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ABSTRACT This article presents a novel methodology for designing Dual-band Reconfigurable Impedance
Matching Networks (Db-RIMNs) using a cascade network of tunable filters and phase shifters. The proposed
design can be used to match frequency dependent and impedance variable dual-band loads. The theory of
operation, the design considerations, and the design procedure are provided. Moreover, a prototype circuit
is designed for a dual-band variable load at sub-6 GHz bands. The performance of the proposed design
is not restricted by the range of realizable characteristic impedances. Moreover, the achievable impedance
coverage and frequency ratio of the two bands are not restricted by the circuit fabrication limitations.
Finally, the performance in terms of matched bandwidth and losses are investigated. The simulation and
measurement results for a fabricated prototype are in close agreement. The proposed design has a wide range
of anticipated applications in design of concurrent dual band power amplifiers, multiband antennas, phased
arrays, to name a few. The cascade architecture of tunable filters and phase shifters is the sole published
design for Db-RIMNs in the literature.

INDEX TERMS Reconfigurable, tunable, dual-band, impedance matching network, concurrent matching,
5G.

I. INTRODUCTION
NOVEL communication systems, including 5G cellular net-
works and software defined/cognitive radio technologies, call
for compact, multi-band, and reconfigurable circuit com-
ponents. Specifically, multi-band Power Amplifiers (PAs)
and multiband antennas are widely employed in 5G sys-
tems. Simultaneously, these devices need to be tunable to
cover numerous bands. Impedance tuners are fundamental
microwave components that allow maximum power trans-
fer between different components. An increasing number of
multiband components such as antennas, PAs, power dividers,
and baluns, among others are being introduced, which re-
quire multiband matching networks. As a result, the desired
matching networks should be able to simultaneously address
the variable frequency bands (shift in frequency) and variable
impedance of the different components [1], [2]. In more detail,
the requirements for the multiband impedance tuners include
varying frequency ratios, wide impedance coverage at each
frequency, low loss, and high power performance. Moreover,

it is desirable for the design of tuners for each band to be
independent from the other bands.

A handful of literature present dual band matching net-
works using multi-section transmission line circuits. For
example, a parallel and series stub solution is presented in [3],
and a three section series transmission line segment solution
is presented in [4]. However, these solutions are suitable for
fixed load impedances and they cannot be used as tunable
solutions because they rely on the characteristic impedance
of transmission lines, which cannot be conveniently tuned.
Moreover, there is a limited range of transmission line char-
acteristic impedance that can be practically realized. This
limitation limits the range of load impedances that can be
matched using such solutions.

A handful of works use switches to select the matching
frequencies. In [5], a front-end architecture is proposed, which
is composed of two tunable single band impedance tuners. A
pair of switches select either of the impedance tuners and thus
the operation band. In [6], semiconductor switches are used on
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FIGURE 1. Proposed circuit architectures for the DB-RIMNs, (a) a SBITE
and (b) cascade architecture.

Transmission Line Transformers (TLTs) to achieve matching
at different frequencies. In [7], a T-network matching network
is loaded by two switched capacitors to provide matching at
2.4 GHz or 5 GHz. However, these solutions operate at a
single frequency at a time and cannot provide simultaneous
matching at different bands.

A novel design methodology for matching networks is pre-
sented in [8] based on High-Pass Filters (HPFs) and Low-Pass
Filters (LPFs) transmission line phase shifters. Although this
method is employed for matching a constant load impedance,
its independence to the characteristic impedance makes it a
suitable candidate for designing tunable matching networks.

This paper proposes a novel category of Dual-band Recon-
figurable Impedance Matching Networks (Db-RIMNs), which
employ tunable filters and phase shifters. The proposed Db-
RIMNs are capable of providing matching between dual band
loads with variable impedances and frequency ratios. The pro-
posed approach decouples the impedance coverage from the
characteristic impedance of transmission lines, which leads
to a wide range of impedance coverage in each band. More-
over, the proposed methodology can be applied to multiband
applications. The proposed Db-RIMN concept is in general
applicable to high power applications. However, the linearity
and operating input power limitations are mainly determined
by the power handling capability of the tuning elements used.

