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Synergistic Design of DSP and Power Amplifiers for
Wireless Communications

Peter M. AsbeckFellow, IEEE Lawrence E. Larson, and lan G. Galidiember, IEEE

Abstract—Co-design of digital signal-processing (DSP) algo- & 1000
rithms and power-amplifier characteristics can lead to improved
efficiency and linearity through a variety of strategies including:
predistortion, DSP control over bias conditions, particularly
the power supply voltage, and DSP generation of digital input
signals for switching amplifiers. This paper discusses several am-
plifier architectures that exemplify these approaches, including:
bias-controlled amplifiers, linear amplification with nonlinear
components amplifiers, and class-S amplifiers. We envision for the
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future a generation of “smart power amplifiers,” in which DSP Year
optimization of amplifier parameters is carried out for changing ) ) o ) )
environments. Fig. 1. Trends in power dissipation per unit throughput for commercially

available general-purpose digital processing integrated circuits [1].
Index Terms—Delta—sigma modulation, digital radio, RF power
amplifier.
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I. INTRODUCTION

IGITAL signal processing (DSP) using Si CMOS in-

tegrated circuits is rapidly advancing toward higher
throughput and lower power. Fig. 1 illustrates the trend in
the power dissipation required to achieve specific processing
throughput rates with general-purpose DSP chips. The dramatic
power reduction trend is driven by advances in the underlyirfigg. 2. Trends in clock frequency for high-end application specific CMOS
CMOS technology. With scaled transistor dimensions, high@p!ta! integrated circuits (ITRS roadmap, 1999).
clock speeds are also attainable. Fig. 2 shows the past and
projected clock rate for high-end digital logic chips. In the near 5) Digital techniques lead to easier implementation of nu-
future, attainable clock rates will reach into the microwave  merous functions, such as signal storage (or delay).
region. It is likely that an increasing number of the microwave 6) Digital processors can, in principle, be reconfigured to ad-
system functions implemented at present in a purely analog dress changing system requirements, leading to systems
fashion may be realized in the future using digital processing.  that are flexible and general purpose. A programmable
The application of DSP promises significant benefits, among  (software-based) microwave system can, in principle, be
which are the following. implemented.

1) The precision attainable with digital techniques is an 7) Integrated systems-on-a-chip can be implemented com-
easily controlled design variable. By changing the word ~ bining microwave and digital functions with the same
length, one can tailor the dynamic range of the system. technology.

2) The digital circuits are not subject to aging and tempera- The inexorable advance of digital circuits embodied in
ture drift, as are the corresponding analog circuits. Sinfioore’s Law will permit many of these benefits to be applied
larly, there is no need for tweaking and tuning of the digh microwave systems. This paper illustrates some approaches
ital circuits to accommodate manufacturing tolerances 10 harness DSP in order to improve microwave power amplifiers

3) Functions that are linear or nonlinear can be realized, affj Wireless communications.
the degree of nonlinearity can be tightly controlled and Current development efforts in power amplifiers for mobile
reproduced. communication systems are largely driven by the need to maxi-

4) Testing of circuits can be managed more easily. mize power efficiency (particularly within the handset since the

power amplifier is a main determinant of battery talk time). At

. . . _ the same time, with spectrally efficient modulation formats such
Manuscript received March 5, 2001. This work was supported in part by the

U.S. Office of the Secretary of Defense and by the Army Research Office un(‘.%?.QPSK’ the ampllfler Imeamy .mu?’t be SUff_'C'.ently. hlgh that
the Multidisciplinary University Research Initiative on Low Power, Low Noiseadjacent channel power generation is kept within strict bounds.
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Fig. 4. Amplifier transistor schematic load line analysis showing the desired
change in bias point to maintain efficiency as the output power is decreased.

j,.«’Efficiency (a) With change in bias voltage and current. (b) By change of output load
Class A resistance.
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Pout (dBm) demonstrated. For base-station power amplifiers, the appli-
(b) cation of DSP is presently the rule rather than the exception.
_ L _ __This technique has been reported extensively in the literature
Fig. 3. (&) Output power probability distribution for short (microsecond) t|m€f2 71 A h 2 d 3 | Il k d
scales. (b) Output power probability distribution for long (millisecond) tim ]_[] pp_roac. es 2) an ) are less we .nown, an are
scales for representative CDMA transmitters. highlighted in this paper. Examples are provided of specific
amplifier architectures, which implement one or more of the

. o . a] proaches. The bias-controlled amplifier, linear amplification
a representative output power distribution on a short time sca% ; e
h nonlinear components (LINC) amplifier, and class-S

(resulting from QPSK modulation) and on a longer time scaY(\él . . . / .

