 pF). If the tuner is used at the output of a PA,
the reverse breakdown and reduced capacitance range at higher
powers become important factors. Since it is difficult to find
commercial varactors with high reverse breakdown voltages,
the anti-series diode combination is a possible option, as in
[20]. The bias lines are implemented with lumped-element
inductors and capacitors.

The simulated performance of the filter in 5. Fig. 5(a) shows
the port complex impedance around the passband. The loops
cross at the filter poles which are located at each side of the
center frequency of the filter and occur when the impedance
looking into the filter is the complex conjugate of the port
impedance (Zg). Fig. 5(b) shows the frequency response which
maintains shape for the different varactor voltages. The loop
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Fig. 7. Measured and simulated comparison of filter input reflection
coefficient around the center of the band. The colors correspond to the values
of Zg from Figs. 5 and 6.

size on the Smith chart is related to the match at the center
frequency and the bandwidth. For the larger loops, where the
impedance is the farthest from the loop crossing, the return
loss is worse. The bandwidth and insertion loss of the filter
do not vary considerably. Note that the center biasing for the
varactors corresponds to the center impedance within the range
(shown by the green line in the figures).

IV. MEASUREMENT RESULTS

The fabricated filter is shown in the inset of Fig. 3.
Additional 50-Q transmission line segments are added at the
input and output, and a TRL calibration is performed with
reference planes exactly at the filter, which is critical when
measuring a circuit with a non-standard port impedance. The
measured performance is shown in Fig. 6 where it can be
seen that the filter center frequency is shifted by 4%. The
return loss remains larger than 10 dB in the passband with a
large portion of the Smith chart covered. The insertion loss
for the worst case is 1.5 dB and can be improved with higher
Q-factor resonators. Simulations were repeated with lossless
elements at several frequencies and the additional loss due to
the transmission lines is determined to be 0.55 dB. If diodes
with a larger capacitance range are used, the overall impedance
range would increase, but not linearly due to diminishing
returns resulting from changes in the filter function shape.
Fig. 7 shows the comparison of simulation and measurement.

V. CONCLUSION

We present a second-order Chebyshev filter with a tunable
input impedance with a maintained filter response. The demon-
strator filter uses varactor diodes, but the proposed technique
can be extended to tuning with piezoelectric elements [21],
MEMS [22], [23], liquid metal [24], and PIN diodes [25]. The
impedance tunability can be extended to the other port in a
straightforward manner. The method shown here is valid for a
relatively narrow bandwidth, and scaling to larger bandwidths
and impedance ranges is under investigation.
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