For New-Generation Cellular Transmitters
Design of a High-Efficiency Broadband GaN
HEMT Doherty Amplifier

MUIN
ID=TL11

W=6.3 mm IND

ID=L6
L=0.1 nH

PORT
P=1 L=1.55 mm
Z=50 Ohm MSUB=MSUB3

[>e =

MLIN

ID=TL12
W=045 mm
L=2.544mm
MSUB=MSUB3

MLIN

ID=TL10
W=201mm
L=2487 mm
MSUB=MSUB3

MLIN

ID=TL9
W=332mm
L=1.875 mm
MSUB=MSUB3

Ve e U

IND SUBCKT

ID=L2
1=0.0005 nH
Vdq=50

self_healting=0 Ernom=10

-20

-30

-40

I—/W—Fl o o I—p‘/W—FI ] Remove_B!
Temperatur=5
Ugw=27-3
N=0
T
—A- DB(IS(1.1)l) =
Graph 1 SP_sim_A
IND
ID=L5
L=0.0063!
\ PORT
4 7-300mm
%
A4 ”

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900

Frequency(MHz)

ID=51
NET="SEDI_GaN_HELMT"

MLUN

ID=TL13
W=155mm
L=1.55 mm
MSUB=MSUB2

IND
ID=18
L=0.005 nH

o]

MSUB
Er=10

H=0.5 mm
T=0002 mm
W_inductancel Rho=1

Name=MSUB2

(L7

MsuB

Er=250
H=0.16 mm
RHO=1
Tand=0001
Emom=250
Name=MSUB3

Figure 1: Equivalent circuit of packaged devices and its input return loss performance(dB(|S11|)

Source:

Design of a High-Efficiency
Broadband GaN HEMT
Doherty Amplifier for
New-Generation Cellular
Transmitters, AWR Application
Note

Special thanks to James

Wong, Andrei Grebennikov,
Naoki Watanabe, and Eiji
Mochida of Sumitomo Electric
for their technical article
“200-W High-Efficiency
Broadband 1.8-2.7 GHz GaN
HEMT Doherty Amplifiers

for New Generation Cellular
Transmitters,” which inspired
the creation of this application
note.

National Instruments
www.ni.com/awr

58

This application note describes
the design of an innovative
Doherty amplifier architecture
using 200-W high-efficiency
broadband 1.8...2.7 GHz gal-
lium arsenide (GaN) high-elec-
tron mobility transistor (HEMT)
technology.

Next-generation 4G/5G tele-
communication systems require
power amplifiers (PAs) to ope-
rate with high efficiency over a
wide frequency range to provide
multiband and multi-standard
concurrent operation.

Overview

In these systems with increa-
sed bandwidth and high data
rates, the transmitting signal is
characterized by high peak-to-
average power ratio (PAPR) due
to wide and rapid variations of
the instantaneous transmitting
power. Therefore, it is impor-

tant to provide high efficiency
at maximum output power and
at lower power levels typically
ranging from 6 dB backoff and
less over a wide frequency
bandwidth. This application
note describes the design of an
innovative Doherty amplifier
architecture using 200-W high-
efficiency broadband 1.8...2.7
GHz gallium arsenide (GaN)
high-electron mobility transi-
stor (HEMT) technology, which
achieved average efficiencies of
50-60 percent for output powers
up to 100 W and significantly
reduced the cost, size, and power
consumption of the transmitters.
The designers used the NIAWR
Design Environment platform,
specifically Microwave Office
circuit design software.

Previously published work in
this area includes a conventional
Doherty amplifier with a quarter-

wave impedance transformer and
a quarter-wave output combiner.
The measured power-added effi-
ciency (PAE) of 31 percent at
backoff power levels of 6...7 dB
from the saturated output power
of about 43 dBm has been achie-
ved across the frequency range of
1.5...2.14 GHz. [1] To improve
the broadband performance of
a conventional Doherty ampli-
fier, an output network can be
composed of two quarter-wave
impedance inverters with redu-
ced impedance transformation
ratios. [2] For broadband com-
bining, an output quarter-wave
transmission line with fixed-
characteristic impedance can
be replaced by a multi-section
transmission line consisting of
different characteristic impe-
dances and electrical lengths
in order to cover the frequency
range from 2.2...2.96 GHz. [3]
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Figure 2: Single-ended Class-AB power amplifier with conjugate matching

In this case, the broadband mat-
ching was realized by applying
the simplified real-frequency
technique with the desired fre-
quency-dependent optimum
impedances. However, nonli-
near optimization of the entire
Doherty amplifier system made
the design more complicated in
terms of circuit simulation and
results in a sufficiently large
size of the final board imple-
mentation.

