Wideband harmonically matched packaged GaN HEMTs
with high PAE performances at S-band frequencies

Jérôme Chéron, Michel Campovecchio, Denis Barataud, Tibault Reveyrand,
Michel Stanislawiak, Philippe Eudeline and Didier Floriot

Published in
International Journal of Microwave and Wireless Technologies, Volume 5, Issue 4,
August 2013, pp 437-445.
doi:10.1017/S1759078713000032
Copyright © Cambridge University Press and the European Microwave Association 2013
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8963240

International Journal of Microwave and Wireless Technologies, 2013, 5(4), 437–445.
doi:10.1017/S1759078713000032

# Cambridge University Press and the European Microwave Association, 2013

research paper

Wideband harmonically matched packaged
GaN HEMTs with high PAE performances at
S-band frequencies
je’ro^me che’ron1, michel campovecchio1, denis barataud1, tibault reveyrand1,
michel stanislawiak2, philippe eudeline2 and didier floriot3

This paper presents a design method of internally-matched packaged GaN high electron mobility transistors (HEMTs) for
achieving not only high-efﬁciency and high-power performances but also a wide bandwidth and insensitivity to harmonic
terminations in the S-band. The package and its internal matching networks are synthesized to conﬁne the second harmonic
impedances seen by the GaN die to high-efﬁciency regions whatever the harmonic impedances presented outside the package.
This paper reports the design of a packaged GaN HEMT achieving 78% of power-added-efﬁciency (PAE) and 25 W of output
power at 2.5 GHz. A packaged GaN power bar is also reported with the addition of fundamental matching networks inside the
package. In 50 V environment, the packaged GaN power bar provided more than 56% of PAE from 2.5 to 3.1 GHz and was
desensitized to harmonic load variations with less than two points of PAE variation when a load-pull is performed at second
harmonic frequencies outside the package.
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I.

INTRODUCTION

RADAR applications in the S-band are more and more
confronted with the trade-off between high poweradded-efﬁciency (PAE), high output power, and wideband
operation of power ampliﬁers. High efﬁciency classes of operation are well suited for maximizing PAE [1–3] and gallium–
nitride (GaN) high electron mobility transistors (HEMT) have
already demonstrated high power performances. However, a
high-efﬁciency operation is usually restricted to narrow bandwidths, even if recent studies have explored new approaches to
propose a trade-off between PAE and bandwidth, as demonstrated by the class J [1, 4] and the continuous class F [5].
Although microwave and millimeter-wave integrated
circuit (MMIC) ampliﬁers have already demonstrated high
PAE up to 20% of relative bandwidth, packaging is still a critical issue for reaching high-efﬁciency performances on wide
bandwidths. For example, hybrid power ampliﬁers are generally optimized by designing the matching networks outside
the package so that optimum harmonic impedances cannot
generally be reached due to the cut-off frequency of the
package. A recent study [6] has demonstrated that the
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package limits the capability of harmonic impedance matching and can lead to a great degradation of PAE. In addition,
whatever the external circuits, their wideband matching capabilities can also be limited at fundamental frequencies by
package elements.
To overcome these drawbacks of packaged transistors for
wideband PAE performances, the investigated solutions aim
to take advantage of the intrinsic constitutive elements of a
package in order to implement all wideband harmonic matching circuits inside the package. Indeed, a LC low-pass ﬁlter is
built by the two main constitutive elements of a package that
are the inductance L of bond wire connections and the capacitance C of package access. As it will be illustrated in Section II,
this low-pass ﬁlter can be efﬁciently dimensioned so as to
implement the internal matching at second harmonic frequencies for reaching high PAE performances over more
than 20% of relative bandwidth in the S-band. This low-pass
ﬁlter can also be adjusted so that the packaged device is
always matched at second harmonic frequencies, whatever
the harmonic loads presented outside the package.
Section II describes the principle of internal second harmonic matching and demonstrates its application to a 20 W
packaged GaN HEMT unit cell in the S-band.
However, the high power levels required by radar applications have led us to design a packaged GaN power bar,
which is not only internally-matched at second harmonic frequencies but also at fundamental frequencies for reaching
wideband high-efﬁciency and high-power performances in
50 V environment. The packaged GaN power bar has been
designed in the 2.5–3.1 GHz band with the objective to
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completely desensitize the packaged device to external load
variations at harmonics. These results are described in
Section III.

