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Abstract—We have proposed two methods of enhancing effi-
ciency of an envelope tracking power amplifier (ET PA) from an
interlock operation. The first is the utilization of sinking current.
The sinking current is a critical efficiency reduction factor since it
is a wasted power. To reduce the sinking current, the gate bias of
the power amplifier (PA) is increased so that the sinking current
is delivered to the PA and is utilized for amplification. The other
one is the RF input shaping method. The input signal of ET PAs
is a modulated RF signal, and the signal does not guarantee fully
saturated operation of the PA at all power levels due to g,,, nonlin-
earity of a device. To obtain the maximum efficiency for all of the
envelope voltage, we have found the optimum RF input conditions
and applied it to the input of the PA. To verify the methods, the
proposed ET PA is implemented using a Cree CGH40045 GaN
HEMT. For a long-term evolution 5-MHz signal with 6.5-dB
peak-to-average power ratio, the PA delivers power-added effi-
ciency of 58.76% with 40.14-dBm output power at 889 MHz.

Index Terms—Efficiency, envelope shaping, envelope tracking
(ET), ET power amplifier (ET PA), peak-to-average ratio, power
amplifier (PA).

I. INTRODUCTION

OR RECENT communication systems, a highly efficient

power amplifier (PA) is essential because the high effi-
ciency guarantees improved thermal management, lower cost,
and good reliability [1]-[4]. The conventional class-AB ampli-
fier is no longer attractive for a high peak-to-average power ratio
(PAPR) signal due to its poor efficiency at a backed-off region,
and a number of efficiency enhancement techniques have been
studied [5]-[14]. Among them, the envelope tracking (ET) tech-
nique has received a lot of attention recently [11]-[14].

Since the dc supply power of the ET PA is dynamically ad-
justed to the proper level, the PA is operated at a high efficiency
for all power levels. In case of a standalone PA [see Fig. 1(a)],
the difference between the fixed supply voltage and the trans-
mitted envelope voltage is dissipated as heat, reducing the effi-
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Fig. 1. Concept of: (a) standalone PA and (b) ET PA.

ciency. However, for an ET PA [see Fig. 1(b)], the modulated
supply voltage accurately tracks the transmitted signal, and has
a high efficiency for all power level. For a proper operation of
the ET PA, however, a highly efficient supply modulator with a
good linearity is essential.

The most popular supply modulator is a hybrid switching am-
plifier (HSA) [15], [16], which is shown in Fig. 2. The HSA
consists of a linear stage as an accurate voltage source and a
switching stage as a dependent current source, and it supplies
the envelope signal linearly with high efficiency.

The switching stage cannot follow the signal speed, and op-
erates as a quasi-constant current source. The error in gener-
ating the envelope signal is compensated by the linear ampli-
fier, by generating a sourcing current and a sinking current.
Many methods have been studied to improve the efficiency of
the ET PAs, such as improving the structure of the supply modu-
lator and designing the highly efficient PA separately [13]-[20].
Since the ET PA is based on the interlocking operation between
the supply modulator and the PA, the two parts should be con-
sidered as an integrated one for optimized operation of the ET
PA.

In this paper, we have focused on the interlock operation be-
tween the supply modulator and the PA to enhance the efficiency
of the ET PA. In Section II, various envelope shaping methods
are introduced and we have proposed a new current shaping
method. In Section III, we have searched for the optimum RF
input shaping (RFIS) method to achieve a maximum efficiency
of the PA for all power level. To verify the proposed methods
(Sections Il and I1I), the optimized ET PA is implemented at 889
MHz using a GaN HEMT device, and the results are shown in
Section IV.
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Fig. 2. Simplified circuit diagram of HSA.

II. ENVELOPE SHAPING FOR IMPROVED EFFICIENCY

The envelope signal is the only one connecting the supply
modulator and the PA. Since the envelope signal is the output
waveform of the supply modulator and is also the drain bias of
the PA, the envelope shaping affects the characteristics of the
supply modulator and the PA, and their relation is described in
this section.

