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Envelope-Tracking CMOS Power Amplifier
Module for LTE Applications

Daehyun Kang, Byungjoon Park, Dongsu Kim, Jooseung Kim, Yunsung Cho, and Bumman Kim, Fellow, IEEE

Abstract—An envelope-tracking (ET) CMOS power amplifier
(PA) is fabricated using a 0.18- m CMOS process. The module
containing the supply modulator, the PA, and the output trans-
former is implemented on a printed circuit board (PCB). The
CMOS PA employs the second and third harmonic controls at the
input and the second harmonic short at the output for improved
linearity. The impact on the nonlinearity of the cascode differential
structure is studied and optimized. A proposed output transformer
on the PCB minimizes the loss and enhances the efficiency of the
PA. The ET on the gate of the common gate transistor is proposed
to achieve high linearity and efficiency without using a digital
pre-distortion technique. For a long-term evolution (LTE) signal
at 1.85 GHz with a 10-MHz bandwidth and a 16QAM 7.5-dB
peak-to-average power ratio, the ET CMOS PA module achieves
a power-added efficiency of 34%, an error vector magnitude of
2.8%, and an adjacent channel leakage ratio of 34.2 dBc at an
average output power of 26 dBm. The ET operation reduces the
total current consumption by 10% to 34%, according to the power
level, over that of the standalone PA for the LTE signal.

Index Terms—CMOS, efficient, envelope tracking (ET), linear,
handset, power amplifier (PA), long-term evolution (LTE).

I. INTRODUCTION

T HE functionalities of both personal computers and mo-
bile phones have been converging to a hand-sized smart

phone. Higher-speed wireless communications are needed for a
rapid processing of the large amounts of data. Efficient circuits
and a battery with larger capacity are also demanded to handle
the increased power consumption. The cost and size of the smart
phones are essential features of this consumer product. Efforts
to overcome the issues through improvements in the efficiency,
speed, cost, and size of each element of a smart phone design
are currently underway. Among the elements, power amplifiers
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(PAs) are one of the bottlenecks for increasing efficiency and
reducing the cost and size of the smart phones.
The long-term evolution (LTE) infrastructure standard of mo-

bile phones is currently being established, and the phones are be-
ginning to support the LTE because of large demand on the high
data-rate service. However, the high data rates result in large
signal bandwidths (BWs) and high peak-to-average-power ra-
tios (PAPRs). In particular, the high PAPR signal reduces the
efficiency of PAs at a low average output power level because
the supply voltage provided to the PAs is fixed and the output
load is optimized only for the peak instantaneous power.
There are several techniques to enhance efficiency of the PAs

for amplification of the high PAPR signals. The Doherty tech-
niquemodulates the load impedance using a quarter-wavelength
transformer for both the back-off power and peak power [1],
[2]. The technique that uses reconfigurable output networks ac-
cording to the power level can also enhance the efficiency of
the high PAPR applications [3]. However, these techniques are
sensitive to RF BWs and require complex output matching net-
works, which produce loss. The switched-capacitor technique
introduced in [4] can maximize the load modulation effect by
switching power cells on and off, but it has difficulty in gener-
ating high power appropriate for cellular applications because
the fast switching MOSFET has a low breakdown voltage. Out-
phasing can also achieve a high efficiency at the back-off power
[5], [6], but it has a limited dynamic power range and requires a
complex power combining network. Envelope elimination and
restoration (EER) and envelope tracking (ET) improve the ef-
ficiency by modulating the supply voltage of the PA. Conven-
tional EER structures are nonlinear due to the delay mismatch
between the amplitude and phase paths; furthermore, they en-
counter the severe problem of a large input power leakage at a
low output operation [7]–[9]. The ET technique is less sensitive
to the delay mismatch [10]–[14] and enables linear operation by
utilizing a linear PA and supply modulator without using any ad-
ditional linearization techniques [15], [16]. Therefore, the ET
technique is applied in this paper because of its advantage of
multimode/multiband functionality [17].
In mobile handset applications, an RF integrated circuit