II. PRINCIPLE OF HARMONIC
CONTROL IN PACKAGE

A) Inﬂuence of package elements on harmonic
control
The die packaging generates many undesirable effects such as
coupling capacitances or mutual inductances. Moreover, bond
wires and metalized ceramic access can generate irreversible
negative impacts on harmonic matching. For all reported
designs of packaged GaN devices, complete lumped-element
circuit models of the different packages were developed and
validated [7, 8] in the S-band up to the second harmonic
bandwidth.
In this section, so as to illustrate the impact of package
elements, the simplest model of the package output is considered by using a single bond wire connecting the drain
pad of the active die to the metalized ceramic pad of the
package. Ideally, if parasitic effects and losses are neglected,
the output of the package can be modeled by a LC low-pass
ﬁlter composed of the equivalent inductance L of the bond
wire and capacitance C of the metalized ceramic pad.
This section aims to highlight the impact of this low-pass
ﬁlter on the output matching at second harmonic frequencies.
A good visual representation of this impact is to perform a
load-pull (LP) of the external package load at harmonic frequencies, and to visualize the transformed impedances at
the drain plane of the intrinsic active die.
First, the impact of the capacitance C is illustrated in
Fig. 1, which presents two examples of Smith chart transformation from the output plane of the package toward

Fig. 1. Impedance transformation from the output plane of the package
toward the drain plane of the device in the case of 0.6 pF (case 1) and 2 pF
(case 2) package capacitance at 6 GHz.

the drain plane of the transistor in the case of 0.6 pF
(case 1) and 2 pF (case 2) package capacitances. In both
cases, the bond wire inductance connecting the device is
set to 1 nH and the LP is performed at 6 GHz, which is
a representative example of second harmonic frequency in
the S-band.
In the ﬁrst case of 0.6 pF capacitance, it can be observed in
Fig. 1 that the low-pass ﬁlter transforms the Smith chart in a
reduced impedance region at the drain plane so that it appears
as a small impedance region where it will be difﬁcult to synthesize impedances, whatever the external loads presented
outside the package. The LP is performed for a maximum
reﬂection coefﬁcient of magnitude 0.9.
In the second case, the capacitance C is increased up to 2
pF, which is a likely value in the case of active devices with
a total gate width higher than 10 mm. Figure 1 shows that
transformed impedances at the drain plane are now conﬁned
to a very small region of the Smith chart, which leads to a very
large impedance region where it will be impossible to synthesize impedances, whatever the external loads presented
outside the package.
Hence, the capacitance C of the metalized ceramic pad can
be dimensioned to conﬁne the impedances seen by the active
die at second harmonic frequencies to their high PAE regions
so as to desensitize the package to external harmonic load
variations. However, the conﬁned impedance region at
second harmonic frequencies should correspond to the
optimum one; otherwise it can lead to a great degradation
of PAE. Most of the time, power bar packaging is designed
to perform the best pre-matching at fundamental frequencies,
but a bad location of second harmonic impedances can have a
dramatic impact on PAE performances. This critical issue was
highlighted in [6] where a PAE degradation of 17 points was
demonstrated whatever the external harmonic tuning, because
almost all transformed impedances at second harmonic frequencies were conﬁned by the package elements to low PAE
regions.
Therefore, the investigated solutions in this paper consider
at ﬁrst to implement the secondharmonic matching inside the
package through the low-pass LC ﬁlter with the objective to
ease the matching capability at fundamental frequencies.
The trade-off is to synthesize a high capacitance value to
impose the required conﬁnement of second harmonic impedances at the drain plane, but not too high so as to not restrict
the fundamental matching capability.
Secondly, Fig. 2 illustrates the impact of the inductance L
by two examples of Smith chart transformation in the case
of 1.6 nH (case 3) and 2.9 nH (case 4) bond-wire inductance.
In both cases, the package capacitance is 2 pF in order to
ensure a high impedance transformation ratio. As shown in
Fig. 2, the inductance value allows adjusting in phase the
transformed impedances. When the inductance value is
increased, the conﬁned region of impedances at the drain
plane is rotated clockwise. Therefore, the bond wire inductance of the low-pass ﬁlter will be dimensioned so as to
adjust the conﬁned impedance region at second harmonic frequencies into the required high-PAE region at the drain plane,
whatever the impedances presented outside the package.
Actually, to reach the best trade-off between second harmonic
and fundamental matching, the regions of transformed impedance are also checked at fundamental frequencies so that to
not limit the matching capabilities at fundamental frequencies
according to their optimum PAE regions.
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Fig. 2. Impedance transformation from the output plane of the package
toward the drain plane of the device in the case of 1.6 nH (case 3) and 2.9
nH (case 4) bond wire inductance at 6 GHz.

