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Abstract: Broad RF impedance matching is challenging; however, the need for broadband matching
is found frequently in modern RF and wireless systems with multiple wireless standards. Moreover,
in 5G technology, multiple frequency bands are used, and these systems typically employ a broadband
antenna or multiple antennas. Antenna impedances vary from design targets for many reasons
including manufacturing process variations or antenna environment changes. An adaptive impedance
matching system (AIMS) for testing and validation is introduced, and its implementation is shown
in this paper. The AIMS can control impedance matching tuner settings to provide an arbitrary
impedance frequency-varying load that meets user-defined conditions. This AIMS provides a testing
and validation system for broadband antennas that can be characterized by various settings of the
impedance matching tuner. As a device under test (DUT), a three-stub reconfigurable filter was
used as the impedance matching tuner on a RT/Duroid 6010 RF board. It was integrated with a
control circuit board. This AIMS implementation also included an antenna impedance tuner that
can vary the distance between the antenna and the ground plane. This model represents practical
antenna impedance variations. The AIMS controls a network analyzer and the impendence matching
tuner. The adaptive control program on a PC was developed to perform an effective two-pass tuning
strategy. This article presents the successful automated tuned results and their numerical evaluations
of three cases that were generated by the antenna impedance tuner.

Keywords: adaptive matching tuner; RF impedance tuner; broadband matching; MIMO; 5G
technology; antenna impedance tuner

1. Introduction

Modern wireless devices include multiple wireless transceivers or reconfigurable wireless
transceiver components in order to meet the needs of various wireless standards. Wireless components
may share a broadband antenna or have multiple antennas. Multiple-input and multiple-output
(MIMO) is an example of the use of multipath propagation [1-5]. The 5G wireless data network
standard adopts a massive MIMO system [6]. RF impedance matching for these broadband antenna
impedances is often performed by an RF engineer. This manual broadband RF impedance matching is
challenging because a good matching result at one frequency might result in poor matching at other
frequencies [7]. Although RF circuit parameters can be obtained by this manual engineering effort or
by computer simulation, these pre-determined circuit parameters for RF impedance matching may still
need to be modified after the RF system is fabricated. This need for circuit modification may result from
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systematic or arbitrary variations of parasitics that are easily introduced into the RF network through
manufacturing processes. Although the broadband antenna may be acceptable after fabrication,
the antenna RF impedance matching may still need to be modified for many reasons such as antenna
environmental changes or a close proximity to conductive objects such as humans or animals [8].
In order to provide an adaptive broadband matching between two RF ports, an adaptive broadband
impedance matching system (AIMS) is introduced in this paper. A generalized conceptual block
diagram of the AIMS is shown in Figure 1. If a broadband antenna is connected to a load port, the AIMS
can tune and provide RF impedances that meet predefined conditions. A similar concept has been used
as automatic tuning architectures in radar and wireless communication systems [9-18]. The testing
and validation system of the broadband adaptive impedance matching applications is implemented
and described in detail here. These results can be applied in a wide range of broadband antenna RF
impedance matching tests and broadband antenna development tasks. The AIMS includes a broadband
impedance matching tuner, which provides adaptive tuning functions. Stub-based reconfigurable
filters can be employed as this impedance matching network [19,20]. In the implementation in this
paper, one of the author’s stub-based reconfigurable filter was adopted as a device under test (DUT) [14].
The tuning method involves the control of varactor voltages that can change frequency characteristics
of the matching tuner. The voltages of the varactors can be pre-determined by simulations. However,
these pre-determined varactor voltages may easily provide unsatisfactory results and may need to
be modified due to unwanted manufacturing process variations. This AIMS is capable of providing
adaptive impedance matching and searching for optimum varactor voltages in real-time to meet
the user-defined matching conditions. The AIMS can compensate for both random and systematic
inaccuracies of RF impedance introduced at the RF ports. An early result of this research was introduced
in the first author’s Ph.D. dissertation. In this paper, further details of the test system of the AIMS are
presented, as well as the measurement and demonstration with the numerical evaluations.
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Figure 1. A generalized conceptual block diagram of the adaptive impedance matching system.

2. Adaptive Broadband Impedance Matching System

This AIMS enables broadband RF impedance matching from varying load impedances to a source
impedance. As shown in Figure 1, the tuning method involves changing the capacitance values of
the matching filter. The implementation of this method can be achieved by the use of varactors,
which can change their capacitances by varying bias voltages. In order to measure the reflection ratio,
a directional coupler can be utilized [21,22]. In addition, a local variable oscillator and an RF switch
are used to launch test signals for the reflection tests. For the detection of the power levels of the
waves, RF power detectors can be utilized [23,24]. The output of these power detectors can be read
by an analog-to-digital converter (ADC) module. The converted digital signals of the ADC can be
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processed by a microcontroller (MCU). Then, the MCU determines the control voltages to be applied
to the varactors using a digital-to-analog converter (DAC).

