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Simulate

A DOHERTY AMPLIFIER
With DPD

Computer-aided-engineering software can enhance the performance of a Doherty power
amplifier, helping to develop correction circuitry that improves efficiency and power.

OHERTY AMPLIFIERS can deliver power with
high efficiency and excellent linearity over a wide
dynamic range. A Doherty amplifier comprises
carrier and peaking amplifiers linked by a quarter-
wave transmission line. The carrier amplifier is
typically biased for linear operation—for example, 50 Q 50 Q

Carrier amp

Class A or AB—while the peaking amplifier is typically biased for V4 va 3}\5/40
nonlinear operation (e.g., Class C). As input power is increased, c — ——— 5
the peaking amplifier gradually turns on, thereby augmenting

the power being produced by the carrier amplifier. When prop- Peaking amp

erly designed, the total power of the amplifier is increased, with

better linear performance and efficiency. 1. This simple block diagram shows the topology of a Doherty

The use of digital predistortion (DPD) for improved linearity — amplifier. Class AB and Class C amplifiers are used in parallel
is gaining popularity as power amplifier designers seek high ef-  for improved power efficiency.
ficiency and reduced adjacent-channel
power ratio (ACPR). To demonstrate
the design of a Doherty amplifier, we Yom
show a typical design with the aid of Mi- =
crowave Office® circuit design software
from AWR Corp. (www.awrcorp.com).
A critical aspect of the design is to cor-
rectly account for the various nonlin-
earities in the transistors.

The amplifier will be designed and
constructed based on transistor tech-
nology from NXP Semiconductors
(www.nxp.com). The operating points
and optimal loads for the amplifier will
be determined using standard load-
pull techniques. Electromagnetic (EM)
simulation will be used to model critical
sections of the amplifier layout, where
low-impedance output matching sec-
tions are so broadband that closed-form 2. A top-level schematic of the amplifier is on the left, with the layout of the two
models tend to be inaccurate. In partic- amplifiers on the right.
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ular, the output section will be simulated
by means of the planar EM simulator
AXIEM’® from AWR. Although the main
circuit simulator used for modeling the
Doherty amplifier is harmonic-balance
software, a number of other simulation
options will be discussed—including the
use of circuit-envelope simulation.

A Doherty amplifier can provide high
power-added efficiency (PAE) for ap-
plications where power is critical, such

as in cellular base stations. The Doherty
amplifier was originally invented in 1936
by William H. Doherty of Bell Telephone
Laboratories. Details of the design have
changed through the years—including its
migration from vacuum tubes to transis-
tors as the active devices—but the basic
concept remains intact. Doherty amplifi-
ers have become increasingly popular in
recent years because of their capability to
handle large peak-to-average signals, as
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3. These load-pull simulation results show constant output power curves (blue curves)

and PAE curves (purple curves). The red circle shows the load point for maximum output

power; the green square the load for maximum power efficiency.
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4. The output-matching network was originally designed using transmission line models,

as the schematic shows on the left. The resulting layout was simulated using AXIEM,

AWR's planar EM simulator.
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are typified in wireless applications.

Figure 1 shows a generic Doherty
amplifier topology. It essentially features
two amplifiers in parallel. The top ampli-
fier is biased under Class AB conditions,
while the bottom amplifier is powered
as a Class C unit. The Class AB amplifier
is designed to operate as a linear ampli-
fier, thereby giving very low distortion.
Unfortunately, it is not very efficient, with
maximum theoretical efficiency being
about 78.5%.

Note that a Class AB amplifier is more
efficient than a Class A version because
two transistors are used in parallel and
are biased such that each is on 50% of
the time. Class B bias is the limiting case
of Class AB bias conditions. Under Class
AB conditions, the bias is set to have the
regions where the transistors are turned
on overlap slightly. This minimizes the
problem of crossover distortion, which
is a degradation of performance caused
by the nonzero voltage drop required for
turning on the transistors.

The Class C amplifier is used as the
peaking amplifier in the circuit. A Class
C amplifier is biased so that the transistor
only turns on when there is non-zero in-
put power above a predetermined thresh-
old level coming into it. This makes for a
very efficient amplifier, but one that is
highly nonlinear. The idea of the Doherty
amplifier is to use the Class AB amplifier
at low power. At higher power the Class
C amplifier also contributes to the output
power. Hopefully, this leads to increased
PAE at higher power levels. Note that the
circuit contains two quarter wavelength
matching sections at the frequency of
operation. These sections are necessary
as the input impedances of the amplifi-
ers are changing, and it is critical that the
entire circuit be well matched over all
power levels.

