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Abstract— With many frequency bands previously allocated
solely for radar now being reallocated for sharing, radar trans-
mitters must be frequency-agile, able to quickly change operating
frequency while maintaining detection range. This article details
the design of a 2–4-GHz reconfigurable impedance tuner using
35-W plasma switches. The tuner consists of switched shunt
capacitor and inductor branches loading a series microstrip line.
For many RF matching applications, a reconfigurable impedance
tuner must have a broad tuning bandwidth, real-time switching
speeds, high power handling, low loss, and broad Smith chart
coverage. The implementation of the tuner using semiconductor
plasma switches illuminated by laser diodes is described. The
tuner is demonstrated in measurements using a custom search
algorithm, adjusting and optimizing the tuner settings to provide
maximum output power in approximately 300 µs upon changes in
operating frequency or antenna impedance. This tuner provides
superior reconfiguration times over other high-power tuners in
the literature. The tuner possesses losses as low as 0.77 dB
and at least 30% Smith chart coverage over the entire tunable
bandwidth. With a 26.7-µs switching speed, the impedance tuner
is also demonstrated to handle 20 W of power at all frequencies
and states with over 40 W of power for greater than half of
the octave bandwidth and power handling measured as high
as 70 W. The combination of fast reconfiguration and high power
handling in an impedance tuner can enable cognitive radar
systems to adapt to a congested and dynamic environment in
real time.

Index Terms— Cognitive radar, diode lasers, electronic com-
ponents, high-speed electronics, impedance matching, power
semiconductor switches, tunable circuits and devices, tuners.
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I. INTRODUCTION

IN THE increasingly congested and contested RF spec-
trum, there is a growing need for adaptive radar systems

that can react to interference from other users while still
maintaining optimal system performance. The 3.45-3.55-GHz
subband, originally allocated to radar in USA, was reallocated
for sharing, with fifth-generation (5G) wireless providers as
the primary user [1] in August 2020. In October 2021, the
Department of Defense and the National Spectrum Consortium
launched the Partnering to Advance Trusted and Holistic Spec-
trum Solutions (PATHSS) to collaborate on exploring sharing
solutions in the 3.1–3.45-GHz frequency range enabling these
frequencies for commercial 5G use [2]. With this initia-
tive, 5G applications would gain significant access to the
3.1–3.98-GHz frequency band. The S-band is being targeted
for 5G use because it provides a good compromise between
low propagation attenuation and high available bandwidth [3].
Since radar systems now need to share the S-band, their
transmitters will require quickly reconfigurable, high-power
handling impedance tuners capable of rematching the power
amplifier (PA) upon changes in frequency or array scan
angle to maximize output power and hence detection range,
as shown in Fig. 1. The PA load reflection coefficient providing
maximum output power changes with frequency, and the value
of antenna reflection coefficient can change significantly with
array scan angle [4]. Both situations require reconfiguration of
the impedance tuner for maximum power transmission.

Prior work demonstrates that the use of a reconfigurable
impedance tuner in a PA can provide a 16.7% improvement
in radar range compared to a fixed broadband matching net-
work [5]. This is an experimental manifestation of the Bode-
Fano criteria, which express the tradeoff between gain and
bandwidth [6], [7]. Yarman [8] further describes challenges
with gain presented by broadband matching networks. Using a
tunable matching network, the advantages of high gain achiev-
able through a narrowband design can be achieved because the
narrowband match can be moved through reconfiguration to be
centered at the desired operating frequency.

The literature contains demonstrations of impedance tuner
designs capable of either fast reconfiguration or high power
handling. However, in most cases, both characteristics are
not simultaneously realized. Ferroelectric tuners provide
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Fig. 1. Illustration of placement of impedance tuner in PA. Reprinted
from [24].

microsecond adaptability but are typically limited to about 1 W
of power handling [9], [10]. Because they rely on the phys-
ical movement of components, mechanical resonant-cavity
tuners, while able to handle high power, typically require
from milliseconds to seconds to reconfigure [11]. Commer-
cial slide-screw impedance tuners used for laboratory device
characterization typically take even longer to reconfigure [12].
Varactor tuners [13], electrically actuated through a change in
bias voltage, are capable of fast reconfiguration but perform
nonlinearly at relatively low power levels. Tuners demonstrat-
ing reconfiguration in tens of microseconds can often only
handle single-digit watt power levels [14], [15]. For radar
applications, a tuner with sub-millisecond reconfiguration time
and power handling in the tens of watts is desired.

