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ABSTRACT Reconfigurable Matching Networks (RMN) have found a wide range of applications, such as
antenna impedance matching (Antenna Tuning Units -ATU-), the design of reconfigurable power amplifiers,
applications inMagnetic Resonance Imaging (MRI), adjustable low noise amplifier design, etc. In this paper,
we propose the experimental design and verification of a reconfigurable impedance synthesis network that
can simultaneously work in three different bands and is completely independent so that the impedance
variations in a frequency band are approximately transparent to the rest. The variable elements used in this
paper are varactors. To verify its operation, it is applied to a process of matching a laser modulator in three
different frequency bands for C-RAN (Cloud Radio Access Networks) applications. Experimental results
demonstrate, as expected, that losses may depend on the state in which they are driven. Consequently, a state
that can guarantee a goodmatch could also imply greater losses, leading to a certain trade-off. The application
of genetic algorithms in this context points out that it may be convenient to optimize the insertion losses of
the complete chain instead of the return losses.

INDEX TERMS Multiband reconfigurable matching network (RMN), reconfigurable devices, load-pull.

I. INTRODUCTION
Radio frequency front ends for current and future radio com-
munication systems are expected to be reconfigurable as far
as possible [1]. New reconfigurable architectures are intended
to be fully multiband and concurrent. There are multiple
references related to ‘‘Reconfigurable Matching Networks’’
(RMNs) for different applications in a single band, explaining
the simple process of adapting transmit and receive antenna
impedances [2], [3] as well as the search for improvement in
transmission efficiency, both from the broadband, multiband
or reconfigurable frequency band point of view. Examples of
power amplifiers based on Doherty technology [4], Enve-
lope Tracking (ET) [5], Dynamic Load Modulation [6] or in
other applications such as Tunable Diplexer [7] or the design
of reconfigurable transmitters [8] using Tunable Matching
Networks (TMNs) (also known as reconfigurable matching
networks (RMN) [20]) for reconfigurable amplifiers or in
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applications like MRI [16] have been extensively studied and
designed for multiple purposes.

The article focuses on the design and assembly of a
multiband RMN system which operates concurrently so that
changes in the RMN in one band do not affect, as far as pos-
sible, to another band (bands work as independent RMNs).
This assembly allows various applications, from simultane-
ous multiband system adaptation, to the design of power
stages with tunable loads to first, second and third harmonic.

This paper is organized as follows. Section II presents
the design of RMNs for three different bands using varac-
tors. Section III describes the RMN topology for the three
concurrent simultaneous bands. Section IV proposes the
test set-up and results corresponding to different prototype
measurements. Section V includes possible applications and
Section VI concludes this paper.

II. RMN BY BAND DESIGN
In order to show the process steps, the design of
three RMNs centered on three LTE bands, 826 MHz
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FIGURE 1. a) Schematic of the proposed
∏

topology. b) Layout and
assembly generated with AWR including polarization networks for control
signals and decoupling capacitors.

(791-862 MHz), 1795 MHZ (1710-1880 MHz) and
2595MHz (2500-2690MHz) is proposedwithout loss of gen-
erality. As a starting point, a

∏
topology [2], [8] is selected.

In addition, a variable inductor is built by means of a fixed
value element together with a series varactor [9], [18], [19].
Fig. 1.a shows the proposed topology and Fig. 1.b the layout.

Before choosing the suitable varactors, a study of the range
of variation in the values of the capacitors and inductors
presented in Fig.1 (a) was carried out in order to synthesize a
large number of impedances for every band in the proposed
network. Thus, for each frequency bands, the choice of differ-
ent varactors and inductors available on the market was used.

The DC bias circuitry including DC and RF blocks are
included in the simulation model and a definitive prototype
is showed in Fig 1(b).

The control signal biasing networks and decoupling capac-
itors with values Lp = 270nH, Cd = 100pF, are the same in
all reconfigurable networks whereas the selected varactors,
as well as the LRMNi value, change for each frequency band.
The reason is that we seek to maximize the number of syn-
thesizable points by the network in every band. Table 1 shows
the references of the varactors and values of the inductors
selected for each frequency band. The substrate is FR4 with
a thickness of 1.54 mm.

