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Abstract—A multimode/multiband envelope tracking (ET)
transmitter consisting of a hybrid switching ampliÞer (HSA) and a
broadband saturated power ampliÞer (PA) is developed for oper-
ation across 1.3 to 2.7 GHz. For the various standard signals with
different bandwidth (BW) and peak-to-average power ratio, the
HSA efÞciently provides supply signals to the PA by changing the
reference value of the hysteresis comparator. The saturated am-
pliÞer employs the nonlinear output capacitor to shape the voltage
from 1.3 to 2.7 GHz (70% fractional BW), the measured output
power, drain efÞciency, and power-added efÞciency (PAE) perfor-
mances are between 39.8Ð42.0 dBm, 55.8Ð69.7%, and 51.2Ð65.3%,
respectively. The multimode/multiband ET transmitter with the
designed broadband saturated PA is demonstrated at 1.8425-GHz
long-term evolution (LTE), 2.14-GHz wideband code division
multiple access (WCDMA), and 2.6-GHz mobile world wide
interoperability for microwave access (m-WiMAX) applications.
This transmitter delivers a PAE of 32.16, 37.24, and 28.75% for
LTE, WCDMA, and m-WiMAX applications.

Index Terms—Broadband power ampliÞer (PA), efÞciency, en-
velope tracking, multiband, multimode, nonlinear capacitor, satu-
rated PA.

I. INTRODUCTION

A S WIRELESS communication systems evolve, mo-
bile equipment should be able to handle text, voice,

multimedia, and broadcast information with global roaming ca-
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(PAPR). Such large PAPR signals push the PA operation into
a large back-off power region to satisfy the stringent linearity
requirementsof thesystems,decreasingampliÞcationefÞciency.
Therefore, to improve efÞciency at the back-off power levels,
many efÞciency enhancement techniques have received a lot of
attention for the last few decades [1]Ð[19].

The Doherty PA and envelope tracking (ET) transmitter have
been extensively investigated to increase the efÞciency at the
low power region. The Doherty ampliÞer modulates the load
impedance of the main cell according to the power level by using
a quarter-wave impedance transformer [3]Ð[9]. However, this
transformer is sensitive to the frequency, preventing the broad-
band operation. On the other hand, the ET transmitter modulates
the supply voltage of the PA in the transmitter to push the PA
in the saturated region, thus delivering the maximum efÞciency
regardless of the power level [10]Ð[14]. The transmitter consists
of the supply modulator and the PA. The modulator is capable
of handling the multimode signal with high efÞciency. Also, it
is not related to the operating frequency band [12]. However,
the PA is sensitive to the frequency and should have the broad-
band capability with high efÞciency. Therefore, for the multi-
mode and multiband operation, the ET transmitter is superior to
the Doherty ampliÞer.

In general, high efÞciency PAs employ multiple resonators
to manipulate the current and voltage waveforms for reducing
power dissipation in the transistor. However, these resonators
are very sensitive to the frequency, thus leading to narrow
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Fig. 1. Simplified block diagram of the saturated amplifier.

In this paper, we design a multimode/multiband ET trans-
mitter with a broadband saturated amplifier for femto-cell ap-
plications. Though the multimode/multiband ET PA is demon-
strated in [19], this paper presents more detailed analyses for
the broadband saturated amplifier and experimental results. For
the various standards with different signal BWs and PAPRs,
the supply modulator, configured by the hybrid switching am-
plifier (HSA), provides a supply voltage with high efficiency
by adopting the proper reference value of the hysteresis com-
parator [12]. For high efficiency and broadband PA, the satu-
rated amplifier is employed [20]–[22]. This amplifier takes ad-
vantage of the nonlinear output capacitor , consisting of
the nonlinear drain-to-source capacitance and gate-to-drain
capacitance , to shape the voltage waveform. For the ex-
ternal harmonic loads larger than , the waveform shaping
is mainly carried out by the harmonic components generated
by the . Thus, without any elaborated harmonic control
circuitries, this amplifier can deliver high efficiency across a
wide BW. The wideband source and load impedances are found
using the load/source-pull methodology, then synthesized using
the simplified real frequency technique (SRFT) across 1.3 to
2.7 GHz [23], [24]. The multimode/multiband ET transmitter is
demonstrated for 1.8425-GHz LTE, 2.14-GHz WCDMA, and
2.6-GHz m-WiMAX applications.