In addition to the physical aspects of the tuner enabling fast
reconfiguration, efficient search algorithms must be designed
to allow measurement-based decisions for quickly optimizing
the tuner performance “on the fly” with as few measurements
as possible. Algorithms for controlling various impedance
tuners are shown in [16], [17], and [18] using directed, genetic,
and exhaustive searches. With an algorithm for controlling
an impedance tuner, the device can be integrated into a
full system. Dockendorf et al. [19] demonstrated control
of a mechanical evanescent-mode cavity tuner designed by
Semnani et al. [11] using a software-defined radio (SDR)
platform. While useful, the system is limited by the slow
tuner reconfiguration time, which causes the system to spend
a significant amount of time operating at a nonoptimal state.
Because cognitive, spectrum-sharing radars must change fre-
quencies quickly to avoid interference, the optimal state of
the tuner is typically changing at a rate that is orders of
magnitude faster than the tuner’s reconfiguration time. One
solution to this problem is to optimize the tuner for average
performance, as demonstrated in [20]. In this implementation
of the Semnani tuner, an asynchronous gradient optimization
of average performance is used to overcome slow tuning time.
This implementation allows the radar to operate continuously
without having to wait long periods of time for an optimization
to complete. However, since the optimization only looks at
average power over several different waveforms, the actual
maximum output power is not obtained. A fast impedance
tuner is needed to fully maximize the radar range on a pulse-
to-pulse basis for many radars. An electrically actuated tuner
with high power handling is needed to accomplish these
objectives.

Calabrese et al. [22] demonstrated an initial switched-
stub tuner design with low-power field-effect transistor (FET)
switches [21] and high-power switches constructed from semi-
conductor plasma. The stub tuner uses radial stubs connected

to a series feedline through switches. The plasma switches are
demonstrated by Fisher et al. [23] to handle up to 35 W of
continuous-wave (CW) power. While the switched-stub tuner
can perform a reconfiguration optimization within microsec-
onds under the control of an SDR, the significant loss was
observed at many of the tuning states [22]. For the high-loss
states, the disadvantage of the loss outweighs the benefit of
improved matching. In this article, a tuner with improved loss
performance is demonstrated with switched shunt capacitor
networks and shunt inductor networks. The tuner provides
broad Smith chart coverage and low loss over the 2-4-GHz
octave, fast optimization capability, and high power handling.

This article is an extension of [24] that presents the topol-
ogy of the tuner and shows a fast optimization algorithm,
along with assessment of Smith chart coverage and loss.
This present article extends these results by describing a
formalized approach by which switched-stub tuners can be
generally designed to meet a set of tuner specifications and
by assessing full power-handling limitations of the tuner in
theory and in measurement. As such, the main contributions
of our work include the combination of fast tuning and high
power handling in the reconfigurable impedance tuner, and
a method for specification-based design and power-handling
assessment of a tuner.

II. SWITCHED-NETWORK IMPEDANCE TUNER DESIGN

Several efforts to design impedance tuners with switch-
able networks exist in the literature. Vai and Prasad [25]
discussed real-time impedance matching using tuning stubs
with adjustable microstrip techniques for both hybrid cir-
cuits and monolithic microwave integrated circuits (MMICs).
Unlu et al. [26] presented an impedance matching circuit
using three stubs of variable length, which make use of
distributed MEMS transmission lines. While MEMS can be
used very effectively for fast reconfigurability, however, its
power handling and linearity are limited. Yokota et al. [27]
presented a method using liquid stub tuners for real-time
impedance matching in ion cyclotron range of frequencies
(ICRF) heating, but complete reconfiguration can take as long
as 40 s. The design by Calabrese, using plasma switches with
variable-length open-circuit stubs, appears to present good
power handling and fast switching time, but the stubs result
in a significant loss at many tuning states [22].

An impedance tuner with switched shunt networks is
designed by presenting N branches of shunt inductors or
capacitors spaced along a 50-� main transmission line
(feedline). The shunt inductors and capacitors, with the
transmission-line segments that connect them, and additional
parasitic resistances and other effects present 2N combinations
of impedance points able to be reached on the Smith chart.

Each state has an N-bit binary representation, where each
bit represents one of the switches, with an “ON” switch
represented by 1 and an “OFF” switch represented by 0.
An example of one of the 2N states, State 001100 (binary) =
12 (decimal), is shown in Fig. 2 with its matching from a 50-�
load shown in Fig. 3. In this state, the middle two switched
shunt networks are switched ON, while the other switches
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Fig. 2. Illustration of state 12 of the plasma-switched impedance tuner.

Fig. 3. Illustration of the plasma-switched impedance tuner state 12 rotation
on Smith chart assuming 50-� and ideal components at 3 GHz.

are OFF. On the output side, 50 � is presented, as it consists of
the 50-� feedline terminated in the 50-� load presented by the
next stage. If an inductor and capacitor are used, respectively,
for shunt networks 3 and 4 (the networks switched “ON”), the
equivalent circuit appears as in Fig. 2.