(as a result of time-varying fading). The average power is mugﬂlp“ﬂer are discussed in the following sections.
less than the maximum rated amplifier power. In conventional
amplifiers, the efficiency decreases dramatically if the output
power is backed off from the full rated power. Fig. 3(b) illus-
trates the falloff of efficiency for ideal class-A and class-B am- |n class-A power amplifiers, dc-bias conditions are kept con-
plifiers at the different power levels used in the handset opergant as the signal input power changes. Since the biases must
tion. Most amplifiers in use today are class-AB amplifiers, withe set to accommodate the maximum output signal, efficiency
efficiency intermediate between these limits. The overall agerforce suffers with low output power. In most present wireless

Efficiency (%), Probability (%)

II. BIAS-CONTROLLED AMPLIFIER

erage efficiency... (which is computed according ... = handset designs, the output bias current is varied in accordance
(Pout)/{Pac), whereF,,, is the RF output power ankl,. is the  with the signal level over a wide range. This is typically im-
dc input power) is in the range of only 2%-10%. plemented by an analog bias subcircuit or by exploiting the in-

There are a number of strategies for the application of DS$#nsic characteristics of class-AB amplifiers. Voltage bias vari-
to power amplifiers in communications, some of which hawvation is an additional dimension, necessary in order to main-
already become widespread. Most strategies fall into the f¢din efficiency at peak levels over a range of output powers [6].
lowing categories. Fig. 4(a) illustrates the effect of bias current and voltage vari-
r]:il(t)ions on the load line for the output transistor. Fig. 4(b) illus-

1) DSP can be us_e:d to pr_ed|stort the RF signals fed ""Rates a related concept, that of variation of the output load re-
the power amplifiers to improve the overall system lin-. : L - .

. . . " sistance, which can result in improved efficiency even with con-
earity. This can, in turn, allow amplifiers to be used closer, : L . .
. - ", _Stant bias voltage. Voltage variation can be implemented with a

to compression, where they are more efficient, or it can
T i . dc—dc converter that transforms battery voltage to a value op-

allow more efficient amplifier architectures to be em-. . . )
ployed timized for the instantaneous output power. We have imple-

2) DSP can be used to control various aspects of the Oergznted dc—dc converters with compact size and very rapid re-
o . . 1SPec PO gponse (on the order of the signal envelope for 1S-95 CDMA
amplifier operation (such as bias point), in order to im- . . ) )
. " waveforms), which can be used to adjust voltage bias [7]. Fig. 5
prove its characteristics.

. . illustrates the architecture, in two embodiments. In order to con-
3) DSP can be used to generate signals in new formats t a} ) L .
Iro the bias voltage variation, it is possible to use an analog en-

are better suited to the characteristics of efficient ampli- L .

fiers velope detector and subsequently add analog circuitry for gain

' and offset control [see Fig. 5(a)]. The use of DSP [see Fig. 5(b)]
Approach 1), the use of DSP for signal predistortion, is provides considerably more flexibility since the relationship be-

very significant technique whose usefulness has been ampleen desired power supply voltage and output power can be
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Pout (dBm) predistortion offers a powerful new set of possibilities since the

Fio 6. Experimental s of effici ¢ amolifier with d functions implemented can be flexible and can be made adaptive

1g. 6. Xperimental measurements of efficiency or amplitier wi ynami ey - . T

supply voltage, and a corresponding amplifier with fixed voltage. Also shomﬁ‘? accommodate drift in ampll_fler C_har?-Cter'St'Cs [2]_[5]- We

is a schematic output power usage probability distribution. implemented DSP-based predistortion in the voltage bias-con-
trolled amplifier since the varying power supply voltage induced

optimized. At the same time, the dynamic response characteﬁgfanges in gain, which constitutes a source of AM—-AM conver-

tics of the dc—dc converter can be taken into account (e.g., @en [8]. The DSP used afixed, rather than adaptive, algorithmin

commodating the finite response time of the converter). In th IS mstanct:edf%r swpphcyty S'Pcet the(fMl_'?M lcogve.rspn to .bet
configuration, the DSP computes the envelope of the signal, fSEmpensa ed has ime invariant, and refatively device invariant,

: aracteristics. Fig. 7 illustrates changes in the output spectrum
lowed by the appropriate control voltage, and computes a s . : ) :
able delay and pre-emphasis. of an IS-95 CDMA signal with and without the use of predistor-

The efficiency improvement is illustrated with the data o?on in the amplifier. The ACPR was improved by 6 dB in our

Fig. 6, which shows the efficiency versus output power meayStem with the use of predistortion.