II. BROADBAND SATURATED POWER AMPLIFIER

A. Saturated Power Amplifier

The simplified block diagram of the saturated amplifier
proposed in [20]–[22] is depicted in Fig. 1. In general, the high
efficiency PAs employ a special harmonic circuitry, which is
open or short circuit for the particular harmonic frequency, to
achieve a specific voltage waveform such as half-sinusoidal or
rectangular shape. On the other hand, the saturated amplifier
creates the required voltage waveform using the harmonic
component generated by the nonlinear output capacitor, as de-
scribed in Fig. 2. If the external harmonic load impedances are
larger than , the waveform shaping can be accomplished.
Since the harmonic voltage generated by is mostly the
second harmonic component with a small third harmonic, the
resulting voltage waveform is half-sinusoidal, increasing the
fundamental voltage component. Sometimes, the rectangular
shape may appear depending on the external harmonic load,
which will be shown in Section II-B. Due to the saturated
operation, the current waveform of the PA is bifurcated. Thus,

Fig. 2. Nonlinear behavior of the output capacitor. This capacitor includes the
nonlinear � and � .

Fig. 3. Magnitude of the fundamental voltage component across the nonlinear
capacitor according to the harmonic load impedances. During the simulation, the
fundamental load impedance is tuned to achieve the maximum voltage swing.

the waveforms of the amplifier are the same as those of the
class- , but the harmonic circuit topology is similar to the
class-E amplifier with a tuned fundamental load. The funda-
mental load should be between to because of
the enlarged fundamental voltage and reduced fundamental
current components [21]. To explore the harmonic generation
property and voltage shaping of the nonlinear , the simu-
lation is carried out using the circuit diagram in Fig. 1. During
the simulation, it is assumed that a purely sinusoidal input
signal is excited, generating only the fundamental current at
the dependent current source. The fundamental load impedance
is matched to deliver the maximum voltage swing, generating
high efficiency and output power. Fig. 3 shows the magnitude
of the fundamental voltage component across the nonlinear

according to the magnitude of external harmonic load
impedances. For the loads two or three times larger than the
impedance level of , a large fundamental voltage can be
maintained. When all harmonics are shorted, the fundamental
voltage is 30 V. In this simulation, the impedance levels of
at the fundamental, second, and third harmonic frequencies
are , , and , respectively. Therefore, the
highly efficient operation can be accomplished by the harmonic
generation of the nonlinear capacitor if the fundamental load



3466 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 59, NO. 12, DECEMBER 2011

GaN HEMT CGH60015 bare-chip large signal model at 2.0
GHz. In the simulation, other harmonics above the third har-
monic at the load are set to 1000 , leading that the higher
harmonics are terminated by nonlinear . Moreover, all har-
monics at the source are shorted, resulting in the pure sinu-
soidal voltage across the input capacitor of the device. Fig. 4
shows the harmonic load-pull simulation results. For a refer-
ence, the maximum efficiency of the PA with short circuit for
all harmonics is 66.9%. As mentioned in Section II-A, the sim-
ulation results clearly show that the saturated amplifier delivers
high efficiency for a broad range of harmonic loads, verifying
the harmonic generation by the nonlinear capacitor. In addi-
tion, the resulting voltage waveforms according to the harmonic
loads marked on Fig. 4(b) and (c) are depicted in Fig. 5. Al-
though the nonlinear capacitor generates a lot of second har-
monic with a few high-order voltage components, the voltage
waveform could be either a half-sinusoidal or quasi-rectangular
waveform depending on the harmonic load impedance. How-
ever, the maximum efficiency is obtained from the half-sinu-
soidal voltage waveform.