Fig. 3 shows the trajectory traversed on the Smith chart
at 3 GHz for a 2.5-nH inductor and a 0.4-pF capacitor spaced
apart by an 80◦ electrical length 50-� transmission line.
In the pictured case, the impedance presented to the output
of the PA is shifted from 50 � to (16 + j23) �. From this
simple illustration, the ability to provide Smith chart coverage
is visualized. Capacitors provide downward movement on
the chart, whereas inductors provide upward motion. The
emanating point for each component’s motion is based on the
transmission-line lengths between the components.

Through choices of different capacitor and inductor values
for the switched states of the tuner, different regions of the
Smith chart can be presented to the amplifier. However, power
handling and loss for these different shunt networks must also
be analyzed, in addition to the Smith chart coverage they
provide. The coverage of a switched impedance tuner depends
on the level of susceptance in each branch presented by the
shunt capacitor or inductor it contains. While high suscep-
tances allow coverage closer to the edge of the Smith chart,
high susceptances allow more current to be drawn into the
branch, resulting in greater loss of the plasma switch, as well
as greater resistive loss in the transmission-line elements and

Fig. 4. Smith chart coverage versus current for a single branch inductor (top
arc) and capacitor (bottom arc) component value sweep.

the parasitic resistance of the capacitor or inductor. As such,
improved Smith chart coverage unfortunately results in greater
loss. Furthermore, the increased current resulting from higher
susceptance results in reaching the current limitation of the
chiplet at a much lower input RF power, reducing the tuner’s
power handling in these states. As such, increased Smith
chart coverage tends to be accompanied by increased loss and
decreased power handling.

To assess the correlation of shunt-element current with
matching capability, a simulation was performed using a
constant 35-W input power to a tuner with a single shunt
branch exposed through an “ON” switch (all other branches
used “OFF” switches). The simulations were conducted with
models for the plasma switch, transmission lines, inductor, and
capacitor. Fig. 4 shows the location on the Smith chart of shunt
elements of differing inductive and capacitive susceptance
terminated in a Z0 = 50 � load. A color map is placed on the
trace indicating the root-mean-square (rms) current through
the shunt inductor or capacitor, dependent on its value.

As the shunt element increases in susceptance magnitude,
causing the trace to extend further toward the Smith chart
edge, the current through the shunt branch is increased. In the
semiconductor plasma chiplet switches used for this tuner
design, the chiplets each possess a 0.82-ARMS current limit
specification, so greater coverage could lead to failure at a
lower RF input power. Also, the increase in I 2 R loss with
increased current impacts the tuner loss of each state: greater
susceptance in the shunt elements, while enhancing coverage,
results in more loss.

Expanding on the single-branch switched tuner sweep, a
two-branch switched tuner is developed for the four possible
combinations of inductors and capacitors. In a simulation of
these topologies, the inductor and capacitor values were swept
to assess the impacts of coverage on the branch currents.
Fig. 5 shows the coverage and average rms current (aver-
aged over the two branches) for the four different possible
topologies based on a choice of inductor or capacitor in
each branch. Like a single-branch tuner, the average branch
current increases with distance from the center of the Smith
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Fig. 5. Smith chart coverage versus average branch current for all combina-
tions of a two-branch tuner using inductors and capacitors on the same color
scale.

chart, causing higher loss and lower power handling based on
current-handling limitations of the switches.

In considering how this tradeoff expands to an N-branch
impedance tuner, it is evident that high inductive or capac-
itive susceptances, while providing greater coverage, result
in increased branch currents, which are accompanied by
increased loss and degraded tuner power handling. High
susceptances should therefore be avoided. As such, multiple
low-susceptance branches should be utilized in a tuner design
to collectively maintain the reach of Smith chart coverage
while also providing a denser coverage region (more states),
lower tuner losses, and higher power handling than fewer high
susceptance branches can achieve for a given Smith chart
coverage.

With understanding of the tradeoff between coverage, loss,
and power handling, a tuner design process using induc-
tors and capacitors can be developed to design a switched-
network impedance tuner design. The designer should strive
to minimize tuner loss and maximize power handling (through
minimizing branch currents) constrained by specifications on
tunable bandwidth, percent Smith chart coverage, and the
number of tunable impedance points required in a design.
Fig. 6 shows the layout of a generalized initial tuner structure
of this topology, and the flowchart of Fig. 7 depicts the process
for designing a switched-network impedance tuner, given the
required tunable bandwidth, percent Smith chart coverage, and
desired number of impedance points. To meet tuner specifi-
cations with the best loss and power handling, the number of
branches, sequence of inductors and capacitors, and the values
of the inductors and capacitors can be selected to provide the
best performance. The number of branches, specified as N ,
is calculated depending on the number of impedance points
(Zcount) required in a design and is shown in (1). The number
of branches can be increased if greater coverage is desired.
The feedline width is calculated to have a 50-� characteristic

Fig. 6. Layout of the initial tuner structure. LTLine is the total length of
the transmission line, Smin is the minimum feasible branch spacing, Bn is
the spacing between branches n and n + 1, and N is the number of switched
shunt networks, calculated based on the number of impedances Zcount to be
provided by the tuner.