Fig. 2 shows the models and the variation of the capacity
presented by the varactors for different biasing voltages and

TABLE 1. Values of the components associated with each RMN by bands.

FIGURE 2. (a) and (b) Model and capacity variation as a function of
voltage and frequency, respectively, of the VARACTOR1. (c) and (d) of the
VARACTOR2. (e) and (f) of the VARACTOR3.

frequencies. Varactor modelling is achieved with the aid of
the data provided by the manufacturer.

Fig. 3 shows the results obtained for each RMN, both
simulated and measured, for every proposed frequency band.
The voltage steps in the control signals presented in the
measurements are increased with respect to those computed
by simulation to reduce the measurement time, which results
in a less concentrated point cloud on the Smith Chart. The
comparison between the simulations and measurements for
different frequency bands shows certain differences. As fre-
quency increases, the edges of the Smith chart are not covered
because of the effect of losses. Besides, it must be pointed out
that simulations neglect real effects such as the soldering of
the components or the vias hole to ground.

III. CONCURRENT RMNS TOPOLOGY AND FREQUENCY
BAND ISOLATION
Each RMN designed and presented in the previous section for
every band is part of the core of the complete system of the
concurrent multiband RMN.
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The assembly presented in Fig. 4 precisely seeks indepen-
dent operation and decreases the effects that some subnet-
works have respect to others. In the figure, RMNs (i = 1 . . . 3)
are those previously designed and the MBF_i_in/out blocks
(Multiband Filter Band i) are the filters at the input and
the output of the RMNi respectively. These are identically
arranged as mirror symmetry with respect to the vertical axis,
and must have high impedance at the input and output for
the rest of the bands and null insertion losses in their band
of interest. This is shown with the reflection coefficients in
each access port of each branch according to the frequency
band to be processed in Fig. 4. In the same figure, each
branch can be interpreted as a concatenation of filters at the
input and output of the RMN studied in the previous section
(MBF_i_in + RMNi + MBF_i_out), and the RMNi corre-
sponding to the i-th band. From the serial cascade of the net-
works for each branch/band, a two port network SNi (when i
denotes the i-th band) can be defined and the S parameters for
the SNi network can be obtained. The analytical expressions
are presented in eqs. (1-4), as shown at the bottom of this
page [10], where i = 1,2,3 corresponds to the 3 selected
frequency bands.

The MBFs (MultiBand Filters) should be totally transpar-
ent to the band where they have to work and should present
an open circuit behaviour for the remaining bands to lead
to a correct and ideal system operation. Therefore, the S

parameters of the network formed by the input and output
filters in each of the i-th branches must comply Eq (5-7).
For the branch 1, corresponding to the branch that acts on
frequency band 1:

SMBF_1_in/out (Band_1) =
[
0 1
1 0

]
(5)

SMBF_1_in/out (Band_2) =
[
+1 0
0 +1

]
(6)

SMBF_1_in/out (Band_3) =
[
+1 0
0 +1

]
(7)

In this way, SN1, denoting the concatenation of the
(MBF_1_in+ RMN1+MBF_1_out) in the branch 1, for the
different bands, applying Eq. (5-7) to Eq. (1-4) would present
the following S parameters:

SN1 (Band_1) =

[
SRMN1
11 (Band_1) SRMN1

12 (Band_1)

SRMN1
21 (Band_1) SRMN1

22 (Band_1)

]
(8)

SN1 (Band_2) =
[
+1 0
0 +1

]
(9)

SN1 (Band_3) =
[
+1 0
0 +1

]
(10)

SNi11 = SMBF_i_in11 +
SMBF_i_in12 · SMBF_i_in21 · SRMNi11

1− SMBF_i_in22 · SRMNi11

+

SMBF_i_in12 · SRMNi12

1− SMBF_i_in22 · SRMNi11

·
SMBF_i_in21 · SRMNi21

1− SMBF_i_in22 · SRMNi11

· SMBF_i_out11

1−

(
SRMNi22 +

SRMNi21 · SRMNi12 · SMBF_i_in22

1− SRMNi11 · SMBF_i_in22

)
· SMBF_i_out11

(1)