Above simulation is carried out under the assumption that
the third harmonic or second harmonic is open circuit during
the second or third harmonic load-pull simulation. To explore
the large tolerance according to the harmonic impedance level,
the second/third load-pull simulation is conducted for the fixed
third/second harmonic loads. Fig. 6 and Fig. 7 show the second
and third harmonic load-pull simulation results when the third
harmonic and second harmonic are placed on 0.001, 10, 100,
and 1000 , respectively. In particular, Fig. 6(a) is the class-
condition and Fig. 7(a) is the class-F condition. These figures
show that a large tolerance is allowed when the fixed harmonic
impedance is larger because the voltage waveform shaping of
the amplifier is mostly accomplished by the nonlinear output
capacitor. This result indicates that, for the broadband operation,
only the fundamental load should be carefully matched to the
impedance trajectory having high efficiency across the targeted
BW, while the harmonic loads are kept high impedance region.

C. Design of Broadband Saturated Amplifier

Since the external harmonic load has a large tolerance for
shaping the voltage waveform, a broadband operation with high
efficiency can be realized easily by properly matching the fun-
damental load only. Broadband matching can be accomplished
by adopting the multi-section matching network because the
impedance transformation ratio of the network can be reduced,
lowering the quality factor and maintaining nearly constant load
impedance. The PA operates at a large signal level and the non-
linear intrinsic capacitor, which is varied with respect to the
power level, should be considered. In addition, the commercial
power transistors are in the package. Thus, the broadband PA
design should be carried out at the package plane. The non-
linear elements in the power device and package effect make
the design of the broadband matching network difficult. Thus,
the design based on the harmonic load/source-pull methodology
across the desired BW is preferred.

In this work, a broadband saturated PA is designed using
Cree GaN HEMT CGH40010 device, consisting of CGH60015
bare-chip and package, with a goal of above 60% efficiency

Fig. 6. Second harmonic load-pull contours for the various third harmonic
loads, marked by � on the Smith chart, of (a) 0.001, (b) 10, (c) 100, and (d)
1000 �. During the simulations, the fundamental load impedance, marked by
�, is set to �� � ������� � for maximum efficiency.

Fig. 7. Third harmonic load-pull contours for the various second harmonic
loads, marked by � on the Smith chart, of (a) 0.001, (b) 10, (c) 100, and (d)
1000 �. During the simulations, the fundamental load impedance, marked by
�, is set to �� � ������� � for maximum efficiency.

over the 70% fractional BW from 1.3 to 2.7 GHz. In the de-
sign and implementation, the device is biased at drain-source
voltage of 30 V with idle current of 200 mA. As men-
tioned above, the broadband design is carried out using the har-
monic load/source-pull simulation. During the simulation, to
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Fig. 8. Simulated second harmonic load-pull contour for the efficiencies of
60% at 1.3, 2.0, and 2.7 GHz.

guarantee the stability and flat gain response across the desired
BW, the parallel RC network is attached at the transistor’s gate-
terminal, as shown in Fig. 10. In addition, the bias lines of the
gate and drain are attached at the terminals. Thus, the broad-
band matching network is located outside of the circuit. Fig. 8
shows the simulated second harmonic load-pull contours for
the efficiencies of 60% at 1.3, 2.0, and 2.7 GHz. Compared to
the harmonic load-pull simulation result of the bare-chip model
in Fig. 4, the tolerance of the harmonic load impedance is re-
duced because of the package effect. However, high efficiency
still can be achieved for the broad region of the second har-
monic load without requiring any additional design efforts. The
second harmonic load is matched for high efficiency through the
proper placement of the bias line and subsequent optimization
of the fundamental matching network. Fig. 9 shows the sim-
ulated fundamental load/source-pull contours for the efficien-
cies of 60% at 1.3, 2.0, and 2.7 GHz. For the broadband opera-
tion with the targeted performance, the fundamental source and
load impedances should be located within the required matching
region. With the targeted fundamental load and source imped-
ances across 1.3 to 2.7 GHz, the matching networks are designed
by SRFT. In the synthesis, two-section low-pass LC networks
are employed for the matching networks. The resultant imped-
ances of the LC matching circuit generated by SRFT are over-
laid by dark gray lines in Fig. 9, which is properly matched to
the desired impedances. The calculated LC elements are con-
verted into a distributed network, and the optimization algo-
rithm is conducted to finely adjust the width and length of the
transmission line for the fundamental matching. During the op-
timization, we also make an effort to be high impedance for the
harmonic impedances. The resultant impedances of the trans-
mission line matching networks are also overlaid by in
Fig. 9.