B) Application to a 20 W packaged GaN
HEMT
This method was applied to a 2.4 mm AlGaN/GaN HEMT
device from United Monolithic Semiconductors (UMS). A
nonlinear electro-thermal model [9] of the intrinsic active
die was extracted from on-wafer pulsed IV and pulsed RF
characterizations and nonlinear simulations at fundamental
and second harmonic frequencies were performed to determine the optimum PAE regions.
In order to illustrate the preceding design principle, a
simple package architecture was designed using a single
bond wire Ld to connect the drain of the GaN die to the
package output so that a low-pass ﬁlter Ld-C1 appears directly
in the equivalent output model of the package. Figures 3(a)
and 3(b) show a photograph of the package architecture and
its simpliﬁed electrical model, respectively. A MetalInsulator-Metal (MIM) capacitor C3 is added at the gate
side to improve the input pre-matching at fundamental frequencies. Two bond wires Lg2 and Lg1 connect the capacitor
C3 to the package input and to the gate, respectively.
The input and output metal-ceramic pads were made of a
metallic plate of Alloy-42 on a 0.5 mm thick alumina substrate. Given the substrate thickness and its dielectric constant
of 9.6, the surface area of the metallic plate was optimized
(6.3 mm wide, 1.5 mm long) to synthesize the required
value of 2 pF for the package capacitance C1. Each bond
wire is represented by an equivalent inductance (Lg1, Lg2,
and Ld). For design considerations, a complete equivalent
model of the package was derived [8] considering all mutual
inductances between bond wires, input/output coupling capacitances, and losses. However, a simpliﬁed electrical modeling
is advantageous as it allows the main electrical parameters
(Lg1, Lg2, Ld, and C1) to be associated with the physical dimensions of bond wires and metal-ceramic pads.
First, the electrical elements of the output low-pass ﬁlter
Ld-C1 are optimized to synthesize the required impedances

Fig. 3. Photograph of the package architecture (a) and its simpliﬁed electrical
model (b).

at the drain plane at fundamental and second harmonic frequencies. Figure 4 presents the synthesized impedances at
the drain plane from 2.5 to 3.5 GHz and from 5 to 7 GHz in
the case of a 50 V termination. The package capacitance C1
is 2 pF, while two different values of 1.6 nH and 2.9 nH
were chosen for the inductance Ld to highlight its impact on
the synthesized impedances at the drain plane. In the ﬁrst
case of package conﬁguration using Ld of 1.6 nH (red line
in Fig. 4), the synthesized impedances at second harmonic frequencies are close to the optimum PAE impedances from 6 to
7 GHz. However, the synthesized impedances at fundamental
frequencies are very far from their optimal values. As a result,
the fundamental matching network must be considered
outside the package.
This ﬁrst package conﬁguration was realized and reported
in [6] demonstrating that second harmonic load impedances
were totally controlled from 2.9 to 4.0 GHz. An optimization
of the fundamental load impedance outside the package has
demonstrated 72% of PAE without external second harmonic
tuning. However, the optimal external load impedances

Fig. 4. Synthesized impedances at the drain plane in the case of 1.6 nH (red
dot line) and 2.9 nH (solid blue line) drain inductance Ld.
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measured at fundamental frequencies presented a high magnitude of reﬂection coefﬁcient.
In order to improve the trade-off between second harmonic matching and pre-matching at fundamental frequencies,
the second package conﬁguration reported in this paper was
realized using a higher value of Ld equal to 2.9 nH. In this
case, it can be observed in Fig. 4 (blue line) that a better prematching is ensured at fundamental frequencies, and the synthesized impedances at second harmonic frequencies are close
to the optimum regions from 5 to 6 GHz. This second package
conﬁguration was realized and its power measurements are
reported in the next section.