A long-term evolution (LTE) envelope signal is used with
bandwidth (BW) of 5 MHz and PAPR of 6.5 dB for the simula-
tion, and various envelope shapings are shown in Fig. 3, which
can be expressed as follows by (1):

Shape 1 : Vepy.ous = 30 - VY

norm.in
Shape 2: ‘/env.out = (3() - Vk) N ‘/norm.in + Vk

Shape 3: Venvout = (30 - ‘/k) : ‘/I;T)Trm.in + Vi (1)

It is assumed that the maximum drain bias is 30 V for the peak
output power, the minimum envelope voltage is Vi, IV denotes
the curve shaping factor, and the efficiency of the supply mod-
ulator is 70% for the unshaped envelope. The characteristics of
the supply modulator is changed by various envelope shaping,
as shown in Fig. 4. For constant resistive load conditions [see
Fig. 4(a)] [17], increasing the minimum envelope voltage makes
the PAPR decrease, and the efficiency of the supply modulator
increases. On the contrary, increasing N makes the PAPR in-
crease, thus the efficiency of the PA decreases. For an ET PA,
the load is not a constant resistance, but the PA itself. In this real
case, the voltage is shaped, but the PA draws a current related
to the RF input power, which is not shaped. For more accurate
analysis, the envelope simulation is carried out for the PA load
conditions and is depicted in Fig. 4(b). In this condition, the effi-
ciency of the supply modulator is almost constant for the various
Vi, but there is a small change for the value of NV, the highest
efficiency with V. = 1. Therefore, the envelope voltage shaping
is not effective for the efficiency enhancement.

However, the envelope current shaping can be effective for
efficiency improvement of the supply modulator. In the HSA,
the switching stage operates as a quasi-constant current source
with high efficiency. In case of a class-B biased PA, the typ-
ical supplied current profiles are shown in Fig. 5. Among them,
the oversupplied switch current is not utilized anywhere, but
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Fig. 3. (a) Various envelope shaping methods. (b) Shape in time domain.

goes to the ground and is wasted. Therefore, the sinking cur-
rent becomes a efficiency reduction factor, and should be prop-
erly utilized to enhance the overall efficiency through the cur-
rent shaping, which we called utilization of the sinking current
(USC) [21].

The HSA is an ideal voltage source injecting envelope
voltage to the drain of the PA with supplying the current
required by the PA. The PA in the ET PA is usually biased at
deep class AB and the drain current is almost proportional to
the envelope of the RF input signal, but not dependent on the
envelope of the supply voltage. If the gate bias of the PA is
changed from the deep class AB to light class AB, the quiescent
bias current increases proportionally and the minimum load
current of the HSA also increases. Therefore, the sinking cur-
rent is not dissipated, but flows to the PA. Fig. 6 shows the load
currents and switch currents versus the minimum load current.
When the minimum bias current is changed from 0.6 to 1.2 A,
most of the switch current flows to the load with little wasted
sinking current. Although the peak-to-average ratio of the
voltage remains the same, the peak-to-average ratio of the load
current decreases and efficiency of the HSA rapidly increases,
as shown in Fig. 7. Assuming that the switch current is 1 A and
the efficiency of the switch is 90%, the calculated efficiency
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of the HSA is depicted in Fig. 8. Even at a low and middle

envelope region, most of the load current is generated by the

switch and the efficiency is a lot higher than the conventional for all of the power levels, and the average efficiency indicates
supply modulator. Therefore, the HSA achieves high efficiency  over 80% for the modulated signal.
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Fig. 9. Measured efficiency characteristics of PA for different gate biases.

In fact, when the quiescent current increases, the efficiency
of the PA cannot help decreasing, as shown in Fig. 9. However,
the reduction of the efficiency is very small at the high drain bias
region because of the saturated mode operation. A saturated PA
maintains high efficiency for the saturated operation with a large
conduction angle, and a detailed explanation will be reported in
the near future.

