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Abstract—The design and implementation of a first
generation evanescent-mode cavity impedance tuner for
reconfigurable radar transmitters is presented. The impedance
tuner is capable of handling 90 W of radio-frequency (RF)
power. The tuner can be used as a reconfigurable load matching
network for an amplifier device to maximize the power-added
efficiency (PAE) while meeting adjacent-channel power ratio
(ACPR) or spectral mask constraints. Algorithms expected to be
useful in fast tuning of this device are described, including a
modified gradient approach for the optimization of the PAE
while meeting constraints on the ACPR. Instead of tuning based
on the reflection coefficient, which requires pre-characterization
of the tuner, the resonant cavity position numbers of the tuner
can be directly adjusted. Initial results are shown using an
interval-halving search for optimization of PAE that directly
tunes the cavity position numbers to optimize the tuner. This
search is more resilient to drift and other repeatability issues that
influence characterization. The fast optimization of this tuner is
designed to give radar transmitter power amplifiers frequency
agility in congested spectral environments.
Keywords—Evanescent-mode cavity resonator, power amplifier,
optimization, impedance tuner, reconfigurable circuit, radar
systems, spectrum

I. INTRODUCTION
Future radar systems must be adaptive and reconfigurable
to meet the demands of the dynamic wireless spectrum.
Spectrum allocation is moving toward a dynamic spectrum
access model, where spectrum is allocated in real time based
on needs of members of a system of systems. Adaptive radar
[1]-[2] and cognitive radar [3]-[4] systems are capable of
responding dynamically to the surrounding environment. To
implement an adaptive and reconfigurable radar transmitter,
the RF circuitry of the radar transmitter must
be
reconfigurable [5]. Because of the large amount of power
required by the transmitter’s power amplifier, its efficiency is
of significant importance, and its performance can be
maximized by tuning it in real-time with a tunable matching
network [5]-[6].
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While reconfigurable amplifiers have been widely
demonstrated for use in communication systems, their use for
radar transmitters has been viewed with skepticism due to the
high power-handling requirements of radar applications.
However, recent developments in tunable circuits show the
potential for higher power handling [7]-[8]. We recently
demonstrated an evanescent-mode (EVA) cavity tuner capable
of handling 90 W of RF power [9]. This demonstrates
significant advancement of the state-of-the-art toward power
levels necessary for radar applications. Plasma devices may be
used in the future to further increase output power capabilities
[10].
II.

NEXT-GENERATION RADAR TRANSMITTER

The work described herein has been performed to develop
capabilities for reconfigurable amplifiers in the framework of a
next-generation radar transmitter concept illustrated in Fig. 1
[11]. A reconfigurable amplifier with a tunable load matching
network will be needed in order to optimize the amplifier
performance for dynamically varying operating frequency
assignments, changing bandwidths, and different waveforms
resulting from changing range/Doppler resolution objectives.
The tunable amplifier and matching network will be controlled
by an Field Programmable Gate Array (FPGA), along with a
signal generator that can vary the amplifier input waveform.
The amplifier output should be measured by an on-device
power sensor to assess output power and efficiency and a
spectrum analyzer to verify compliance with spectral
requirements.
The reconfigurable power amplifier must be able to
withstand large amounts of RF power, and must also be able to
quickly adjust the impedance presented to the amplifier device.
The amplifier is a key building block for spectrum
compatibility. To produce the large power levels needed for
radar applications with high power efficiency, the amplifier
must typically be operated in its nonlinear region, causing
significant spectral spreading due to intermodulation. In range
radar applications where a high bandwidth is desirable for good
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range resolution, this presents challenges in meeting spectral
mask requirements.

Focus of this effort

Fig. 1. Adaptive and reconfigurable radar transmitter [11]. The
reconfigurable amplifier with a tunable load matching network is the
focus of the work described herein..

The adaptive and reconfigurable radar amplifier should
ultimately be capable of simultaneously optimizing its circuitry
and output waveform to achieve (1) desirable range/Doppler
resolution characteristics, (2) high PAE, and (3) a spectrally
compliant output waveform.
III.