The structure of the paper is as follows. First, the tunability
of dual-band matching networks is discussed by setting the
requirements for employing the concept of tunable filters
and phase shifters in designing Db-RIMNs. Accordingly,
the design procedure and arguments regarding the different
combinations of filters, tuning elements and phase shifters
are presented. The remainder deals with a design example
and measurements in the sub-6 GHz region, where the center
frequency of the two bands can vary in addition to load
variation at each band. The design example is presented
for a frequency ratio as low as 1.09. Bands with such low
frequency ratios cannot be matched using current fixed
dual-band matching networks due to the TL impedance
constrains [4]. The design example is intended to operate at
sub-6 GHz region for 5G networks. Moreover, the frequencies
of 3.4 GHz and 3.7 GHz are chosen as an extreme case in

terms of the performance of the tuning elements. The design
example is provided as a proof of concept, but the proposed
method can be employed for loads with larger frequency
ratios, wider bandwidths, and at different frequencies.

II. ANALYSES OF PROPOSED CONCEPT
A. NETWORK ARCHITECTURES
The proposed concept is intended to provide matching at the
two frequencies independent from each other. This is accom-
plished by employing two Single Band Impedance Tuning
Elements (SBITEs). Each SBITE provides impedance tuning
at one of the bands, but has a limited impact on the matching
of the other band. A SBITE can be realized by a cascade
combination of a microwave filter and phase shifter as shown
in Fig. 1(a), where arrows denote the tunability of these com-
ponents. For an arbitrary SBITE terminated in a load with a
reflection coefficient �l , the input reflection coefficient can be
written as

�SBIT E
in = SSBIT E

11 + SSBIT E
12 SSBIT E

21 �l

1 − SSBIT E
22 �l

. (1)

Using unitary conditions for lossless and reciprocal net-
works, it can be shown that

�SBIT E
in = 0, if SSBIT E

22 = �∗
l , and (2)

�SBIT E
in = |�l |

(
∠�l +2∠SSBIT E

12

)
, if SSBIT E

11 =SSBIT E
22 = 0.

(3)

Equation (2) refers to a condition where the SBITE is
complex conjugate matched to �l at its output, which in re-
turn leads to no power reflected back from its input port. A
SBITE in this state is called a “matching” SBITE. On the
other hand, (3) refers to a condition where the SBITE is
matched to Z0. In this case, the input reflection coefficient
has the same magnitude as the termination load, but with a
modified phase. A SBITE in this state is called a “passing”
SBITE.

This work builds on the method presented in [8] for fixed
dual-band loads, and makes a case for designing Db-RIMNs
for impedance and frequency variable loads. The circuit archi-
tecture of the proposed Db-RIMN is illustrated in Fig. 1(b). It
is composed of two SBITEs connected in cascade configu-
ration. The termination is a dual-band variable load defined
by reflection coefficients �l1 and �l2 at two frequencies f1

and f2, respectively. Note that any of the reflection coefficients
and frequencies can be variable. For the reference f1 < f2.
Each SBITE is tuned to operate as a matching SBITE at one
of the bands, and as a passing SBITE at the other. Moreover,
the two SBITEs should have opposite states at each band,
i.e., one is passing while the other is matching and vice
versa.

As illustrated in Fig. 2, the circuit performance can be
demonstrated by plotting the reflection coefficient after each
block looking toward the load. At f1, the SBITE-1 and
SBITE-2 are in matching and passing states, respectively.
At f2, their states are swapped. To satisfy (2) and (3), the
phase shifters need to pass the signal at both bands. This can
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FIGURE 2. Block diagram of the proposed Db-RIMN and its step-by-step
performance breakdown, adapted from.

be achieved using wideband phase shifters or dual-band phase
shifters. Moreover, Filter 1 and Filter 2 must have transition
band at f1 and f2, with output reflection coefficients with
the same magnitudes as �l1 and �l2, respectively. In addi-
tion, the Filter 1 and Filter 2 must have passbands over f2

and f1, respectively. Accordingly, the matching conditions can
be written as [8]:∣∣∣SFilter−1

22 ( f1)
∣∣∣∠(2∠SFilter−2

21 ( f1) + 2ϕ2 ( f1)

+ ∠SFilter−1
22 ( f1) + 2ϕ1 ( f1)) = �∗

l1, and (4)∣∣∣SFilter−2
22 ( f2)

∣∣∣∠ (
∠SFilter−2

22 ( f2) + 2ϕ2 ( f2)
)

= �∗
l2, (5)

where, ϕ1 and ϕ2 represent the phase shifts of phase shifters 1
and 2, respectively. Therefore, the following conditions need
to be met for the cascade architecture to be operable:

1) The filters used in the passing SBITEs shall have a
passband over the transition band of the filters used in
the matching SBITEs.