D. Implementation and Experimental Results

Using the designed matching networks in Section II-C, the
broadband saturated amplifier is fabricated as shown in Fig. 10.

Fig. 9. Simulated fundamental (a) load-pull and (b) source-pull contours for
the efficiencies of 60% at 1.3, 2.0, and 2.7 GHz.

Fig. 10. Photo of the designed broadband saturated amplifier.

The amplifier is implemented on a Taconic TLY-5 substrate with
and thickness of 31 mil. In the experiment, the ampli-

fier is biased at of 30 V with of 200 mA.
Fig. 11 shows the measured and simulated S-parameters of

the implemented amplifier. A reasonable agreement between
the simulation and implementation results can be noted up to 4
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Fig. 16. Multimode/multiband ET transmitter with the broadband saturated
amplifier.

47.1 dBc, respectively, which are measured at the frequency
offset of 2.5 MHz after the linearization. For the m-WiMAX
signal, the amplifier delivers a DE of 29.8% at an average output
power of 33.5 dBm. At the same average power, the ACLR of
the linearized amplifier at the frequency offset of 5.32 MHz is

45.9 dBc. These results clearly show that the implemented
broadband saturated amplifier is suitable to amplify modern
communication signals for wide range of frequencies.

III. MULTIMODE/MULTIBAND ET TRANSMITTER

To improve the efficiency of the implemented broadband sat-
urated amplifier at the back-off power level while maintaining
the broadband capability, of the amplifier is modulated ac-
cording to the input signal level. Fig. 16 illustrates the multi-
mode/multiband ET transmitter with the broadband saturated
amplifier. This transmitter consists of the broadband saturated
PA, implemented in Section II, and a supply modulator config-
ured in HSA [12].

The HSA is composed of a linear amplifier and a switching
amplifier. The linear amplifier works as an independent voltage
source throughout the feedback network, while the switching
amplifier operates as a dependent current source. By detecting
the current polarity at the output of the linear amplifier, the
state of the switching amplifier is changed through the hysteresis
comparator. Thus, most of the current required for the PA is sup-
plied by the efficient switching amplifier, and additional current
is provided by the linear amplifier. Since the residual current
from the switching amplifier is sinked by the linear amplifier,
the HSA can linearly and efficiently provide the supply voltage
and current to the PA. The HSA itself operates optimally for
the different PAPR signals. For the signal with a different band-
width, the switching speed can be optimized by controlling the
reference voltage of a comparator in the HSA. Thus, for the var-
ious standards with different signal BWs and PAPRs, the HSA
can efficiently supply the DC power to the PA [12].

The overall efficiency of the ET transmitter is the multipli-
cation of the efficiencies of the PA and the supply modulator.

Fig. 17. (a) Various envelope shaping methods. (b) Measured gain and effi-
ciency according to the supply voltage at 2.14 GHz. Additionally, estimated
gain and efficiency for ET operation with the ET shaping #1 and #3 are over-
laid.

Fig. 18. Measured gain and efficiency performances at 1.8425, 2.14, and
2.6 GHz.

For the maximum efficiency and linear operation of the ET
transmitter, the envelope shaping should be carefully con-
sidered because the efficiencies of the PA and the HSA are
changed according to the envelope signal to be injected to the




