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Linear High-Efficiency Microwave Power
Amplifiers Using Bandpass Delta-Sigma Modulators

Arun Jayaraman, P. F. Chen, G. Hanington, L. Larson, and P. Asbeck

Abstract—A novel amplifier configuration is described, in  with 1-bit (two-level) output, and the resulting binary signal is
which a bandpass delta-sigma modulator is used to produce a fed into a switching mode amplifier. Finally, a bandpass filter
two-level (digital) signal representing an analog radio frequency is used at the amplifier output prior to the load. The output

(RF) input. Subsequently, a switching-mode amplifier and band- . . . . - L
pass filter are used to amplify the signal and remove unwanted of the BPDSM is a binary signal, in which the quantization

spectral components. This configuration has the potential of Noise associated with the digitization is spectrally shaped so
achieving high efficiency (typical of switching mode amplifiers) that it lies largely outside of the band of interest, in a manner

together with high linearity. A simulated implementation with  determined by the order of the modulator and the characteris-
GaAs heterojunction bipolar transistors (HBT) is shown. tics of the resonator within it [4]. Practical implementation of
this modulator circuit for handling 800-MHz RF signals has
|. INTRODUCTION been reported recently [5] using GaAs HBT technology. In

HERE is significant interest in increasing the powell-he following, we show SPICE s_imulations of the operation of
added efficiency (PAE) of microwave power amplifier%he novel amplifier based on this reported modulator together

to address the needs of battery-operated communication g-h an rI]—H?,T-based SW|tch||ng-mode arnphfler.(althqugh .the
tems. However, the most efficient microwave power amplifief proach IS more genera). F9r an input sinusoid, F,'g' i
operate in a switching mode, or at best in a nonlinear cIass'U)Ll’StrateS the waveforms in the time and frequency domains at

operation [1], resulting in excessive spectral growth and lo@4ferent points in the bandpass classamplifier. The output

of modulation accuracy for signals which have time-varyingP€Ctrum shows the appropriate sinusoidal output, together
envelope. Such signals comprise many modulation form éth quantization noise, which is largely removed from the
currently in use, such as QPSK, OQPSK, etc. The desf?@nd of interest. The output spectrum also contains images
to use high-efficiency switching mode amplifiers yet achieyd the input signal, at frequencies - fe £ feignal, Where

high linearity has been the subject of various research effoftd @nd fsignal are clock and signal frequencies, respectively,
[2], [3]. In this letter we present a novel amplifier relatedindn is an integer. After amplification in the switching mode

to the ClassS amplifier [3] employed for low-frequency amplifier, the signal undergoes bandpass filtering (within the

signals, which is capable of producing output signals gfnplifier Ol::pu'[ matIThi'r;lg structure). ¢ | ible i
frequencies in the microwave regime. The amplifier employs a"'9- 3 schematically illustrates one of several possible im-

bandpass delta-sigma modulator to encode the desired ouffgnentations of the switching-mode amplifier for use in a
signal into a binary level signal, which is subsequently fe PN-only technology. In the configuration shown, the voltage

into a switching-mode power amplifier. A bandpass filteiCross the transistor output terminals varies rapidly between

is used to remove unwanted spectral components from fhdninimum value, neaWces.;, and the power supply volt-

output. We show (by simulation) a potential implementatioﬂge,’ ngarVCC. Free-wheeling dic_Jdes provide the cur'rent ﬂ(_)W
of the amplifier for operation at 800 MHz, utilizing GaASdurlng intervals when the transistors are off. To achieve high-

heterojunction bipolar transistor (HBT) technology. efﬂcm_:ncy it is necessary to minimize charge storage_ during
transistor saturation (in then state). This can be achieved

using double-heterojunction bipolar transistors (DHBT's) with
Il AMPLIFIER CONFIGURATION wide bandgap collectors such as those reported in [6]. Fig. 4

The proposed amplifier is shown schematically in Fig. illustrates the SPICE simulated voltage and current through
The incoming signal is taken to be an amplitude and phagbe transistors and diodes for a representative design based
modulated radio frequency (RF) carrier centered aroundof GaAs DHBT'S(f:, fmax = 55 GHz). The output filter
known frequency (such as 800 MHz), band-limited sugbrovides nonzero conductance essentially only in the band
that its spectral components are within a well-establishefl interest, so there is no power dissipation associated with
bandwidth rangeB (on the order of 25 MHz). The signal isspectral components that do not reach the load.
passed through a bandpass delta-sigma modulator (BPDSM)

