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Reconfigurable RF Impedance Tuner for Match
Control in Broadband Wireless Devices

Richard B. Whatley, Zhen Zhou, and Kathleen L. Melde, Senior Member, IEEE

Abstract—This paper presents the design of a broadband RF
impedance tuner that is part of a dynamically reconfigurable
automatic match control (AMC) circuit that can be used for a
wide variety of wireless devices and intelligent RF front ends. The
impedance tuner can be used at the input of wireless devices in order
to provide a significantly broader bandwidth or to reconfigure the
impedance match spectrum. The tuner uses a microstrip loaded-
line circuit topology with multiple stubs that each have a varactor
diode located at the end. The results show that the tuner can achieve
a broadband impedance match for a wide variety of loads that are
either purely resistive or that have a large reactance as well.

Index Terms—Automatic match control (AMC), intelligent RF
front ends, reconfigurable tuner.

1. INTRODUCTION

HE bandwidth of many wireless devices is governed by

the input impedance of the antennas or by the impedance
match between devices at the RF front end. This imposes se-
vere design constraints as the antenna must both be an efficient
radiator to free space, yet provide an appropriate impedance
match to the front-end circuits. Simple and small antennas are
bandwidth limited, while broadband antennas are typically elec-
trically large (at the highest frequency of interest) and require
careful design to fit on portable devices. The input reactance of
the antenna, in general, varies with frequency more than does the
input resistance of the antenna [1]. Tuning a complex impedance
to a purely real impedance, such as a transmission line over a
broad frequency band is difficult. An automatic match control
(AMCO) circuit placed between the antenna and the RF circuits
will significantly increase the bandwidth or allow reconfigura-
tion of the spectral mask of accepted and rejected signals. The
AMC consists of a broadband RF impedance tuner, a reflection
coefficient sensor, and a biasing circuit, as shown in Fig. 1. The
AMC can be used with low-cost and low-profile antennas; may
be used to correct for high mismatch effects at the input and
output of power amplifiers, which could improve power added
efficiency and the bandwidth of the amplifier; and can be used
for reconfigurable RF systems, where it is important to dynami-
cally reconfigure the spectral mask of the input match as a func-
tion of frequency. The AMC can be used to correct for real-time
changes in the antenna input impedance in the case where the
user places a hand over the antenna during operation and thus
significantly changes the reactive impedance [2]. In this paper,
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Fig. 1. Block diagram of automatic match control system.

we present our results on the design and development of the re-
configurable RF impedance tuner.

The design of tunable front-end filters has been considered
for many years. Varactor and PIN diodes were used in much of
the earlier work. Some examples of these are discussed in [3]
and [4]. The majority of tunable filters were aimed at the tuning
center frequency and bandwidth of operation while assuming
a 50-Q load impedance. A reconfigurable bandpass filter with
combination of varactor diodes and ring resonators is presented
in [3]. Their research showed that ring resonators have the po-
tential to provide very good passband properties and are easily
tuned without the need to shunt the tuning element to ground.
This work indicates the advantages of using coupling between
resonating elements to increase the bandwidth. Their research
mentioned altered coupling between resonators, but a circuit
using this information was not designed.

Recent work in reconfigurable matching networks has in-
volved circuit topologies with RF microelectromechanical
systems (MEMS) switches or capacitive devices [5]-[11]. RF
MEMS are inherently low loss and are compatible with high
frequency fabrication methods. Most of the matching networks
that involve RF MEMS operate at relatively high frequencies
(10-20 GHz) or must be integrated with fixed capacitors for
lower frequency operation. A double-stub impedance matching
network using MEMS as discussed in [5], [6] can be configured
to match a fairly wide range of loads over about a 10%—-15%
bandwidth in the 10-20-GHz frequency range. Impedance
tuning is accomplished by capacitively loading the stubs by
a bank of capacitors using MEMS switches. This approach
allows a discrete set of loads to be matched. Additional load
cases, require additional capacitors and switches. A similar
approach is presented in [7] to design a matching network for
power amplifiers. They showed that the efficiency of power am-
plifiers can be improved from reconfigurable input and output
matching circuits. The loads that are matched in this work;
however, are only slightly reactive, and the double-stub tuner
is rather narrowband. In [8], an RF MEMs-based tunable filter
using LC resonators for 110 MHz to 2.8 GHz was developed.
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Fig. 2. Ten-stub reconfigurable RF impedance tuner.