2.1. Hardware Implementation of the AIMS for Testing and Validation

A functional block diagram of the implemented AIMS is shown in Figure 2. A control circuit
board was built and assembled with the impedance matching tuner on an aluminum plate. The printed
circuit board (PCB) material for the control board is FR-4, which is a common material for PCBs.
The PCB material for the impedance matching tuner is a RF board material, RT/Duroid 6010. Both of
these PCBs were mounted on an aluminum plate, which is a chassis ground. There are MCU, ADC,
and DAC components on the control board. A low-power Texas Instrument (TI), MSP430, is adopted
as the MCU. Active and sleep modes are used to save power. A 12-bit DAC from Microchip Technology
is used to provide three stable control voltages. A loop-back test circuit monitors the status of the
control voltages in the test environment and is connected to the MCU 12-bit ADCs. Additionally,
the control board includes a USB interface IC to communicate with other instruments or a control PC.
The USB interface IC and MCU on the same board communicate with each other through a universal
asynchronous receiver-transmitter (UART). The control board includes an external digital temperature
sensor to monitor the test and measurement environment, as well as LEDs and buttons to provide a
user interface to control and check the status of the board.
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Figure 2. A functional block diagram of the adaptive broadband impedance matching system (AIMS)
implementation in this paper.

As an impedance tuner, the microstrip reconfigurable filter with three stubs is employed, as shown
on the right side of Figure 3. This reconfigurable filter is part of the software-defined match control
circuit. It has three stubs with a microstrip-loaded line structure on a 0.254-mm thick RT/Duroid 6010.
This impedance matching tuner was designed and previously verified for multiple frequency bands.
In the prior work, the tuning voltages were provided by external power supply circuits. These voltages
were manually adjusted within the range of pre-determined values. In the current work, varactor
power is integrated with the control circuit board and the tuning is automated by controlling three
varactor voltage levels automatically as a closed loop test system. The size of the impedance matching
tuner is 19 mm X 13 mm. The overall size of the integrated unit is 85 mm X 53 mm. A U.S. 25 cent
piece coin on the left side of the PCB in Figure 3 is included for size comparison. A network analyzer
connected to the source port provides the directional coupler and power detector components.

On the right side of Figure 3, a block diagram of the antenna impedance tuner is shown.
The purpose of this antenna tuner is to emulate physical and real impedance variations similar to
the placement of the antenna next to an arbitrary metal plate or a human. This is accomplished by
modifying the distance between the antenna and an external metal plate. This proposed method can
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emulate realistic impairments to demonstrate the AIMS’ ability to effectively solve the RF impedance
matching variation and optimization problem, emulating real antenna variation cases.
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Figure 3. A testing and validation system configuration of the AIMS.

A photo of the testing and validation system of the AIMS is shown in Figure 4. The implementation
of the antenna impedance tuner is shown on the right side. An antenna and a metal plate are placed
on the mini vise, and the gap between them can be adjusted to demonstrate adaptive matching.
This antenna impedance tuner was designed to provide a maximum gap of around 70 mm. In the
center, the integrated board unit with the impedance tuner board and control circuit board is shown.
The antenna is connected to the right side RF port, and the network analyzer is connected to the
left side RF port. A network analyzer and a control PC are shown, and they can measure reflection
coefficients and perform the custom search and control program by communicating with instruments
and the control board. The control program will be described in the next section.
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Figure 4. A photograph of the testing and validation system of the AIMS.