Fig. 7. Standardized switched-network impedance tuner design process
given tuner specifications on required tunable bandwidth, percent Smith chart
coverage, and number of impedance points required on the Smith chart.

impedance for minimal loss. The length of the feedline, LTLine,
is determined by the minimal feasible spacing between each
switch, Smin, and the number of branches, N , required in a
design and is shown in (2)

N = ⌈
log2 (Zcount))

⌉
(1)

LTLine = (N + 1) ∗ Smin. (2)

The main impact branch spacing that has on the tuner design
is the tuner loss for each state. Since loss increases with
length in a physically realizable, lossy microstrip transmission
line, the smallest feasible feedline is optimal. While tuning
each of the branch spacings (B1, B2, . . . , BN ) will rotate a
portion of the impedance points about the center of the Smith
chart to get a more uniform spread of impedance points,
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tuning the branch spacings does not have a significant impact
on the magnitude of the coverage reach or power-handling
capabilities. Thus, the branch spacing is set to the smallest
feasible spacing to meet the footprint requirements of the laser
diodes until the final steps of the design process when the
coverage can be fine-tuned to achieve a more uniform Smith
chart coverage area, as shown in Fig. 7.

Based on the physical constraints of the laser diodes in
the plasma switches [23], a minimum Smin = 10 mm branch
spacing is required to place the laser diodes in their proper
position over each chiplet. Also, a 0.6-mm gap between the
main transmission line and the start of a shunt branch was
used to allow each switch to be placed between its branch
and the feedline. The power handling of each plasma switch is
limited by the chiplet’s 0.82-ARMS current handling. To model
the switch for analysis, a 4-� ON-state resistance and a 60-fF
OFF-state capacitance were used.

With the initial tuner structure in place, the topology and
values of the capacitors and inductors are iteratively selected,
stepping through all possible L/C sequences and a range
of component values. The “best performance topology” in
Fig. 7 is defined as the topology that provides the lowest
average tuner loss over the bandwidth while providing the
specified minimum Smith chart coverage. For the iterative
parameter sweep, the capacitor values of 0.1, 0.2, 0.5, 1, and
2 pF and the inductor values of 1.5, 2.4, 4, 6.4, 10.5, and
17 nH were used. For each set of L/C values in the parameter
sweep, all L/C combinations are analyzed to determine the
best switched-network tuner topology performance given the
set specifications. After determining the best tuner topology,
fine-tuning of each of the branch spacings B1, B2, . . . , BN

is performed to try to achieve the uniform coverage area.
The final step in the standardized process is the selection of
purchasable component values. With this process, a switched-
network impedance tuner can be developed to meet a wide
variety of tuner design specifications.

Since low-admittance branches do not provide sufficient
Smith chart coverage and high-admittance branches incur
more loss in each state, providing impedance matching to
increase output power is multifaceted. The goal to obtain
an optimal switched-network tuner is to identify the optimal
admittance region providing good Smith chart coverage with
an acceptable low loss for each tuner state and to maintain this
optimal admittance region over the entire tunable bandwidth
of a design. However, both inductive admittance (1/jωL) and
capacitive admittance ( jωC) vary with frequency.

Over an octave bandwidth, capacitive admittance is doubled,
whereas inductor admittance is halved. This allows a broad
tunable bandwidth to be achieved in a switched tuner design.
Using both inductors and capacitors, the optimal admittance
region can be maintained over the entire tunable bandwidth.
As frequency increases to the upper half of the tunable
bandwidth, the inductor admittance becomes smaller and does
not have much effect in changing the S-parameters of the tuner.
Furthermore, as this transition occurs with inductors from good
coverage to poor coverage, capacitors will transition opposite
of the inductor. Thus, using both inductors and capacitors
in switchable shunt networks can collectively maintain an

Fig. 8. (a) Plasma-switched impedance tuner design using grounded inductors
and capacitors in a drawing (reprinted from [24]). (b) Fabricated RF board
design containing the design.

admittance in the optimal admittance region over a broad
bandwidth for balanced tuner performance. In the middle of
the band, lower admittance branches of both inductors and
capacitors can collectively be used to reach good coverage
while incurring lower loss than the loss at the edges of the
tunable band.

After exhaustively stepping through all 2N possible inductor
and capacitor topology combinations for a variety of induc-
tance and capacitance values, the optimal topology that best
met the design goals was selected. With the best topology and
component values for a high-power 6-bit digitally controlled
tuner design determined, the optimal purchasable component
values and spacings between each branch were set through the
process of simulated parameter tuning and analysis. A drawing
of the plasma-switched tuner design using inductors and
capacitors terminated to the ground is shown in Fig. 8(a) [24]
with the fabricated RF board holding the design shown in
Fig. 8(b).