HIGH-POWER TUNER TECHNOLOGY

A high-power reconfigurable impedance tuner was
designed using tunable EVA cavity resonator technology
implemented in a substrate integrated waveguide (SIW).
Figure 2 shows the layout of the tuner, composed of two
coupled and independently controlled resonant cavities. In
each resonator, a piezo actuator can move up and down to
adjust the resonant frequency of the tuner by changing the gap
size over a capacitive post in the center of the resonator. The
piezo discs are placed atop silver epoxy layers, which sit on top
of copper foils. Figure 3 shows a multilevel layout of the
impedance tuner with dimensions. The height of each cavity is
1.27 mm, with cavity radius of 6.6 mm and post height of 1.5
mm. The total board thickness is 1.34 mm [9].

Fig. 3. Tuner multilevel layout , including capacitive posts, with
dimensions, reprinted from [9].
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Fig. 4. Discernment of the resonant frequency using a monitoring
resonator, oscillator, and frequency divider (similar to [8]).

The two-pole impedance tuner, implemented using the SIW
structure, is shown in Fig. 5, where coaxial connectors are
employed for external connections. Figure 6 shows the
completed tuner system, including the tuner with monitoring
resonators, the oscillator and frequency divider, a charge pump,
a FPGAcontroller, and a Universal Serial Bus (USB) interface.
This tuner was packaged for simple portability, as shown in
Fig. 7.

(a)

(b)

Fig. 5. Resonant impedance tuner circuit, including (a) bottom view
and (b) top view including the attached piezo discs. Reprinted from
[9].

Fig. 2. Substrate integrated waveguide cavity resonator tuner layout

Monitoring and control functions are performed using a
monitoring resonator placed atop the tuning resonator. As the
disc is raised, increasing the gap of the primary resonant cavity,
the gap of the monitoring resonator is decreased, lowering its
resonant frequency. As such, the decrease in resonant
frequency of the monitoring resonator can be used to determine
the increase in resonant frequency of the primary resonator.
Figure 4 shows that the monitoring resonator is the reference
for an oscillator. The oscillator’s output is frequency divided
todiscern the frequency of oscillation and this information is
provided to a control system [8].
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Fig. 6. Complete impedance tuner system, including the tunable
circuit with monitoring resonators, the oscillator and frequency
divider, anFPGAcontroller, and a USB interface. Reprinted from [9].
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Fig. 7. Packaged impedance tuner system with SMA input and output
connectors

A tuner characterization was performed to assess the
coverage of the Smith Chart. Simulated and measured values
of the tuner input reflection coefficient at 3.3 GHz are shown
in Figures 8(a) and 8(b), respectively. The tuner demonstrates
excellent coverage of the Smith Chart, with the exception of a
small circle in the upper right corner. This “circle of
unreachable reflection coefficient states” can be rotated to any
desired location, where it will then be away from the region of
interest, by placing a variable phase shifter between the
amplifier device and the tuner in the final system.

(a)

(b)
Fig. 9. (a) Transmission coefficient magnitude (a) versus input power
and (b) over frequency for different input power values.

IV.

(a)
(b)
Fig. 8. (a) Simulated (reprinted from [9]) and (b) measured tuner
input reflection coefficient values at 3.3 GHz

Figure 9 demonstrates the power handling capability of the
device. Figure 9(a) shows that the tuner loss is nearly constant
until 40 dBm (10 W) of input power and then starts to increase.
This increase is actually related to the compression of the
employed power amplifier for this measurement. No gas
breakdown, which is the main concern of high-power
capability, was observed, which indicates that the device can
provide reliable performance up to at least 90 W. Figure 9(b)
shows the tuner transmission coefficient over the frequency
range from 2 GHz to 4.5 GHz at different values of input
power. This measurement shows that the tuner possesses good
transmission in a 50 ȍ environment (using large ȁܵଶଵ ȁ as the
metric) from near 2.9 GHz to 3.3 GHz with input power up to
about 90 W.

FAST OPTIMIZATION ALGORITHMS FOR TUNER USE

The tuner can be optimized using a direct constrained
optimization search algorithm, as described initially by Fellows
[12] and applied to the high-power tuners by Hays [13]. The
algorithms are based on estimating the gradients of the PAE
and ACPR, as shown in Fig. 10. The gradients are estimated
by measuring ʒ just to the right and just above the candidate
ʒ in the Smith chart. From the gradient estimations of 
(PAE gradient) and ( ܽACPR gradient), the optimum travel
directions for PAE and ACPR are given as follows,
respectively [12]:

ǡ ሺͳሻ
ȁȁ
ܽ
ܽො ൌ െ
Ǥ ሺʹሻ
ȁܽȁ
Ƹ ൌ

Fig. 10. Neighboring-point measurements for estimation of the PAE
and ACPR gradients in the Smith chart

Equation (2) contains a negative sign, because the optimum
ACPR direction is in the direction of ACPR steepest ascent,
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whereas the optimum PAE direction is in the direction of PAE
steepest ascent and does not require a negative sign.
The goal of the optimization is to find the value of ʒ that
obtains the maximum PAE while providing an ACPR less than
a pre-specified constraint value, ܴܲܥܣ௧ . The construction
of the search vector ݒҧ to the next candidate is based on the Ƹ
and ܽො vectors as follows [12]:

addition to the standard Smith Chart, which is shown in the
horizontal plane. Figure 13 shows the Power Smith Tube and
the Bias Smith Tube.

ݒҧ ൌ ܽොܦ  ܾܦ ǡሺ͵ሻ
for cases where  ܴܲܥܣ ܴܲܥܣ௧ (out of compliance) and
ݒҧ ൌ Ƹ ܦ  ܾܦ ǡሺͶሻ
for cases where  ܴܲܥܣ ܴܲܥܣ௧ (in compliance). The
magnitudes of the vector components are defined as follows
[12]:
ܦ௦ ȁܴܲܥܣௗ െ ܴܲܥܣ௧ ȁ
ǡሺͷሻ
ܦ ൌ
ʹ ȁܴܲܥܣ௪௦௧ െ ܴܲܥܣ௧ ȁ
ܦ௦ ȁߠௗ െ ͻͲιȁ
ܦ ൌ
ǡሺሻ
ͻͲι
ʹ
Figure 11 shows the search vector construction in the two
scenarios.

(a)
(b)
Fig. 11. Search vector construction for (a) ACPR out of compliance
and (b) ACPR in compliance. Reprinted from [12] for convenience.

Prior to demonstration on the high-power tuner, the search
algorithm was successfully demonstrated using a traditional
load-pull measurement test bench with mechanical tuners from
Maury Microwave. A Skyworks packaged amplifier was used
as the device under test. Figures 12 and 13 show fast search
algorithm measurement results starting from two different
starting ʒ values [12]. The fast measurement search starting
from ʒ ൌ 0 converges in only 13 measurements (Fig. 12(a)),
while the fast measurement search starting from ʒ ൌ0.9/180°
converges in only 22 measurements. Both results attain similar
PAE values (6.881% and 6.529%, respectively) [12].
In using this algorithm on the high-power tuner, several
issues come to bear. These include the repeatability and
stability of the tuner, as well as the characterization density.
However, the ʒ based search algorithm is still effectively used
through the use of some strategic techniques, described in a
recently submitted journal manuscript [13].
Device input power [14] and bias voltage [15] can be cooptimized with load impedance to obtain even better efficiency
results and spectral performance. The Smith Tube allows the
plotting of an additional component as a vertical axis in
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(a)

(b)

Fig. 12.
Skyworks packaged amplifier fast search algorithm
measurement results from starting points (a) ʒ ൌ 0, (b) ʒ ൌ
0.9/180°. Reprinted from [12].

(a)
(b)
Fig. 13. (a) Power Smith Tube [14] and (b) Bias Smith Tube [15]

The PAE and ACPR are significantly dependent on ʒ ,
input power ܲ , and, for a field-effect transistor (FET), both
the drain-source bias voltage ܸௌ and the gate-source bias
voltage ܸீௌ . As such, the quickest way to find an optimum
solution is to tune the parameters simultaneously.
Figure 14 shows results from a simultaneous optimization
of ʒ and ܲ in the Power Smith Tube for a Microwave
Technologies MWT-173 FET. The search was performed to
maximize PAE while maintaining ACPR  -40 dBc [14].
In tuning the resonant cavities, another approach is to
directly tune the resonant cavity position numbers, as described
in a recent conference paper [16]. This removes the issue of
the characterization’s repeatability, which is based on the
tuner’s sensitivity to movement and temperature changes. A
first-step experiment was performed by optimizing only for
PAE, with no ACPR constraint. An interval-halving approach
to optimizing the resonant cavity position numbers for
maximum PAE is shown in Fig. 15. The interval halving is
performed first on the position number for cavity 1 ( ݊ଵ ),
followed by the position number for cavity 2 (݊ଶ ). For each
position number, ݊, the minimum value ݊ and maximum
value ݊௫ are specified. A measurement is then performed at
the center position number of the interval (݊ ). A value is then
measured at a slightly greater value ݊  ݊ . If the PAE value
is greater at ݊  ݊ , then the interval is halved upward,
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nonconvexities often observed in the ሺ݊ଵ ǡ ݊ଶ ሻ plane. An
approach to optimize ʒ using a characterization of the highpower tuner is also discussed in a recent paper submission
[17].
8.3
8.2
8
(GHz)͵ሻ
݊fଶ2 ሺൈͳͲ