Electronics 2019, 8, 1055 50f11

2.2. Software Implementation of the AIMS

The custom search and control program was developed using the MATLAB script language.
In order to control instrumentation through Virtual Instrument Standard Architecture (VISA),
an instrumentation control box may need to be installed on top of the standard MATLAB tool
boxes. The MATLAB software communicates with the control board to send DAC levels and to
receive the loopback voltage readings through ADCs to ensure the working condition of the DACs
and the measurements. MATLAB also receives external digital temperature sensor data and time
stamps. The software also commutates with a network analyzer to receive the reflection coefficients.
The control program determines matching conditions based on user-defined reflection coefficient
patterns and conditions. There are two types of conditions applied in this paper. One of them is
“Uniform —10 dB” and the other one is non-uniform “—12 and —10 dB.” First, the uniform condition
determines the pass or fail based on simply —10 dB reflection coefficients within the bandwidth of
interest. In this paper, the frequency band is defined from 2 to 2.6 GHz, which may include the lower
frequency band of MIMO Wireless Local Area Network (WLAN) applications. Another test condition
is a non-uniform frequency response condition, which determines the test pass or fail based on more
constraints of —12 dB reflection coefficients from 2.25 to 2.35 GHz, and —10 dB reflection coefficients
in other frequencies within the bandwidth of interest. Having stricter conditions on the frequency
band response was chosen as a difficult example. In the United States, the frequency band from 2.3 to
2.31 GHz is used by an amateur radio, and a satellite-based digital audio radio service (DARS) uses the
bandwidth from 2.31 to 2.36 GHz. This non-uniform approach allows the control program to search
for better matching conditions on a certain band of interest.

This custom search and control program finds an optimum bias control setting using a two-pass
strategy. For the first pass, a coarse bias search is performed by applying three states of high, middle,
and low voltages using the full control voltage range. There are three varactors to be controlled;
therefore, for the coarse search, the program executes the maximum 81 cycles, which was determined
by the third power of 3. For the second pass, a fine search is performed, which may result in better
results. The general search methods for both the first and second passes are similar. However, for the
second pass, the search uses a smaller voltage range that is within the optimal control voltages found
in the first pass. For the fine search, the program also executes the maximum 81 cycles. However,
in order to reduce the number of cycles, the fine search loop stops once it meets certain conditions.
If needed, additional searching iterations, such as a 3rd pass, can be performed to obtain more precise
results. However, in this configuration, the two-pass strategy is found to be reasonable due to the
trade-off between the number of cycles and quality of the results.

The search and control program can be implemented in other software platforms, for example,
LabVIEW. LabVIEW provides a graphical programming environment with GPIB (General Purpose
Interface Bus) interfacing software. For an open-source and free software package, Python also provides
a good programming and development environment. An open-source GPIB interface software that
controls those instruments is available in Python as well.

3. Measurements and Automated Tuning Demonstrations

The antenna impedance tuner was initially configured to have a gap of 60 mm between the antenna
and the metal plate. The varactor control voltage settings were set to their initial values of —=1.5 V.
Next, automatic tuning was performed to generate a new set of voltage settings and achieve a suitable
broadband impedance match. With the varactor control voltages set to their optimum values found
for the 60 mm gap, the physical gap between the antenna and metal plate was set to 40 mm, which
resulted in a poor impedance match. Automatic tuning was then performed to determine the varactor
voltages for a good impedance match for this gap setting. With the varactor control voltages set to
their optimum values found for the 40 mm gap, the physical gap between the antenna and the metal
plate was set to 20 mm. Again, automatic tuning was performed to determine the varactor voltages for
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a good impedance match for this gap setting. This sequential measurement and demonstration set of
testing was carried out, and its results are shown in Figure 5.
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Figure 5. The blue and brown lines show return losses with gaps of (a) 60, (c) 40, and (d) 20 mm. Dark
solid lines show automatically tuned return losses, and dashed lines show return loss results before
tuning. Dotted lines show the —10 and —12 dB condition. The Smith chart for the non-uniform tuned
results with a gap of 60 mm is shown in (b).

3.1. Automated Antenna Matching Demonstrations for Varying Antenna Impedance Cases

The measured antenna impedances at 2.1, 2.3, and 2.5 GHz were included. For the initial 60 mm
antenna/plate gap, the measured antenna impedances are 48.5 +j57.8, 40.2 — j19.9, and 43.8 — j7.4 () at
2.1,2.3, and 2.5 GHz, respectively. The reflection magnitudes in decibels are —5.9, —=12.4, and —19.7 dB
at2.1,2.3, and 2.5 GHz, respectively. These values indicate the frequency-dependent nature of the input
impedance and reflection coefficient. Figure 5a shows the “untuned” and “tuned” results. “Untuned”
indicates the reflection coefficients before automated tuning. For tuned results, there are two matching
conditions indicated by the legends “uniform” and “—12 and —10 dB.” These are the decision criteria
described in the previous section. Figure 5b shows the Smith chart of untuned and tuned results of the
gap of 60 mm for the uniform and the non-uniform case. The return losses of tuned results were less
than —10 dB from 2.19 to 2.44 GHz, which was the frequency range of choice. Untuned results are
shown as dash-dotted lines, which were not completely within the —10 dB constant circle, and not
acceptable in the frequency range of choice.