SNi12 =

SMBF_i_in12 · SRMNi12

1− SMBF_i_in22 · SRMNi11

· SMBF_i_out12

1−

(
SRMNi22 +

SRMNi21 · SRMNi12 · SMBF_i_in22

1− SRMNi11 · SMBF_i_in22

)
· SMBF_i_out11

(2)

SNi21 =

SMBF_i_in21 · SRMNi21

1− SMBF_i_in22 · SRMNi11

· SMBF_i_out21

1−

(
SRMNi22 +

SRMNi21 · SRMNi12 · SMBF_i_in22

1− SRMNi11 · SMBF_i_in22

)
· SMBF_i_out11

(3)

SNi22 = SMBF_i_out22

+

SMBF_i_out21 · SMBF_i_out12 ·

(
SRMNi22 +

SRMNi21 · SRMNi12 · SMBF_i_in22

1− SRMNi11 · SMBF_i_in22

)

1−

(
SRMNi22 +

SRMNi21 · SRMNi12 · SMBF_i_in22

1− SRMNi11 · SMBF_i_in22

)
· SMBF_i_out11

(4)
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FIGURE 3. (a) and (b) S11 at 826 MHz simulated and measured
respectively for RMN1. (c) and (d) S11 at 1,795 GHz for RMN2 and (e) and
(f) S11 at 2,595 GHz for RMN3.

Therefore, for the frequency band 1, the branch 1 would
present the S parameter of the RMN1 and for the rest of the
bands it would present an open circuit at its input and output.

Accordingly, the input and output MBFs band 2 branch
responses at the different frequencies fulfill:

SMBF_2_in/out (Band_2) =
[
0 1
1 0

]
(11)

SMBF_2_in/out (Band_1) =
[
+1 0
0 +1

]
(12)

SMBF_2_in/out (Band_3) =
[
+1 0
0 +1

]
(13)

With the following S parameters, once Eq. (11-12) has been
applied in (1-4) for the concatenated network SN2:

SN2 (Band_2) =

[
SRMN2
11 (Band_2) SRMN2

12 (Band_2)

SRMN2
21 (Band_2) SRMN1

22 (Band_2)

]
(14)

SN2 (Band_1) =
[
+1 0
0 +1

]
(15)

SN2 (Band_3) =
[
+1 0
0 +1

]
(16)

Finally, in the third band, the subnetwork scattering param-
eters are imposed to be:

SMBF_3_in/out (Band_3) =
[
0 1
1 0

]
(17)

SMBF_3_in/out (Band_1) =
[
+1 0
0 +1

]
(18)

SMBF_3_in/out (Band_2) =
[
+1 0
0 +1

]
(19)

And the S parameters for the third branch will be SN3:

SN3 (Band_3) =

[
SRMN3
11 (Band_3) SRMN3

12 (Band_3)

SRMN3
21 (Band_3) SRMN3

22 (Band_3)

]
(20)

SN3 (Band_1) =
[
+1 0
0 +1

]
(21)

SN3 (Band_2) =
[
+1 0
0 +1

]
(22)

The scheme of Fig. 5 helps to understand the selective
operation in the different bands and describes the parallel
subnetwork connection. We will work with their equivalent
admittance parameters, since we have three ports in parallel,
to properly figure out how the final circuit works.
Let be the matrix [YT] and [ST] the whole network admit-

tance parameters and S parameters, respectively. As the net-
work assembly is connected in parallel, they are the direct
sum of the admittance parameters of each subnetwork:

[YT ] = [YN1]+ [YN2]+ [YN3] (23)

According to the previous described operation, the total
network will present the following individual frequency
behaviour. For example, in the case of the first frequency band
the networks in branches 2 and 3 will present an open circuit
at their input and output, verifying (24),[

YN2 (Band_1)
]
=
[
YN3 (Band_1)

]
= [0] (24)

