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Abstract—Modern communication signals have time-varying method, has been successfully demonstrated from HF- through
envelopes with significant peak-to-average ratios, resulting in 7-bands using saturated class-AB PAs [8], [9].
low average efficiency when amplified by commonly used linear  pynamic power control in the Kahn technique provides
power amplifiers (PAs). For linear amplification with increased . d effici b ina RE i t
average efficiency, the Kahn envelope-elimination-and-restoration mcregse eimciency by Conse'rvmg power consumption &
method uses a highly efficient saturated PA. In this paper, an low-signal envelope levels. This method has been demonstrated
8.4-GHz class-F PA with 55% maximum instantaneous efficiency at L-band using class-AB PAs [9] and shows promise for use
at 610-mW output power, is experimentally characterized in at higher frequencies. This paper presents an experimental
several different biasing modes. Operated in linear mode with overview of the efficiency versus linearity performance of an

constant drain bias, this PA has 10% average efficiency. The . . . .
suppression of two-tone intermodulation products is 27 dBc when X-band class-F PA in various different modes of operation,

operated at about 0.7 times the peak output power. For the same Namely, linear with fixed bias, envelope tracking, and Kahn
PA operated in a modified Kahn mode with drive and bias control, EER with and without dynamic power control. Switched-mode

a comparable linearity (27.7 dBc) can be obtained at peak output class-E and class-F PAs have a theoretical efficiency of 100%
power. Furthermore, the average efficiency increased to 44%, a gnq have been demonstrated with watt-level output powers at
factor of 4.4 over the linear fixed bias mode. 0.5 and 1 GHz with power-added efficiencies (PAEs) of 80%
and 73%, respectively [10]. At 5 GHz, 72% PAE was obtained
[11], dropping to 61% PAE with the same transistor when

N MOBILE and satellite communications, the power ampliscaled to 8 GHz [12]. At 10 GHz, up to 62% PAE was obtained

fier (PA) can consume a large fraction of the total systein an active antenna [13]. However, class-E and class-F PAs
power. For example, about 50% of the total power on a commat higher microwave frequencies typically have lower gain,
nication satellite can be used up by the PA in the transmitter [1gwer output power [12], and softer saturation characteristics.
Therefore, increased PA efficiency considerably reduces toRlrthermore, they are biased in the linear region because
heat output and prolongs battery lifetime. However, band-linlhey have extremely low gain when biased near pinchoff.
ited signals with variable envelopes such as quadrature am@snsequently, their efficiency, amplitude modulation (AM)
tude modulation (QAM) are typically amplified by linear, bufinearity, and amplitude-modulation-to-phase-modulation
inefficient PAs, such as class A and class AB. In addition, the RAM/PM) conversion characteristics are different, and have to
is often operated below its maximum power capability in ordéye considered when designing an appropriate dynamic power
to avoid nonlinearities occurring at high output power levelgontrol scheme. The goal of the measurements presented here
This further reduces its efficiency. One method of enhancirig to determine the relationship between drain bias and RF
the PA efficiency is a technique known as envelope tracking, ditive level, which gives increased average efficiency without
which the drain bias voltage varies proportionally with the inpwacrificing linearity of the PA.
signal envelope while maintaining the active device in the linear The results presented here are obtained by manually varying
regime [2]-[5]. A class-A or class-B PA can also be maintaineatle drain bias and RF drive level according to specific relation-
in extended saturation and, hence, high efficiency, by providis@ips. These control schemes may be implemented, for example,
optimum drain and gate biases [6]. Alternatively, the Kahn ey using dc—dc converters [3]. For highest linearity, predistor-
velope elimination and restoration (EER) technique [7] allowtfon techniques derived from the signal envelope can be imple-
the use of saturated high-efficiency PAs in linear transmittenented using digital signal processing (DSP).
systems. This method, which we refer to as the classical Kahn
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Fig. 1. Block diagram of a classical Kahn EER transmitter system. The signal is separated into envelope and phase data, and the phase-madiriatesd carrie
the PA. The amplitude is restored by modulation through the drain dc supply.