We can suppose that the required current of the PA is deliv-
ered from the wasted sinking current, and overall efficiency of
the ET PA can be improved since the efficiency is multiplied by
an efficiency of supply modulator and an efficiency of the PA
shown as follows in (2):

Pyue.pa(Vas)
Piuppty sm (Vas)
Poui.ra(Vas) P s (Vas)
 Pauppty.pa(Vas)  Paupply.sm(Vas)
= nra(Vas) - nsa(Vas)-

e (Vas) =

2

Fig. 10 describes the efficiencies of the ET PA versus the
gate bias voltages for various envelope voltage. The zero line
indicates the efficiency of the class-B biased ET PA. In the
low-power region, the efficiency reduction of the PA is much
higher than the efficiency growth of the supply modulator, and
in the high-power region, the efficiency of the supply modulator
is also lower. Considering the efficiency distribution [12], how-
ever, we could expect that the high gate biased ET PA (Vs =
—2.6 V) has higher efficiency than the class-B biased ET PA
and the efficiency can be maximized by tracking the gate bias
accordingly. In Section IV, we will verify that the overall effi-
ciency of the ET PA is indeed increased for the high gate-biased
PA.

III. RFIS FOR OPTIMUM ET OPERATION

In Section II, we have focused on the voltage and current
envelope shapings to increase the efficiency of the ET PA. In this
section, we will concentrate on the RFIS to increase efficiency
of the ET PA using the same signal. An ET PA usually uses an
envelope signal for input signal of the supply modulator and a
modulated RF signal for an input signal of the PA, respectively,
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which is called a hybrid envelope elimination and restoration
(EER). Ideally, the PA operates in the saturated region for all
of the power level because the envelope is proportional to the
RF signal. However, in the practical case, the modulated RF
signal does not guarantee uniformly saturated operation for all
of the power level because of the nonlinear gain characteristic
of the device. Fig. 11 shows g, nonlinearity and loadlines of
the PA for various drain biases. As shown on the /-V curve, g,
is not a constant, but has smaller value at lower Vpp and lower
Ipp,and the PA does not operate at the properly saturated mode
for any power levels, except for the peak power. Therefore, the
PA cannot achieve maximum efficiencies for each Vpp value
using the RF input signal. To solve this problem, the RF input
power should be increased at a low power level to push into the
high power-added efficiency (PAE) operation. Fig. 12 shows the
maximum PAE point, before the gate turn-on, for various drain
biases and the gains at the operation. From Fig. 12, we can find
the optimum RFIS to achieve maximum PAE of the PA, and the
conditions can be implemented using the simple shaping block.
Fig. 13 describes the simple block diagram and the signal flows
of the system. The envelope signal is linearly amplified by the
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supply modulator and the modulated RF signal is shaped by the
amplitude modulator and is injected to the PA.

Fig. 14 describes several RF input shapes, constant envelope
(EER), linear envelope and shaped envelope (maximum PAE).
The shape for maximizing PAE has been found from the contin-
uous wave (CW) measurement results, which can achieve max-
imum PAE of the PA. We will verify that the RFIS methods is
valuable for the ET PA in Section IV.
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Fig. 15. Interlock experimental setup.

TABLE 1
EXPERIMENTAL PERFORMANCES FOR THE DESIGNED ET PAs AT 889 MHz

| PAE[%] | DE[%] | Pout[dBm] | Gain[dB]

Conventional 53.18 54.16 39.57 17.46
USC 56.77 57.63 40.00 18.26
RFIS 58.76 60.21 40.14 16.19