(RFIC) and baseband integrated circuit (IC) chips are being
integrated onto a single die to reduce its size and cost. However,
PAs are typically based on GaAs processes because of their
higher reliability and performance. Eventually PAs will be
integrated onto either CMOS processes along with RFICs or
silicon-on-insulator (SOI) processes along with switches/du-
plexers to reduce the cost and size of the device. The silicon
substrate has the drawbacks of lower breakdown voltage, no
back via-hole for the ground, higher saturation voltage (i.e.,
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Fig. 1. Schematic of the ET CMOS PA with the supply modulator.

knee voltage), larger loss and are more nonlinear compared
to their III–V counterparts. Even if the SOI process mitigates
the loss in the substrate through the use of a high-resistivity
substrate beneath the buried oxide, the other issues must be
addressed at the circuit level as in bulk CMOS processes
[18]–[21]. A cascode structure mitigates the problem of the low
breakdown voltage [22]. The use of an output transformer helps
solve the problems of no back via-hole and higher saturation
voltages [23]. A virtual ground point at the source provides
the effective grounding point and boosts the RF gain. The
voltage combination increases the output load impedance of
the transistors. The main nonlinearity of CMOS PAs caused by
the input capacitance variation can be improved by a second
harmonic control [24] or the capacitor compensation technique
[25]. Although the second harmonic short circuits at the output

are commonly employed to improve the linearity [18], [20],
[24], [25] and efficiency [26] of CMOS PAs, the importance
of the input second harmonic control on the linearity has been
overlooked.
In this paper, we analyze the contribution of the common gate

(CG) transistor in the cascode structure for generation of the
nonlinearity and shows the importance of the second harmonic
short circuits at both the input and output. The impact of the
third harmonic control at the input is also studied. To design
a CMOS PA that is sufficiently competitive compared to HBT
PAs, we propose a design of a low-loss transformer on the PA
module. Moreover, the ET technique is employed to overcome
the inherently low efficiency of the CMOS PAs. The paper is or-
ganized as follows. Section II shows the improvement of the lin-
earity in a CMOS PA using the harmonic control circuits and the
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Fig. 2. (a)–(d) Simulated voltage and current waveforms of the cascode transistor and their harmonics components of the waveforms. (e) Load line in the CS
transistor. (f) Load line in the CG transistor.

design of an output transformer to minimize losses. Section III
describes the configuration of a hybrid switching supply modu-
lator, and addresses the issues on the ET operation. Section IV
shows the implementation and measurement results.

II. DESIGN OF CMOS PA

Fig. 1 is a schematic of the ET transmitter with a CMOS
PA and a hybrid supply modulator [10]–[12]. The PA utilizes
a single stage and differential structure to minimize the source
degeneration. The 0.18- m thin-oxide and 0.4- m-thick oxide
transistors are stacked to create a cascode structure that protects
against the breakdown. In addition, harmonic control circuits
are employed at the input and output of the amplifier.

A. Harmonic Control Circuit to Improve Linearity of the PA

The previous literature [24] focuses on the nonlinearity of
common source (CS) transistors in CMOS PAs, and the authors
in [28] describe that the AM–PM distortion is mainly caused by
the nonlinearity of in the CG stage. In this section, we fur-
ther analyze the contribution of the CG transistors to harmonic
generation in the cascode structures.
The capacitance between the gate and source of the tran-

sistor increases with increasing the voltage across the terminals.
The capacitance between the gate and drain of the transistor
also increases, and this variation is more significant because the
voltage at the drain is amplified, but the polarity is reversed com-
pared to the voltage at the gate. Therefore, the capacitance at the

higher level of the input voltage is larger, and the capacitance at
the lower level is smaller. These nonlinear capacitances distort
the sinusoidal input voltage waveform. The second harmonic
control circuit at the input compensates for the distorted input
signal generated by the nonlinear input capacitances of the tran-
sistors, resulting in more linear operation.
The second harmonic short circuit at the output eliminates the