This gives efficient linear amplification of the RF signal sinc&oltage (envelope of signal). In practical PAs, the instantaneous
the PA gain is proportional to the drain bias. efficiency usually achieves a maximum when the gain is com-
In the classical Kahn method of Fig. 1, the amplitude of theressed by about 3 dB.
phase-modulated drive signal is kept fixed at a large enoughAverage efficiency is a good indicator of average power con-
value to ensure optimal PA saturation and high efficiency atmptionin most communication systems with time-varying en-
the peak envelope level. However, for lower envelope levelsyalopes. By increasing the average efficiency of a PA from 30%
smaller drive signal is sufficient to cause saturation and high 50% (a factor of 1.7), for the same average output power,
efficiency. Therefore, by regulating the RF drive amplitude ithe average input power is reduced 1.7 times, and the battery
proportion to the signal envelope, the efficiency of the Kahlifetime is increased 1.7 times. On the other hand, the average
method can be optimized over all envelope levels. Referredheat output is reduced by a factor of 2.3. Higher average effi-
as Kahn EER with drive modulation, this method conserves Riency [14] is obtained by having increased efficiency over a
drive power while keeping the PA saturated and provides lindarge range of signal envelopes and is defined as
efficient amplification.
In contrast to the Kahn EER method, conventional linear PAs n=
are not saturated, and the drain bias is kept fixed while the i

varying-envelope signal drives the PA. This fixed drain bias Whereﬁo is the average output power aid is the average

large enough to allow maximum linear voltage swing for thgy»| input power. The average input power is calculated as the
highest signal envelope. _Slnce_ smallgr drlye levels require Iee?&aected value of,(E), and the output power is calculated
dc power for the same gain, this amplification method is not &fjijarly. If the probability distribution function (PDF) of the

ficient at low drive levels. To alleviate this problem, the dra'%nvelopq;(E) is known, whereg is the envelope, the average
bias can be made to track the envelope of the input signaliify and output power, can be calculated as

order to regulate dc power consumption. This dynamic power .

control method, known as envelope tracking, allows higher ef- = _ [,

ficiencies for all signal levels while keeping the PA in the linear Pi= 0 P(E)p(E)dE )
regime.

)

|

and

Erax
[ll. A VERAGE EFFICIENCY AND LINEARITY P — / Po(E)p(E)dE. @)
The instantaneous efficiency of a PA is a function of the in- 0

stantaneous input and output power and the class of operationn order to measure the average efficiency of different ampli-

In this paper, the instantaneous efficiency is defined as fier modes, we measud(E) and P, ( E) for a sinusoidal input
By(E) signal with amplitudeZ. From this measured data, the average
n(E) = P;)(E) (1) input and output power is then calculated for a signal with any

type of modulation with a known PDF. Note that for the Kahn
where F,(E) is the output RF power and;(E) is the total modesE is the drain voltage, and for the linear modgss the
input RF and dc power as a function of the signal envelBpe amplitude of the RF input signal.

Depending on the class of operation of the PA, the instanta-The PDF of the envelope is a measure of the relative time
neous efficiency is proportional to the output power or the outpabrresponding to different levels. The PDFs of some common
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4 Thus, V,,.+(¢) can be calculated using (5) and (8). Using a
3 discrete Fourier transform, the spectrum of the output signal

£=3dB Vout €an then be analyzed. The power ratio between the carrier
31 &=10dB ) and the highest of the third and fifth IMD products is defined
S0 — Multi-carrier as the IMD. The IMD at peak output power is calculated for the

_______ QAM Kahn modes. For the linear modes, the IMD is calculated at peak

- AMPS output power and at backed-off power. An acceptable value for

IMD for communication applications is 30 dBc.

IV. DEFINITION OF PA MODES

A single PA is characterized for operation in five different bi-
asing modes in order to determine the best method of dynamic
Fig. 2. PDFsp(E) of some common signals. The Rayleigh distribution ishias control for high efficiency and linearity. Two linear modes
for OFDM (multlcarrler) signals and_the constant amp_lltude S|gnal gsed i operation, one with fixed and the other with dynamic drain
the AMPS is always at peak powdr. is the normalized time-varying signal ~. . .
envelope¢ is the peak-to-average ratio, given in decibels. bias (envelope tracking), are compared with three modes of sat-

urated PA operation, one being the classical Kahn method de-

signals are shown in Fig. 2. For frequency modulated (Fm:ribed in Sectiqn I, and th_e other two be_ing modified Kahn

and other constant-amplitude signals such as the Advandagthods with drive modulation. The following five PA modes

Mobile Phone Service (AMPS), the signal is always at peégprgsent spec.|f|c relationships between the drgm yoltage and

output. Shaped-pulse data signals such as QAM have pDHs signal amplitude, and are shown graphically in Fig. 3(a).