sured with the amplifier under fixed power supply voltage, and
with the use of the converter to provide variable voltage. Despite Ill. LINC A MPLIFIER
the limited efficiency of the converter (80%), the overall system In addition to architectures in which DSP is used to control
efficiency increases dramatically (by a factornaf.4) since the and optimize an analog amplifier, there are other scenarios in
efficiency for relatively low output powers is improved. which DSP is used to generate fundamentally new signals to
Amplifiers with higher efficiency than class A introduce nondrive amplifiers in order to obtain higher efficiency. If the output
linearities into the output signal, which can lead to objectionransistor is used in switching mode, the efficiency can, in prin-
able adjacent channel power ratio (ACPR). One approach to cgle, be very high since the transistor dissipates little power
duce this to acceptable levels while retaining an efficiency inm its “OFF’ state or in its ‘'ON” state. Switching amplifiers, in-
provement is with predistortion of the signal fed to the ampleluding class-E and class-D amplifiers, have been operated with
fier. Fixed analog predistortion is frequently used. DSP-basefficiency of 75% or more, even in the microwave regime [9],
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Fig. 9. (a) Experimental setup used for elimination of gain and phase errors in a LINC amplifier via DSP. (b) Experimental output spectrum for Ci}/A sign
before and after DSP correction (background technique). Vertical scale: 10 dB/div, horizontal scale: 1 MHz/div, center frequency: 850 MHz.

[10]. Such ampilifiers, however, are not capable of reproducirgd a,,,, is the maximum value of the input signal.(¢t) and
signals with time-varying envelope; the output power level is;(¢) can then be upconverted in the traditional manner. With
controlled by the power supply voltage. The switching-modée resultant constant envelope signals, highly nonlinear ampli-
amplifiers can be used, however, in more complex architecturfeess (such as class-E amplifiers) can be employed. When the
in order to amplifier general-purpose signals. signals are recombined, the appropriate envelope variations are
One such scenario is the LINC amplifier, illustrated imecovered as a result of constructive or destructive interference
Fig. 8(a). This concept, also known as the out-phasing awf-the component signals. For the practical implementation of
plifier, dates back to the early 1930's [11]-[13]. In moderthis approach, the two amplifiers in the two channels must be
implementations, DSP is used to form the signal componergry accurately matched regarding amplitude and phase (typ-
separator (SCS), which derives from the input signal twically 0.5-dB amplitude matching and 0.phase matching).
separate signals that have constant envelope (but time varyiigese specifications are extremely difficult to meet in open-loop
phase) such that when the signals are summed, the appropfiashion. We have developed a DSP-based approach to calibrate
output waveform (with a time-varying envelope) is recoverethe system and derive appropriate signal distortions to be in-
The algorithm for generation of the two constant envelogeoduced into the two channel inputs to maintain high accuracy
signals, i.e.s; andss, is illustrated in the phasor diagram ofin the overall output. Fig. 9(a) illustrates the experimental setup
Fig. 8(b).s; andss are derived from used to implement the system. Simple calibration signals are in-
serted into the amplifier. A receiver is used to sample the output
and derive correction factors for the signals in the two paths.

s1(t) =s(t) + 21(¢) A sequence of calibration steps converges rapidly to the de-
s2(t) =s(t) — z1(t) sired result. Fig. 9(b) illustrates representative output spectra for
CDMA signals before and after the calibration cycle.
where
IV. CLASS-S AMPLIFIER
21(t) = ja(t) Oax onal approach to employ switching-mode amplifiers for

la2(t)| — 1 signals with a time-varying envelope is the class-S amplifier,
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widely used for audio power amplification. In order to gen- (b)
erate waveforms with time-varying envelope (after filteringkig. 12. Experimental waveforms and spectra of bandpass delta—sigma signals
pulsewidth modulation can be used, as shown in Fig. 1iQr COMA waveforms. The time-domain picture (eye diagram) illustrates the
- . . digital nature of the signals. The spectrum shows the desired signal, together
A pulsg repetition rate SUbStantla"P 10x) . higher than with quantization noise shaped out of the band of interest.
the desired output center frequency is typically used. The
switching mode amplifier can be implemented as a voltage
class-D amplifier, schematically shown in Fig. 10, whose fie(sin)
output is passed through a series filter that removes the exce o bac+G
gquantization noise gener_ated dgrlng the modulatlon proces | o +—> filter>X) > filte gan I PA >
In fact, the power associated with the undesired out-of-bar Q &) amplitier
spectral components is reflected, rather than absorbed in t f,
filter, in a way that preserves high efficiency. t(cos)
To amplify RF and microwave signals, it is desirable to avoic
the need for very high pulse-repetition rates and very tightl

controlled pulsewidths. We have investigated amplifiers usin N
the bandpass delta—sigma algorithm to generate digital sigr dicital
Lo . . DSP DSP 9 BPDS

streams that encode analog communication signals of intere ! 2 D el | Moduiator | JISwitching| | Analog
The modulated output consists of a single bit digital data strea Q Q PA filter
(a sequence of pulses of fixed pulse duration). The clock ra T 4
can be chosen to be not very much higher than the center fi f.=4f