The filters essentially use a bank of fixed MIM capacitors that
are combined in series with RF MEMS switches to create the
variable capacitor structures [9]. In the prior work, it was pri-
marily the frequency of operation and the bandwidth that was
tuned. A 50-2 load impedance is assumed. Distributed MEMS
transmission lines (DMTL) in coplanar waveguide (CPW) offer
a lot of potential for tuning. The objective of DMTLs is to
periodically load the CPW to create a slow wave structure that
changes the characteristic impedance and the phase velocity.
The DMTL resonators discussed in [10] show a narrowband
tuning range at 20 GHz.

A complete intelligent high frequency front-end system that
operates at 390 MHz is presented in [12]. A simple impedance
matching network using LC resonators is connected to a cou-
pler that detects a mismatch and a control circuit is used. Due
to the relatively low frequency of this system, a microstrip cou-
pler with good isolation is obtainable and a lumped element ap-
proach to the tuner was used. The impedance matching network
uses a discrete tuning method with PIN diodes. The impedance
matching network operates at a relatively low frequency, is gen-
erally narrowband, and matches for a discrete set of loads. This
paper primarily focuses on comprehensive descriptions of the
impedance control and correction algorithms. This paper rep-
resents one of the first instances where the complete picture of
an intelligent RF control system was presented with the goal of
impedance matching.

In the present paper, we present the design and the develop-
ment of a broadband RF impedance tuner. The tuner is based
upon a microstrip loaded-line type topology with varactor
diodes at the end of the stubs and between resonator sections
as shown in Fig. 2. Multiple resonators are used to satisfy the
wide instantaneous bandwidth requirement. Microstrip is used
since it allows convenient implementation of the necessary
dc control lines, blocking capacitors and inductors. Varactor
diodes are used because of their wide usage as tuning elements
in the RF frequency range and their relative ease in developing
a prototype to validate the design approach. The loaded-line
topology is well known for phase shifter applications. The
work presented here can be extended to circuits with low loss
microwave MEMS capacitive tuning elements as well. The RF
impedance tuner in this case can match a continuous range of
loads.

The RF impedance tuner has been designed and simulated ex-
tensively, fabricated in microstrip, and tested. In this work we
demonstrate the outstanding tuning performance of the circuit
and describe the design approach used to develop the circuit.
This approach may be used to design similar circuits at other
frequencies or with other tuning devices. We present a new sta-
tistical cost function used to optimize the overall tuner design
and diode settings for a broadband impedance match.
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Fig. 4. Capacitance-voltage curve for Microsemi MPV 1965 diode.

Section II discusses the design approach for the reconfig-
urable RF impedance tuner. Section III describes the simulation
and optimization of the impedance matching network for a wide
variety of loads. Section IV discusses the circuit fabrication and
compares simulation results to measurements on a prototype cir-
cuit. This section also reports the power handling capability of
the tuner. Section V presents results that show the capability of
the RF impedance tuner to provide alternative impedance match
spectrums, and Section VI presents some conclusions.

II. RECONFIGURABLE TUNER DESIGN

The goal of the tunable matching network in this paper is
to provide wide instantaneous bandwidth (at least 40%) at a
5-GHz center frequency and be tunable to function with wide
bandwidth for a diverse set of load conditions. The tuner uses
a loaded-line topology as shown in Fig. 2. Fig. 3 shows the de-
sired impedance spectral profile of the tuner. Varactor diodes
were chosen for this work because of their ability to provide
continuous tuning, their wide availability, and their ease of im-
plementation in fabrication of a prototype design. Although var-
actor diodes have more loss than MEMS devices, they were used
in this case primarily to demonstrate the Sq1 tuning aspects of
the structure. The diode is a MPV1965 [13] and has a useable
capacitance range that spans from 0.2 to 5 pF, with a nominal
capacitance of 3.5 pF. The Q factor of the diode is 1500, and the
series resistance is about 1 2. The capacitance-voltage curve for
this diode is shown in Fig. 4. In this design, we presume the de-
sign to be manufactured on Rogers Corporation Duriod 6006
with e, = 6.15, a dielectric thickness of 25 mils., a loss tangent
of 0.0027, and 1 oz. rolled copper.
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Implementation of an impedance matching network can be
accomplished using a variety of methods. Transformers or pe-
riodic structures such as filters are often used [14]. In general,
impedance matching networks are designed specifically to
match a set of source and load impedances, Zy and Zp,, that are
constant and do not vary with frequency. In practice, it is not
uncommon that the source and load impedances not only vary
with frequency, but often vary at a fixed frequency.