III. SIMULATION RESULTS

The Momentum Microwave 2.5-D electromagnetic (EM)
simulator in the Advanced Design System (ADS) software was
used to model the EM properties of the tuner topology design
and determine the optimal tuner design for our specifications.
All physical components and interfaces were modeled in the
design to ensure that accurate simulated tuner performance
was maintained in the ADS model. Lumped-element compo-
nents were represented with Modelithics passive component
models in simulation. The finalized design uses four inductors

Authorized licensed use limited to: Baylor University Libraries. Downloaded on January 17,2023 at 14:51:12 UTC from IEEE Xplore.  Restrictions apply. 



ROESSLER et al.: PLASMA-SWITCH IMPEDANCE TUNER WITH MICROSECOND RECONFIGURATION 301

Fig. 9. Simulated Smith chart coverage of all 64 states at (a) 2, (b) 3, and
(c) 4 GHz.

Fig. 10. Simulated loss of all 64 tuner states from 2 to 4 GHz.

and two capacitors in a 64-state digitally controlled impedance
tuner. In the design, 3.3- and 2.5-nH inductors are used along
with 0.4-pF capacitors. These components are placed in shunt
to ground from the main feedline, resulting in six switched
branches in the tunable matching network. Via models were
used in ADS to model the connection through the board to
the microstrip backside ground plane. The spacing between the
components and the values of all components were optimized.
The simulation results are shown in Figs. 9 and 10.

Fig. 11. Cross-sectional illustration of tuner alignment stack-up. Reprinted
from [24].

Fig. 9 shows that the tuner coverage consistently provides
approximately 30% coverage of the Smith chart over the
2–4-GHz band. As discussed in Section II, even greater Smith
chart coverage can be obtained, but at the expense of greater
loss. This design provides a good compromise between Smith
chart coverage and reasonable loss performance. Fig. 10 shows
that many of the states stay under 3 dB of loss in simulation
over the entire 2–4-GHz tuning range. By utilizing inductors
and capacitors instead of radial stubs, in-band quarter-wave
resonances due to an open-circuit transmission line were
no longer apparent in the design, which had caused very
high currents to pass through the branches causing high loss
and low power handling. Also, the inversely related transfer
functions of the inductors and capacitors allowed more control
to stay within the optimal admittance region for balanced
performance over a broad bandwidth. States providing RF
short circuits to the ground within the band were better avoided
since radial stubs were not used. By improving the tuner design
to reduce loss, the tuner will have more freedom and ability
to improve output power through impedance matching.

IV. IMPEDANCE TUNER FABRICATION

The fabricated tuner uses a two-board design, consisting
of an RF board and a control board. The RF board has the
design of Fig. 8(a), and the control board is used to set the
state of the tuner and interfaces with a microcontroller or an
SDR for executing the optimization algorithm. The RF board
is a 31-mil FR4 board with 2-oz. copper microstrip traces
and SMA connections. Fig. 11 shows the stack-up of the
control board and RF board. The RF board includes nonplated
through hole (NPTH) micro and blind vias. To focus the
laser diode excitations, gradient index (GRIN) lenses were
placed in the blind vias on the backside of the RF board.
In each shunt branch, the chiplet spans across a 0.6-mm RF
gap, and the vias are placed in the center of these gaps. The
0.15-mm micro-vias were drilled through the board to allow
the laser excitation to pass onto the chiplet gap. A larger blind
via (0.5 mm) was drilled concentrically, partially through the
board, located at an ideal distance from the chiplet to focus
the laser light at the chiplet gap. The use of the lenses and
vias to focus the light is designed to reduce the insertion loss
values of the plasma switches. The custom chiplets, developed
by Fisher et al. [23], are 350 μm wide and 1.675 mm long to
span the distance of the 600-μm RF gap. The chiplet’s gap is
75 μm, which separates two gold sputtered regions, leaving
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Fig. 12. Fabricated tuner design in isometric view.

Fig. 13. Fabricated tuner design two-board alignment.

the switch disconnected when the plasma is not excited. When
the plasma in the chiplet is excited by the 1-W 940-nm laser
diodes, the switch is closed and the branch is connected to the
feedline with its packaged inductor or capacitor, followed by
a via to ground.

