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Abstract—This paper describes the analysis of an optimized en-
velope shaping function for the envelope tracking power amplifier
(ET PA) and its implementation. The proposed shaping function,
which is sweet spot tracking with crest factor reduction, improves
the efficiency and output power of the power amplifier (PA), as well
as its linearity. For an accurate simulation of the supply modulator,
an equivalent model of the PA under the envelope shaping is sug-
gested. To achieve high efficiency and wide bandwidth, the CMOS
supply modulator has a hybrid structure of a switching amplifier
and a linear amplifier. The fabricated ET PA delivers higher effi-
ciency and better linearity than standalone PA for the wideband
code division multiple access and long-term evolution signals.

Index Terms—Crest factor reduction (CFR), envelope tracking
(ET), polar transmitter, power amplifier (PA), sweet spot.

I. INTRODUCTION

T HE MOBILE handsets for current communication sys-
tems need to handle signals with wide channel bandwidth

and high peak-to-average power ratio (PAPR). To provide the
high data rate services, a conventional PA with a fixed supply
voltage [see Fig. 1(a)] should be operated at the back-off power
region. This operation linearly amplifies the high PAPR signal,
but its efficiency is much lower than its peak value, as shown in
Fig. 2. To improve the low efficiency at the back-off power re-
gion, many efficiency enhancement techniques at the low power
are studied [1]–[19].

The envelope tracking power amplifier (ET PA) is one of the
most popular efficiency enhancement techniques. To reduce dc
power consumption, it modulates the supply voltage of the PA
according to the output power level [see Fig. 1(b)]. As shown in
Fig. 2, efficiency of the PA is increased significantly by the ET
technique. Since the overall efficiency of the ET PA is propor-
tional to the efficiency of the supply modulator and the linearity
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Fig. 1. (a) Conventional PA with fixed supply voltage. (b) ET PA with modu-
lated supply voltage.

Fig. 2. Efficiency curves for conventional PA and ET PA.

of the PA is strongly affected by the linearity of the supply mod-
ulator, optimized design of the supply modulator is very impor-
tant. There are two types of modulators; a linear amplifier and a
switching amplifier. In [1], [2], a low dropout (LDO) is used as
the supply modulator. Although the LDO provides a large band-
width, its efficiency is poor. In [3]–[5], a switching amplifier
is used and the efficiency is much higher than the LDO. How-
ever, this structure requires a high-order passive filter and its
bandwidth is too narrow to be used for wide bandwidth signals.
To achieve an operation with the wide bandwidth and high effi-
ciency, a hybrid switching amplifier that has a combined struc-
ture of the switching amplifier and the linear amplifier is used
in [6]–[14].

In [12]–[17], several envelope shaping methods are suggested
to improve efficiency and linearity of the ET PA. In this paper,

0018-9480/$26.00 © 2011 IEEE



1788 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 59, NO. 7, JULY 2011

Fig. 3. Load lines of class-B biased GaAs HBT PA.

we propose a new envelope shaping method for higher effi-
ciency, output power, and linearity, following the sweet spot
tracking. The tracking method is analyzed and the performance
of the ET PA is investigated. It is shown that the sweet spot
tracking provides the best performance from the ET PA. For the
optimum design of the supply modulator, an accurate model of
the PA is necessary. In the previously published papers, the PA
is usually modeled as a constant resistor. However, this model
is inaccurate for estimating the efficiency and causes a stability
problem for the supply modulator. We propose an equivalent
model of the PA that considers different shaping characteristics
of the voltage and current envelopes and other parasitic compo-
nents such as the PA’s output capacitance and a connection line
between the PA and the supply modulator.

In Section II, analysis of the envelope shaping function for
the optimized operation is presented. In Section III, the equiva-
lent model of the PA is described. The design of the wideband
high efficiency supply modulator is explained in Section IV. The
measurement results for the wideband code division multiple
access (WCDMA) and long-term evolution (LTE) signals are
provided in Section V.