second harmonic voltage, thereby reducing the up-conversion
of the component to the third-order intermodulation distortion
(IMD3) and fifth-order intermodulation distortion (IMD5) and
improving the efficiency of the devices. Note that the differen-
tial structure merely eliminates the even harmonic components
at the combining output, but does not reduce the IMD3 or IMD5
because the intermodulation distortions (IMDs) can be gener-
ated from the second and third harmonic power trapped at the
drain. A short-circuited third harmonic trap will also improve
linearity by reducing the third harmonic, which is one of the
components generating the IMD5, but its contribution is smaller
than that of the second harmonic control circuit because the third
harmonic is significantly lower than the second harmonic com-
ponent.
A simulation is conducted to verify the effect of the second

and third harmonic control circuits. The voltage and current
waveforms are shownwith their harmonic components in Fig. 2.
Two CMOS PAs with and without the second harmonic con-
trol circuit at the input have the same ideal output transformer
to clarify the effect of the control circuits. Both PAs have the
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Fig. 3. (a) Comparison of the simulated IMD characteristics of the PA with/without the second harmonic control circuits at the input. Both PAs have the second
harmonic control circuits at the output. (b) Contributions of the CS and CG transistors to the distortion in the cascode structure. The impact of the third harmonic on
IMD3 is also shown in the plot. (c) Simulated intermodulation power spectral density (PSD) at the output power of 23 dBm for the case with the second harmonic
short at the input. (d) Reduced IMD3 imbalance by an ideal ground at the source terminal of differential CS transistors.

second harmonic control circuits at the output and the stability
factor over 1.5 from 0 to 10 GHz. The drain voltage of the
cascode structure is set to 3.5 V, and the gate voltage of the CS
and CG transistors are set to 0.48 V and 2.3 V, respectively. The
waveforms are probed at an output power of 26 dBm in a con-
tinuous wave (CW) simulation. A capacitor of 3.7 pF and an in-
ductor of 0.5 nH are used in this design to resonate at the second
harmonic frequency of 3.7 GHz. The input impedance of the dif-
ferential structure is matched to 50 and the load impedance
of the single cascode structure is set to 12.5 .
The harmonics of the PAs are generated by the nonlinear in-

trinsic capacitors and nonlinear dependent current source in the
equivalent model of the transistor. The triode region of the tran-
sistor also contributes to the nonlinearity. The cascode structure
is generally more nonlinear than a single CS structure because
it has more nonlinear sources in the stack of the two transistors.
Figs. 2 and 3 show the impact of the CG transistor on the lin-

earity of the PA. The input voltage waveform of the PA without
the second harmonic control circuit at the input in Fig. 2(a) is

highly distorted and has a large conduction angle on the upper
dc level, which is caused by the second harmonic component
generated by the nonlinear input capacitance. The second har-
monic component of the input voltage is amplified and con-
verted to the output current and drain voltage of the CS tran-
sistor. As shown in Fig. 2(b) and (c), the second harmonic com-
ponents in the drain voltage and current of the CS transistor
are larger for the case without the second harmonic control cir-
cuit at the input. The second harmonic components are mixed
with the fundamental and third harmonic components due to
the nonlinear of the CG transistor, thereby, generating the
third-order intermodulation (IM3) and fifth-order intermodula-
tion (IM5), respectively. Moreover, the CG transistor, which
uses a thick oxide gate, has a higher saturation voltage than the
CS transistor with a thin oxide. The higher saturation voltage
clips the voltage waveform and generates larger nonlinearity.
Thus, the PA without the second harmonic short circuit gen-
erates more IMD components than the PA with the circuit, as
shown in Fig. 3(a).
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The second harmonic short circuit at the input plays a role of
providing a third harmonic open circuit since the series of the
inductor and capacitor is equivalent to an inductor (0.27 nH) at
the third harmonic, which can resonate out the average input ca-
pacitance (2.9 pF) of the CS transistor. Therefore, the large third
harmonic component shown in Fig. 2(a) is in-phase with the
fundamental voltage, but it becomes out-of-phase at the drain
of CS transistor, thereby squaring the drain voltage of CS and
increasing the magnitude of the fundamental voltage, as shown
in Fig. 2(c). The higher fundamental drain voltage of CS results
in lower voltage swing at the CG transistor, which has higher
knee voltage, thereby ensuring the linear operation, as shown
in Fig. 2(e) and (f). The voltage swing without the second har-
monic short circuit hits the triode and cutoff regions of the CG
transistor harder than that with the control circuit.
Fig. 3(b) shows the contributions of the CS and CG transis-