: ; . i fop=f/N =
quency of interest (typically ¥4). The bandwidth of interest, DSP IE —

however, must be a relatively small fraction of the center fre-

guency and clock rate, such that a high effective “oversamplifig- 13. Comparison of traditional wireless transmitter architecture, based on
ratio” is maintained (where, for this case, the oversampling rafi®/09 circuits, with a possible DSP-based architecture.

is the ratio of the clock rate to the signal bandwidth). The un-
avoidable extraneous signal power present in the digital wave-
form (“quantization noise”) is spectrally shaped to lie out of the
signal band of interest, and can be separated with a bandpad3SP provides flexibility in the design of waveforms to be
filter at the amplifier output. Bandpass delta—sigma modulataused as amplifier analog input signals (by providing controlled
can be implemented with analog or digital inputs. Fig. 11 shovesnounts of predistortion or by generation of new signal for-
the structure of a representative modulator. Fig. 12(a) shows reats, such as in the LINC amplifier). DSP can also be used to
resentative waveforms for the input and output in the time doentrol amplifier bias points in accordance with signal levels
main. A representative spectrum is shown in Fig. 12(b) (corre optimize performance. In future “smart” power amplifiers,
sponding, in this case, to an 1S-95 CDMA signal). The spectrialis likely that numerous amplifier internal variables will be
shaping of the quantization noise is evident in this figure. Imonitored by the DSP, and the information thus derived will
principle, the bandpass delta—sigma signals can be used to dogeused to reshape the signals and biases. Smart power am-
a switching-mode amplifier with high efficiency [14]. plifiers may, for example, sense the chip temperature, or the

V. SUMMARY AND FUTURE OUTLOOK
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status of the output load impedance (which can vary substan{9] H. Krauss, C. Bostian, and F. H. RaaBplid-State Radio Engi-

tially, particularly with handheld units). DSP can also be used[m] $e§ri&gd NerYgr'; VV”?}QTlh%tO- ionline hidh effic |
.. . . . B. Mader an . Popovj e transmission-line nigh etiiciency class
to generate digital waveforms to control switching-mode am-"" ¢ amplifier,” IEEE Microwave Guided Wave Lettol. 5, pp. 290292,

plifiers. At present, the output of the DSP is at baseband (or  sept. 1995.
IF); conventional mixer techniques are used to upconvert thE1] H.Chereix, “High power outphasing modulatio®foc. IRE vol. 23, p.
signals to RF. As the speed of DSP advances, algorithms iﬁzl 1370, 1935.

. . . L D. C. Cox, “Linear amplification with nonlinear component$EZEE
which the DSP provides signals at RF can be envisioned (par- ~ 1rans. communvol. COpM-22 pp. 1942-1945, Dec. 1%74'

ticularly for switching amplifiers, in which the inputs are inher- [13] F. H. Raab, “Efficiency of outphasing RF power-amplifier systems,”
ently digital signals). An entirely digital implementation of the IEEE Trans. Communvol. COM-33, pp. 1094-1099, Oct. 198S.

- . L P : 14] A. Jayaraman, P. F. Chen, G. Hanington, L. Larson, and P. Asbeck,
entire transmitter chain is shown in Fig. 13. Upconversion to RFE “Linear high-efficiency microwave power amplifiers using bandpass

and bandpass delta—sigma modulation is accomplished digitally.  deita-sigma modulators/EEE Microwave Guided Wave Letiol. 8,
With a 1-bit digital output, the inaccuracies of high-resolution pp. 121-123, Mar. 1998.

digital-to-analog converters at high frequency can be circumtt! IECE Trans. Commun. (Special Issuegl. E83-B, June 2000.
vented. In the scenario shown, the clock frequency of the DSP
is 4x higher than the center frequency of the RF signal. The dig-
ital transmitter potentially offers many benefits, including pro-
grammability and reconfigurability, absence of tuning or aging
problems, as well as easy integrability and testing. It can be 22

f ! - : Peter M. Asbeck(M'75-SM'97—-F’'00) received the
important element in a “soft-ware defined radio” [15].
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