II. OPTIMUM ENVELOPE SHAPING FUNCTION

To find the optimized envelope shaping function, the ET
characteristic of the PA is analyzed. Fig. 3 shows the load
lines of a class-B biased GaAs HBT PA, which are similar
to a deep class-AB operation in the implementation. As the
collector voltage decreases, the load line moves to the left with
the same slope, and its voltage and current swings are reduced.
Regardless of the collector voltage, the knee voltage
is almost constant for the HBT. For simple analysis, we can
assume is a constant value, which is about 0.45 V with
the maximum collector voltage of 4.5 V.

A. Output Power Generation

When the envelope shaping is not adopted, the col-
lector voltage of the PA is a scaled input envelope voltage

, which is proportional to the square root of
the input power . In this case, the output voltage swing
is reduced by , and the output power is also decreased,

Fig. 4. Envelope shaping functions.

accordingly. The power reduction at a low output power region
is a large portion, generating a significant AM–AM distortion.
To compensate this power reduction due to the , a simple
shaping function ( offset shaping) is adopted and shown
in Fig. 4. The shaped envelope of the collector voltage
can be expressed as

(1)

(2)

where is a scaling factor for the same peak voltage. By using
the offset shaping function, the output power of
the PA is exactly proportional to the

(3)

where is a load impedance of the PA, similar to that of
the class-B PA. In this shaped operation, linearity is maintained
and the drain efficiency is kept high.

B. Sweet Spot Tracking and Linearity Consideration

In the ET PA, linearity of the PA is dependent on the supply
voltage, and Fig. 5 shows the typical third-order intermodu-
lation distortion (IMD3) curves versus the supply voltage. As
the supply voltage decreases, the minimum point of the IMD3,
which is called the sweet spot, moves to lower power. The
sweet spots are local minimums of IMDs and are due to the
internal cancellation of the harmonic components [20]–[22].
By adjusting the supply voltage to follow the sweet spot points
at each power level, the linearity of the PA can be maintained
high, which, in this paper, is called a sweet spot tracking tech-
nique. The sweet spot tracking curve is derived from the PA
simulation and is depicted in Fig. 4. It has a matched curve of
the offset shaping proposed in [12], but its offset voltage
is 0.5 V, which is a little higher than of 0.45 V, and
is about 0.89. Since the trend of the envelope shaping for the



KIM et al.: OPTIMIZATION FOR ENVELOPE SHAPED OPERATION OF ET PA 1789

Fig. 5. IMD3 curves according to the collector voltage.

Fig. 6. Envelope shaping function for CFR and power control.

sweet spot tracking is very similar to the offset shaping,
the optimum design of the tracking can be achieved by (1).

As shown in Fig. 5, the IMD3 of the ET PA with the sweet
spot tracking is almost constant regardless of the output power
level. On the other hand, the IMD3 of the conventional PA with
a fixed supply voltage is changed according to the output power.
In conclusion, the linearity of the ET PA is better than the con-
ventional PA at the high power region. On the other hand, the
linearity of the ET PA is worse than conventional PA at the low
power region, but it still satisfies the system requirement with
good overall linearity. Therefore, the PA can be driven to higher
power, improving the power performance.

The envelope shaping has additional advantages. At a low
supply voltage, PA has severe nonlinear characteristics, such as
AM–AM and AM–PM distortions because of the effect
with a nonlinear capacitance [19]. These nonlinear distortions
are reduced by this envelope shaping. By adopting the offset
shaping function with the sweet spot tracking, the ET PA can
deliver the high efficiency and good linearity at the same time.

C. Crest Factor Reduction (CFR) and Power Control

CFR is a technique to reduce the PAPR, leading to efficiency
enhancement of the PA [23], [24]. In the polar domain, it clips
the signal with a magnitude larger than a certain threshold
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Fig. 7. Simulated collector current of class-AB biased PA with and without
envelope shaping.

value while maintaining the phase information. The clipped
signal has lower PAPR with little distortion. Generally, CFR is
realized by digital signal processing (DSP). For a simple imple-
mentation without DSP, it can be realized by an output power
compression through a higher input power driving. As shown
in Fig. 6, the maximum voltage of the is determined by the
output voltage limitation of the supply modulator. However,
the input is still increased, automatically generating the proper
CFR. In this way, the output power and efficiency of the PA
are increased with little linearity degradation. For the back-off
output power region, they trace the same envelope shaping
function with smaller magnitude and maintain the sweet spot
tracking.