To maintain the minimal insertion loss of the semiconductor
plasma switch, a repeatable and reliable alignment had to be
implemented for the two-board tuner design. Figs. 12 and 13
show the fabricated tuner and the two-board alignment, respec-
tively. High-precision alignment was found to be critical
in obtaining repeatable results. Initial designs held the two
boards in place by two plastic screws and nuts. However,
when adjusting the screws, it was easy for the two boards
to fall out of alignment since they require precision on the
order of micrometers. A more sophisticated alignment method
was implemented using precise custom machined aluminum
brackets adhered to each board with steel screws and rods to
firmly secure the boards in the optimal alignment between the
lasers and the silicon chiplets. In this position, the laser diode
junctions are precisely placed directly over the corresponding
blind via. This maximizes the transfer of near-infrared laser
light from the diode through the GRIN lens to the 75-μm
chiplet gap, obtaining the optimal efficiency for plasma gen-
eration. This repeatable alignment enables lower loss and thus
better matching performance.

V. TUNER PERFORMANCE MEASUREMENTS

The performance of the tuner was validated using measure-
ments, in which an SDR and microcontroller were used to set

Fig. 14. Measured Smith chart coverage of all 64 states at (a) 2, (b) 3, and
(c) 4 GHz. Reprinted from [24].

the tuner state and implement the search algorithm. A Sky-
works SKY65017-70LF amplifier with a 3-dBm input power
was used as the amplifier device and a Maury Microwave
Commercial load—pull tuner was used to emulate a changing
antenna reflection coefficient �ant. S-parameters of the tuner
were measured using a vector network analyzer for performing
loss and Smith chart coverage calculations. Fig. 14 shows the
measured Smith chart coverage at 2, 3, and 4 GHz. The cov-
erage range is maintained consistently across frequency and
achieves 30% Smith chart coverage over the tunable bandwidth
by estimating the percent coverage from the coverage plots.
Tuner loss of each tuner state is defined by the following
equation:

Loss = −10 ∗ log10

( |S21|2
1 − |S11|2

)
= Pdel,IN,dB− POUT,dB (3)

which describes loss as the ratio between the power delivered
to the input of the tuner and the tuner output power. This loss,
therefore, does not include return loss. Loss for the plasma-
switched tuner is plotted in Fig. 15 for all the 64 tuning states
over the 2-4-GHz range.

As shown in Fig. 15, the impedance tuner design demon-
strates tuner loss as low as 0.77 dB and an average tuner
loss of only 2.5 dB. This is significantly improved from the
predecessor to this design, shown in [22], which ranged up to
34 dB of loss. This lower loss means that numerous matching
options are viable to improve output power, resulting in more
consistent high-range radar detection capability. As described
in [24], the 90%-10% on and off times were measured
as 3.6 and 26.7 μs, respectively. These switching speeds
will allow microsecond reconfiguration times in real time on
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Fig. 15. Measured loss of all 64 tuner states from 2 to 4 GHz. Reprinted
from [24].

Fig. 16. Algorithm testing measurement setup.

a cognitive radar or in any other reconfigurable RF matching
scenarios.

As described in [24], the fast optimization algorithm of [21]
was applied to this tuner design. Measurement testing was
performed using the Skyworks amplifier with 3-dBm input
power and the Maury Microwave load—pull tuner to emulate
the changing value of �ant. The measurement setup is shown
in Fig. 16 [24]. To test the algorithm, fast optimizations were
performed from an SDR controller, with the results shown
in Table I (reprinted from [24]). In the algorithmic search,
the output power is evaluated with all switches OFF, and
then, the switches are turned on one at a time, moving from
input to output. If changing a switch disposition improves the
output power, the switch is left in its new position. The search
continues until a complete pass of all switches is performed
with no improvement.

Table I shows the results of multiple searches performed
at different combinations of operating frequency and antenna
reflection coefficient (�ant), including initial and final tuner
output power values. The average search time is approximately
300 μs, and each individual search step required an estimated

TABLE I

TUNER OPTIMIZATION RESULTS [24]

maximum less than 27 μs. Because many of the states provide
relatively low loss, a large variety of states can be seen as
the “Best State” across these searches. Part of the decrease in
maximum output power with increasing frequency is expected,
due to the decrease of the Skyworks amplifier’s maximum
gain with increasing frequency. In addition, the limitations of
Smith chart matching coverage can cause additional lowering
of the maximum attainable output power. For example, in the
3.5-GHz test scenarios, the further drop in output power is
caused by the optimal impedance matching being located near
the edge of the Smith chart. Finally, it should be noted that the
reference plane used for the output power assessment is at the
tuner output. Overall, this tuner provides excellent versatility
in achieving an acceptable match without large loss, providing
superior reoptimization times over other high-power tuners.
The accuracy of the match that can be provided, in addition
to the tuner loss, combines to determine the output power.