[YT (Band_1)] =
[
YN1 (Band_1)

]
(25)

Therefore, applying (23) the S parameters of whole net-
work will be

ST (Band_1) = SN1 (Band_1)

=

[
SRMN1
11 (Band_1) SRMN1

12 (Band_1)

SRMN1
21 (Band_1) SRMN1

22 (Band_1)

]
(26)

Applying the same idea to the other frequency bands,

ST (Band_2) = SN2 (Band_2)

=

[
SRMN2
11 (Band_2) SRMN2

12 (Band_2)

SRMN2
21 (Band_2) SRMN1

22 (Band_2)

]
(27)

ST (Band_3) = SN3 (Band_3)

=

[
SRMN3
11 (Band_3) SRMN3

12 (Band_3)

SRMN3
21 (Band_3) SRMN3

22 (Band_3)

]
(28)

Thus and ideally, frequency band isolation is proved and
the tuning in one subnetwork will not impact on the matching
process in the other subnetworks.
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FIGURE 4. Proposed topology for the concurrent multiband reconfigurable network.

FIGURE 5. Proposed topology for the concurrent multiband reconfigurable network and its
equivalence in total admittance parameters.

TABLE 2. Proposal of the MBF_1 topology and its behaviour according to the different frequencies.

IV. EXPERIMENTAL TEST-BED AND MEASUREMENT
RESULTS
This section aims at describing the operation of the total
network proposal. First of all, it is important to define the
reference connection planes of the three subnetworks corre-
sponding to the different frequency bands of interest. Sec-

ondly, two design conditions (C1 and C2) should be met by
each MBF:

-C1: an open circuit should be reached at the input ports
in every branch in the two frequency bands which are not
the target frequency band where the considered subnetwork
operates.

VOLUME 9, 2021 96715
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FIGURE 6. Layout of the proposed assembly for the band filtering system.

FIGURE 7. Prototype to verify the operation of the filter branches for
band 3 in a back to back assembly (a) Layout; (b) prototype.

-C2: suitable impedance matching in the target band where
each subnetwork works must be achieved.

If the MBF filter is developed with the aid of resonant LC
parallel immittances, C1 is accomplished outside the target
frequency because they show open circuit behaviour at the
remaining frequency bands (a high impedance is created).
In addition, a series resonator in the target frequency band
has to be included. Table 2 shows the practical MBF imple-
mentation in the case of the MBF_1.

Specifically, The MBF_1 influence on different bands
is analyzed. At low frequency (f1) the resonant tank cir-
cuits at the frequencies f2 and f3 respectively approximately
behave like an inductance. At frequency f2 the circuit tank
to f2 resonates presenting high impedance, while the tank
to f1 will have an inductive behaviour and the series res-
onator to f1 as well. Finally, at the high frequency f3,

TABLE 3. Values of the selected components for the resonators in each
band.

the tank circuit at f3 will present high impedance, from
the tank circuit at f2, which behaves in this case as the
capacitor, and from the series resonator, the inductor value.
A similar reasoning can be performed on the different
bands.

The resonance frequencies corresponding to the MBF_1
are, (29), as shown at the bottom of the next page.

ω2 ≈
1

√
(L_MBF_1_f2) · (C_MBF_1_f2)

(30)

ω3 ≈
1

√
(L_MBF_1_f3) · (C_MBF_1_f3)

(31)

Following a similar procedure for MBF_2, the serial res-
onator should resonate at frequency f2 and the resonators
parallel at frequencies f1 and f3, and for MBF_3 the serial
resonator should resonate at frequency f3 and the resonators
parallel at frequencies f1 and f2.

As far as the element interconnection is concerned,
microstrip transmission lines, connection points between
tracks, etc., must be taken into account in the design and
assembly process. Fig. 6 shows this implementation step
showing the interconnection between elements and branches.

