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Abstract This paper provides an integrated, high efficiency, high voltage, class-F Po@mplifier (PA) for
increasing the efficiency of Ultrasonic Transducer. It also provides harmonic ter fl echnique for high
efficiency class F PA’s. The effect of different output harmonic terminations on the P@dded Efficiency (PAE)
of the PA has also been analyzed. Theoretically, high efficiency can be attained in clas operation by maximally
flattening the current and voltage waveforms at the drain of active dewce

Keywords: Ultrasound transmitter, Class-F PA, Power Added Effi \ onic Termination Network.
. INTRODUCTION 6

THE ULTRASOUND transmitter, which generates high volta ) signals to excite the transducers, is one
of the most critical components in the entire medical ul und imaging system. Most of today’s commercial
medical ultrasound machines use HV digital pulse, ipMar or bipolar) as the transmitters. These digital
pulsers, in spites of being simple, usually contajaaI®g harmonic components with a second-order harmonic
distortion (HD2) between —30 and —40 dB. e ultra-sound imaging systems have been available for
more than thirty years. Nonetheless, coNggti®gble advancement in the function of ultra-sound systems and
output display is presently underwgy. Inte®gatfon and advanced electronics play a key role in ultrasound
imaging. The advancement in deep icron CMOS technology is easily achievable for digital signal and
low-frequency signal processirj@ er, in order to reach the final goal of System-on-a-Chip (SoC)

solution, the final piece ofegu still missing — the RF front end. In fact, being the most power hungry
component of the RF fron RF power amplifier (PA). It is one of the most critical building blocks in

low power SoC integr@
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Different PA classes can be divided into two major groups: linear and non-linear PAs. Class A, AB, B and C
PA are some of the well-known linear PAs, which are distinguished primarily by their bias condition. Linear
PAs have the advantage of high linearity that is important for variable envelope modulation schemes (e.g. p/4-
QPSK). However, linear amplifiers suffer from poor maximum power efficiency which limits their
applications in low power devices. In practice, an efficiency of only below 20% can be achieved in those
systems. In contrast, non-linear PAs (also known as switched mode PAs) can achieve better efficiency. As
suggested by its name, non-linear PAs have poor linearity performance. Nevertheless, it is still acceptable for
constant envelope modulation schemes (e.g. FSK). To overcome the problem of linearity to adapt to variable
envelope systems, many linearization techniques have been proposed for non-linear amplifiers. Therefore,
their high efficiency and the development of linearization techniques, non-linear PAs have receive
attention over linear topologies in mobile communication in the last decade. Class E and F ar %
common classes of non-linear PAs. In comparison, Class E PA requires fast switching driver
required for Class-F PA. Moreover, because of relatively large switch stresses to activeQJ&mges,#Class E
amplifiers do not scale gracefully with the trend toward lower-power technology with
voltage. For these reasons, Class-F PA has drawn more attention for its easier impj#MecMa#On and better
integration with sub-micron CMOS technology. This project proposes a clear Q #abf increasing the

efficiency and resolution of ultrasound images by the use of Class F RF Power Am@lj

Il.  HARMONIC TERMINATION OF CLASS F POW@I?IER
Several design methods have been proposed to enable multi-b \( n of various circuits such as

a
impedance transformers low-noise amplifiers (LNAS), mixers, arb. he design of multi-band PAs is
challenging as stringent requirements on the efficiency, outp and linearity have to be satisfied. In
modern transmitters, harmonic-tuned PAs (e.g., class-F) are [@ed to their linear counterparts to achieve
N) should provide open-circuit impedance in the
cuit impedance at the even-order harmonics for
class-F operation. Most of the proposed HTNgmfgNglaSs-F PAs are limited to terminating up to three
harmonics. Three general approaches hav oped for multi-band operation of PAs [9]. Several PA
d

higher efficiencies. The harmonic termination network
drain of the transistors at odd-order harmonics and t

units can be connected in parallel and o Or each band, while the band selection is performed using
switches or diplexers. Another apprqgch is ™ggel on using reconfigurable components, e.g., varactors, in the
matching networks. The third appro based on employing multi-band impedance matching networks. This
approach enables concurrent op the PA at multiple frequency bands and also avoids the use of
switches or reconfigurable n@ith control voltages. Achieving multi-band operation for class-F PAs is
more challenging than line the HTN should provide proper impedance terminations for fundamental
frequencies as well as gy onics at several distinct frequency bands. The HTNs reported for concurrent
multi-band class-F P%nostly limited to two frequency bands and provide terminations for up to three

harmonic.