C) Power measurements of the 20 W packaged
GaN HEMT
A 50 V test ﬁxture was designed to measure the packaged GaN
HEMT. The RF input power was pulsed using a 10 ms pulse
width at a 10% duty cycle, while bias voltages were continuous.
The gate was biased slightly above pinch-off and the drain bias
voltage was 50 V. De-embedded measurements at the package
planes were obtained by using a Thru-Reﬂect-Line (TRL)
calibration. Large signal measurements were made by using
a PNA-X and a Large Signal Network Analyzer (LSNA)
associated with a speciﬁc method of pulse measurements
[10]. Two different measurement steps were performed.
In the ﬁrst step, a LP was performed at fundamental frequencies for maximum PAE, while ﬁxed second harmonic
impedances of 50 V were imposed at the package output.
The results of these ﬁrst measurements are shown in Fig. 5
(blue diamonds) from 2.5 to 3.5 GHz. In order to highlight
the impact of second harmonic control inside the package,
the results of the packaged device in 50 V environment at
second harmonic frequencies (blue diamonds) are compared
with on-wafer measurements of the 2.4 mm GaN die (red
squares) when its load impedance is optimized at fundamental
frequencies and equal to 50 V at second harmonic frequencies. This ﬁrst comparison underlines the great impact of
packaging on synthesized harmonic impedances at the drain
plane. At 2.5 GHz, in the same measurement conditions, the
optimized packaged device provides 78% of PAE, i.e. 10

points better than on-wafer performances because of the
internal second harmonic matching performed by Ld-C1.
Above 2.5 GHz, the internal matching network at second harmonic frequencies generates PAE improvements up to
3.2 GHz which become insigniﬁcant above 3.2 GHz.
In the second step, the fundamental impedance was set to
its optimal value for maximum PAE, while a LP was performed at second harmonic frequencies for a reﬂection coefﬁcient limited to a maximum magnitude of 0.8 due to the tuner
capability. Figure 5 shows a comparison between on-wafer
measurements of the 2.4 mm GaN die (red area) and measurements of the packaged device (blue area) from 2.5 to 3.5 GHz.
Under such LP conditions at second harmonic frequencies,
the maximum variation of measured PAE for the packaged
device (blue area) is less than 5 points (73–78%) at 2.5 GHz
and only 2 points at 3.2 GHz. Conversely, on-wafer measurements (red area) show that PAE variations of the GaN die are
always higher than 15 points.
In such a large relative bandwidth of 33% from 2.5 to
3.5 GHz, these comparisons between the active die and its
optimized packaged version demonstrate the capability of
implementing an efﬁcient second harmonic control inside
the package over large relative bandwidths higher than 20%.
They also highlight that a good choice of the LC low-pass
ﬁlter ensures almost all transformed impedances to be conﬁned to high-efﬁciency regions, whatever the impedances presented outside the package at second harmonic frequencies.
Therefore, the optimized packaged device is desensitized to
external load variations at second harmonic frequencies.
Table 1 summarizes measured power performances of the
optimized packaged GaN HEMT from 2.5 to 3.5 GHz. The
best measured performances were obtained at 2.5 GHz with
78% PAE, 25 W output power, and 15 dB power gain. From
2.7 to 3.5 GHz, PAE and output powers range from 64 to
76% and 17 to 20 W, respectively.