with peak-to-average power ratios of 3—6 dB [15]. Multicarrier 1) Linear. the signal is fed directly into the RF input and the

signals such as offset frequency division multiplex (OFDM) drain voltage is fixed. This mode is called the linear mode

have Rayleigh PDFs [16] with typical peak-to-average ratios  because the amplifier is unsaturated.

from 7 to 13 dB. Such signals are used in cellular communica- 2) Envelope tracking (ET)linear operation with the dy-

tions, multibeam satellite systems, and digital broadcasting. namic drain voltage proportional to the signal envelope.
Varying signal envelope levels give rise to AM and AM/PM  3) Kahn classical Kahn operation, as shown in Fig. 1, with

effects, which cause intermodulation distortion (IMD) in fixed RF drive.

the output signal. In this paper, linearity is represented by 4) Kahn full-drive modulation (FDM) modified Kahn

the amount of IMD for a two-tone input signal. Since two mode with dynamic RF input amplitude proportional to

high-power sources aX-band were not available to measure the signal envelope.

the peak-power IMD, it was calculated based on measurement$) Kahn partial-drive modulation (PDM)another modified

of gain compression and phase distortion for a single-tone  Kahn mode, which is similar to the Kahn FDM mode, but

excitation to the PA. This input RF signal can be written as  has a minimum value for the drive, to increase efficiency

Vin(E) = FEcos(wt). The output signal as a function of this at low envelope levels.
input signal amplitude (envelope) is then given by The fixed-bias linear and Kahn modes are not dynamic in that
either the drain is kept fixed or the drive is kept fixed, as can be
Vour(E) = Aout(E) cos (wt + ¢(E)) (5) seenin Fig. 3(a). The envelope tracking, Kahn FDM, and Kahn

i L i PDM modes are dynamic since both the drain and drive ampli-
where A...(£) is the AM characteristic and(E) is the y,qes change simultaneously. Fig. 3(b) shows the instantaneous
AM/PM, both of which are measured for each PA modgiciency of the PA used in this study as a function of drain bias
Using this data, a behavioral model of each PA mode can B qrive amplitude. It is apparent from this graph that dynamic

formulated, which is then analyzed under a two-tone excitatiofynro| of hoth values is necessary for maintaining high instan-
For the linearity calculation, a two-tone signal such as taneous efficiency.

E E Analogously, variation of the gate bias (quiescent current) in
Vin,owomtone = 7 cos(wit) + o cos(wa?) (6) an RF PA also results in significant savings of dc-input power.
However, minimum drive and gate bias levels are often required
is input to the behavioral model. This two-tone signal can alg$g ensure proper operation of the RF final amplifier and modu-
be represented as lator [17]. The minimum drive/gate-bias level ensures satura-
Wi — Wy w1+ wr tion of the PA in spite c_Jf gain reducti(_)n and/or reduces ampli_—
Vin,two-tone = £ cos < t) < t) (7) tude-to-phase conversion by decreasing the degree of saturation
so that nonlinear capacitance variations are reduced. All five
which is a signal of frequencyw; + w»)/2 modulated by a PA modes listed above were measured with various gate-biasing
slowly varying envelope® cos((w; — w1 )t/2). This expression schemes. However, there was almost no change in average effi-
can be written as ciency between these PA schemes, and the linearity proved to be
low. Therefore, for all measurements described in the following
Vin(F) = Ain(t) cos(wt). (8) section, the gate bias is kept fixed.
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Fig. 4. Measured instantaneous efficiency of the PA modes. The efficiency is
decreased for low signal levels.

power levels and the phase of the output SigRdlF), P,(E),
Vour(£), ¢(E), discussed in Section I, are measured for each
PA mode.F is the RF signal amplitude for the linear modes
and the drain voltage for the Kahn modes. The power and
phase are measured using an HP70820A Transition Analyzer.
An HP83020A preamplifier is used to amplify the power levels
from an HP83650A synthesized sweeper so as to saturate the
class-F PA. From this data, the average efficiency and linearity

are calculated for each mode, as described in Section III.
Fig. 3. (a) Five modes of PA operation compared in this paper. Each mode

represents a specific relationship between the drain bias and instantaneous

envelope of the RF input. Two linear modes are compared with three Kahn VI. COMPARISON OFMODES

modes where the PA is saturated. (b) Instantaneous efficiency as a functio : P, -
of drain bias and RF input amplitude. By varying both voltages in a dynamic "The effect of dynamlc blasmg on average eff|C|ency can be