III. MODELING OF PA

In this section, we model the PA suitable to design the supply
modulator and analyze operation of the ET PA under the pro-
posed envelope shaping. Although of the PA is shaped, the
collector current of the class-B biased PA is not shaped. The
magnitude of the current is proportional to the square root of the
output power. On the other hand, is not proportional to the
square root of the output power, as presented by (1). For imple-
mentation, a class-AB biased PA is used because it shows better
linearity than class B with high efficiency, and its current is very
similar to the class-B case. As shown in Fig. 7, the change of
the collector current by the envelope shaping is very small and
can be ignored. Since the voltage and current shapings are dif-
ferent, the PA cannot be modeled as a constant resistor. Using
the voltage shaping (Fig. 4) and the current shaping (Fig. 7),
the equivalent load resistance representing the PA is cal-
culated and depicted in Fig. 8. If the shaping is not adopted,

changes little, except at the very low voltage region. For
the offset shaping with the sweet spot tracking, increases
up to 1.8 times from the at the peak output power, and this
value is determined by the offset voltage and bias current of the
PA.

The PA, which is a load for the supply modulator, can
be modeled as Fig. 9. The variable can be replaced by

Fig. 8. Simulated equivalent load resistance of the PA with and without enve-
lope shaping.

Fig. 9. Equivalent model of the PA for the envelope shaping.

a voltage-controlled current source (VCCS) with an offset
voltage. A variable capacitor is added to represent the output
capacitance of the HBT. For simple analysis, this variable
capacitor can be regarded as a constant capacitor because the
capacitance value changes a little in the offset shaping. The
transmission line stands for the connection line between the PA
and the supply modulator.

This PA model offers more accurate and realistic results for
the simulation of the supply modulator than a constant resistor
model. At the low supply voltage, the increased enhances
the loop gain of the linear amplifier, and the increased non-
linear capacitance leads to a phase lagging. Besides, the trans-
mission line also affects the phase response. By these effects,
the phase margin (PM) of the linear amplifier is decreased and
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TABLE I
MODULATED SIGNALS’S PAPR AND EFFICIENCY OF THE SUPPLY MODULATOR ACCORDING TO THE PA MODEL. �� � ��� V� � � ��� V�

Fig. 10. Schematic of hybrid switching supply modulator.

Fig. 11. Schematic of linear amplifier.

Fig. 12. Schematic of switching amplifier.

its stability is degraded. Since the operating frequencies of the
PA and the supply modulator are quite different, the simulta-
neous simulation of these two circuits provides problems, such

Fig. 13. Schematics and efficiency equations for: (a) standalone PA and (b) ET
PA.

Fig. 14. Measured collector efficiency curves of ET PA and standalone PA.

Fig. 15. Fabricated chip photograph of the supply modulator.

as convergence errors and extremely long simulation time. For
the efficiency estimation of the supply modulator, this simple
PA model could be used. As shown in Table I, the efficiency
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Fig. 16. Measured performances of ET PA and standalone PA for: (a) WCDMA and (b) LTE.

calculated from the constant resistor model delivers an overes-
timated value because the collector current is shaped according
to and the PAPR is decreased too much. The proposed PA
model, which considers the change of the , offers more ac-
curate efficiency estimation, close to the real operation.

IV. DESIGN OF SUPPLY MODULATOR

The hybrid switching supply modulator consists of a wide-
band linear amplifier and a high-efficiency low-speed switching
amplifier, as shown in Fig. 10. Usually the switching amplifier
supplies the low-frequency component of the envelope signal

with high efficiency and the linear amplifier provides the other
high-frequency component with high speed. Since most of the
power of the envelope signal is located at the low frequency, this
structure is suitable for the high-efficiency and wideband oper-
ation.

The wideband linear amplifier operates as a voltage-con-
trolled voltage source (VCVS). It means the output voltage of
the linear amplifier is the same as its input voltage due to its
high gain, wide bandwidth, and negative feedback loop. As
shown in Fig. 11, we use a folded-cascode OTA as a gain stage
to achieve a large bandwidth and a high dc gain. For a large
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TABLE II
PERFORMANCE SUMMARY OF ET PA AND STANDALONE PA FOR WCDMA AND LTE SIGNALS AT THE PEAK AND BACK-OFF �

current driving capability and a rail-to-rail operation, the output
buffer has a common source configuration, and it is biased as a
class-AB for linearity and efficiency.