Another example includes a PA
design with high-peak power of
350 W that was achieved across
the lower frequency band of
760...960 MHz using a modi-
fied combining scheme with two
quarter-wave lines in the peaking
path. [4] Using an asymmetric
Doherty architecture, the satu-
rated power of more than 270
W and linear gain of more than
13 dB with a drain efficiency of
more than 45 percent at §-dB
backoff points was achieved
across the frequency range of
2.5..2.7 GHz. [5]
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Packaged Device

Multiband Doherty ampli-
fier capability can be achieved
when all of its components are
designed to provide their corre-
sponding characteristics over the
required bandwidth of operation.
In this case, the carrier and pea-
king amplifiers should provide
broadband high-efficiency per-
formance when, for example,
their input matching circuits
are designed as broadband and
the load network generally can
represent a low-pass lumped or
transmission-line structure with
two or three matching sections.
Therefore, it was very impor-
tant for matching circuits to be
partly implemented inside the
device package to achieve an
average output power of 40 W
and higher, especially for input
matching circuit in view of very
low device impedance across the
required frequency bandwidth.

Figure 1 shows the equivalent
circuit of the device inside the
package with input matching
elements and the small-signal

Figure 3: Circuit diagram and performance of two-stage Doherty amplifier

S11 parameters at the input of
the internal input matching cir-
cuit including package lead-
frame. Here, the Sumitomo 50-V
device represents six basic 15-W
GaN HEMT cells connected in
parallel and capable of provi-
ding more than 80 W of satu-
rated output power across the
entire frequency bandwidth of
1.8...2.7 GHz. The three-sec-
tion microstrip transformer was
implemented using a 0.16 mm
thick alumina substrate with high
permittivity of 250 to achieve
a compact structure. Through
this structure, the impedance
of the (bare transistor die) gate
terminal was transformed to ~10
ohm at the reference plane of
the package input. When refe-
renced to an environment with
a 10 ohm characteristic impe-
dance, a return loss better than
25 dB was achieved across the
band of interests.

Broadband
Performance

Generally, the multiband impe-
dance transformer required for

broadband operation can repre-
sent a configuration with N cas-
cade-connected transmission
lines with different characteri-
stic impedances. [6] As an exa-
mple, in order to match the out-
put impedance of 25 ohms with
the load impedance of 50 ohms,
the broadband output transfor-
mer can be realized using a two-
section microstrip line, where
the characteristic impedance of
the first quarter-wave section is
equal to 30 ohms and the cha-
racteristic impedance of the
second quarter-wave section is
set to 42 ohms. In this case, the
magnitude variations of +0.5
ohms and phase variations of
+1° of the input impedance was
achieved across the frequency
range from 2 to 2.8 GHz cove-
ring simultaneously 2.1-GHz
(2.11...2.17 GHz) and 2.6-GHz
(2.62...2.69 GHz) wideband
code-division multiple-access
(WCDMA )/long-term evolution
(LTE) bands. [7] At the same
time, the magnitude variations of
+1 ohms and phase variations of
+2 degrees were achieved with a
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Figure 4: Block schematic of two-stage broadband inverted Doherty amplifier

1-GHz bandwidth from 1.9t0 2.9
GHz, which meant that reducing
the mid-band frequency to 2.3
GHz resulted in a simultaneous
tri-band operation with inclu-
sion of an additional 1.8-GHz
(1805...1880 MHz) digital cel-
lular system (DCS)/WCDMA/
LTE bandwidth.

