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In this work, UHF class-E power amplifiers and rectifiers
are designed and properly combined to implement AC-to-RF
and RF-to-AC converters for the wireless transmission of a
50/60 Hz utility waveform without the need of intermediate
conversions to DC. After a brief overview of the system,
design details and measurements over both converters will
allow validating the proposed approach.

II. SYSTEM OVERVIEW

In Fig. 1, a simplified diagram of the proposed AC WPT
architecture is presented. On the transmission side, a center-
tap full-wave rectifier, widely employed for AC-to-DC
conversion, is slightly modified. Instead of connecting the two
diodes back-to-back by the cathode, each rectifying branch is
used to dynamically bias the drain terminal of a class-E RF
PA. Being that the amplitude of its output voltage, Vou, is
proportional to the employed supply voltage, Vpp, as
theoretically described through eq. (1) from the assumptions
taken in [4], these PAs could implement a high-level
amplitude modulation (AM) over a 915 MHz carrier with each
of the semi-cycles of the utility waveform. An auxiliary AC-
to-DC converter, dealing only with a small portion of the
power to be transmitted and not included in the diagram for
simplicity, would be required to bias the 915 MHz oscillator.
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Fig. 1.  Simplified diagram of the proposed AC WPT architecture,
combining AM modulation with the use of orthogonal linear
polarizations.
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Selecting orthogonal antenna polarizations for the
transmission of the AM signals (horizontal and vertical
polarizations in the case of the 4x1 array of dual-fed aperture-
coupled square patches in the diagram of Fig. 1), both semi-
sinusoids may be recovered in the remote position thanks to
the use of class-E rectifiers (diode- or transistor-based,
depending on the available power levels). Connected to the
orthogonal ports of a single patch of the same type, they
would operate in this scenario as highly efficient envelope
demodulators. With the aid of an additional center-tap
transformer, used as a sort of 180° hybrid combiner [5], the
desired AC component may be properly boosted in amplitude
while extracted from the A port. The remaining common mode
DC component could be also obtained through the center tap
or X port.

III. AC-TO-RF AND RF-TO-AC POWER CONVERSION
A. Class-E Power Amplifiers

A packaged GaN HEMT device from Cree Inc., the
CGH35030F, with an equivalent measured capacitance, Coy =
3.6 pF at 915 MHz, and a breakdown voltage over 120 V, was
selected for the class-E PA design. In Fig. 2a, its schematic is
presented, together with the employed values. A lumped
element multi-resonant version of the transmission line
topology in [6] was followed, where the series resonant
circuits may be combined with a parallel tank and a small coil
in order to synthesize the desired open-circuit terminations at
the third and second order harmonics, respectively.
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Fig. 2. Designed class-E PA. a) Schematic, including coil and

capacitor values. b) Vas-to-AM measured profile, with the overall
efficiency, 7ov = 100-Pou/(PpctPin), included.

As it can be appreciated from Fig. 2b, the amplitude of the
output voltage, measured across a 50 Q load, follows Vpp in a
highly linear way, with the overall efficiency over 80% along
a significant 19 V range. Considering the peak of the zero
voltage and zero voltage derivative switching (ZVS & ZVDS)
waveform may be as high as 3.562-Vpp, a reliable operation
up to a drain biasing voltage of 34 V may be perfectly
possible.

B. Parallel-circuit Class-E rectifiers

According to the device employed at the transmitting side
and in order to test the proposed approach in a condition close
to the desired far-field operation (calculated to exist at
distances from the source greater than 2.6 m, according to the
array physical length), a Schottky diode of the HSMS-282
series from Avago Tech. was selected for the rectifiers.
Measured values for the parasitic resistance, OFF-state
capacitance and inverse breakdown voltage are R, =9 Q, C; =
0.76 pF and V3. = 24 V, respectively. A class-E variant with
parallel-circuit [7] was selected. The continuity of the
ZVS/ZVDS modes around:

1
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with L the finite de-path inductance, may lead to designs with
a wider frequency coverage in terms of efficiency, but also to
an improved performance under light loading conditions, of
interest for this particular application [8].