2) The phase-shifters shall provide a maximum of 180° of
phase shift at their respective frequencies.

3) The phase-shifters shall be operable at both frequency
bands. This can be achieved by wideband or dual-band
phase shifters.

4) The tuning of the matching SBITE shall not result in
significant degradation in the return loss of the passing
SBITE.

Although, we are presenting these conditions for the dual-
band case, they can be also used for multi-band designs. For
example, the first condition in a tri-band case would require
RIMN to use a tunable LPF responsible for matching at the
highest band, a tunable HPF for matching at the lowest band,
and a Band-Stop Filter (BSF) for the middle band. Each filter
must have passband over the two other bands. The three other
conditions remain the same as long as the phase shifters cover
the three bands.

FIGURE 3. Filter requirements for a tunable LPF to provide matching at
the higher band.

As a proof of the concept, a Db-RIMN will be designed
in the reminder of this paper. In the following, the design
considerations for tunable filters are studied in more detail,
which will be followed by a design example.

B. FILTER REQUIREMENTS
Fig. 3 illustrates the return loss of a hypothetical LPF. This
filter is used as Filter-2 in SBITE-2 that has a passing state
over a lower band between f1L and f1U . The SBITE-2 also has
a matching state over a higher band between f2L and f2U . The
reflection coefficient of the load varies between �l2min and
�l2max over the higher band. The return loss is also intended
to be better than � f 1 over the lower band to ensure the passing
state for SBITE-2 over the lower band. The return loss is
depicted when the filter is tuned to have a cutoff frequency
shift between fcL and fcU , without changing the order or type.
This shift in cutoff frequency allows the return loss magnitude
to cover the values between |�l2min| and |�l2max| over the
higher band, while the SBITE-2 maintains a passing state over
the lower band. This figure can be used to determine the order
of the filter and its tuning range.

The order of the filter can be determined using the slope of
the return loss over the transition band. The goal is to deter-
mine the lowest order of the LPF with a return loss equal to
|� f 1| and |�l2min| at f1U and f2L, respectively. Increasing the
order of the LPF beyond this minimum value would result in
a better performance at f1U , but also in excessive circuit com-
plexity. Note that the slope of return loss is in inverse relation
with the frequency ratio f1U / f2L. Moreover, the roll-off slope
is directly proportionate to the ratio of |�l2min| and |� f 1|.

The reflection coefficient of a filter is associated with its
power loss ratio, PLR, through [9]

|�|2 = PLR − 1

PLR
. (6)

As given in the Appendix, one can derive the minimum
order for a maximally flat LPF with 3dB insertion loss at fcL,
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FIGURE 4. Minimum required order of a maximally flat LPF.

as

N =

log

⎛
⎝ 1−

∣∣∣� f 1

∣∣∣2
1−|�l2min|2

⎞
⎠

2 + log
( |�l2min|

|� f 1|
)

log
(

f2L
f1U

) . (7)

Fig. 4 depicts the minimum order of a maximally flat LPF.
Note that since the filter order is an integer, the graph takes
a staircase form. The minimum filter values can be plotted
versus the frequency ratio f1U / f2L , for a given value for |� f 1|
and a few values for |�l2min|. For instance, Fig. 4 is plotted
for |� f 1| = 10 dB and |�l2min| between 4 dB and 9dB. Note
that the return loss is steepest over the transition band for
|�l2min| = 4 dB and flattest for |�l2min| = 9 dB. Hence, a
higher order LPF is needed for |�l2min| = 4 dB compared to
the other values and for a given frequency ratio. Moreover,
the minimum order of the filter dramatically increases for
small frequency ratios. As given in the Appendix, similar
expressions can be derived for HPF filters used as Filter 1
in the SBITE-1 by substituting the frequencies and reflection
coefficients. The expressions for other types of filters (e.g.,
Chebyshev filters) can be derived using a similar process.