Figure 2a shows the simplified
circuit schematic of a single-
ended 80-W GaN HEMT power
amplifier operating in a Class-
AB mode with external input and
output matching circuits to ope-
rate over a frequency bandwidth
from 1.7 to 2.7 GHz. Here, the
input and output matching cir-

cuits implemented on RO4350
substrate (material from Rogers
Corporation) represent the two-
stepped microstrip-line trans-
former, each with different cha-
racteristic impedance ratio and
different electrical lengths of the
microstrip-line sections, provi-
ding the conjugate matching with
the device input and equivalent
output impedance at the funda-
mental frequency.

As a result, an output power
P1dB of more than 48 dBm with
a power gain of more than 12
dB and drain efficiency of more
than 52 percent was measured
across the required frequency

range from 1.8-2.7 GHz, as
shown in Figure 2b. Previously,
drain efficiencies greater than
60 percent were achieved bet-
ween 1.9 and 2.9 GHz with a
45-W GaN HEMT CGH40045F
device using a simplified real-
frequency technique to deter-
mine the optimum impedances
and element values for highest
efficiencies across the frequency
range. [8]

Broadband
Two-Stage Doherty
Amplifier

In order to maximize operati-
onal bandwidth, it was impor-

tant to minimize the loaded Q
factor. (A loaded Q of unity has
limitless bandwidth). However,
in Doherty operations where a
lambda/4 transformer is neces-
sary, the value of the loaded Q
begins at a figure of 2. Therefore,
it is possible to achieve wide-
band operation by balancing the
amount of loaded Q necessary
for Doherty operation and ope-
rational bandwidth. The classi-
cal two-stage Doherty amplifier
has limited bandwidth capability
in a low-power region since it is
necessary to provide an impe-
dance transformation from 25
to 100 ohms when the peaking
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amplifier is turned off, thus resul-
ting in a loaded quality factor Q.
= =1.73 at 3-dB output-power
reduction level, which is suffi-
ciently high for broadband ope-
ration. However, at high-power
levels, due to broadband impe-
dance output matching of the
carrier and peaking amplifiers
and using a broadband output
quarter-wave transformer, it is
possible to maximize the fre-
quency bandwidth.

Figure 3a shows the circuit dia-
gram of a conventional two-
stage Doherty amplifier imple-

mented on a 20-mil RO4350
substrate and based on two
80-W GaN HEMT power tran-
sistors with internal input mat-
ching in metal-ceramic flange
packages. The input and output
matching circuits are fully based
on microstrip lines of different
electrical lengths and characte-
ristic impedances composing
the two-stepped structures.
An input splitter represents a
broadband coupled-line coupler
from Anaren, model X3C17A1-
03WS, which provides maxi-
mum phase balance of £5

degrees and amplitude balance
of +0.5 dB across the frequency
range of 690...2700 MHz.

Figure 3b shows the measured
power gain and drain efficiency
of such a GaN HEMT Doherty
amplifier across the entire fre-
quency bandwidth for five in-
band frequencies. In this case,
a power gain of more than 9 dB
was achieved across the entire
frequency range of 1.8...2.7
GHz. At the same time, the drain
efficiencies of about 60 percent
at saturation power P3dB (except
high-bandwidth frequencies)

and between 40 and 50 percent
at 6-dB backoff output powers
were measured. In view of the
bandwidth limitations of the con-
ventional structure, the Doherty
effect is not as strong across the
bandwidth, with more effect at
lower bandwidth frequencies.

Broadband
Two-Stage Inverted
Doherty Amplifier

Figure 4 shows the schematic
diagram of an inverted broad-
band Doherty amplifier configu-
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ration with an impedance trans-
former based on a quarter-wave
line connected to the output of
the peaking amplifier. Such an
architecture can be very helpful
if, in a low-power region, it is
easier to provide a short circuit
rather than an open circuit at the
output of the peaking amplifier,
which depends on the characteri-
stic of the transistor, specifically
the Cg4 of the transistor model,
which is periphery (size) depen-
dent. The larger the transistor
periphery, the more power it is
capable of delivering and the
higher the C value. Cg is also
frequency dependent, which will
impact the impedance matching
criteria for broadband PAs. [9] In
this case, a quarter-wave line is
used to transform very low out-
put impedance after the phase
offset line to high impedance
seen from the load junction. In
particular, by taking the device
package parasitic elements of the
peaking amplifier into account,
an optimized output matching
circuit and a proper phase-offset
line can be designed to maxi-
mize the output power from
the peaking device in a high-
power region and approximate
a short-circuit termination in a
low-power region. [10]
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To better understand the ope-
ration principle of an inverted
Doherty amplifier, consider sepa-
rately the load network shown
in Figure 5a, where the peaking
amplifier is turned off. In a low-
power region, the phase adjust-
ment of the offset line with elec-
trical length lambda/4 causes the