(b)

manner, the efficiency can be optimized for all input envelope levels. shown by comparing the measured instantaneous efficiency as
a function of output signal amplitude, as illustrated in Fig. 4.
V. MEASUREMENTS The linear amplifier with fixed bias has very low efficiency at

} ) low power levels. The Kahn method, where the RF drive level is
The PA used for this study is an 8.4-GHz class-F PA [12}ed, has higher efficiency on average than the linear case due

designed with a Fujitsu FLKO52WG MESFET. At the fundagg pA saturation. However, the dynamic biasing schemes (enve-
mental frequency, the transistor load impedafigg is chosen lope tracking, Kahn FDM, and Kahn PDM) have much higher
in order to maximize power transfer to the load [18], [19], angfficiency over the entire range of output levels. Kahn PDM has
is given by the best efficiency performance over all other modes. Based on
measurements @%( ') andP,( ) and the PDFs givenin Fig. 2,
(9) the predicted average efficiency for multicarrier and QAM sig-
nals is calculated as shown in Table I.
Vbs is the maximum drain voltage anghss is the maximum Each of the techniques, however, exhibits different AM/PM
drain current. The load presents the second harmonic at taracteristicg(E), as shown in the measured data in Fig. 5.
switch with a short to increase efficiency by making th&he classical and PDM Kahn methods have a large increase in
switch voltage waveform approximately a square wave. HighaM/PM, due to deep saturation of the PA at low envelope levels.
harmonics are not considered since the gain decreases witfthe measured AM linearity, given by the input—output
frequency and is negligible beyond about 30 GHz. The loadhnsfer characteristit,,;(£), is shown in Fig. 6. The peak
filters out the third harmonic, producing a sinusoidal outpututput level for all modes is about 8 V. The linear modes satu-
The switch voltage waveform was measured using time-d@te at high envelope levels and, therefore, must be operated in
main optical sampling and class-F operation was confirmed bgckoff for high linearity. The Kahn modes, on the other hand,
observing an approximately square waveform at the drain [20fave input—output characteristics, which are approximately
The microstrip circuit is fabricated on a 0.508-mm RT5886traight lines over the entire envelope range. However, the
Duroid (¢, = 2.2) substrate. This PA provides a maximuntlassical Kahn and Kahn PDM modes suffer fréeadthrough
instantaneous efficiency of 55% for 610-mW output power angthich occurs in an amplifier when a zero-input signal envelope
5.3-dB saturated gain withigs = —0.9VandVps =7 V. on the drain results in a nonzero output due to the feedback
Each PA mode is implemented by manually changing ttoapacitance of the device. This degrades the linearity and also
drain voltage and drive signal amplitude according to theduces dynamic range of the output. The Kahn FDM technique
relationships shown in Fig. 3(a). By monitoring the RF and dgives no feedthrough and gives the highest AM linearity.

_ Vbs

R, = .
1 Ipss
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TABLE | 3-dB peak-to-average ratio. Peak power for all modes is about
COMPARISON OFAVERAGE EFFICIENCY AND LINEARITY RESULTS THE 0.6 W, Corresponding to a maximum output envelope of about
PREDICTED VALUES ARE OBTAINED BY ANALYZING PA MODELS FORMED BY . . .
MEASURING THE CHARACTERISTICS OFEACH MODE UNDER A 8 V. The PDFs of both these signals are shown in Fig. 2. The
SINGLE-TONE EXCITATION overall amplifier linearity is obtained from a combination of the
Power amplifier | Predicted | Predicted average efficiency Peak measured AM and AM/PM eﬁeCtS' as qescrlbed in Section Ill.
modes IMD ratio [Multi-carrier QAM Power Qne wo_uld expect the Ilnear_mode in t_)ackoff to have the
8.4 GHz (dBe) | -104BPEP | -3 dBPEP W) highest linearity, i.e., 27 dBc, with low efficiency, i.e., less than
10%. The FDM Kahn technique, in contrast, gives the same
Kahn 238 26.4% 43.8% 0.66 linearity with a significantly improved average efficiency of
E:ﬁ'ggx 22767 :2%‘ 21::;“ g'gg 44% (at least a factor of 4.4 improvement).
- o —= : For QAM signals, the classical Kahn method gives better ef-
Lincar (fixed drain) ficiency than the linear fixed-bias mode, but the dynamic bi-
Full power 17 9.5% 28.7% 0.61 asing schemes (envelope tracking, FDM, and PDM Kahn) have
0.67 of full power 27 0.41 much higher average efficiencies and are all comparable. This
_ is because the PDF for the QAM signal is only 3 dB below
Envelope tracking the peak envelope level, where all the dynamic biasing schemes
Full power 23.1 36.1% 49.5% 0.72 o !
0.7 of full power 246 0350 have similar performances.