The switching amplifier operates as a dependent current
source. It senses the direction of the linear amplifier’s cur-
rent flow and controls the power switches using a hysteretic
comparator. Generally, the average switching frequency is de-
pendent on the hysteresis width, inductor value, and some other
parameters for a narrowband signal. For a wideband signal,
the average switching frequency is mainly determined by its
bandwidth. The sizes of the power switches are determined
by considering the conduction loss and switching loss at the
specific load resistance, switching frequency, and duty ratio.
For the protection, high efficiency, and low switching noise of
the switches, antishoot-through circuit, and divided switches
with current control technique are employed (Fig. 12) [25].
A gate driver for the divided switches turns on/off the four
switches with a little delay. It can be designed easily using four
MUXs and inverter chains [13].

V. MEASUREMENT RESULTS

For comparison, a standalone PA and an ET PA are imple-
mented, as shown in Fig. 13. The designed class-AB PA is fab-
ricated using an InGaP/GaAs 2- m HBT process [26]. Its op-
erating frequency is 1.85 GHz and it has a two-stage configu-
ration for high gain. As shown in Fig. 14, collector efficiency
of the standalone PA and collector efficiency of the
ET PA are similar at the peak output power of
33 dBm. As the output power is decreased, is decreased
significantly, while is maintained high. For example,

is 20.0% and is 61.5% at output power of
23 dBm. The designed supply modulator is fabricated using a
0.18- m CMOS process and it uses thick oxide I/O devices for
a high-voltage operation. A chip photograph is shown in Fig. 15
and its size is 1.4 mm 1.4 mm. The supply voltage for the
supply modulator is 5 V and the output voltage range is from
0.5 to 4.5 V. The linear amplifier has over 50-MHz bandwidth
and over 50-dB dc gain. The average switching frequency of the

switching amplifier is varied from 2 to 6 MHz according to the
bandwidth of the input signal.

Fig. 16 shows the measured performances of the ET PA and
the standalone PA. For the WCDMA signal [see Fig. 16(a)],
the ET PA/standalone PA have the efficiencies of 48.8/48.6% at
the output power of 31.5 dBm. ACLR1, ACLR2 and spectra of
the ET PA are better than the standalone PA at the peak output
power. For the LTE signal [see Fig. 16(b)], the ET PA/stand-
alone PA have the efficiencies of 42.2/37.2% at the output power
of 28.9 dBm. Although the out-of-band spectra of the ET PA is
worse than the standalone PA, the ET PA’s error vector magni-
tude (EVM) performance is better than the standalone PA. For
the WCDMA/LTE signals, CFRs of 0.75/2 dB (voltage clip-
pings of 0.36/1.04 V) are employed to the ET PA and the values
are experimentally determined. By the envelope tracking tech-
nique, the peak efficiency is increased by 5% for the LTE signal,
while the peak efficiency is similar for the WCDMA signal be-
cause of its low PAPR. As the output power is decreased, the
efficiency of the ET PA is enhanced significantly. The enve-
lope tracking technique is meaningful for a large PAPR signal
or back-off power region. Table II summarizes overall perfor-
mances of the two PAs at the peak output power and back-off
output power, about 23 dBm.

VI. CONCLUSION

A wideband ET PA has been implemented using a 0.18- m
CMOS supply modulator and 1.85-GHz class-AB HBT PA. It
delivers high efficiency and good linearity due to the proposed
optimum envelope shaping. The optimum shaping function
follows the sweet spot tracking, which has an offset voltage
of 0.5 V, slightly larger than of 0.45 V. The linearity,
output power capability, and efficiency are all improved by the
tracking. A proposed PA model for the tracking is composed of
a variable resistor, variable capacitor and transmission line. It
offers more accurate simulation results than a simple constant
resistor model. For the WCDMA/LTE signals, the fabricated
ET PA shows the efficiencies of 48.8/42.2% at the peak output
power of 31.5/28.9 dBm, respectively.
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