VI. TUNER POWER-HANDLING MEASUREMENTS

The plasma-switched impedance tuner design has been
demonstrated to have broad bandwidth, good coverage, low
loss, and the ability to reconfigure in real time. The final
requirement needed in an impedance tuner to be implemented
in cognitive radar is high power handling. The power handling
of the plasma-switched impedance tuner was assessed by
further developing the Momentum Microwave 2.5-D EM tuner
model to accurately predict the rms currents and voltages
throughout the tuner given an input power, input impedance,
and output impedance presented to the tuner, and then verify-
ing the model with high-power measurement results. The tuner
model can accurately predict the current levels through the
switches by using an equivalent parallel RC circuit with an ON-
state resistance and an OFF-state capacitance modeling the loss
and isolation behaviors of the switch, respectively. In addition
to the switch model, the models of the tuning inductors
and capacitors, as well as the inductive vias to ground, are
simulated allowing accurate prediction of the susceptance in
each tuner branch. The susceptance levels in each branch for
each state provide the simulator with enough information to
determine the predicted current levels across the switches.
Thus, from the predicted currents, the overall power handling
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Fig. 17. High-power impedance tuner model current response for a 20-W
input power and 50-� tuner source and load impedance.

of the tuner can be determined for numerous scenarios using
the estimated switch electromigration failure current limit of
0.82 ARMS. The tuner model is used to predict the input
power level at which electromigration-related current failure
will occur. In electromigration failure, atoms will undesirably
move across the 75-μm chiplet gap, causing the switch to
stick in short-circuit mode. To discern the RF power level at
which failure is expected to occur, the current through all six
switches over the 2–4-GHz frequency range is simulated, and
the RF power is adjusted until the maximum current through
any one of the switches in any of the tuner states is 0.82 ARMS.
Fig. 17 shows the model-predicted current through each switch
in the tuner for a 20-W input power across all frequencies and
tuner states. A maximum current of 0.82 ARMS is observed
at 2 GHz for the state with all switches ON (111111, state 63)
when providing a 20-W input power. Providing any higher
power level to the input of the tuner will cause higher branch
currents to be observed, thus exceeding the current limit for
the switch in state 63. Thus, this indicates that the RF power
handling of the tuner is expected to be at least 20 W for all
frequencies and states.

Interestingly, the high current states in the tuner occur at
the ends of the octave tuning bandwidth. As discussed with
the coverage versus loss tradeoff in Section II at 2 GHz, the
inductor states present their highest susceptance, causing the
most significant current to flow across the switches and then to
ground. Likewise at 4 GHz, the capacitors states present their
highest susceptance causing the most significant current to
flow across the switches and then to ground. This relationship
with current and loss versus coverage causes the limiting
power handling of the tuner to occur at the ends of the band.

With a well-developed model, a series of measurements
was performed to verify the model accuracy. The high-power
measurement validation setup is shown in Fig. 18. The setup
consists of a signal generator, amplifier, circulator, coupler,
tuner, 50-dB load, and a signal analyzer. The signal generator
and amplifier were selected to be able to deliver high power to
the input of the tuner. A coupler was used in the measurement
chain to verify the exact power that is available to the tuner as
the measurement is performed. The signal analyzer was used
to monitor the performance of the states and to observe failure
when it occurs. Finally, the circulator and the 50-dB attenuator

Fig. 18. High-power measurement setup.

TABLE II

HIGH-POWER MEASUREMENT RESULTS

are used in the setup to protect the PA from reflected power.
The input power to the tuner was increased in 5-W increments,
starting at 10 W, until failure. The RF power was transmitted
through the tuner for several seconds to establish successful
operation at each power level tested.

The assembled test bench was used to perform three differ-
ent tests to verify the accuracy of the tuner model. The Zant

value of ∗ the first test required a non-50-� output impedance
to the tuner and state 16 at 4 GHz. A good conjugate match
and high current state were attainable for this scenario. This is
a capacitor state, so it also was a higher current state to allow
for easier failure within the framework of the test bench. The
second and third tests resulted in 50-� output impedance to the
tuner at 2 GHz for two different states. The states tested were
states 5 and 16. The purpose of these tests was to measure a
low current state (state 16 at 2 GHz) and a multiswitch ON

state (state 5 at 2 GHz). The results of these measurement
tests are outlined in Table II.

The failure powers of the three tests match closely with
the expected failure power in the model. Test 3 shows how a
low current state can reach much higher power levels before
failure. The high power handling for this state is representative
of other low current states in the tuner. In Test 3, the tuner
successfully operated up to 70 W without failure. However,
when ramping up the input power to the tuner beyond 70 W,
dielectric air breakdown occurred causing the board to spark
when no plasma switches ON. Thus, the measurement was
stopped, and Table II reports the highest successful input
power. Overall, the tests show that the 2.5-D EM plasma-
switched tuner model accurately predicts the power handling
of the impedance tuner design, especially at lower power han-
dling states where electromigration failure occurs. The lower
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Fig. 19. Model estimated input power handling of the tuner from 2 to 4 GHz
given a 0.82-ARMS current limit for the chiplets.

bound of power handling is the main interest in this investiga-
tion since the tuner power handling is defined as the highest
power level that all states can operate without failure in any
given scenario. With confidence in the accuracy of the model,
we can draw overall power handling conclusions on the tuner
over frequency and Smith chart position.