peaking amplifier to be short-cir-
cuited (ideally equal to 0 ohms).
The matching circuit in conjunc-
tion with phase offset line pro-
vides the required impedance
transformation from 25 ohms to
the high output impedance Zout
seen by the carrier device output
at the 6-dB power backoff (ide-

ally equal to 100 ohms with the
quarter-wave transformer), as
shown in Figure 5b.

In this case, the short circuit at
the end of the quarter-wave line
transforms to the open circuit at
its input so that it prevents power
leakage to the peaking path when
the peaking transistor is turned
off. In a high-power region, both
carrier and peaking amplifiers
are operated in a 50-ohm envi-
ronment in parallel, and the out-
put quarter-wave line with the
characteristic impedance of 35.3
ohms transforms the resulting
25 ohms to the required 50-ohm
load. Based on this configura-
tion, the broadband inverted
GaN HEMT Doherty amplifier
was designed with average drain
efficiency of 47 percent, average
output power of 38 dBm, and
saturated power of 44 dBm with
apower gain of more than 11 dB
operating across the frequency
range of 1.8...2.7 GHz using two
10-W Cree GaN HEMT power
transistors CGH40010P.7. [11]
(Note: In a symmetrical Doherty
amplifier, the dynamic range for
maximum efficiency is 6 dB.
Therefore, maximum efficiency
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Figure 9: Simulated power gain and drain efficiency of broadband two-stage inverted Doherty amplifier
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Figure 10: Test performance of broadband two-stage inverted Doherty amplifier

begins at 6 dB from saturated
power; in this case, at 38 dBm).

The impedance conditions at
different points of the load net-
work of the peaking amplifier
when it is turned off are shown
in Figure 6, where Z,,., shown
in Figure 6a indicates low reac-
tance at the output of the load
network over the required fre-
quency range from 1.8 to 2.7
GHz, having near zero reactance
at the mid-band frequency with
some inductive and capacitive
reactances when the operating
frequency approaches the band-
width edges. At the same time,
by using a series transmission
line a quarter-wavelength long
at high-band frequency, an open-
circuit condition is provided at
higher band frequencies with
sufficiently high inductive and
capacitive reactances across the
frequency bandwidth, indicated
by Zpeaking shown in Figure
6b. Hence, the broadband per-
formance of such an inverted
Doherty structure can potenti-
ally be achieved in a practical
realization.

Figure 7a shows the load-net-
work equivalent circuit for a car-
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rier amplifier with a frequency
behavior of the impedance Zcar-
rier seen by the carrier device,
whose real component slightly
varies around 10 ohms, shown
in Figure 7b. This means that,
taking into account the device
output shunt capacitance C,,
of about 5 pF and series output
inductance L, provided by the
overall bond wire and package
leadframe inductances, the impe-
dance seen by the device multi-
harmonic current source at the
fundamental frequency across
the entire frequency bandwidth
of 1.8...2.7 GHz has been increa-
sed by two times from the initial
5 ohms at the input of the broad-
band output impedance transfor-
mer. This is a high enough impe-
dance to achieve high efficiency
at backoff output power levels.

In this case, the device out-
put capacitance and bond-wire
inductor constitute a low-pass
L-type matching section to incre-
ase the load impedance at higher
harmonics (second and above)
seen internally by the device at
the current source.

Figure 8 shows the simula-
tion results for the small-signal

S11 and S21 parameters versus
frequency, demonstrating the
bandwidth capability of a modi-
fied inverted transmission-line
GaN HEMT Doherty amplifier
covering a frequency range of
1.6...3 GHz with a power gain
over 11 dB.