tors to the distortion of the cascode structure. The IMD3 curves
at the drain of the CS transistor with and without the second har-
monic control circuits are drawn in the figure. The worst IMD
curve between the upper and lower IMDs is selected for the
plot. The IMD3 levels of the CS stage, before the signal passes
through the CG transistor, are below 35 dBc and have sig-
nificant sweet spots in both cases. However, the IMD3 charac-
teristics deteriorate after passing through the CG transistor. The
IMD3 is degraded more when the second harmonic components
of the voltage and current at the CS transistor is larger. The im-
pact of the high third harmonic input voltage on the IMD3 is
also shown in the plot when the third harmonic voltage is set to
near zero by an additional capacitor while maintaining the same
fundamental and second harmonic voltages, which results in ap-
proximately 5 dB/1 dB higher IMD3 in the mid/high-power re-
gion, respectively. Consequently, the second harmonic control
at the input of the cascode structure significantly improves the
linearity by reducing the second harmonic components between
the CS and CG transistors, and the resulting third harmonic con-
trol also helps improve linearity by ensuring the voltage swing
in the linear region.
It is worthwhile to discuss the cause of the imbalance of the

upper and lower IMD3s. The imbalance is commonly caused
by the memory effect that and com-
ponents generated in the past by the second-order distortion
are mixed with components and added to the third-order
interaction terms of having different phases,
which results in the different magnitudes of the upper and lower
IMD3s. The method to minimize the memory effect is well
known to use a coupling capacitor for the component
at the drain/collector terminal. Due to no grounding back-via,
however, CMOS processes introduce an additional source of
the memory effect at the source terminal of transistors, which
is connected to the ground using bond-wires. As shown in
Fig. 3(c), the and components gen-
erated by the second-order distortion are trapped at the source
terminal, leading to the IMD3 imbalance at the output port. The

are 35 dB larger than the components,
which are reduced by the second harmonic short circuits at the
gate and drain terminals. The phases of the upper and lower
IMD3 are measured in simulation to be 1 and 30 , respec-
tively, showing that the vector summations with the different

Fig. 4. Simulated IMD3 due to the phase mismatch of the output transformer
on the IMD3 characteristics in the simulation.

phases causes the IMD3 imbalance. An ideal ground at the
source terminal removes the IMD components, reducing the
IMD3 imbalance at the output port. In a real implementation,
a flip-chip process could minimize the com-
ponents, which are the main contributor to the memory effect.
Fig. 3(d) shows the reduced IMD3 imbalance significantly
by the ideal ground at the source terminal of the differential
CS transistors for both the cases with and without the second
harmonic short circuits. In this simulation, the gate bias is
adjusted to optimize the PA without the source inductance such
that the quiescent current is increased from 41 to 56 mA.
The linearity improvement concepts for a single-ended cas-

code structure can be applied to the differential structures. For
CMOS PAs, the differential structures are employed to mini-
mize the source degeneration. Ideally, the even harmonic com-
ponent of the drain voltage is a common mode and rejected by
the output transformer, but without a proper even harmonic ter-
mination, the harmonic can be trapped and interacts with the
fundamental, generating the third harmonic distortion. In prac-
tice, the transformer is not always symmetric with 180° out of
phase, but rather has some phase mismatch. The second har-
monic short circuits at the input and output help the PA to be
insensitive to the phase mismatch of the output transformer, as
plotted in Fig. 4. The IMD3 characteristics and linear output
power are almost the same within the phase difference of 10°
with the second harmonic control circuit, which can be achiev-
able for the transformer.