To determine the tuning range for the filter, one can write

log

(
fcL

fcU

)
= log

(
f2L

f2U

)
+

log
( |�l2max|

|�l2min|
)

N

+
log

(
1−|�l2min|2
1−|�l2max|2

)
2N

. (8)

Equations (7) and (8) provide theoretical support for the
proposed design method. However, for a tunable filter the
passband ripple and roll-off rate would change from state to
state. This is because continuous tuning is done only using
tunable capacitors. Therefore, the analytical expressions can
only serve as a rough estimate and the filter design would re-
quire further optimization based on the tuning elements used.

The filters should have steep roll-off while maintaining
low-loss and low-ripple passband. This can be realized by
a pair of HPF and LPFs. However, the order of these filters
need to increase as the frequency ratio between the two bands
decreases. Moreover, employing tunable HPF filters adds an-
other challenge associated with the use of series variable

capacitors [8]. Alternatively, BPF filters can be used by tuning
their center frequencies. This is specifically convenient for
wideband BPFs (as presented in [10]). Tuning of the center
frequency can be achieved by applying a single bias voltage to
identical tuning elements attached to the end of open circuited
stubs.

C. DESIGN PROCEDURE
This section provides a brief description of the design steps
for Db-RIMNs. Note that these steps can be generalized for
multi-band RIMNs as well. The design steps as follows:

1) Characterize the dual-band load. Depending on the ap-
plication, the load impedance can vary over frequency
and time. Determine the reflection coefficient range
at the two bands. The required coverage may occupy
specific region of the Smith chart (e.g., for optimum
impedance matching of a dual-band power amplifier), or
cover a ring around the center of the Smith chart (e.g.,
for tunable antenna matching).

2) Characterize the tuning elements: This includes the tun-
ing range and quality factor range

3) Design the tunable filters: Determine the type and low-
est order for the filters based on the frequency ratio
and the reflection coefficients range of the load for each
band. Design Filter 1 and Filter 2 considering the tuning
range of the tuning elements. Assess whether tuning
the filters can cover the magnitude range of the load.
If coverage is inadequate, repeat this step to select a dif-
ferent filter type and order. Optimize the model further
to achieve desired coverage.

4) Design the tunable phase shifters: Determine the type
of the phase shifters (i.e., wideband, multiband, direct,
or reflection type) based on the frequency ratio and
the phase range of the load at each frequency. Assess
whether phase shifters can provide the phase shift range
of the load.

5) Design Verification: A full-wave simulation of the cir-
cuit is necessary to account for the coupling between
filters and phase shifters.

III. CIRCUIT DESIGN
In this section, the performance of the proposed Db-RIMN is
demonstrated through a design example. The two bands are at
a vicinity of 3.4 GHz and 3.7 GHz. A matched bandwidth of
at least 50 MHz at each band was targeted to resemble sub-6
GHz 5G applications. The load is assumed an antenna that is
required to operate over two bands. The antenna impedance
varies with frequency over each band with a reflection coef-
ficient between 5dB and 10dB and with any phase value. It
should be noted that the BST tuning elements used are not
capable to handle high power levels. Therefore, the design
example discussed in this paper is intended for low-power
applications.

For tuning elements, Packaged Barium Strontium Titanate
(BST) tunable capacitors are considered because of their
relatively higher quality factors compared to semiconductor
varactors. The used tuning elements have a capacitance ratio
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FIGURE 5. Parametric layout of the tapped BPFs using CPW segments and
tunable capacitors.

of 4.65. The average quality factor is 30 from experimental
characterization of the BST varactors. Only one bias volt-
age is intended for each of the filters and phase shifters to
simplify the tuning process. Accordingly, the Db-RIMN cir-
cuit sub-components are developed based on Rogers RO3010
substrates with dielectric constant of 10, thickness of 25 mil,
loss tangent of 0.0022, and 17 μm copper metal layers. Note
that the implementation technique, including the limited qual-
ity factor of the tuning elements and wirebond, may impose
limitations in terms of matched bandwidth and insertion loss.