III. DESIGN OF A 50 W
INTERNALLY-MATCHED
PACKAGED GAN POWER BAR

A) Design method and circuit schematic
We used a device from the released AlGaN/GaN GH50-10
process provided by UMS. This technology has been qualiﬁed
up to an operating drain voltage of 50 V. The GaN HEMT
power bar has a total gate periphery of 14.4 mm composed
of six unit cells of 2.4 mm gate width. It should be noted
that the GaN technology used in this section is different
from the preceding technology used in Section II.
Our objective is to apply the previous design method based
on the low-pass ﬁlter to internally control second harmonic
impedances in the particular case of multiple unit cells constituting the power bar. Moreover, other ﬁlters will be added
Table 1. Measured performances of the 2.4 mm packaged GaN HEMT

Fig. 5. Comparison of PAE performances between the packaged GaN HEMT
and the GaN HEMT die (on-wafer measurements) when a LP is performed at
fundamental and second harmonic frequencies.

Freq. (GHz)
Pin (dBm)
Pout (dBm)
Gain (dB)
PAE (%)

2.5
29.1
44.1
15.0
78

2.7
29.2
42.9
13.7
76

2.9
29.0
42.5
13.5
72

3.2
29.4
42.2
12.8
67

3.5
29.0
42.1
13.1
64
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inside the package to ease the fundamental matching. The
package is optimized to ensure a good matching at the fundamental frequencies from 2.5 to 3.1 GHz and to desensitize the
die to external impedance variations at second harmonic
frequencies.
Initially, nonlinear simulations of a single unit cell were
performed to deﬁne its optimum source and load impedance
regions at fundamental and second harmonic frequencies for
maximum PAE. By using these impedance contours, internal
matching circuits of the GaN power bar were designed so that
each unit cell of the power bar can be matched to its optimum
source and load region at fundamental and second harmonic
frequencies.
Figure 6 shows a circuit schematic of the packaged power
bar where ZS and ZL denote the external loads.
Firstly, the drain side of the packaged power bar is desensitized to external second harmonic loads by the second-order
low-pass ﬁlter L0-C0-L1-C1, which is optimized to conﬁne the
second harmonic load impedances of each unit cell to their
high-PAE regions whatever the impedances presented outside
the package. Then, the L2-C2 circuit is inserted and optimized
to have a negligible impact on the second harmonic matching,
and to ease the matching at fundamental frequencies when
associated with the L0-C0-L1-C1 ﬁlter with a ﬁxed ZL of 50 V.
Secondly, the gate side is internally matched at fundamental frequencies by a second-order low-pass ﬁlter (L3-C3 and
L4-C4) in the case of a ﬁxed ZS of 50 V. Finally, the L5-C5
circuit is added in order to control the second harmonic
source impedances. In this case, the L5-C5 ﬁlter is optimized
only to ensure a control of second harmonic source impedances in safe efﬁciency regions from 2.5 to 3.1 GHz.
Without the implementation of this circuit, second harmonic
source impedances would have been conﬁned to lowefﬁciency regions. Therefore, the ﬁlter properties allow
second harmonic source impedances of each GaN die to be
conﬁned to safe PAE regions, whatever the impedances presented outside the package (i.e. ZS at 2f0 is swept over the
entire Smith chart). However, this method of second harmonic source control has already demonstrated signiﬁcant PAE
improvements on wide bandwidth in the S-band, while
optimal efﬁciency areas were reached [11].

Fig. 6. Equivalent circuit model of the packaged GaN power bar.

Figure 7 shows a photograph of the fabricated packaged
power bar with the circuit schematic presenting the actual
implementation of ideal circuit elements.
The ideal capacitances C1 and C3 are actually synthesized by
shaping the widths of the metalized Duroı̈d substrate at the
output and input of the package, respectively. Indeed, substrate
thickness and surface area of metal plates determine the
package capacitances. The other capacitances C0, C2, C4, and
C5 are synthesized by MIM capacitors. All inductances are realized by bond wires for which the length, diameter, and shape
were optimized to have the required inductance values.
Moreover, it is important to note that all mutual inductances
were considered during simulations since they have a great
impact on synthesized impedances, especially at second harmonic frequencies. Large signal characterizations of this packaged GaN power bar are presented in the next section.

B) Power measurements of the packaged GaN
power bar
A 50 V test ﬁxture was designed to measure packaged power
bars. The RF input power was pulsed using a 10 ms pulse
width at a 10% duty cycle with continuous bias voltages.
The gate was biased slightly above pinch-off and the drain
bias voltage was 40 V. De-embedded measurements at the
package planes were obtained by using TRL calibration.
The three separate measurement steps that were performed
on packaged power bars are detailed in the next few
paragraphs.