The rectifier schematic is shown in Fig. 3a, together with its
voltage transfer profile in Fig. 3b. The recovered DC voltage
linearly follows the input amplitude, as expected, except for
values below or in the range of the diode knee voltage.
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Fig. 3. Designed rectifier. a) Schematic and values. b) DC
voltage and efficiency vs. the amplitude of the 915 MHz signal.



C. Combined Power Converters

In order to modulate the PAs with each of the semi-
sinusoids of the utility waveform, a commercial off-the-shelf
(COTY) center-tap transformer with 21 V of rms voltage at the
secondary windings was selected. This would lead to 30 V
peaks in the V() waveforms, below the limit for a safe class-
E operation of the GaN HEMT. A damping 1 kQ resistance,
quite over the 34 Q value offered by the PA to its drain power
supply, was added in parallel. Not affecting the efficiency, it
avoids current discontinuities, waveform distortion and
reliability issues. In Fig. 4a, a photograph with
implementation details may be appreciated. Oscilloscope
captures of the Va(t) waveforms, together with the envelope
evolution in time at each PA output, as obtained from a VSA,
are presented in Fig. 4b. The observed waveform distortion
came from the Uninterruptible Power Source (UPS) used for
the experiments. The estimated average output power and
efficiency for both branches were of 5 W and 83.3%,
respectively. A 300 Hz bandwidth (99% of total power) was
measured for the signals to be transmitted.
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Fig. 4. AC-to-RF power converter. a) Photograph of the

implemented hardware. b) Comparison of Vua(?) and |Vou(?)| (over
50 Q), as measured with an oscilloscope and a VSA, respectively.

A photograph with details of the rectifiers and the
combining transformer is also presented in Fig. Sa. The
demodulated envelope waveforms, measured over 330 Q2 DC
loads, have been included in Fig. 5b. The approximate 20 dB

difference in level between the power provided by the AC-to-
RF converter and the available power at the inputs of the RF-
to-AC one, was set for taking into account the gains of the
transmitting array and the receiving patch, as well as the
losses of a 3 m link (in the far-field region). The measured
average efficiency was of 75.4% for each branch, resulting in
a combined AC-to-RF and RF-to-AC conversion efficiency
slightly over 60%. These values are not far from those to be
obtained for DC WPT converters, working with these power
levels and employing similar devices.

Finally, another COTS center-tap transformer was added in
order to combine the recovered waveforms in an analogous
way to the use of a transformer-based hybrid coupler at RF
[5]. A 1000-uF bypass capacitor was added in parallel to the
150 @ DC loading resistance (from the parallel of the
optimum rectifier loads) at the center tap or X port, while the
AC load in the A port was dimensioned according to the
square of the ratio between the primary and secondary wire
turns (N = 10). Unfortunately, these COTS transformers are
not generally conceived for stepping-up the voltage, but to be
operated downwards, reason why the reactance offered by the
windings to be connected to the rectifiers could be even lower
than their output impedance (close to 330 Q). This undesired
loading effect was reduced by resonating them with the use of
parallel 33-puF capacitors.
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Fig. 5. Rectifying branches of the RF-to-AC power converter. a)

Photograph with implementation details. b) Recovered semi-
sinusoids and output AC waveform from the transformer.



Despite the losses in terms of efficiency associated to this
fact, an AC signal with 32.6 V of amplitude was recovered at
its output (Fig. 5b), but with a much lower power level when
compared to the one provided by the secondary side of the
transformer in the AC-to-RF converter of Fig. 4a. The power
reduction may be associated to the link losses as well as those
in the converters, besides the undesired contribution due to a
transformer not designed for voltage step-up.