A. TUNABLE BPFS
The schematic of the tunable filters and their dimensions are
depicted in Fig. 5. The filter is composed of two resonators
that are coupled to each other using a 90° transmission line
segment. Each resonator is composed of a short circuited and
an open circuited stubs, which together form a parallel LC
resonator.

The open-ended segments for the two resonators are ter-
minated by identical tunable BST capacitors. The filters are
implemented using CPW lines and the ground planes are con-
nected using wirebonds.

The filters are synthesized initially without the tunable
capacitors. Consequently, a full-wave HFSS model is devel-
oped where tunable capacitors are replaced by matched ports.
Then, the simulated S-parameters of the model are exported to
Keysight ADS, where the capacitor ports are terminated with
tunable capacitors. The TL segments are optimized to mimic
the behavior of the initial synthesized model and improve the
insertion loss. The BSTs used for tuning Filter 1 and Filter
2 have the maximum value of 3 pF and 1 pF, respectively.
Note that the entire tuning range of the capacitors are not
needed. Filter 1 and the Filter 2 only need values between
0.8 pF and 1.6 pF, and 0.2 pF and 0.5 pF, respectively. The
simulation results for the designed filters are plotted in Fig. 6.
Fig. 6(a) shows the return losses of the Filter 1 loaded by a
3 pF capacitor (i.e., maximum value of the BST), and Filter
2 when it is loaded by a 0.05 pF capacitor (i.e., miniscule
value of the BST). Note that the return loss of Filter 1 shifts
to higher frequencies by reducing the value of the BST. In
contrast, the Filter 2 response shifts to lower frequencies by

FIGURE 6. Simulated return loss of the filters, (a) filter responses without
tuning, (b) filter-1 loaded by c1 with values ranging from 0.8 pF to 1.6 pF,
(c) filter-2 loaded by c2 with values ranging from 0.2 pF to 0.5 pF.

increasing the value of the BST capacitor. Fig. 6(b) shows the
return loss response of Filter 1 for the BST values between
0.8 pF and 1.6 pF. As can be seen, the return loss of Filter 1
covers reflection coefficients of better than 4 dB at 3.4 GHz,
while maintaining a passband with better than 12 dB return
loss at 3.7 GHz. Similarly, Fig. 6(c) shows the response of
Filter 2 for the BST values between 0.2 pF and 0.5 pF. Filter
2 has a return loss of better than 15 dB around 3.4 GHz,
while covering reflection coefficients of better than 3 dB at
3.7 GHz.
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FIGURE 7. Schematic of the proposed RTPS. Dimensions in µm:
l c = 7977, l e = 3973, l1 = 7747, l2 = 7500, l3 = 1650, l i = 1500, g1 =
670, g2 = 1000, g3 = 755, gc = 206, gs = 200, ge = 823,w1 = 980,w2 =
523,w3 = 230, wh = 500 ,we=311 .

B. WIDEBAND TUNABLE PHASE SHIFTER
Current state of the art reconfigurable phase shifter de-
signs fall short of meeting the requirements presented in the
beginning of this section for the following reasons. Firstly,
non-tunable designs [11], [12] and switched designs [13], are
not able to provide high-resolution phase shift. Secondly, their
loss often increases when their number of states increases.
Thirdly, MMIC solutions [14] have limited quality factor and
their implementation in lower frequencies becomes large and
lossy.

Reflection Type Phase Shifters (RTPSs) are employed be-
cause of their compact size compared to direct phase shifters
(e.g., loaded line). Moreover, they use fewer tuning elements.
A tunable RTPS is composed of two tunable reflective loads
connected to the coupled and through ports of a quadrature
hybrid coupler. The phase shifters are intended to provide
at least 180° of continuous phase shift to address (4) and
(5). A schematic of the proposed RTPS and its dimensions
are depicted in Fig. 7. As stated in [15], [16], and [17], the
range of phase shift achieved using single tuning element
reflective loads for RTPSs is less than 180°. Accordingly, a
2-element reflective load is used. It is designed using GCPW
lines to avoid further wirebonds. Each reflective load is com-
posed of a three TL segment main branch and two extension
stubs, which are terminated in the variable capacitors. The

extensions stubs are connected to the main branch using T-
junctions. Tandem couplers are used because they require less
fabrication tolerance compared to traditional designs, which
allows PCB fabrication of the proposed circuit. In addition,
tandem couplers have wider bandwidths compared to branch-
line couplers [18].