The Doherty amplifier described in
this report is based on transistors from
NXP Semiconductors. Figure 2 shows
the high-level conceptual schematic
circuit and layout for the Doherty am-
plifier circuit. The various portions of a
typical Doherty amplifier can be clearly
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BeRex, Your One-Stop Source

for pHEMT Power & LNA Devices

4 Reliability you can depend on
v" Excellent performance (Gain, Power & PAE)
v Proven in commercial & military applications

Ultra Gate FREQ. NF (CE Ids Vds
LNA (um) (GHz) (dB) (dB)  (mA) (V)
BCLO16B 0.15x160 1-40 0.4 13.5 10 2
LNA specifications are typical at 12 GHz with Ids = 10mA; Vds = 2V
Power Gate FREQ. Idss GldB P1dB PAE
pHEMT (um) (GHz) (mA) (dB)  (dBm) (%)
BCP020T* 0.25x200 1-26.5 65 17.7 24 60
BCPO30T* 0.25x300 1-26.5 95 15.6 25.5 65
BCP040T 0.25x400 1-26.5 120 14.0 26 65
BCPO60T* 0.25x600 1-26.5 180 12.0 28.0 60
BCP060T2 | 0.25x600 1-26.5 180 12.0 29.0 65
BCPO8OT* 0.25x800 1-26.5 240 10.5 30.0 60
BCP080T2 | 0.25x800 1-26.5 240 115 30.0 65
BCP120T 0.25x1200 1-26.5 350 11.0 32.0 60
BCP160T 0.25x1600 1-26.5 500 10.5 33.0 60
BCP240T 0.25x2400 1-26.5 700 10.0 34.5 55

Power pHEMT specifications are typical at 12 GHz with Vds = 8V

All above devices are available as bare-die.

* indicates parts also available in a standard 70 mil SMT ceramic package
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BeRex also offers a broad line of GaAs and
SiGe HBT gain blocks, amplifiers, dividers,

and switches for RF applications.

Visit www.berex.com

5. These are bias lines and dynamic load
lines for the Doherty amplifier's transis-
tors at different voltages (a, b, and c). The
purple curves are for the class AB ampli-
fier. The green curves are for the Class C
amplifier. As the input power increases,
the Class C amplifier turns on.

seen. For example, the layout shows the
Class AB (top of Fig. 2) and the Class C
(bottom of Fig. 2) amplifiers. The feed
lines differ by 90 deg. at the intended
point of operation.

The illustrative Doherty amplifier
was designed with the aid of Microwave
Office software, using the standard de-
sign methodology for this type of circuit.
Load-pull simulations were run to deter-
mine practical input and output loads—
a first step in determining impedance-
matching networks. Figure 3 shows a
typical load-pull plot.

The blue curves are constant-output-
power curves, as the outputload is varied.
The purple curves plot the PAE for a given
outputload. The maximum output power
is attained when the (normalized) load is
at the location of the red circle. The maxi-
mum PAE is attained when the load is at
the green square. Fortunately, the square
and circle are found at about the same
load, from 2 to 2.5 Q. The output-match-
ing network is shown in Fig. 4.

The original Doherty amplifier design
was created using standard transmis-
sion-line models. However, these models
are inadequate for the extreme aspect
ratios required for the low-impedance-
matching network. As the lines become
very wide, the accuracy of the mod-
els becomes compromised. The layout
was therefore simulated in AXIEM, a
planar EM simulator well suited for
planar layouts.

The meshed EM layout is shown in
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DOHERTY AMPLIFIER
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the right half of Fig. 4. The layout is col-
or-coded to show the DC connectivity of
the various shapes. It is important to note
that it was not necessary to manually ex-
port the amplifier layout to the EM simu-
lator. Rather, AWR’s EM extraction tech-
nology was used, which makes it possible
to effortlessly send the desired parts of a
circuit layout to an EM simulation, where
ports were added automatically. The
simulated S-parameter results were used
in the amplifier schematic circuit instead
of the models, resulting in a more accu-
rate solution.

The circuit was then modeled using
AWR’s harmonic-balance simulation

curve and right axis) for the Doherty amplifier.

6. These plots show the output power (blue curve and left axis) and the PAE (purple

technology. Figure 5 shows the DC bias
lines of the transistors, as well as the dy-
namic load lines for the Class AB
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and Class C amplifiers that com-
prise the Doherty amplifier. The
purple curves are the dynamic
load lines for the Class AB am-
plifier, while the green curves
are the load lines for the Class
C amplifier.

As can been seen, the input
power increases from +26 dBm
to +40 dBm; the Class C amplifier
turns on and contributes to the

by the 1/Q table values, and then combined to give the corrected results.

