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Abstract— The efficiency of a wireless powering system is 

maximized when the power transmitter power-added efficiency 

(PAE), power receiver conversion efficiency (C) and wireless 

coupling efficiency (W) are maximized. This paper focuses on a 

general approach to the design of an efficient transmitter and 

receiver of a high-power wireless powering system, which is valid 

for any type of wireless power coupling. Experimental results for 

high-efficiency power transmitters and receivers at various 

frequencies and with various power levels are discussed.  

Keywords-wireless power transfer, rectifier, amplifier, high 
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I.  INTRODUCTION  

Wireless powering systems, whether inductive [1], resonant 
[2], high-directive beaming [3,4], omni-directional rf flooding 
[5] or multi-mode guided wave [6] all contain a DC to AC (RF) 
converter, an electromagnetic wireless power transfer method, 
and an AC (RF) to DC converter. Higher power levels with 
near-field reactive electromagnetic coupling are typically used 
for applications such as automobile powering, while plane 
waves carrying ultra-low power levels are scavenged or 
harvested from known transmitters typically in the UHF or 
microwave range [7,8]. High power levels are also used in 
some beaming applications with plane waves and directive 
antennas or arrays [9]. Powering of personal devices and 
implants is usually performed at medium power levels 
inductively [10,11], though multi-mode cavities have also been 
proposed [6].  

At the receiver end, for low power levels, Schottky diodes 
have been used almost exclusively for rectifiers integrated with 
antennas with relatively high demonstrated efficiencies at as 
low as 1uW/cm

2
 incident power levels, e.g. [11]. In the UHF 

and microwave frequency range, diodes have power 
limitations, and power rectifiers are made either with 
distributed rectenna arrays or can be also implemented with 
transistors, e.g. [12].   

In the case of low-power wireless powering, the 
efficiencies are not critical since the power levels are not 
expensive to produce and do not result in heating. In this case, 
the efficiency is maximized at the receiver in order to turn on 
the rectifying element and enable charging of a storage device 
[5]. In the high-power case, efficiency is much more relevant, 
as the power dissipation can be very large. In order to optimize 

efficiency of the wireless powering system, the individual 
efficiencies of the transmitter, electromagnetic power transfer 
and the receiver need to be optimized. Additionally, in the case 
of near-field power transfer, the receiver and transmitter are 
coupled and this loading needs to be taken into account.  

This paper aims at presenting state-of-the-art results in 
transmitter and receiver efficiencies at frequencies in the S and 
X bands for power levels greater than 5 W, using GaN device 
technology.  Figure 1 below shows the general system block 
diagram. The transmitter can be viewed as a DC to RF 
converter, and although fundamentally this is an oscillator, in 
reality the transmitter efficiency will be dominated by the 
power-added efficiency (PAE) of the final stage power 
amplifier. The output signal can be modulated with some lower 
frequency, as indicated in the DC path, though it can also be 
accomplished through the input path. The wireless power 
transfer is performed electromagnetically and can be 
represented by an equivalent network which can either couple 
the transmitter and receiver, or one which isolates them. The 
power receiver is a power amplifier operated as a rectifier. The 
DC power at the output is delivered to a resistive load. The 
rectifier stage can be synchronous, requiring an input signal 
which reduces overall efficiency, or self-synchronous with no 
input signal.  

 

Figure 1. General block diagram of a wireless power transfer system, including 
the transmitter final stage power amplifier, the wireless power transfer block 
and the power receiver block. In this paper, high-efficiency power amplifier 
circuits are used for both the transmitter and the power rectifier. The DC output 
is delivered to a resistive load, discussed later in the paper.  

The paper first discusses efficient power amplifier 
transmitter design, followed by an investigation of efficient 
power rectifier design and characterization. A duality between 
the transmitter and receiver is then presented, concluding with 
a discussion of future technology trends related to efficient 
wireless powering system components.   
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II. HIGH-EFFICIENCY POWER AMPLIFIERS 

    The efficiency of the transmitter in Fig.1 is dominated by 

the PAE of the final stage amplifier. At lower microwave 

frequencies, hundreds of watts are achievable with low-cost 

LDMOS devices with efficiencies above 50%, while the best 

demonstrated efficiencies with 10-100W output power levels 

at S-band have been demonstrated with GaN HEMTs. A good 

overview of current status of power amplifiers using various 

technologies can be found in [13]. In this paper, we focus on 

GaN high efficiency harmonically-terminated PAs for wireless 

transmitters, which have also been characterized as power 

rectifiers: (1) an S-band 7-W PA using a 0.25um GaN device 

and (2) a 3-W X-band PA using a 0.15um GaN device.  

     In [14], a PA based on the Triquint TGF2023-02 HEMT 

12-W bare die, is demonstrated to exhibit 7 W output power 

and over 84.6% PAE with a drain voltage of 31 V and a RF 

signal at 2.14 GHz. The drain matching of the transistor is 

designed to produce class-F 
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 time-domain waveform at the 

transistor’s output reference plane. The gate matching is a 

resonant circuit at 2.14 GHz. This PA is implemented in a 

hybrid circuit, and was characterized as both a PA and a 

rectifier, discussed in the next section.  

 
Figure 2. Photograph of a 10-GHz single-stage PA with complex harmonic 

terminations designed for high efficiency with 3W output power. The 
amplifier itself measures less than 2.5x2.5mm, though the chip is larger due to 

reticle dimensions and layout. Test devices are in the lower left corner.     
 