) ) ) ) I1l. LINEARITY CONSIDERATIONS
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Fig. 1. Schematic structure of bandpass clésamplifier.
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Fig. 2. Signals associated with the bandpass cfassnplifier in time and frequency domain.
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Fig. 3. NPN-only output amplifier.

below the step sizé\ of the quantizer. For signals below this 4)
level, in a practical implementation, the linearity of the input
stage in the feedback loop sets the overall linearity of theb)
system. Recently reported work [5] has demonstrated third-

Rload

order intermodulation products lower tharb0 dBc. Better
linearity can be achieved with improved circuit designs. For
signals above this level the nonlinearity of the quantizer can no
longer be suppressed by the feedback, resulting in degradation
of effective noise floor.

IV. PAE CONSIDERATIONS

The principal sources of power loss in the amplifier are:

1) power lost in the transistors during tlman—OFF tran-
sients;

energy associated with discharging parasitic capacitance
associated with the output terminals of the transistors;
power needed to operate the BPDSM, and predriver for
the output amplifier;

power lost in the transistors and diodes associated with
their on voltage;

power lost in the passive elements, such as the output
filter.

2)

3)



IEEE MICROWAVE AND GUIDED WAVE LETTERS, VOL. 8, NO. 3, MARCH 1998 123

[ \eroswoo ot
PATY
| / \ \/ \J

//

—

L

................................................................................................................................

T

Fig. 4. Simulated voltage and current waveforms for the output stage of Fig. 4, implemented with GaAs HBT’s and Schottky diodes.

The contributions listed as 1)-3) above increase as the raieoffer high efficiency associated with the switching mode
of switching of the amplifier input increases, and thus requiemplifier and high linearity associated with the bandpass delta-
minimizing the clock frequency of the BPDSM. However, theigma modulator.

output power that can be accommodated with a given amplifier

and power supply voltage also varies with clock frequency as ACKNOWLEDGMENT

approximately[sin( - fogna1/ fox)/(7 - feignal/ fon )], S0 that

if fax is chosen too low the amplifier is ineffective. Thesq_
considerations lead to the prediction that the efficiency of the
amplifier has a broad maximum with respectf@, and the
optimal choice is in the vicinity 0ffsizna1. SPICE simulations
using af.y of 2 GHz and power supply voltageé.. of 10 V [1] H. L. Kraus, C. W. Bostian, and F. H. RaaBplid-State Radio Engi-
?ndicate that the effic.iency (?f the e>§ample with G?AS HBT'S[Z] Ig(.eecrll.n%oge‘ylllir:(ef)ailr(’avrm;leﬁ‘/i’(:;t?gr?.with nonlinear componentsEEE
is 85% for full-scale input signal (without accounting for the ~ Trans. Commun.vol. COM-22, pp. 1942-1945, Dec. 1974.

power needed for the BPDSM or the predriver). [3] H. R. Camenzind, “Modulated pulse audio power amplifiers for inte-
grated circuits,”IEEE Trans. Audio Electroacousticsol. AU-14, pp.
136-140, Sept. 1966.
[4] R. Schreier and M. Snelgrove, “Bandpass delta-sigma modulation,”
V. CONCLUSION Electron. Lett, vol. 25, no. 23, Nov. 1989.
. . . . [5] A. Jayaraman, P. M. Asbeck, K. Nary, S. Beccue, and K. C. Wang,
A nO\{el ampl'f'er C.onf'gurat'on.has been proposed and S'm[' “Bandpass delta-sigma modulator with 800 MHz center frequency,” in
ulated, in which the input signal is passed through a bandpass Tech. Dig. IEEE GaAs IC Sympl997, pp. 95-98.

delta-sigma modulator, a switching mode amplifier, and 46] P. F. Chen, Y. M. Hsin, and P. M. Asbeck, “Saturation charge storage

t d outout filt S lati h i lizati f measurement in GalnP/GaAs/GaAs and GalnP/GaAs/GalnP heterojunc-
unea output fifter. simufations were snown or a realization ol g, pipolar transistors,” iProc. Int. Symp. Compound Semicondugtors

the amplifier using GaAs HBT’s. The configuration promises  1997.

The authors are grateful to K. C. Wang, K. Nary, S. Beccue,
Hornak, and |. Galton for helpful conversations.

REFERENCES