IV. INTERLOCK EXPERIMENT RESULTS

In the previous sections, we have analyzed various efficiency
enhancing methods of an ET PA, such as envelope voltage
shaping, envelope current shaping, and RFIS. We have shown
that the envelope voltage shaping is not effective, but the current
shaping is to increase the efficiency of the supply modulator.
In this case, efficiency of the supply modulator is increased
due to the reduced sinking. The sinking current is redirected to
the PA and utilized for amplification. The RFIS method adjusts
the input power level for maximum PAE at each output level,
and increases the ET PA efficiency. To verify these previous
methods, an ET PA is implemented at 889 MHz, and is tested
using the LTE signal with BW of 5 MHz and a PAPR of 6.5 dB.
For the PA designs, a Cree CGH40045 GaN HEMT device is
used to design a saturated PA [8]. The supply modulator is built
using optimum discrete components for the best performance.
Fig. 15 shows the interlock experimental setup. Two signal
sources, the shaped RF signal and the envelope signal, are used
for the supply modulator and the PA, respectively. For the ET
PA, the delay between the PA and the supply modulator is the
important factor because the performance is very sensitive to
the delay. We have found the optimum delay adjusting ADS
delay tab in the simulation and additional fine tuning coaxial
cable line.

Table I shows performance summary of the methods. In the
case of the conventional ET, the shaped envelope signal (Vi =
6 and N = 1.4) is used with the modulated input RF signal, and
the gate bias of the PA is —3.2 V. As mentioned in Section II,
the supplied envelope current is not determined by the envelope
voltage shaping, but the input RF signal of the PA. Therefore,
the envelope current is not shaped, and the minimum required
current of the PA is very low for the deep class-AB bias case.
Therefore, the sinking current of the supply modulator is wasted
when the supply current is lower than the switch current. To
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utilize the wasted current for amplification of the signal at the
PA, the gate bias is increased from —3.2 to —2.5 V. The result
is that PAE is improved by 3.59%, and gain and output power
are also improved. Moreover, the linearity characteristic is im-
proved significantly, as shown in Fig. 16. Usually, AM to AM
response of the ET PA is severely bent at a low power region be-
cause of the low g¢,,. However, a higher gate bias for the USC
enhances the g, value, and the linear response of the AM—AM
characteristic is obtained.

Additionally, the RFIS method is adapted for the interlock
experiment. As aresult, the PAE is improved by 2% additionally
from the USC case. The proposed ET PA improved the PAE
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Fig. 18. (a) AM—AM characteristics before and after the DPD. (b) AM—PM
characteristics before and after the DPD.

by 5.5% compared to the conventional case. The RFIS has a
similar concept of the EER, thus this method is effective for a
high-gain PA because the gain is compressed compared with the
conventional ET PA.

For the linearization, we should pre-distort phase and mag-
nitude information. However, the magnitude cannot be pre-dis-
torted because the RFIS signal should be used to increase the ef-
ficiency, but the magnitude response can be compensated easily
at the supply modulator since the RFIS method is based on
the EER concept. The phase information is pre-distorted at the
RFIS signal. Table II shows performances of the ET PA before
and after linearization. This pre-distorted signal compensates
the phase distortion and maintains the high efficiency of the
PA. After linearization using the DPD techniques [22], [23], the
ET PA can be linearized properly and delivers an output power
of 40.00 dBm with a PAE of 58.35%. The ACLRs at 7.5- and
12.5-MHz offsets are improved below —45 dBc (Fig. 17), which
satisfies the linearity specification of the LTE system. Fig. 18
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shows the AM/AM and AM/PM characteristics of the PA be-
fore and after the linearization. The proposed ET PA does not
show any gain reduction at a low power region because of the
high quiescent current and it significantly reduces the high-order
distortion.

V. CONCLUSION

We have proposed two methods of optimizing the ET PA. The
first one is utilization of the sinking current to improved the per-
formance of the supply modulator because the sinking current is
a critical efficiency degradation factor. We increase the gate bias
of the PA to deliver the sinking current to the PA and utilize it
for amplification. This high current operation also improves the
linearity of the PA. The other one is the RFIS, which increases
the efficiency of the PA by operating at the maximum PAE for
all power levels.

The implemented ET PA is tested for the LTE signal and de-
livers an output power of 40.14 dBm with a PAE of 58.76%,
which is an improvement of the PAE by 5.5%. After applying
linearization techniques of digital predistortion (DPD), adjacent
channel leakage power ratio (ACLR) performances are within
system specification, lower than —45 dBc. The proposed design
methods are very useful to achieve a high-efficiency ET PA.
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