The BST used for the proposed RTPS have a maximum
capacitance of 1.5 pF with an average quality factor of about
30. The circuit shown in Fig. 8 is optimized in HFSS. The
extracted S-parameters are then terminated in measured BST
values. The simulation results are shown in Fig. 8. As can be
seen, a phase shift of at least 200° is achieved by modifying
the capacitor value from 0.32 pF to 1.5 pF. The insertion and
return losses are better than 1.75 dB and 14 dB throughout
the frequency range of 3 GHz - 4 GHz. Fig. 9 investigates the
impact of the capacitor imperfection on the insertion loss of
the proposed RTPS. As can be seen, using a tuning element
with a higher Q values can considerably reduce the insertion
loss of the phase shifter.

C. DUAL-BAND IMPEDANCE COVERAGE
The final layout of the proposed Db-RIMN is presented in
Fig. 10. One way to demonstrate the dual-band impedance
coverage is by demonstrating the independent coverage at
each band. First, the circuit is simulated using a broadband
50 � load and the tuning capacitors are tuned to achieve
matching at both frequencies. Then the coverage at each band
is demonstrated by tuning the SBITE-1 and SBITE-2 sepa-
rately. Fig. 11(a) shows the coverage achieved by tuning only
the SBITE-2. As can be seen, the output reflection coefficients
remain inside the 10 dB circle at 3.4 GHz, while coverage is
demonstrated for the area within the 5 dB circle at 3.7 GHz.
In addition, Fig. 11(b) shows the coverage achieved by tuning
only the SBITE-1. Consistent coverage for the impedances
within the 5 dB circle at 3.4 GHz is shown in this figure as
well. Fig. 11(a) and (b) together show that in the majority of
cases, the two bands can be matched with limited impact on
each other.

Fig. 12 plots the return loss over frequency for a selection
of states. For Fig. 12(a), the SBITE-1 is in passing state
and SBITE-2 is matching. As can be seen, the output return
loss remains better than 12 dB at 3.4 GHz. The results at
3.7 GH, illustrates that loads with reflection coefficient be-
tween 5 dB and 15 dB can be matched. Note that the return
loss remains better than 10 dB from 3.27 GHz to 3.5 GHz.
Therefore, this band can be used as the lower band of the pro-
posed Db-RIMN. Similarly, Fig. 12(b) is plotted by keeping
the SBITE-2 in a passing state and tuning the SBITE-1. Here,
the output return loss remains better than 15 dB at 3.7 GHz.
The results shown at 3.4 GHz illustrates that loads with reflec-
tion coefficient better than 5 dB can be matched. Likewise, the
return loss remains better than 10 dB between 3.62 GHz and
3.96 GHz. However, the quality factor of the BSTs degrade
dramatically beyond 3.8 GHz. Therefore, a higher band of
between 3.6 GHz to 3.8 GHz can be used by the proposed
Db-RIMN.
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FIGURE 8. Simulated results for the RTPS sub-component when loaded by
cps with values ranging from 0.32 pF to 1.5 pF (a) return loss, (b) insertion
loss, and (c) phase shift.

IV. MEASUREMENT RESULTS
Prototypes of the proposed Db-RIMN are fabricated on
RO3010 substrates. The Gold Immersion surface finish is used
to allow wirebonding as well as attachment of the BSTs.
Fig. 13 shows the photos of the fabricated and assembled
circuits. The size of the entire circuit, excluding SMA con-
nectors and headers, is 45 mm by 77 mm. The diced filters

FIGURE 9. Simulated average insertion loss for the RTPS sub-component
based on the quality factor of BST tunable capacitor.

FIGURE 10. Scaled layout of the proposed Db-RIMN, where
sub-components are highlighted. SBITE-1 is composed of Filter-1 and
Phase Shifter 1, and SBITE-2 is composed of Filter-2 and Phase Shifter 2.

and phase shifters are measured separately for verification and
loss measurements. The measurements are performed using
Keysight PNA Network Analyzer model N5227B.