selecting ݊௫௧ as the next point for measurement halfway
between ݊ and ݊௫ , as shown in Fig. 15(a). If instead the
PAE value is lower at ݊  ݊ than at ݊ , then the interval is
halved downward, with ݊௫௧ selected as the next point for
measurement halfway between ݊ and ݊ , as shown in Fig.
15(b). The interval halving process continues successively
until the PAE changes less than 1 percent in moving from the
center point of one interval to the center point of the next
(smaller) interval during the halving process [16].

END

7.8
7.6

START

7.4
7.2
7

6.8
6.5 6.6 6.7 6.8 6.9 7 7.1 7.2 7.3 7.4
f 1 (GHz)
͵

݊ଵ ሺൈͳͲ ሻ

Fig. 14. Fast joint optimization of ʒ and ܲ using the Power Smith
Tube from starting point ʒ ൌ 0.9/0°, ܲ = 0 dBm. The search
endpoint is ʒ ൌ 0.77 / 176.4° and ܲ ൌ 21.21 dBm, giving PAE =
41.44% and ACPR = -40.05 dBc. Reprinted from [14].

Fig. 16. Resonant cavity position number interval-halving search
measurement results for an MWT-173 FET at f = 3.3 GHz, ܸீௌ ൌ 1.5 V, ܸௌ ൌ 4.5 V, and ܲ ൌ 14 dBm. A maximum PAE of
20.78% was found for ݊ଵ ൌ 7147, ݊ଶ ൌ 7902 (estimated ʒ ൌ
0.10/148.5°), with 22 total measurements. Reprinted from [16].

START

݊  ݊
݊

݊

݊௫௧

݊௫

END

(a)

݊  ݊
݊

݊௫௧

݊

݊௫

(b)
Fig. 15. Tuner search algorithm using interval halving of each
resonant cavity position number ݊. Interval halving is performed
successively for ݊ଵ , the position number of resonant cavity 1, and ݊ଶ ,
the position number of resonant cavity 2. Reprinted from [16].

Figure 16 shows the results of an interval halving search
performed for an MWT-173 FET with bias ܸீௌ ൌ -1.5 V, ܸௌ
= 4.5 V, and ܲ ൌ 14 dBm. The search converged to a PAE
of 20.78% at ݊ଵ ൌ 7147, ݊ଶ ൌ 7902, with a total of 22
measurements in the search. The Smith Chart trajectory for
the search (plotting the values of ʒ corresponding to the
combinations ሺ݊ଵ ǡ ݊ଶ ሻ used in the search) is shown in Fig. 17.
Ongoing research involves the development of a
constrained vector-based modified gradient algorithm that will
effectively work in the resonant cavity position-number plane.
Some challenges have resulted from trying to incorporate the
modified gradient search algorithm used previously in the
Smith Chart to the ሺ݊ଵ ǡ ݊ଶ ሻ plane, due to contour

978-1-5386-4167-5/18/$31.00 ©2018 IEEE

Fig. 17. Smith chart search trajectory for the Fig. 16 search.
Reprinted from [16].

V.

CONCLUSIONS

A reconfigurable EVA cavity tuner capable of handling 90
W of RF power has been demonstrated, along with
optimization algorithms that will be useful to provide real-time
reconfigurability. The tuner has been designed as a first step
toward constructing an adaptive, reconfigurable radar
transmitter. An interval-halving search using direct tuning of
the resonant cavity position numbers is demonstrated to
maximize the PAE of the amplifier device. In addition, a
vector-based,
modified
gradient
search
previously
demonstrated using traditional load-pull tuners is expected to
be used in maximizing the PAE while meeting the constraints
of the ACPR . Fast optimization techniques will allow the
tuner to adjust its behavior in response to dynamically
changing spectral requirements in a congested spectral
environment.
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