    Many researchers have detailed design of various 

harmonically terminated PA classes, such as F, F
-1

, E, J, etc. 

and continuous classes of operation. All these classes assume 

fixed harmonic terminations which are either short or open 

circuits. A more general discussion is given in [15] for 

arbitrary complex-valued harmonic terminations, and this 

method was used in the design of a 10-GHz MMIC PA in the 

TriQuint 0.15um GaN on SiC process. This MMIC is shown 

in Figure 2 and its performance in Figure 3. The device is 

biased in Class-B operation in deep pinch-off. The best 

performance is measured at 10.2 GHz with peak PAE of 69% 

with POUT = 2.7 W and a peak POUT = 3.7 W with PAE = 56%. 

The large signal gain of this PA is G = 8 dB, and over a 

bandwidth of 600MHz the PAE > 60%. This state-of-the-art 

MMIC PA is also characterized as a rectifier as discussed in 

the next section.  

 

 

 

 

 
Figure 3. Measured performance of the MMIC GaN PA at 10.2GHz. 

 

III. HIGH-EFFICIENCY POWER RECTIFIERS 

High-efficiency harmonically terminated rectifiers with 
diodes and transistors at S-band frequencies were first 
discussed in [16]. A synchronous power rectifier at UHF 
frequencies was then demonstrated in [17], and a self-
synchronous rectifier with >80% efficiency was discussed in 
[18], where the 2.14GHz PA from the previous section was 
tested in rectifier mode.  

 The setup for characterizing the PA as a rectifier is shown 
in Figure 4. The power is input into the drain, with the drain 
bias turned off and a resistor load connected to the drain bias 
Tee. A 4-channel receiver (LSNA) is used to measure the time-
domain waveforms at the input and output, and a passive tuner 
augmented by an active loop provides a wide range of 
impedances at the gate terminal of the transistor PA. The DC 
load resistor RD is varied for optimal performance, as is the RF 
load at the gate. The gate is biased in cutoff. The input power 
into the drain is of the same order as the output power when the 
device operates as a PA. 

 

 
 

 
Figure 4. Block diagram of test setup for characterizing PAs as rectifiers using 

a 4-channel receiver (LSNA, or SWAP). The gate RF impedance and DC 
resistor at the drain are adjusted for optimal RF to DC conversion efficiency.  
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The PA from [14] was tested as a rectifier and demonstrated 

an output power of 10W with 85% conversion efficiency when 

operated in self-synchronous mode into a 98-ohm DC load , as 

detailed in [16].  

The PA from Figure 2 was tested as in Figure 4 and its 

efficiency as a rectifier is shown in Figure 5 as a function of 

available RF power at the drain input and for a load of 

100ohms. The input impedance at the drain was measured as a 

function of input power and is shown in Figure 6. We can 

conclude from these results that the PA and rectifier 

efficiencies are very close, that the rectification efficiency is 

low for low input power and that the impedance looking into 

RF drain (rectifier input) varies with input power, which will 

have an effect on near-field wireless power transfer systems 

and needs to be carefully characterized.  

 

 

 

Figure 5. Measured rectification efficiency of the X-band MMIC PA 
from Figure 2 at 10.2GHz with a fixed 100-ohm DC load and an 
optimal RF load at the gate. The gate is biased in cutoff at -4V. 

 

 

 

Figure 6. Measured input impedance looking into the drain of the PA 
operating as a rectifier at 10.2GHz as a function of input power.  

 

 

 

 

IV. DISCUSSION AND CONCLUSIONS 

In conclusion, it is possible to operate a high-power high-

efficiency power amplifier as a high-efficiency power 

rectifier. This property can be theoretically derived under ideal 

assumptions using Fourier analysis as shown for class F
-1

 

mode case in [16]. This is made possible by the fact that a 

rectifier and amplifier have inverse currents, sometimes 

referred to as “time-reversal”. It is important to note that this 

duality is true for any class of operation: if one can design an 

efficient PA with an output power Pout, it will operate as an 

efficient rectifier when Pout is input into the drain port.  

      It would be interesting to show these waveforms in 

simulations using a nonlinear transistor model. Unfortunately, 

most transistor models do not adequately describe the 

performance for negative drain currents in the 3
rd

 quadrant of 

the IV characteristics. Such a model can however be found in 

[19], so simulations were performed with this 8x75_m GaN 

HEMT model. This non-linear model includes : non-linear 

capacitances Cgs, Cgd and Cds ; gate-souce and gate-drain 

diodes ; breakdown and trapping effects ; and reproduces the 

I-V characteristics for positive and negative values of the drain 

voltage. The resulting waveforms for the amplifier and 

rectifier for a class-F design are shown in Figure 7 and 

demonstrate in simulation the PA-rectifier duality.  

 

 
Figure 7. Simulated time-domain waveforms at the virtual drain of a 

class-F PA (top) and same PA operating as a self-synchronous 

rectifier (bottom) show dual operation with inverse current but the 

same shape of waveforms, which will result in the same high 

efficiency due to the short overlap between the voltage and current. 

The simulations are done at 2GHz in this case.  
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Some important conclusions relevant to wireless powering 

systems can be drawn from the results presented in this paper 

as follows: 

 High-efficiency PA design techniques can be used to 

design both an efficient transmitter and efficient 

receiver for moderate and high-power wireless 

powering systems; 

 For high-coupling coefficient near-field reactive 

power transfer, the same PA circuit can be used as a 

rectifier, and the rectifier-PA loading needs to be 

taken into account in circuit design; 

 For far-field beaming, the power at the receive end 

needs to be calculated  and a PA scaled in power 

compared to that at the transmit end is the most likely 

resulting requirement; 

 Although the results in this paper were focused on an 

X-band MMIC GaN implementation, the 

methodology is general and applies to any frequency, 

any device technology and any type of circuit 

implementation and electromagnetic coupling 

between transmitter and receiver.  

 

In the final version of the paper, the experimental efficiency of 

a complete wireless powering system based on the X-band 

MMIC PA from Fig.2 will be discussed.  
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