7. This is the amplifier's correction topology as modeled in VSS. The input power is corrected

increase in output level. (Note
that the load lines include the ef-
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fects of package parasitics, which
is why can have negative volt-
age and current values.) Figure
6 shows the output power (the
blue curve and left axis) and the
PAE (the purple curve and right
axis) for the completed amplifier.
The efficiency increases to about
56%, which is about 7% higher

= than either the Class AB amplifi-

er or the Class C amplifier alone.

The performance of the am-
plifier can be further improved
by correcting for various nonlin-
earities and mismatches in the
system. There are several ways

8. This is the complete VSS
system, with a fully specification-

compliant LTE input signal.
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to accomplish this. This paper illustrates
one method that is particularly useful
for modern mobile encoding schemes
using digital pre-distortion. The tech-
nique increases the range over which
the amplifier is linear, thereby reducing

distortion. AWR’s Visual System Simula-
tor™ (VSS) software was used to carry out
the analysis.

VSS uses nonlinear system models for
the amplifier to determine the overall sys-
tem response. The modeling approach is
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to simulate in-phase/quadrature (I/Q)
values with the uncorrected amplifier,
then create a correction table within the
VSS simulator as shown in Fig. 7. Correc-
tion factors are calculated for the various
input power levels to create the desired
output. The input power is multiplied by
the corrected 1/Q table values. Once the
tables have been calculated, they can be
programmed into the amplifier’s control
circuitry. They need not be changed un-
less the operating conditions of the am-
plifier change, at which point they would
need to be recalculated.

Figure 8 shows the complete system
level analysis with a fully specification-
compliant test signal; for this evaluation,
a Long Term Evolution (LTE) cellular
signal was used. Figure 9 shows the im-
provement in the amplifier’s perfor-
mance, illustrated by three channels in
the spectrum. The corrected signal (red
curve) features a reduced noise floor
when compared to the uncorrected sys-
tem (blue curve). Figure 10 shows the
corrected AM-AM and AM-PM curves.
Noticeable improvement can be seen:
The corrected amplifier has 3-dB in-
creased output power and the AM-PM
distortion has been nearly eliminated.

This example has thus far used har-
monic-balance modeling as the circuit
simulation methodology; however, AWR
offers a second approach to simulating
the circuit—namely, circuit-envelope
simulation. While straightforward and
efficient, harmonic balance does have
its shortcomings. In particular, it can-
not model memory effects, and only
simulates steady-state performance. The
system simulations carried out in VSS in
this example used nonlinear behavioral
models, based on the AM-AM and AM-
PM characteristics of the amplifier. It did
not take into account memory effects or
circuit level issues such as currents in the
biasing network.

Envelope simulation, on the other
hand, is a circuit-level simulation meth-
od that takes longer to simulate than har-
monic balance, but allows for memory
effects. Figure 11 shows an example of
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10. These plots show the AM-AM and AM-PM measurements for the uncorrected and
corrected amplifiers. The phase distortion is improved 30 deg. by the correction, while

the output power is increased 3 dB.
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9. The Doherty amplifier’s input channels
are shown by the blue curves. The uncor-
rected (purple curve) and corrected (red
curve) results are shown. The noise floor
has been lowered by 20 dB.

the type of results possible (in this case
using a PA manufactured by Infineon) in
a multicarrier communications system
where distortion must be minimized. The
red (nonlinear behavior) and green (en-
velope simulation) curves differ slightly.
The slight shift in frequency is typical of
memory effects.

The orange curve is the DPD-correct-
ed amplifier, with clear improvement be-
ing shown in the results. The input signal
is in blue, a conventional nonlinear be-
havioral model is shown in red, the enve-
lope simulation is depicted in green, and
the DPD circuit is shown in orange. Since
envelope simulation is a circuit-based
simulator, it can also show the time-
varying currents and voltages at various
points in the circuit.

In summary, the use of a commercial
circuit simulator such as AWR’s Micro-
wave Office can simplify the design of
a DPD-based Doherty amplifier, espe-
cially when EM simulation is used as part
of the modeling process. In addition, a
DPD network was created in VSS soft-
ware, yielding performance improve-
ments (Figs. 9 and 10). As was presented,
a number of different simulation meth-
ods are available for designing such an
amplifier—that said, different programs
account for different operating condi-
tions and effects, and simulation times
may vary. MWRF

Editor’s Note: More information on cir-
cuit envelope simulation is available in
the four-page PDF white paper, “Leverage
Circuit Envelope Simulation to Improve
4G PA Performance,” available for free
download at www.awrcorp.com/sites/
default/files/content/attachments/AWR-
VSS-Envelope-White-Paper.pdyf.

11. This plot shows the spectrum of a
multicarrier system.

May 2013 | Microwaves&RF