Fig. 2 shows a layout of the microstrip topology used for the
circuit. Ten stubs were used in order to achieve the 40% band-
width goal. Varactor diodes are placed at the end of each stub
and on the interconnecting microstrip lines. The design process
is as follows.

1) Synthesize the impedance matching network analytically
using filter theory and coupled resonators. This design is re-
ferred to as the 50-50 design since the source and load imped-
ances are both set to 50 2. This step determines the impedance
of the stubs and the interconnecting lines. The actual impedance
values depend upon the number of stubs and the desired frac-
tional bandwidth of the tuner. This step is described in Sec-
tion II-A.

2) Once the impedance of the stubs and interconnecting lines
are determined, they are converted to microstrip and modified to
account for the added diode capacitance. This step is discussed
in Section II-B.

3) The design is then refined by optimizing the microstrip
50-50 design with the varactor diodes to obtain all of the fixed
microstrip dimensions. This step determines the final lengths
and widths of the microstrip for each section. Agilent advanced
design system (ADS) [15] was used for this work. Practical pa-
rameters such as microstrip bends, vias, etc. can be included in
the optimization. A unique cost function is used to obtain the
best design. In this step, all of the varactors are set their nom-
inal capacitance value. This step is discussed in Section III.

4) The diode settings for various non—50-{2 load cases are
determined by using optimization in ADS, to determine the ca-
pacitance values of the varactor diodes. In this step, all of the
microstrip dimensions are fixed and only the capacitance values
are allowed to vary.

A. Chebyshev Bandpass Filter Synthesis of 50-50 Design

In this step, the impedances of the different filter sections
are determined using an analytical filter synthesis technique.
A Chebyshev bandpass filter response was chosen since the
Chebyshev response gives the broadest bandwidth with the
fewest number of sections [14]. The desired response has a very
small ripple in the passband and a steep slope in the transition
region between the passband and stopband. The procedure for
determining the low-pass prototype for a Chebyshev response,
given a particular passband ripple is well documented in [14]
and [16]. The admittances (and, thus, impedances) of the
various sections are determined by using the design process de-
scribed in [16, Table 10.03—1] for synthesizing the filters using
using coupled resonators given the Chebyshev coefficients
for a low-pass prototype filter. The specific approach uses the
design equations for filters with shunt quarter-wavelength stubs
and quarter-wavelength interconnecting lines. The diodes are
not considered in this step. In the next step, the filter design is

TABLE 1
STUB IMPEDANCES AND MICROSTRIP DIMENSIONS FOR TEN
STUB IMPEDANCE TUNER

n A B C D E
A 221 | 111 | 11.0 | 10.8 | 10.8
Zit70ar (Q) | 238 | 142 | 14.1 | 14.0 | 14.0

Width [mils] | 124 | 290 | 293 | 300 | 300
Length [mils| | 262 | 251 | 251 | 250 | 250

slightly modified to include the diodes. The number of sections
needed to obtain the desired passband response is determined
by the center frequency, the bandwidth, and the desired pass-
band return loss. In the design equations given in [16] there
is a dimensionless constant, d, that may be chosen to adjust
the impedance levels for the filter sections. A 40% bandwidth
filter, centered at 5 GHz with a 0.05- dB passband ripple and a
15-dB passband return loss resulted in a ten-stub tuner. A 15-dB
return loss was specified in order to ensure that a maximum of
10-dB return loss is obtained in the final tuner when practical
microstrip elements are included. This step determines all of
the impedances for the stubs and interconnecting lines given a
50-€2 source and load.