For the 40 mm gap case of Figure 5¢, the measured antenna impedances are 55.7 + j47.0, 53.2 — j20.9,
and 36.0 — j1.9 at 2.1, 2.3, and 2.5 GHz, respectively. The magnitudes in decibels are —-7.8, —14.0,
and —15.7 dB at 2.1, 2.3, and 2.5 GHz, respectively. The optimum varactor control voltage sets for
uniform and non-uniform cases were different. Hence, there were two different untuned results of
these two cases, which are drawn as dashed lines. Blue lines show uniform cases and brown lines
show non-uniform cases. Dashed lines show untuned results and solid lines show tuned results.
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For the 20 mm gap case of Figure 5d, the measured antenna impedances are 78.8 +j45.5, 56.5 — j2.6,
and 31.3 —j13.4 QY at 2.1, 2.3, and 2.5 GHz, respectively. The magnitudes in decibels are —8.1, —=23.7,
and —11.1 dB at 2.1, 2.3, and 2.5 GHz, respectively. The tuned results are shown. After tuning, the
results were shown to meet the return loss conditions. As the spacing between the metal plate and the
antenna gets smaller from 60 to 20 mm, the circuit becomes less flexible in tuning. The details of the
numerical evaluations used in measurements and demonstrations are followed in the next section.

3.2. Decision Method and Numerical Evaluations

The desired (condition) reflection coefficient S.( f) determines if the measured reflection coefficient
Sm(f) passes or fails, and this information can be used to calculate the effective bandwidth. The ratio
of the two reflection coefficients is a decision reflection coefficient, and it can be defined as

Sm(f)
Sc(f)

Determining if the measured reflection coefficient S,, ( f) passes or fails using the decision reflection
coefficient can be performed by checking if the magnitude of the decision reflection coefficient S;( f) is
higher or lower than 1 in magnitude, which is 0 dB.

If fi and f;, are the highest and lowest test frequencies, respectively, and they are equally divided
into N test frequency points, then, new discrete test frequencies can be defined as

fk—fL—i-(f;:{L)Xk, k=0,1,23,---,(N-1) @)

Sa(f) = 1)

An average of the decision reflection coefficient’s magnitudes can be determined by

N-1
amd = < Y |4(£)], AMD = 20-ogso(amd) ®)
N k=0

Similarly, a standard deviation of the decision reflection coefficient’s magnitudes can be obtained by

N-1
e $ 1\17 ;;ﬂsd (fi)] - ”md)zf SMD = 20-log1o(smd) @)

Table 1 shows the numerical evaluations for the pre- and post-tuned measurements of the 60, 40,
and 20 mm cases, which are shown in Figure 5a,c,d, respectively. The table includes BW, AMD, SMD,
and delta values. The bandwidth of consideration is from 2 to 2.6 GHz. BW values show the effective
bandwidth that meets the user-defined conditions. AMD values can be interpreted as how well they
meet the user-defined conditions. The SMD values, however, can simply be used as a reference to see
how they are distributed from the user-defined condition. If the BW values are increased or the AMD
values are decreased, it can be evaluated as an indication that the tuned results have been improved.
The delta values of BWs and AMDs that were determined to be improved are boldfaced in the table.
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Table 1. Numerical evaluations of broadband antenna impedances from 2 to 2.6 GHz.

Untuned Tuned d A

¢ BW (GHz) 0.35 0.33 -0.02
a Uniform —-10 dB AMD (dB) 1.75 2.14 0.39
60-
(1str:t?e;i;i) SMD (dB) 483  -370 113
Figure 5a ¢ BW (GHz) 0.31 0.27 -0.04
b _12dB & -10 dB AMD (dB) 2.01 0.61 -1.40
SMD (dB) -5.12 -7.31 -2.19
¢ BW (GHz) 0.26 0.33 0.07
a Uniform —10 dB AMD (dB) 2.21 0.15 -2.06
40-nm case
(2nd attempt) SMD (dB) —-4.07 —-6.77 —-2.70
Figure 5¢ ¢ BW (GHz) 0.31 0.34 0.03
b_12 dB & —-10 dB AMD (dB) 0.14 0.84 0.7
SMD (dB) -7.62 —-6.39 1.23
¢ BW (GHz) 0.28 0.33 0.05
a Uniform —10 dB AMD (dB) 0.27 -0.30 —0.57
20-nm case
(3rd attempt) SMD (dB) —6.65 -7.37 —-0.72
Figure 5d < BW (GHz) 0.3 0.29 -0.01
b _12dB & -10 dB AMD (dB) 0.93 0.19 —-0.74
SMD (dB) —-6.24 -7.04 —0.80

2 decision condition: —10 dB for all the range of frequencies; ® decision condition: —12 dB from 2.25 to 2.35 GHz and
—10 dB for all the other frequencies; © Effective bandwidth that meets the decision condition; d Gubtracted tuned
results from untuned results in dB.