The physical microstrip line lengths must be adjusted to
achieve the interconnection between the inputs and outputs of
the RMNs. They are computed to get the following reflection
coefficients at the access ports ofMBF networks as a function
of frequencies

0in_BAND1 (f 1, f 2, f 3) = [0,+1,+1] (32)

0in_BAND2 (f 1, f 2, f 3) = [+1, 0,+1] (33)

0in_BAND3 (f 1, f 2, f 3) = [+1,+1, 0] (34)

Table 3 summarizes the values obtained after the simula-
tion process including microstrip lines and interconnections.

To verify the correct operation, the assembly of the
MBF_3 of BAND 3 is measured in a back to back connection
as shown in Fig. 7.

Fig. 8 shows initial measurements with real values. The
differences between the computed magnitudes which come
out from simulations, and the feasible lumped real values
requires some final tuning so that each subnetwork response
resembles the ideal frequency behaviour.

This final tuning process concerns not only the values
of the matching network itself, but also takes into account
SMA-PCB connectors and vias hole electrical models [17].
Connectors have been modelled as a low pass lumped pi
circuit using the following values: a 0.261 pF capacitor to
input, 0.872 nH serial inductor and 0.244 pF capacitor to
output, which come from a standard extraction procedure.

96716 VOLUME 9, 2021



J. D. Mingo et al.: Triple-Band Concurrent RMN

FIGURE 8. Comparison between measured and simulations of the back to back assembly for the branch for band 3.

FIGURE 9. Comparison between measured and simulated after final tuning for band 3.

Fig. 9 shows measured and simulated results with the final
tuning.

The reflection coefficient in the interconnection planes in
the different bands are estimated using a deembeding which
is performed on the prototype measurements. The method
moves the reference plane to the previously specified point.
Thus,

0in_BAND3 (f 1, f 2, f 3) = [+1,+1, 0] .

Fig. 10 presents the obtained result, where the proximity to
the open circuit is observed at the frequencies f1 and f2.

The final test-bed implementation (Fig. 11) comprises not
only the filters, but also the RMNs which are located at

every branch. As a result, the triple-band concurrent design
is concluded.

Fig. 12 presents the results corresponding to the synthe-
sizable points in the Smith chart (coverage region) through
the S22 parameter. This is carried out by means of a varactor
bias sweep (in 1 volt. steps). Three varactors (those in every
subnetwork) vary and the remaining are kept at their maxi-
mum voltage. Hence they are set to their lowest capacitive
value. The coverage region in the target and concurrent bands
is represented with the complete varactor sweep. Therefore,
the isolation effect between bands, whose coverage region
should ideally be as small as possible (i.e. one point), is iden-
tified. Furthermore, the losses included by the filter networks

ω1 ≈
1

√
(L_MBF_1_f3+ L_MBF_1_f2+L_MBF_1_f1) · C_MBF_1_f1

(29)
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(components, transmission lines. . . ) decrease the coverage
area.

V. RADIO-OVER-FIBER ARCHITECTURE APPLICATION
This section presents an application example for C-RAN
(Cloud Radio Access Network) technology [11]–[13]. The
MultiBand Reconfigurable Matching Networks (MB-RMNs)
will be used to match the input impedance of a laser modula-
tor, in the three bands mentioned above. The laser modulator
will be connected to a 10 km of optic fiber to connect it to a
laser detector.

Fig. 13 shows the proposal and assembly where a vector
network analyser is used for evaluating the performance of the
complete chain. The power supplies which act on the control
signals of the network varactors are controlled by means of
a computer and the measurements obtained by the vector
network analyser are captured.

To evaluate the performance of the system, measurements
are made with and without the MB-RMNs at the input of
the laser modulator. Two optimization search algorithms are
then carried out with the MB-RMNs applying genetic algo-
rithms. Firstly, the optimization focuses on the S11 parameter
which is minimized in each band separately. The optimization
problem is 9-dimensional (three variables for each band),
taking into account the isolation, reducing the computation
time because the variables are independent for each band.
Thus, the search space is remarkably reduced. The proposed
cost function is to find the minimum of parameter S11, but
other cost functions could be applied, such as maximizing
S21 parameter as it will be proposed later.