A method {@r ating higher number of harmonics is shown in Fig. 1(a). The drain and gate bias lines are
embedde®I™{he HTNSs. This obviates the need for the RF choke that commonly is realized using a large
indygt quarter-wavelength transmission line (TL). Thus, the bias lines are reused by the HTNs and the

rewis reduced. The HTNs ideally provide open-circuit impedance at the frequency of operation, wo,

he matching networks transform the load/source resistance into the optimum load/source impedance of

e transistor ( Z ot and Zsepe ) that maximizes the output power or efficiency. At the harmonics of wo, the
atching networks exhibit open circuit, while the HTNs are designed to provide open circuit at the odd-order
harmonics and short circuit at the even-order harmonics. The open-circuit condition of impedance matching
networks at harmonics of can be achieved by using multiple parallel LC networks inserted in series with each
other, each resonating at one of the harmonics. However, this method requires a large number of elements that
their loss, especially at the output matching network, degrades efficiency of the PA. Another method is to
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adopt a series LC network resonating at wo. This network exhibits short circuit impedance at frequency of
operation, while at the n harmonic of wo it provides reactive impedance of (n-1/n) wolL . The inductance
should be chosen large enough that this impedance can approximately provide an open-circuit condition, i.e., it
should be much larger than other impedance levels in the circuit. It should be noted that this impedance
increases with the order of harmonic, indicating that it is enough to provide the open-circuit condition at the
second harmonic. This series LC network can also be reused in the matching network for impedance
transformation. In practice, the impedance matching network at harmonics of introduces large impedance in
parallel with parasitic capacitance of the transistor that should also be absorbed into the HTN. The effects of
this impedance can be accounted for using circuit simulations. The equivalent circuit of the HTN is shown
Fig. 1(b), where C, denotes the output/input parasitic capacitance of the transistor. The network order

where n is an odd number.Depending on frequency of operation and the transistor physical | %
packaging, the parasitic inductances in series with the gate and drain terminals can also have s¢fisible &ect on
the PA performance. The output/input series parasitic inductance of the transistor can be acc fordby L.

Input

Mn — .
matching

Qutput
matching Vou
= RL

Fig. 1. (a) Proposed harmonjc t technique for class-F PAs

(b) Equivalent HTN.
IV.DIGITAL PREDISTORTION TECHNIQUE

To reduce the hagaagni§ ghstortions from the transmitter, a DPD linearization technique is designed and
implemented. h system is composed of a digital-to-analog converter (DAC), an analog-to-digital
converter, /0 programmable gate array (FPGA) where the digital components for the DPD algorithm,
the dela %nization unit, and the lookup table memory are implemented. The DPD linearization is
dividedn stages: calibration and evaluation. At the beginning of the calibration stage t0, the DPD FPGA
ang C send an ideal input sinusoidal calibration signal u(t) to the input, where the output of the
er o(t) can be expressed as a Taylor expansion in terms of u(t), i.e., o(t) = AL u(t) + A2 u(t)2 + A3 u(t)3
fhere Al, A2, and A3 are the first-, second-, and third order gains of the amplifier. As discussed in [15],
e output signal of the amplifier is attenuated, fed back into the DPD FPGA, delay adjusted, and then
subtracted into the ideal input signal to equalize the input containing the inverse response of the power
amplifier nonlinearities. During the evaluation stage, the equalized amplifier output signal becomes oeq(t + tD)
=A1 eq(wt)+A2 eq(2wt)+A3 eq(3wt)+... =Al u(wt) + residue, where tD is the amplifier group delay, eq(wt) is
the equalized input signal with w being the angular frequency, and residue is the remaining harmonic
components above the fourth order.
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V .IMPLEMENTATION AND EXPERIMENTAL RESULTS
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The class-F amplifiers with the nonlinear capacitor are investigated. To validate the voltage r&aping
by the nonlinear output capacitor and the highly efficient operation of the saturated amplifi igned and
implemented the amplifier at 2.655 GHz using the Cree GaN HEMT CGH40010 packa containing a
CGH60015 bare die. Since the commercial device model includes the package eﬁe% as the bonding
wires, package leads, and parasitic, the simulation is carried out using the bare el to explore the
inherent operation of the saturated amplifier. In addition, the saturated amplifier i%red with the class-F

amplifier using the bare-chip model. For the implementation, the packaged ice aining the bare chip is
employed for simulation and to build the amplifier.

Flg 3 shows the simulated efficiencies and power galns of the class-

X rated amplifiers using the bare-
Wa¥gain and efficiency characteristic
' at fast. The efficiency curves for the
.§ shows the second harmonic load—pull

rated amplifier using the bare-chip model.

During the simulation, the fundamental and third h
harmonic generation of the nonlinear output capacit
ower is low, the half sinusoidal voltage waveform is

harmonic impedance region. Moreover, even if thyssg ,
generated, proving the harmonic generatio b& inear output capacitor.
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Fig. 4 Simulated alf84rEReeTEFBtput power, drain efficiency, PAE and power gain.
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CONCLUSION

Table I. Comparison between Class AB and Class F Power Amplifier.

Thus an integrated HV power amplifier for medical ultrasound transmitters to be used in advanced ultrasonic

imaging modes such as THI for enhanced imaging quality is designed. A current feedback technique, a DPD

technique, and a dynamic biasing current modulation technique are used to improve the power amplifier’s & Q
bandwidth, output signal linearity, and power efficiency. The HV power amplifier is fabricated using a 1-um

HYV process. Measurement results indicate that the linear power amplifier is capable of driving a load of a 10 ¢

Q resistor in parallel with a 300-Pf capacitor with a signal voltage swing up to 180 Vpp and an HD2 as |

-50 dB. Measurement results also show that the amplifier achieves a maximum slew rate of 4 V/

power efficiency of 60%.
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Pout Gain (dB) | Efficiency
(dBm) (%)

Cl#ss AB 33.89 17.89 40.09

Class F 34.66 17.86 65.17(appro
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