B. Design Modification for Microstrip Implementation and
Diode Inclusion

Once the impedance values for the different sections are
known it is straightforward to convert them to microstrip
lengths and widths using microstrip physical circuit design
equations [14]. Varactor diodes are positioned at the end of
each stub and on the interconnecting lines. In order to insure
that the desired Chebysheyv filter response is maintained in the
50-50 design after adding the diodes, the magnitude of the
impedance of the microstrip stub with varactor must be slightly
modified so that it is equal to the calculated stub impedance
determined from the first step. The impedance of the varactor is
computed at the center frequency of the passband. The varactor
in this case has a nominal capacitance of 3.5 pF at 5 GHz, and
the resulting diode reactance is X¢ = 1/427fC or —j9.10 Q.
The impedance of a transmission line is the sum of the real and
reactive parts. The magnitude of the impedance can be used to
obtain the value, R, which is the impedance of the microstrip
line using

|1Z| =¢R2+<XL—XC)2. (1)

The diode is assumed to be purely capacitive, and thus X7, is set
to zero. In order to avoid a large step between the real impedance
of the microstrip line and the reactive impedance of the varactor,
the condition that these impedances be within 15 €2 from one
another was enforced, so that

IR, — X.| <15 Q. )

Table I shows the calculated impedances and microstrip di-
mensions for each quarter-wave shunt stub and Table II shows
the impedances and microstrip dimensions for each intercon-
necting line for the ten-stub 50-50 design. The tables list the ini-
tial calculated impedances and the modified impedances based
on loading with a varactor diode. In order to reduce the number
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TABLE 1II
INTERCONNECT IMPEDANCES AND MICROSTRIP DIMENSIONS FOR TEN
STUB IMPEDANCE TUNER

N,n+1 AB [ BC | CD | DE ][ EF
Zia(Q) | 417 | 408 | 43.7 | 44.6 | 449
Ziini+Zloar (Q) | 42.6 | 41.8 | 44.6 | 455 | 45.8
Width [mils] | 49 | 51 | 45 | 43 43
Length [mils| | 277 | 277 | 278 | 279 | 279

of variables used in the subsequent optimization steps, sym-
metry about the center of the tuner is imposed. In Fig. 2, for
example, the length and width of microstrip stubs A and J are
identical to one another, the length and width of microstrip stubs
B and I are identical to one another, and so on. Symmetry was
also imposed on the interconnecting lines as well so that the sep-
aration between stubs A and B (A, B) is the same as the sepa-
ration between stubs I and J (I, J). Symmetry was not imposed
on the diode settings.

III. SIMULATION AND OPTIMIZATION

The final design of the tuner involves simulation and opti-
mization of the tuner using ADS. The optimization requires
specifying a starting design, the design parameters to be ad-
justed, an optimization type, and an optimization cost function
(or goal) that specifies the final tuner performance goals. The
microstrip lengths and widths reported in Tables I and II were
used along with structural elements such as microstrip bends,
tees, and gaps as the starting design for the optimization. This
approach anticipates that the tuner design obtained from anal-
ysis only needs slight corrections for optimal performance. The
cost function must be carefully specified in order to maximize
the performance of the tuner with as few resonators as possible.

The first optimization task is the third step in the overall design
process and involves finding the optimal length and width dimen-
sions for all of the microstrip lines for the 50-50 design. All of the
varactors in this case are set to their nominal state capacitance
of 3.5 pF and the source and load impedance values are fixed at
50 Q. In this case, only the microstrip dimensions are allowed to
vary and the varactor settings remain fixed throughout the op-
timization. The final design resulting from this step is used to
generate the masks for etching the microstrip tuner.

Initially, a simple cost function that enforces S1; to be below
—10 dB at each individual sampled frequency in the 4.5 GHz
to 6.5 GHz passband was used. The approach had minimal ef-
fectiveness and often produced designs that satisfied most of
the optimization criteria, yet had several frequency points above
—10 dB. The 40% bandwidth goal was not achieved with this
cost function, and the Chebyshev type passband response ob-
tained from the first step in the process was not maintained.

A new cost function that considers the frequency response
in the passband as an entire set of points (i.e., a function)
was developed. The development of this cost function was a
significant factor in successfully designing and evaluating the
RF impedance tuner. The values of Sp; in the passband were
treated as a statistical cost function, rather than individual
values. The statistical function generates a score that was used
to evaluate the performance. The cost function was specifically
developed to score the performance against the desired case
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shown in Fig. 3. Fig. 3 satisfies the Bode-Fano matching limit
[17], by maximizing the S;; bandwidth without any extremely
low return loss values in the passband. The optimum Si;
response has a symmetric Chebyshev response with very little
ripple in the passband. The ADS optimization block allows the
user to specify a series of equations to express the optimization
cost function and thus facilitates the development of unique
cost functions that can be tailored for the design problem.
The statistical cost function has the form