A bias voltage of between 2 V and 17 V are applied to
the phase shifter and the measurement results are plotted in
Fig. 14. The measurement results presented in Fig. 14 agree
well with the simulation results presented in Fig. 8. The vari-
ation in insertion loss is due to the variation in quality factor
of the BSTs. Note that higher bias voltages lead to smaller ca-
pacitor values and higher quality factor than the assumed 30.
Moreover, the 2 V bias is associated to larger than 1.5 pF. This
leads to a significantly small quality factor and an insertion
loss of more than 1 dB. Since the achieved phase shift is more
than 220°, the lossy states are not needed. The measurement
results for the filters are shown in Fig. 15. Here the bias for
Filter 1 varies between 4 V and 10 V. For Filter 2, it varies
between 10 V and 17 V. As can be see, each filter degrades
the insertion loss by at least 1 dB over their passbands, which
is mainly due to the addition of the wirebonds and limited
quality factor of the BSTs.
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FIGURE 11. Simulated load impedance coverage (a) at the higher band
when lower band for c1= 1.5 pF, cp1= 0.9 pF, c2 sweep from 0.22 pF to
0.55 pF in 0.05 pF steps, and cp2 sweeps from 0.45 pF to 2.2 pF in 20
steps, (b) at the lower band when lower band for c2= 0.2 pF, cp2= 0.6 pF,
c1 sweep from 0.5 pF to 1.6 pF in 0.2 pF steps, and cp1 sweeps from 0.45
pF to 2.2 pF in 13 steps.

For measuring the performance of the entire Db-RIMN,
the two ports are calibrated to 50 � broadband load.
Then the measured results are terminated with variable load
impedances in ADS environment instead of terminating the
circuit with physical load impedances. This method has the
advantages of being able to evaluate the insertion loss of the
circuit by modifying the impedance of the output port. four
independent bias voltages are applied. The bias voltage range
for the filters is similar to the individual filter measurements.
For the phase shifters the voltage is between 4 V and 17 V to
avoid excessive losses. A total of 110 random measurement
points are collected and the coverage is depicted in Fig. 16.

The matched results in terms of output reflection coefficient
and the insertion loss, for a few example loads are depicted in
Fig. 17. As can be seen, different bandwidths and insertion
losses are recorded at each band. The poor insertion loss per-
formance is consistent with the sub-component measurements
and is mainly due to the limited quality factor of the tuning
elements and post processing of the circuit. Note that the
results presented in Figs. 16 and 17 are derived by terminating
the circuit in matched loads, recording the measuremnt results
after aplying different bias conditions. These measuremenmt
results are the terminated in Keysight ADS with variable
loads. This is employed since it is impractical to fabricate

FIGURE 12. The simulated S-parameters for achieving coverage over (a)
higher band and (b) lower band.

FIGURE 13. Fabricated circuits (a) Filter-1, (b) Filter-2, (c) RTPS, and (d) the
proposed Db-RIMN.

tunable load impedances that change from one band to the
other. Besides, this method allows studying the insertion loss.

Finally, the relationship between reflection coefficient of
the load, the matched bandwidth and insertion loss are inves-
tigated in Fig. 18. To derive these trends, a handful of load
impedances with similar magnitude of the reflection coeffi-
cient (i.e., with different phase). Then their bandwidths and
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FIGURE 14. Measured results for the RTPS sub-component when biased
by 2V to 17V (a) return loss, (b) insertion loss, and (c) phase shift.

insertion losses are averaged separately. The results are shown
for each band. The insertion loss degrades roughly by 2 and
3 dB at 3.4 GHz and 3.7 GHz, respectively. Moreover, the
bandwidth is reduced by a factor of 2 and 3 at 3.4 GHz and
3.7 GHz, respectively. Accordingly, loads with worse reflec-
tion coefficients tend to have narrower bandwidth and worse
insertion loss.

A comparison between the proposed Db-RIMN and pub-
lished studies are presented in Table 2. As opposed to the
previous reconfigurable publications that could only provide
matching at one of the bands at a time, the proposed tunable
design is capable of concurrent matching at both frequencies
and for variable loads. Moreover, its coverage is not limited

FIGURE 15. Measurement results for (a) filter-1 and (b) for filter-2.