Fig. 14 (a) and (b) shows the results obtained for parame-
ters S11 and S21 of the global assembly with and without the
MB-RMN respectively. It shows a significant improvement
in return losses, of more than 35 dB in 826 MHz, more than
25 dB in 1795 MHz, and more than 50 dB in 2595 MHz.
However, insertion loss improvements of the order of 5 dB
are achieved in the 826 MHz frequency, decreasing around
1.5 dB in 1795 MHZ and 4 dB in 2595 MHz. The latter cases
are due to the losses introduced by the networks.

The best input impedance matching states do not have
to agree with the best states of minimum insertion losses.
Although there is a clear relationship, the fact that the dis-
sipative losses may vary depending on the states proposed
to the network [13], [14], [22], [23] makes that both condi-
tions could be achieved in different configurations. To verify
this statement, an optimization process is also carried out
by applying genetic algorithms, but using as an objective
function the insertion losses and thus, we seek to maximize
S21. Thanks to the band isolation the computational efforts
are decreased throughout a search space size reduction as in
the case of the optimization of the S11.

Fig. 15 (a) and (b) shows the S21 and S11 parameter
performance of the global assembly with and without the
MB-RMN, respectively, using parameter S21 as a cost func-
tion. An improvement of 5 dB in the frequency of 826 MHz
is observed in this case for S21, similar to the previous

FIGURE 10. Result obtained from the prototype measurement of the
branch 3 after fine tuning and reference plane deembeeding.

FIGURE 11. Complete assembly of multiband RMNs. (a) Layout;
(b) prototype.

situation, a worsening of 0.7 dB (vs. 1.5 dB worsening shown
in Fig 14) at 1795 MHz and 0.38 dB (vs. 4 dB worsening
shown in Fig 14) at 2595 MHz. Regarding return losses,
in this case, it is observed, in comparison with previous
situation, an improvement in return losses around 20 dB (vs.
35 dB shown in Fig 14) in 826MHz, around 18 dB (vs. 25 dB
shown in Fig 14) in 1795 MHz, and around 10 dB (vs. 50 dB
shown in Fig 14) in 2595 MHz.

Different losses introduced by the network in these
new states, lower than those previously obtained, justify
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FIGURE 12. Measurements coverage and isolation by bands according to the variations of the varactors of each one of the RMNs. (a), (b), (c) point
cloud in the Smith chart synthesizable with the variables V1, V2, V3 of the RMN1 and variation in the rest of the bands. (d), (e), (f) point cloud in the
Smith chart synthesizable with the variables V4, V5, V6 of the RMN2 and variation in the rest of the bands. (g), (h), (i) point cloud in the Smith chart
synthesizable with the variables V7, V8, V9 of the RMN3 and variation in the rest of the bands.

FIGURE 13. Assembly of the measurement system for C-RAN application.

these new results. In contrast to return loss optimization
solutions and despite the fact that substantial improve-
ments are also obtained, they are not as great as in the
previous situation, where the cost function to be opti-
mized was precisely the return losses for each of the
bands. The use of a low cost substrate and the losses
added by varactors, inductors and capacitors mean that the

expected improvements in insertion losses are not as good as
desired.

VI. CONCLUSION
The design process of a multi-band Reconfigurable Matching
Network (RMN), calledMultiband Reconfigurable Matching
Network (MB-RMN), has been presented, with the ability to
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FIGURE 14. Comparative results with and without MBRMNs with the S11 optimization application using genetic algorithms. a) regarding
the S11 parameters measured with and without MBRMNs. b) regarding the S21 parameters measured with and without MBRMNs.

FIGURE 15. Comparative results with and without MBRMNs with the S21 optimization application using genetic algorithms. a) regarding
the S21 parameters measured with and without MBRMNs. b) regarding S11 parameters measured with and without MBRMNs.

concurrently work on different frequency bands, that is, the
operation of the network in each band without the variations
made in one band affecting the rest of the bands. Its oper-
ation has been presented in a possible C-RAN application
(Cloud Radio Access Network) where the use of three LTE
bands is proposed simultaneously. Different triple-band state
optimizations yield to different optimal solutions, showing
the impact of losses on Smith Chart coverage and return and
insertion loss performances.
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