. 1(|511i — |p))?
Cost=a-|ul—b- | = -3
ost =a- |u Nod
> (S| = [ul)®
—c- | =L No3 — penalty (3)

where p is the mean value of the return loss in the passband, and
o is the standard deviation of the return loss in the passband.
The values specified for a, b, and ¢ are constants used to weight
the importance of either the first, second, or third term in (3)
on the overall score. The numerators in each of the second and
third terms in (3) include a sum over /N values of S that are in
the passband from 4.5 to 6.5 GHz. The cost function in (3) is a
maximizing cost function, which means that the best design is
obtained when the score given by (3) is maximized.

The key parameters for the optimal S11 response are the mean
value, the flatness, and the symmetry around the center fre-
quency. The first term in (3) specifies the mean value of the re-
turn loss. A low average return loss of all of the points in the
passband results in a large number for this term. The second
term in (3) determines the flatness of the return loss in the pass-
band. The flatness is determined by the Kurtosis of a function
[18]. The value of the Kurtosis is based upon the size of the tails
(at either end) of a function. The Kurtosis of a normal distribu-
tion is zero. It is assumed in this case, that a nonzero Kurtosis
value reduces the score of the cost function and, thus, should
be subtracted in (3). The third term in (3) determines the sym-
metry of return loss in the passband. The symmetry is evaluated
by the Skewness of a function [18]. A symmetrical passband
has zero Skewness. If the function is skewed to the right or left,
the Skewness is positive or negative, respectively. In (3), any
nonzero value of Skewness reduces the score of the cost func-
tion and, thus, this term is subtracted from (3).

In order to significantly reduce the occurrence of any value of
S11 in the passband to creep above —10 dB, a penalty number is
included to the cost function in (3). The inclusion of this penalty
parameter in this manner resulted in the broadband final designs,
since the cost function score was severely penalized when any
value of S11 in the passband is above —10 dB. The constants a,
b, and ¢ were determined so that a cost function score of 100 or
larger is considered good. The value of penalty was set to 90.

To implement the cost function in ADS, the value of S17 for
the 200 frequency points between 4.5 and 6.5 GHz are stored in
a matrix. The mean value and standard deviation of these values
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Fig. 5. Return loss of ten-stub microstrip tuner for different load impedances.

is then computed. These are used to compute the cost function
givenin (3). The ADS optimizer then works to modify the design.
Random optimization was used, although the Gradient Search
and Quasi-Newton methods were tried as well. The random opti-
mizer only took about 10 min from start to finish, while the other
methods took nearly one hour. The proposed process uses the an-
alytical design as the starting design, yet our results found that
the random optimizer was not especially sensitive to the starting
design and converged to the same final solution. The other two
optimizers were sensitive to the starting design.
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The final step in the tuner design is to determine the diode ca-
pacitance settings for different non-50 €2 load cases. In this step,
all of the microstrip dimensions are fixed, the input impedance
is set to 50 €2, the load impedance is set to R+jX, and the values
of the diode capacitances are determined by ADS optimization
using the cost function given in (3). In each case, the diodes are
set to 3.5 pF for the starting design, and random optimization is
used to determine the final values needed to achieve broadband
performance. Each optimization takes about 10 min from start
to finish in these cases as well.
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TABLE III
DIODE CAPACITANCE (PF) SETTINGS FOR DIODES ON STUBS FOR
TEN-STUB IMPEDANCE TUNER