FIGURE 16. Claculated coverage achieved based on the measurements for
different bias voltages (a) at 3.4 GHz and (b) at 3.7 GHz.

due to the use of TL segments, or switches, and its cover-
age is only limited by the limitations of the tuning elements.
Moreover, the proposed Db-RIMN can achieve the smallest
frequency ratios among the previous works.

V. CONCLUSION
A novel design theory and realization technique for designing
Dual-band Reconfigurable Impedance Matching Networks
(Db-RIMNs) was presented. The sub-component choices
were addressed. The impacts of imperfections of the tun-
ing elements and circuit choices were also investigated. The
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FIGURE 17. Derived S-parameters for a selection of load impedances
based on the measurements for different bias voltages (a) over lower band
and (b) over the higher band.

FIGURE 18. Average bandwidth and insertion loss based on the
magnitude of the reflection coefficient of the load.

performance of the proposed circuit can be significantly
improved at higher frequencies, where integrated solutions
provide high quality factor tuning elements. To the knowledge
of the authors, this work is the only theoretical and experimen-
tally proven method for designing Db-RIMNs. A wide array

TABLE 1. Dimensions of the TL Segments for the BPFs

TABLE 2. Comparison Between Dual-Band Reconfigurable Matching
Networks

of applications is anticipated for the proposed Db-RIMN,
which may include concurrent PAs, multiband transceivers,
millimeter wave transceiver, and high-power transmitters.

APPENDIX
For a maximally flat LPF with 3dB insertion loss at fcL, the
power loss ratio is

PLR = 1 +
(

f

fcL

)2N

, (9)

|�|2 = f 2N

f 2N
c + f 2N

, (10)
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f 2N
cL = f 2N

2L

|�l2min|2
(
1 − |�l2min|2

)
(11)

and,

f 2N
cL = f 2N

1U∣∣� f 1
∣∣2

(
1 − ∣∣� f 1

∣∣2
)

. (12)

Equating (11) and (12) and using logarithms to solve the
equation, one can write

N =

log

⎛
⎝ 1−

∣∣∣� f 1

∣∣∣2
1−|�l2min|2

⎞
⎠

2 + log
( |�l2min|

|� f 1|
)

log
(

f2L
f1U

) . (13)

To determine the tuning range for the filter, one can write

f 2N
cU = f 2N

2U

|�l2max|2
(
1 − |�l2max|2

)
. (14)

Dividing (12) by (14) and using logarithms to solve the
equation, one can write

log

(
fcL

fcU

)
= log

(
f2L

f2U

)
+

log
( |�l2max|

|�l2min|
)

N
+

log
(

1−|�l2min|2
1−|�l2max|2

)
2N

.

(15)
If f2L = f2U (i.e., higher band is a single frequency), then

(15) simplifies to

log

(
fcL

fcU

)
=

log
( |�l2max|

|�l2min|
)

N
+

log
(

1−|�l2min|2
1−|�l2max|2

)
2N

. (16)

Moreover, if the magnitude of the reflection coefficient of
the load does not change (i.e., load impedance is located on a
constant VSWR circle on the Smith chart), then (16) further
simplifies to

log

(
fcL

fcU

)
= log

(
f2L

f2U

)
. (17)

Similar expressions can be derived for a HPF used in a
SBITE that has a matching state over the lower band and
passing state over the higher band. In this case, the return loss
is intended to cover the values between |�l1min| and |�l1max|
over the lower band and be better than � f 2 over the higher
band. The minimum order of the HPF can be written as

N =

log

⎛
⎝ 1−

∣∣∣� f 2

∣∣∣2
1−|�l1min|2

⎞
⎠

2 + log
( |�l1min|

|� f 2|
)

log
(

f2L
f1U

) , (18)

which follows the same trajectory as the LPF, which is shown
in Fig. 4. The tuning range can be written as

log

(
fcL

fcU

)
= log

(
f1L

f1U

)
+

log
( |�l1max |

|�l1min|
)

N
+

log
(

1−|�l1min|2
1−|�l1max |2

)
2N

.

(19)
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