IV. CONCLUSION

The use of class-E power amplifiers (PAs) and rectifiers as
linear and efficient high-level AM modulators and envelope
detectors, respectively, have been shown to be valid for
implementing the AC-to-RF and RF-to-AC converters
required for the direct wireless transmission of the 50/60 Hz
utility waveform. Average efficiency figures of 83.3% and
75.4% have been measured for the implemented circuits,
thanks to the use of GaN HEMT and Schottky diode
technologies. Besides being amenable for the far-field
powering with higher AC frequencies, if appropriate
transformers were used instead, or for the high-level
transmission of information signals (a wideband envelope
modulator would be required [9]), the proposed architecture
may be also reconfigured to the most common DC WPT mode
if an appropriate filtering capacitor were connected to each of
the PA drain biasing terminals in the transmitter side. The
recovered DC power would appear at the X port of the
transformer in the receiving side, with the secondary windings
only acting as chokes.

ACKNOWLEDGEMENT

The authors would like to thank the Ministry of Economy
and Competitiveness by the financial support provided
through projects TEC2014-58341-C4-1-R and TEC2014-
58341-C4-2-R, co-funded with FEDER. José R. Pérez-
Cisneros also thanks the support to his stay at the Univ. of
Cantabria provided by the pre-doctoral mobility grant EEBB-
[-15-10447.

REFERENCES

[1] N. Shinohara, Wireless Power Transfer via Radiowaves,
London: J. Wiley & Sons, 2014.

[2] N. B. Carvalho et. al., “Wireless Power Transmission: R&D
Activities Within Europe,” IEEE Trans. Microwave Theory &
Tech., vol. 62, no. 4, pp. 1031-1045, April 2014.

[3] M. Starke, L. M. Tolbert, and B. Ozpineci, “AC vs. DC
Distribution: A Loss Comparison,” /[EEE/PES Transm. & Dist.
Conf. & Exp., April 2008.

[4] M. Kazimierczuk, “Collector Amplitude Modulation of the
Class E Tuned Power Amplifier,” IEEE Trans. Circuits & Syst.,
vol. CAS-31, no. 6, pp. 543-549, June1984.

[5] S. A. Maas, Nonlinear Microwave and RF Circuits, Norwood:
Artech House, 2003.

[6] T.B. Mader and Z. B. Popovic, “The Transmission-Line High-
Efficiency Class-E Amplifier,” IEEE Microwave & Guided
Wave Lett., vol. 5, no. 9, pp. 290-292, Sept. 1995.

(7]

(8]

(9]

A. Grebennikov and H. Jaeger, “Class E with Parallel Circuit —
A New Challenge for High-Efficiency RF and Microwave
Power Amplifiers,” 2002 IEEE MTT-S Int. Microwave Symp.
Dig., vol. 3, pp. 1627-1630, June 2002.

K. Niotaki, A. Georgiadis, A. Collado, and J. S. Vardakas,
“Dual-Band Resistance Compression Networks for Improved
Rectifier Performance,” IEEE Trans. Microwave Theory &
Tech., vol. 62, no. 12, pp. 3512-3521, Dec. 2014.

J. Hoversten, S. Schafer, M. Roberg, M. Norris, D. Maksimovic,
and Z. Popovic, “Codesign of PA, Supply, and Signal
Processing for Linear Supply-Modulated RF Transmitters,”
IEEE Trans. Microwave Theory & Tech., vol. 60, no. 6, pp.
2010-2020, June 2012.




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /sRGB

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions false

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /PDFA1B:2005

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly true

  /PDFXNoTrimBoxError false

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<





    /CHS <>

    /CHT <>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>







    /HUN <>

    /ITA <>

    /JPN <>

    /KOR <>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-bestanden te maken die moeten worden gecontroleerd of die moeten voldoen aan PDF/A-1b, een ISO-standaard voor de langetermijnopslag \(archivering\) van elektronische documenten. Zie voor meer informatie over het maken van PDF/A-compatibele PDF-documenten de Acrobat-gebruikershandleiding. PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>





    /SKY <>



    /SUO <>

    /SVE <>





    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/A-1b, an ISO standard for the long-term preservation \(archival\) of electronic documents.  For more information on creating PDF/A compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