Figure 9 shows the simulated
large-signal power gain and
drain efficiency of a transmis-
sion-line GaN HEMT tri-band
inverted Doherty amplifier based
on a 20-mil RO4350 substrate,
with the carrier gate bias V. =
2.5V, peaking gate bias V,=5.5
V, and dc supply voltage V44 =
50 V. An output power of more
than 53 dBm and a linear power
gain of more than 10 dB were
achieved across the entire fre-
quency range of 1.8...2.7 GHz.
At the same time, the drain effi-
ciencies of more than 50 percent
at saturation and 7-dB backoff
output powers were simulated at
frequencies of 1.85 GHz, 2.15
GHz, and 2.65 GHz, respec-
tively, with maximum drain effi-
ciency of more than 70 percent
at peak power of 52.5 dBm and
lower band frequency. The drain
efficiency levels were above 50
percent over the entire frequency

range when this power level was
reduced to ~46 dBm (the maxi-
mum back-off output powers of
around 6 dB).

The test board of a 1.8...2.7
GHz inverted Doherty ampli-
fier based on two 80-W GaN
HEMT power transistors with
internal input matching in metal-
ceramic flange packages was
fabricated on a 20-mil RO4350
substrate to cover three key fre-
quencies in the mobile/cellular
bands. A broadband 90-degree
hybrid coupler from Anaren
model X3C17A1-03WS provi-
des the input power split with a
maximum phase balance of £5
degrees and amplitude balance
of 0.5 dB across the frequency
range of 690...2700 MHz. The
input matching circuit, output
load network, and gate and drain
bias circuits (having bypass
capacitors on their ends) are
fully based on microstrip lines
of different electrical lengths
and characteristic impedances.

Figure 10 shows the measured
power gain and drain effici-
ency of a transmission-line
GaN HEMT inverted Doherty
amplifier across the entire fre-
quency bandwidth for five fre-
quencies. In this case, a power
gain of more than 9 dB was
achieved in a frequency range
of 1.8...2.7 GHz. At the same
time, the drain efficiencies of
more than 55 percent at satura-
tion power P3dB and around 50
percent at 7-dB backoff output
powers were measured across
the entire frequency bandwidth,
with maximum drain efficiency
of more than 70 percent at lower
bandwidth frequencies below
1.95 GHz and peak efficiency
points at maximum backoff out-
put powers of around 6 dB over
the entire frequency range. The
test conditions for concurrent
transmission of 4-carrier glo-
bal system for mobile commu-
nications (GSM) signal and a
10-MHz LTE signal with a PAR
of 8 dB are shown in Table 1.

As a result, the drain efficiency
of 51 percent with an average
total output power of 45.5 dBm
(18.2 W for the GSM signal and
17 W for the LTE signal) was
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Figure 11. Dual-band DPD linearization of broadband two-stage inverted Doherty amplifier: a) four-carrier GSM signal and b) 10-MHz LTE signal

achieved using an in-house digi-
tal predistortion (DPD) lineari-
zation scheme. Figure 11 shows
the spectral performance after
dual-band DPD linearization of
the broadband two-stage inverted
Doherty amplifier: for the four-
carrier GSM signal with an out-
of-band intermodulation level
lower than 70 dBc, as shown in
Figure 11a, and for the 10-MHz
LTE signal with adjacent channel
leakage ratio (ACLR) lower than
57 dBc, as shown in Figure 11b.

Conclusion

Next-generation 4G/5G telecom-
munication systems require new
power amplifier architectures
that can operate with high effi-
ciency over a wide frequency

range to provide multiband and
multi-standard concurrent ope-
ration. This application note has
presented an innovative Doherty
amplifier design using Micro-
wave Office circuit design soft-
ware that leveraged 200-W high-
efficiency broadband 1.8....2,7
GHz GaN HEMT technology
to achieve average efficiencies
of 50...60 percent for output
powers up to 100 W that signi-
ficantly reduced the cost, size,
and power consumption of the
transmitters.
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