The power handling of the tuner was estimated over fre-
quency and then impedance position. After first conducting
several simulations and sweeping input power to the tuner
model, MATLAB postprocessing was used to determine the
estimated power handling at each 10-MHz frequency step
over the entire octave bandwidth of the tuner. Fig. 19 shows
the estimated power handling of the tuner given a 0.82-ARMS

current limit for the chiplets since this estimate successfully
predicted the approximate power of tuner failure in the pre-
viously described measurements. Given the current limit for
the chiplets, lower susceptances of branches provide higher
power handling, albeit at the expense of reduced Smith chart
coverage.

Based on this analysis, Fig. 19 shows that the tuner can
handle up to 68 W at 3.3 GHz. Furthermore, the tuner is shown
to handle greater than 40 W over a bandwidth greater than
half an octave. As described previously, the ends of the octave
tuning bandwidth possess the lowest estimated power handling
due to the tradeoff in the tuner design, showing power handling
from 20 to 30 W at these frequencies. Overall, the tuner can
handle at least 20 W of input power over the entire frequency
band and over a 40-W power handling ability for greater than
a half-octave of bandwidth in the tuner design.

Fig. 20 shows the power handling values for each of the
attainable impedances from 2, 3, and 4 GHz on the Smith
chart. In general, the power handling of the tuner can vary
greatly from state to state with the best power handling
impedance points near the center of the Smith chart. If desired,
knowledge of the power handling capabilities of the tuner
at different impedance combination points can be utilized
to avoid matching at high current states. This would further
improve the power handling of the tuner, as many impedance

Fig. 20. Smith chart coverage power handling contour plot from the
simulation model on the same color scale in watts at (a) 2, (b) 3, and
(c) 4 GHz.

points achieve greater than 50-W power handling at each
frequency of interest.

Table III compares the demonstrated plasma-switched
impedance tuner to other state-of-the-art tuners in the lit-
erature. While a numerical comparison has been provided,
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TABLE III

IMPEDANCE TUNER COMPARISON

it should be kept in mind that the tuner of this present article
was designed for an octave tuning bandwidth, significantly
greater than many of the tuners in the comparison table.
The plasma-switched tuner possesses an entire octave tuning
bandwidth and high power handling of at least 20 W while
providing superior reconfiguration speed over other high-
power tuners. In addition, good Smith chart coverage and low
tuner loss are maintained over an octave of tunable bandwidth.
This tuner provides significant advancements in meeting the
requirements needed for an impedance tuner design. Further-
more, over the same size fractional bandwidth as the Perez
varactor tuner [13], the advantage in power handling in the
plasma-switched impedance tuner becomes clear. The last line
of Table III shows this: over the 2.84-3.56-GHz subband,
the performance in switching speed, loss, and coverage is
maintained, while power handling of the tuner increases
to 43 W over all states and frequencies, nearly twice the
power handling of the tuner in [13]. Additional improvements
may have been obtained if the tuner were designed for this
same operating bandwidth. Further improvement in Smith
chart coverage would also be expected if our plasma-switched
tuner design was developed for the same 2.84–3.56-GHz
subband since the required tunable bandwidth would be much
smaller. Table III shows advantages in tunable bandwidth,
power handling, and switching speed while providing good
loss and coverage. This real-time high-power impedance tuner
will be a vital component in a cognitive radar system allow-
ing maximum out power to be obtained with pulse-to-pulse
reconfiguration, which provides the radar the freedom to
quickly shift its operating frequency without the degradation
of detection range.

VII. CONCLUSION

An S-band plasma-switched impedance tuner, with an
octave tuning bandwidth, has been demonstrated to have good
Smith chart coverage, low loss, real-time switching speeds, and
high power handling for real-time RF matching applications.
The tuner demonstrates 30% Smith chart coverage and only
a 2.5-dB average tuner loss while maintaining a fast 26.7-μs
switching speed and 20-W power handling over all frequencies
and states. Furthermore, the power handling of the tuner is
shown to have over 40-W capabilities for more than half of

the octave tuning range, and power handling measured as
high as 70 W. With the tuner demonstrating the ability to
completely search and reoptimize in about 300 μs, on average,
this provides superior reconfiguration times along with high
power handling over a broad tunable bandwidth in a single
tuner design. An approach for designing a switched-network
impedance tuner has been provided and can be utilized in
expanding this design approach to meet other tuner specifica-
tions. This tuner technology and design approach will enable
radar systems to change frequencies and reoptimize perfor-
mance on a pulse-to-pulse basis in many cases while pro-
viding frequency agility and maintaining maximum detection
range.
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