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TABLE 4. Summary of state-of-the-art results for various power amplifiers

using various devices.
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EER is based on the
decomposition of any
narrowband signal into
simultaneous amplitude
(envelope) and phase
modulations. In a mod-
ern implementation, both
the envelope and the
phase-modulated carrier
are generated by a digital
signal processor (DSP). In
contrast to linear ampli-
fiers, a Kahn-technique
transmitter operates with
high efficiency over a
wide range of amplitudes
and therefore produces a
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high average efficiency for a wide range of signals
and power (back-off) levels. Average efficiencies
three to five times those of linear amplifiers have
been demonstrated (Figure 17) from HF to L band
(3 MHz-2 GHz) band [25]-[27].

Transmitters based upon the Kahn technique
generally have excellent linearity because linear-
ity depends on the modulator rather than RF-power
transistors. The two most important factors affecting
the inherent linearity are the envelope bandwidth
and alignment of the envelope and phase modula-
tions. As a rule of thumb, the envelope bandwidth
must be at least twice the RF bandwidth and the mis-
alignment must not exceed one tenth of the inverse of
the RF bandwidth [28].

Drive

In practice, the drive level is not hard-limited. The
use of a hard-limited drive signal results in unnec-
essary power consumption and low overall (system)
efficiency at low power outputs. In addition, feed-
through of the drive signal through gate-drain capac-
itance limits the minimum amplitude that can be
produced.

These problems are eliminated by amplitude-
modulating the driver (and optionally the predriver)
as well as the final amplifier (Figure 18). The gain
of most RF-power devices decreases for low supply
voltages, hence simply modulating the driver with
the desired envelope alone results in low-ampli-
tude signal drop-outs. This problem is overcome by
modulating the driver with minimum level plus the
desired envelope [29]. Typically the minimum driver
supply voltage is about 20% of the peak driver volt-
age, thus the drive amplitude is 0.2 1 0.8, where
the desired envelope E ranges from 0 to 1. The
dynamic range can be increased further by applying
this technique to the predrive signal and reducing
the driver supply voltage to zero for very low signal
amplitudes [26].

Predistortion

While amplitude linearity
is generally good, variation
of supply voltages results in

I
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lope and to accomplish the delay matching through
analog techniques. These factors strongly favor the
use of digital signal processing in Kahn-technique
transmitters.

The DSP can be configured to produce all of the
required signals. The predistortion sets the signal
amplitudes so that efficiency is maximized at each
output amplitude, and then corrects the resultant

variable drain capacitance(s).
These in turn can introduce
significant amplitude-to-

phase conversion, especially

Class-S
Modulators

; ; Input .
at low signal levels. At higher | | Digital T
. . o—>{ DSP N —>
microwave frequencies, the > Up Conv _= R:
RF-power devices exhibit Q Output

softer saturation character-
istics and more amplitude-
to-phase conversion [30],
[31]. It is also cumbersome
to produce the desired enve-
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o e

IEEE | C magazine

27



IEEE |

amplitude-to-phase conversion. Examples include
both HF-VHF and L-band transmitters [26], [27].
The amplitude-transfer characteristic of the HF-VHF
transmitter fits a straight line within 0.13% rms and
its phase errors do not exceed 0.2° except at the lowest
amplitudes.

Class S Modulator
The most common means of achieving high-efficiency
amplitude modulation of the final and driver amplifiers
is a Class S modulator. Class S modulators (Figure 19)
use a transistor and diode or a pair of transistors that
act as a two-pole switch to generate a rectangular wave-
form with a switching frequency several times that of
the output signal. The width of pulses is varied in pro-
portion to the instantaneous amplitude of the desired
output signal, which is recovered by a low-pass filter.
Class S is ideally 100% efficient and in practice
can have high efficiency over a wide dynamic range.
The metal oxide semiconductor field effect transis-
tor (MOSFET)-diode configuration automatically
drains stored charge in the process of switching off.
However, the MOSFET-MOSFET configuration has
better linearity at low levels because the switching
waveform is explicitly defined by the switching

o Vpp © Vbp
- Q; D,
=5 -
+
Vop
Q
o >
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C magazine

action of the MOSFETs. A Class S modulator can be
driven by a digital (on/off) signal supplied directly
from a DSP, eliminating the need for intermediate
conversion to an analog signal.

Selection of the output filter is a compromise
between passing the infinite-bandwidth envelope and
rejecting FM-like spurious components that are inher-
ent in the pulse-width modulation (PWM) process.
Typically, the switching frequency must be six to seven
times the RF bandwidth. Modulators with switching
frequencies of 500 kHz are readily implemented using
discrete MOSFETs and off-the-shelf integrated circuits
(ICs) [25], while several megahertz can be achieved
using MOS application specific ICs (ASICs) or discrete
GaAs devices [32]. Two or more modulators with dif-
ferently phased switching frequencies can also be used
to cancel the switching frequency, thereby allowing a
wider bandwidth

Class G Modulator

A Class G modulator (Figure 20) is a combination of
linear series-pass (Class B) amplifiers that operate
from different supply voltages. The Class G modula-
tor operates on two portions of the waveform: lower
voltage segments of the signal are amplified by the
amplifier with the lower power supply, which reduces
power dissipation and improves efficiency. Power is
conserved by selecting the one with the lowest usable
supply voltage [33] so that the voltage drop across the
active device is minimized. The average efficiency is
dependent on the power supply cross-over power sup-
ply point (a) as well as the signal properties [33].