A comparison of efficiency and linearity results from the
measurements described in the previous section is summarized
in Table I. The following observations should be pointed out:

50 7 1) Kahn EER can be used to linearize highly nonlinear am-
’§“40 i — Linear plifiers such_ as saturate_d cIa;s—F and E; _
A /2 ET 2) average efficiency and linearity of Kahn EER can be in-
§30 4 + Kahn creased by drive modulation;
] 3) average efficiency and linearity of a fixed-bias class-F
520 A — Kahn FDM amplifier can be increased by dynamic drain biasing (en-
N~ - Kahn PDM .
= P velope tracking);
10 i 4) dynamic modes have higher average efficiency and lin-
0 s earity;
0 ) 4 6 5) for approximately the same output power, the saturated
E (V) dynamic modes (Kahn FDM, PDM) give higher effi-

ciency and linearity than the dynamic linear method ET;
Fig.5. Measured AM/PM of the PA modes. For the Kahn modes, the envelope 6) Kahn EER with FDM gives the highest linearity at the
is the drain voltage (0-7 V), and for the linear modes, it is the amplitude of the peak output level, while increasing the average efficiency
RF input (0-4.24 V). of the PA by a factor of 4.4 over the case of the unlin-
earized fixed-bias PA.

8 1 VII. DISCUSSION
86 i — Linear In summary, this paper has discussed the average efficiency
N ET and linearity of an 8.4-GHz class-F nonlineaf-band PA
9, — Kahn intended for use in transmitters with time-varying signal
] — Kahn FDM envelopes. The class-F amplifier has a high instantaneous
R |/ - Kahn PDM efficiency for high signal amplitudes, but low efficiency for
2 smaller signals, yielding a poor efficiency when averaged over
0 time. We show experimentally that several different dynamic

power control techniques can be used to improve the average
6 amplifier efficiency, and that among these techniques, the
best simultaneous efficiency and linearity are obtained by
Fio 6. AM linearity of the PA modesi” . is th ltude of the outout a modified Kahn EER technique. For example, the average
silgﬁall, which Ir?aesag ge(;kvzlue orfna?bgjt g‘\tl.llszor?h:nlzgrlwlljrr?oges,(tahgueﬁ\ljel(ﬁwme_ncy_ for a Raylelgh distribution of S|gna_\l ampl_lt_UdeS
is the drain voltage (0—7 V), and for the linear modes, it is the amplitude of ti{gnulticarrier OFDM) was improved to 44% for this amplifier at
RF input (0-4.24 V). a peak output power of 0.6 W, with IMD products suppressed to
28 dBc. The same amplifier when operated in linear fixed bias
The predicted linearity and average efficiency of the varioumsode has only 10% average efficiency, with 17-dBc distortion
techniques are summarized in Table I. The presented datahe same output power. The techniques we discuss in this
includes the average efficiency for multicarrier signals withaper are not specific to class-F and class-E amplifiers or to
a 10-dB peak-to-average ratio, and for QAM signals with the signal amplitude distributions we have investigated here.

0 2 4
E V)
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They are quite general and can be used in conjunction with any9] H. L. Krauss, C. W. Bostian, and F. H. Ra&nlid State Radio Engi-
amplifier and a variety of modulation schemes for which the _ neering New York: Wiley, 1980, ch. 14, pp. 432-476.
| . [20] M. Weiss, M. Crites, E. Bryerton, Z. Popdyiand J. Whittaker,
envelope varies. “Time-domain optical sampling of switched-mode amplifiers and mul-
The total efficiency of the Kahn method depends not only on tipliers,” IEEE Trans. Microwave Theory Techol. 47, pp. 2599-2604,

the PA, but also on the amplitude modulator used to amplify__ Dec1999. o
the envelope signal (Fig. 1). The class-S amplitude modulat&?l] D. Maksimovic, private communication.
at L-band [9] has an efficiency of 90% at switching speeds on

the order of 100 kHz. If a 1-MHz dc—dc converter is used in-

stead of a class-S modulator, approximately 90% efficiency can
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