Load A B C D E F G H 1 J
50-j10 | 3.5 | 3.5 | 35 3.5 35 | 35 |35 |35 ] 35 ] 35

30-j10 | 1.34 | 3.59 | 140 | 5.68 | 3.68 | 2.59 | 3.89 | 2.06 | 2.33 | 4.78

50+j35 | 442 | 1.27 | 2.46 | 0.832 | 485 | 2.47 | 3.96 | 5.01 | 3.70 | 3.89

70-j50 | 5.02 | 0.58 | 241 | 484 | 2.75 | 2.73 | 3.51 | 454 | 523 | 3.50
TABLE IV

DIODE CAPACITANCE (PF) SETTINGS FOR DIODES ON INTERCONNECTING
LINES FOR TEN-STUB IMPEDANCE TUNER

Load AB| BC |CD | DE | EF | FG |GH | HI | 1J
50-j10 | 3.5 | 35 | 35 3.5 35 | 35 | 35|35 | 35

30-j10 | 2.82 | 5.71 | 458 | 1.61 | 3.57 | 3.42 | 3.92 | 5.66 | 1.27

50+j35 | 5.21 | 1.12 | 341 | 224 | 1.01 | 5.15 | 3.59 | 3.69 | 2.98

70-j50 | 0.50 | 5.18 | 3.64 | 143 | 3.96 | 429 | 2.62 | 2.64 | 4.93
TABLE V

MICROSTRIP DIMENSIONS FOR THREE STUB IMPEDANCE TUNER

Stub/Interconnect A B A,B
Width [mils] 116 | 157 | 42
Length [mils] 281 | 294 | 175

30- 40% BW
20- 29% BW
10- 19% BW
0- 9% BW

HOoOD> o

Re (Z,)

Fig. 6. Bandwidth of ten-stub impedance tuner for different load impedances.

Fig. 5 shows the return loss of the ten-stub RF impedance
tuner for several load impedance cases. The percentage band-
width indicated in these plots is determined by the frequency
band which has consecutive return loss values below —10 dB.
Fig. 5(a) shows that the 50-50 design has a 40% frequency band-
width. Tables III and IV show the capacitance settings of the
diodes for the non-50 ) load cases. These tables show that
in some cases, the capacitance of the diodes is slightly above
5 pF. Fig. 6 shows the instantaneous bandwidth computed for
the 10-stub tuner for many different load cases. The horizontal
axis is the real part of the load impedance and the vertical axis
is imaginary part of the load impedance. These figures clearly
show the potential of the tuner to match to a diverse set of
loads, even with high reactance. Fig. 6 shows the difficulty of
achieving wide instantaneous bandwidth when the reactance is
high. Loads that are nonreactive or only slightly reactive can
be matched over a wide instantaneous bandwidth. It is more
difficult to achieve wide bandwidth with loads that are highly
reactive.
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Fig. 7. Photograph of three-stub RF impedance tuner.

IV. MEASUREMENT VERIFICATION ON
THREE-STUB PROTOTYPE

To verify the circuit design and simulation approach, a proto-
type three-stub bandwidth reconfigurable tuner with 30% band-
width was designed, fabricated, and tested. A three-stub proto-
type tuner was specifically used to validate the design process,
refine the ADS models to include diode parasitics, and to eval-
uate the implementation details associated with tuner fabrica-
tion and operation. The three-stub tuner utilizes five diodes and
the associated bias lines, whereas the ten-stub tuner utilizes 19
diodes and the associated bias lines. A three-stub tuner was used
as the prototype because it is simpler and quicker to fabricate
than the ten-stub tuner, yet provides enough elements in order
to yield interesting frequency characteristics and to ascertain
fabrication and performance issues. Table V lists the final mi-
crostrip dimensions of the stubs and interconnecting lines for
the three-stub tuner.

The goal is to simulate a three-stub tuner while taking into ac-
count as many physical properties as possible, and then to com-
pare the simulated results with measured results. Fabrication of
the impedance matching network took place at the University of
Arizona Microelectronics Laboratory. The structure was fabri-
cated on Rogers Corp. Duroid 6006. Fig. 7 shows a photograph
of the three-stub tuner. This figure shows the tuner structure and
the dc blocking capactors. Very thin, high impedance conduc-
tors were used as bias lines. Chip inductors were used to isolate
the bias lines from the RF signal path. The overall length of this
structure on a material of e, = 6.15 is approximately 1100 mils.
A coaxial double-stub tuner was used to create the mismatched
load cases for the measurements. The load characteristics of the
double-stub tuner can be carefully controlled by lengthening or
shortening the two coaxial lines.

Fig. 8 compares the measured and simulated results of the
three-stub tuner for several different load cases. The load
impedance in Fig. 8(a) is 50 €2 and does not vary with fre-
quency. The load impedances in Fig. 8(b)—(d) are 50 + j50 €2,
60 + j21 Q, and 40 + j50 € respectively, at 5 GHz. In these
cases, the load impedance varies with frequency. The load
impedance of the measured results varies as a function of
frequency because of the double-stub tuner that is used to
create the mismatched loads. The frequency dependent Si;
of the double-stub tuner configured for each different load
was measured. These values were used to create a frequency
dependent single port termination dataset for each different
load. These datasets were used in ADS in order to simulate the
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Fig. 8. Comparison of measured and simulated results for three-stub tuner.

tuner performance with the appropriate frequency dependent
load behavior for comparison to measurement.