For the 60 nm case, the tuning was triggered because it failed to meet the conditions at around
2.33 GHz, which is within the frequencies of interest from 2.25 to 2.35 GHz. Then, it passed the
conditions with the frequencies after tuning. For the uniform —10 dB case, the numerical evaluations,
however, were not shown as improved. This is because the nominal varactor control setting was one of
the good settings for broadband matching, although it did not meet the user-defined conditions at
certain frequencies. Now, with more constraints at the frequencies of interest through the non-uniform
—12 and —10 dB condition, the tuning results have shown that the AMD has been improved.

For the 40 nm case, the tuning was triggered because it failed to meet the conditions within the
frequencies of interest. For the uniform case, the BW and AMD values were shown as improved.
For the non-uniform case, it shows the BW value as improved.

For the 20 nm case, the tuning was triggered because it failed to meet the conditions at around
2.26 GHz for the non-uniform case. For the uniform case, the BW and AMD values were shown as
improved. For non-uniform case, the AMD was shown as improved.

Overall, with the combined use and comprehensive consideration of the reflection coefficients
and user-defined conditions with the frequencies of interest, BW, AMD, and SMD values were shown
as effectively assisting the determination and optimization of the automated tuned results.

Furthermore, the non-linear characteristics of the system were measured and shown. A third-order
intercept point (IIP3) was measured. It is worth mentioning that a varactor is a non-linear device and
has a non-linear behavior [25,26]. Two-tone measurements were carried out using 2.4 and 2.41 GHz at
the nominal varactor voltage setting. The third harmonics at 2.42 GHz were measured. The calculated
IIP3 is shown in Figure 6 and is 34 dBm. The device was tested up to 7 dBm, and in this setting,
the insertion losses were measured as —4.1 dB at 2.4 GHz. These insertion losses may vary as the
impedance tuner parameters change. This AIMS has shown a high non-linearity parameter, and it is
suitable for use in a wide range of medium-/high-power applications.
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Figure 6. Third-order intercept point (IIP3) measurement at 2.4 GHz.

Lastly, in order to provide a comprehensive perspective, a comparison for the selected relevant
publications is shown in Table 2. The tuner performance in this work is not described by a fixed
parameter, as it can be switched to a different DUT. This table includes frequency, return loss
decision level, and non-linearity test information. In addition, it includes information about the
automatic/real-time correction measurements and the antenna impedance adaptation/variation test for
the environment changes.

Table 2. Comparison for the selected relevant publications.

This [27] [28] [29] [30] [31] [32] [33] [15]
Work 2018 2016 2014 2014 2012 2009 2008 2004

2.1 24 1.7 1.7 0.85 0.38
Fr‘(eg‘lfn)cy Band 25 —p5 040624 0 7 02 b Lo
“ Multiple band N Ni - - V v V - N
Return loss Uniform decision <-10 a <-10 a. a <-10 a. <=20 <-15
(dB) Multiple band v } ; . ) ; ) ) .
decision conditions
Automatic or Real-time
correction matching system v ) \ \ v ) \ v v
Nonlinearity test
such as IIP3 or P1 dB v ) ) v v ) v v v
Antenna Environment
N L A

Variation/Adaption Test

2-: Not clear to obtain or extract the simple numeric return loss decision value from the publication.

4. Concluding Remarks

An implementation of the AIMS was presented, and testing, validation, and numerical evaluation
of the AIMS were shown and discussed. This AIMS can be used for research and development tasks,
and it can be applied to medium-/high-power wireless and microwave applications where it needs
frequent automatic tuning functions due to the antenna matching variations affected by antenna setting
changes. The search approach and numerical evaluations presented in this paper are practical and
applicable to a real-time automated matching system. This is an automatic matching system developed
for testing and validation. The automatic antenna matching tuning functionality can increase the
complexity of the overall system; however, it can provide an adaptable system that provides optimal or
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best-effort antenna matching conditions. The authors are pursuing further integration of the automatic
matching system on a chip. Moreover, authors are investigating the introduction of Python-based
instrumentation control applications for the field of testing and validation, and plan to publish more of
this broadband matching-related work in near future.
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