1) power measurements in 50 V environment
Firstly, the packaged power bar was measured in 50 V source
and load environments. Figure 8 shows measured performances of output power, power gain, and PAE from 2.5 to
3.1 GHz. In 50 V environment the packaged GaN power
bar demonstrated 56–58% PAE associated with 35 W output
power and 11.8 dB gain in a relative bandwidth of 21%.
These performances are measured at a constant available
input power of 33 dBm. Even in 50 V environment this
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Fig. 7. Photograph and schematic of the ﬁrst packaged GaN power bar.

From 2.5 to 3.1 GHz, the packaged power bar delivered 58–
64% of PAE associated with output powers higher than 40 W
and power gains higher than 13.4 dB. At 2.5 GHz, 64% peak
PAE was measured with 44 W output power and 14 dB
power gain as shown in Fig. 11(a).
The measured optimal external source and load impedances at the fundamental frequencies are shown in Fig. 10
and denote a good matching at the output from 2.5 to
3.1 GHz.
Fig. 8. Measured power performances from 2.5 to 3.1 GHz of the packaged
GaN power bar in 50 V environment at Vds ¼ 40 V.

packaged power bar provides wideband power and PAE
performances.

2 ) source-pull and lp measurements
Secondly, the external terminations were still 50 V at second
harmonic frequencies, while source-pull and LP measurements were performed at fundamental frequencies so as to
determine the optimum source and load conditions for
minimum return losses and maximum PAE, respectively. In
this case, Fig. 9 shows measured performances from 2.5 to
3.3 GHz at a constant available input power of 32.5 dBm.

Fig. 9. Power measurements of the packaged power bar with optimal loads
(ZS-OPT, ZL-OPT) @ f0 and 50 V @ 2f0. The blue curve denotes the worst
value of measured PAE when ZL is swept @ 2f0 over the entire Smith chart.

3 ) insensitivity to external load variations
at harmonic frequencies:
Thirdly, in order to assess the insensitivity of the packaged GaN
power bar to external load variations at second harmonic frequencies, the third characterization step consisted in sweeping
ZL all over the entire Smith chart at 2f0, while ZL was set to its
optimum value at f0. Under these worst-case conditions of harmonic loading, the blue curve of Fig. 9 shows the worst values of
measured PAE from 2.5 to 3.3 GHz, demonstrating that the
worst-case variation of PAE remains lower than 2 points at
2.5 GHz and lower than 1 point above 2.7 GHz. At the frequency of 2.5 GHz where the maximum variation of PAE is
observed, Fig. 11(b) shows the impedance sweep performed
at 2f0 with its corresponding level of measured PAE. It can be

Fig. 10. Loci of optimum source (a) and load (b) impedances @ f0 for the
packaged power bar when ZL ¼ 50 V @ 2f0.
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Fig. 11. Power measurements of the packaged power bar at 2.5 GHz with
optimal loads (ZS-OPT, ZL-OPT) @ f0 and 50 V @ 2f0 (a). PAE variations of
the packaged power bar at 2.5 GHz (b) when ZL is swept @ 2f0 over the
entire Smith chart.

This method is based on the control inside the package of
second harmonic load impedances presented to the active die
by using the constitutive elements of every package access
which constitutes a LC low-pass ﬁlter. This low-pass ﬁlter
can be synthesized so that the packaged device is completely
desensitized to external harmonic load variations. This
method was applied to a 2.4 mm GaN HEMT unit cell and
a 14.4 mm GaN HEMT power bar. Two internally-matched
packaged power bars were fabricated with not only second
harmonic control but also fundamental matching networks
inside the package.
The packaged power bar provided more than 56% of PAE
from 2.5 GHz to 3.1 GHz with less than 2 points of PAE variation when an LP was performed at second harmonic frequencies. Hence, this design method demonstrated that load
impedances of the power bar at second harmonic frequencies
can be conﬁned to high-PAE regions whatever the loads
outside the package. Finally, the packaged power bar is desensitized to external load variations at second harmonic
frequencies.
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