Fig. 8 shows a good comparison between the measured and
simulation results for a variety of different load cases. The mea-
sured results on the three-stub tuner with a 50-€2 load were used
to determine the parasitics of the varactors. The parastic values
were determined by matching the simulation and measured
results in Fig. 8(a). Once the parasitic values were determined,
they were directly used in the ADS simulations shown in all the
cases in Fig. 8 For the 50 (2 load, the simulation data predicts
a 36.5% bandwidth where S17 is less than —10 dB, while the
measured data shows a 35% bandwidth. The simulation results
in Fig. 8(b) predict a 31% bandwidth, while measurements show
33.3% bandwidth. For the 60 + j21 §2 load, simulations predict a
32.65% bandwidth and measurements give a 34.47% bandwidth.
The bandwidth for the simulation results in Fig. 8(d) is 28.2% and
the bandwidth for the measured results is 32%. Very good agree-
ment between the measured and simulated results was obtained
using this approach for a variety of different load cases. These
results show that the design approach and ADS simulation model
with the frequency dependent load and the diode parasitics can
effectively be used for obtaining a reconfigurable tuner design.

The insertion loss of the tuner with each diode biased to their
nominal state of 3.5 pF is —11 dB at 4.8 GHz, which is rather
high. The diode settings correspond to the 50-€2 load case.
Fig. 8(a) shows that at 4.8 GHz, the tuner is well matched, so
this loss is primarily due to the resistive loss in the diodes. The
diodes that are placed on the interconnecting lines contribute
the most loss, since they reside directly on the microstrip signal
line rather than on one of the stubs. The MPV1965 diode was
primarily chosen for its tuning range over the frequency band of
interest. Loss was not a constraint in the original design process
described here. The measured results on the prototype indicate
that design process and optimization cost function should be
refined to include low insertion loss as a design parameter. The
insertion loss can be reduced by using one or more approaches
that include, selecting a varactor with much lower series resis-
tance, replacing the varactors with very loss-loss microwave
MEMS devices, or by redesigning the tuner without diodes in
the interconnecting microstrip signal lines.

The power handling capability of the three-stub tuner was
also measured. The diodes were biased to their nominal state
(i.e., the 50-50 configuration) and the input power into the tuner
was varied from O to 14 dBm. Fig. 9 shows the measured S;; as
a function of frequency measured for an input power of 0, 10,
and 14 dBm. Fig. 9(a) shows the S;; magnitude and Fig. 9(b)
shows the S1; phase. These plots show that over the range from
0 to 14 dBm, there is little change to the match of the tuner. The
insertion loss as function of input power for input power levels
ranging from 0 to 16 dBm at 4, 5, and 6 GHz was also measured.
These results also show no change in the insertion loss over the
input power ranges.

V. ALTERNATIVE SPECTRAL PROFILES

Simulations of the ten-stub tuner were used to explore the po-
tential for reconfiguring the impedance spectral profile. Fig. 10
shows the results of ADS simulations on the ten-stub tuner using
a spectral impedance profile that gives a dual-band (dual-notch)
impedance matching response. This was obtained using the sta-
tistical cost function, yet defining it for two narrow frequency
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bands. The load impedance in this case was set to 50 €2. To
achieve this result, the varactor diodes were allowed to have ca-
pacitance values outside their specified range. This result indi-
cates that the ten-stub tuner has the capability to achieve alterna-
tive spectral profiles if it is combined with tuning devices with
a much larger range of capacitance values.

VI. CONCLUSION

The design and synthesis of a wideband dynamically recon-
figurable RF impedance tuner that could be used for an auto-
matic match control system has been presented. The design of
the tuner was based on well-established microwave methods that
have been adapted and developed to add properties of the tuning
devices to allow reconfiguration for different load conditions
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and impedance spectral profiles. A new statistical optimization
cost function has been proposed in determining the quality of
an impedance matching network. This cost function also opti-
mized the performance of the reconfigurable matching network
by using the synthesized structure as a starting point. The re-
configurable impedance matching network has been simulated,
fabricated and tested and has been shown to have a broadband
impedance match a continuous range of loads.
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