Split-Band Modulator

Many modern communication systems require enve-
lope bandwidths larger than those that are readily
achieved with a Class S modulator. For example, a
single-channel WCDMA signal occupies about 5 MHz
of RF bandwidth, which would necessitate a Class S
modulator with a 30 MHz switching frequency. This
situation is exacerbated in base stations, which must
simultaneously amplify several signals with total RF
bandwidths of 20 MHz or more.

Split-band modulators achieve the larger bandwidths
by combining Class S and Class B amplifiers. Most of
the power in the envelope (typically 80%) resides at
lower frequencies and is amplified by the efficient Class
S modulator. The higher-frequency component of the
envelope is amplified by the Class B amplifier.

One topology for the split-band modulator
(Figure 21) uses diplexers to combine the outputs of
the two amplifiers and achieves the maximum pos-
sible efficiency. This approach nicely isolates one
PA from the other. The drive signals are generated
by negative-component or inverse filters [34], [35]
that are implemented in DSP. Due attention must
be given to including real components in the filters
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so that the gain does not increase without limit and
cause instability.

The second and more popular topology (Figure 22)
adds the currents produced by the two amplifiers [36].
The output of the Class S modulator lags behind the
desired signal, resulting in a difference between the
desired and actual output. The feedback loop around
the class-B amplifier then causes it to dump current
into the load to bring the voltage up to the desired
value. The Class S amplifier often is operated by feed-
back based upon load current. The advantage of this
technique is implementation with analog components.

Examples
Recent examples of Kahn-technique transmitters are
shown in Figures 23 and 24. The first is a 750 W high-
efficiency transmitter intended for use in magnetic-res-
onance imaging from 10 to 128 MHz. The second is a
prototype 160 W L-band amplifier. Both employ Class
S modulators and the drive technique described above.
As with the other PA types, there are a number of
advantages to the Kahn EER technique over other PA
configurations as well as disadvantages that design-
ers should be aware. The advantages of the Kahn EER
technique include
« high efficiency is maintained over a wide range
of amplitudes
« the output of the RF PA can be optimized for effi-
ciency, operating band, etc., since quarter-wave-
length combiners are not required.

Selection of the output filter is

a compromise between passing
the infinite-bandwidth envelope
and rejecting FM-like spurious
components that are inherent in the
PWM process.

The disadvantages of the Kahn EER technique include
« the signal bandwidth is limited by the bandwidth
of the envelope modulator
» the series-pass modulator introduces loss and
lowers the efficiency near the peak power output
* DSP is generally needed to correct for AM-PM
conversion at low outputs.

Envelope Tracking

The envelope-tracking architecture is similar to that of
the Kahn technique. However, the final amplifier oper-
ates in a linear mode and the supply voltage is varied
dynamically to conserve power. The RF drive con-
tains both amplitude and phase information, and the
burden of providing linear amplification lies entirely
on the final RF PA. The role of the variable power
supply is only to optimize efficiency. This approach
reduces the requirements for signal processing, but
does not achieve as high an efficiency as does an EER
architecture.

Doherty Power Amplib er

The origin of the Doherty amplifier dates back to
innovative work at Bell Laboratories starting in 1934
by William H. Doherty in developing high-power
radio transmitters for transoceanic communications
and broadcasting applications [37]. His invention to
improve PA efficiency significantly became widely
known as the Doherty amplifier. Since the original
invention, implementations have ranged from elec-
tronic tubes as the amplifying elements to the use of
modern semiconductor device technology, including
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conductance and switching amplifiers that improve
both efficiency and linearity over the wide amplitude
ranges these multi-carrier applications exhibit.

The wireless PA designer can't simply rest after
understanding the PA architectures outlined in this

Indeed, the future is quite bright
for the PA designer, with a number
of interesting challenges and their
solutions still to come.
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usually take a back seat in return for improved PA
efficiencies. In these cases, switching-mode PAs, and
to a lesser extent Class C PAs, are usually the design
choices. Out-of-band nonlinearities can be removed
with proper filtering easily. For multi-carrier and other
nonconstant envelope applications, linear operation is
necessary for proper reproduction of the signal. For the
simplest PA architectures, the transconductance ampli-
fier will easily satisfy these linearity requirements.
Advanced PA architectures such as Kahn EER and
Doherty PAs allow the use of a combination of trans-

C magazine

overview article. Currently under study are new
amplifier classes such as Class J that incorporates load
and circuit reactances and harmonic terminations for
improved PA performance. Another PA architecture
using Class D/E operation uses PWM to vary the
output power while maintaining the high efficiency
noted for this class of operation. The use of PWM
makes this PA very amenable to implementation on
RFICs and is sometime referred to as the all-digital
PA. Other advanced PA architectures currently in use
are Chireix outphasing technique [44], [45] and linear
amplification with nonlinear components (LINC) PAs
[46], [47]. In many of the advanced PA architecture,
linearity and efficiency improvements with good
power output are being achieved as digital signal
processing algorithms are continually developed to
improve PA performance. These DSP algorithms are
useful in aiding the modification of waveforms in
DPD on the run to include effects such as memory
and thermal and aging variations in the PAs. The
more widespread use of DSP techniques (and the
ever-increasing digital system speed and processing
power) also will find widespread use in the software
defined radio (SDR) arena in the future [48].

Indeed, the future is quite bright for the PA designer,
with a number of interesting challenges and their solu-
tions still to come.
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