B. Output Transformer Design

The parameters of the substrates (i.e., the loss tangent/con-
ductivity and the thickness of the dielectrics) affect the quality
( ) factor of the lines of the output transformer and the effec-
tive coupling factor between the two lines. Once a specific sub-
strate is chosen, the width and length of the metal line deter-
mine the self-inductance and of the transformers. The effec-
tive coupling -factor is determined by the spacing between two
metal lines. Fig. 5(a) depicts the layer information of the generic
four-layer evaluation board that is employed for the PA module.
This substrate has a higher loss tangent (0.025), thicker dielec-
tric (42.5 m), and higher minimum spacing (100 m) than a
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Fig. 5. (a) Layer information of the PCB used for the PA module. (b) 3-D view of the implemented output transformer. (c) Extracted equivalent circuit model of
the output transformer. (d) Comparison of the -parameters obtained from the EM simulation and equivalent circuit model of the output transformer.

laminate-based multi-layer substrate for PA modules. Fig. 5(b)
shows the 3-D view of the implemented output transformer. The
line is drawn as a circle to minimize the loss. The use of the two
metal layers generates stronger coupling and has an advantage
in size. Two off-chip capacitors (2.2 and 3.3 pF) with a size of
0.6 mm 0.3 mm are used for impedance matching with the
smaller inductance values of the primary and secondary traces.
Fig. 5(c) illustrates the extracted equivalent circuit model of

the transformer. The extracted inductances are 1.9 and 2 nH for
the primary and secondary traces, respectively. The primary and
secondary see different inductance values in the overlay struc-
ture due to the different dielectric thickness above and below
the structure and the longer leads of the secondary trace to the
external capacitor. The extracted resistance is 0.4 . The cal-
culated quality factor is 81, and the -factor is
0.62. The extracted capacitance between the two metal lines is
0.5 pF, and it is divided into two parasitic capacitors on both the
primary and secondary sides. Fig. 5(d) compares the -parame-
ters obtained from the electromagnetic (EM) simulation and the
equivalent circuit model of the output transformer. This figure
verifies that the model is well extracted. The simulated min-
imum loss is 0.4 dB. The input port is set to 25 because the
load impedance for each side of the transistors is 12.5 and the
output port is set to 50 . The simulated loss when the circuit is
perfectly matched is 0.35 dB. The loss of the transformer can be
reduced further by using a laminate-based multi-layer substrate
for the PA modules due to its lower loss, higher spacing/width
resolution, and smaller dielectric thickness.

III. ET OPERATION

The supplymodulator shown in Fig. 1 is revisited from the de-
tails in [17] to clearly explain the ET operation. The supplymod-

ulator consists of a linear stage and a switching stage. The linear
stage functions as a voltage-controlled voltage source in which
the output voltage follows the input voltage. The linear stage
is comprised of a folded-cascode operational trans-conductance
amplifier for a large BW and a high gain, as well as a class-AB
biased CS buffer to produce a large current for rail-to-rail op-
eration. The switching stage operates as a dependent current
source that provides most of the currents to the output. A cur-
rent-sensing circuit monitors the current flow at the output of
the linear stage, and a hysteretic comparator controls the state of
the switching stage in accordance with the sensed currents. The
switching frequency of the switch stage depends on the width
of the hysteresis, the BW of the envelope signal, and the value
of the output inductor. The conduction and switching losses are
considered to determine the size of the switches.
In this design, a boost converter is assumed to be employed

in the linear stage, thereby, generating a constant voltage of 5 V
to supply the linear stage and to boost the output voltage swing
of the linear stage to the range from 0.5 to 4.5 V. The switch is
directly driven by the battery to achieve a higher level of effi-
ciency. Consequently, the boosted supply modulator is insensi-
tive to the battery depletion, which helps to maximize the per-
formance of the PA at all battery conditions, realizing the power
management capability [27].
To minimize the impact of the switching noise generated by

the supply modulator, the linear and switching stages are iso-
lated by the deep -well and the P guard ring in the die of the
supply modulator. Not only the dies, but also the interlock of the
supply modulator and PA are paid attention to in order to mini-
mize the switching noise, which is approximately 7 MHz even
though the switching noise spreads out to the wider frequencies
due to the hybrid type modulator. A 15-pF capacitor, which is



KANG et al.: ET CMOS PA MODULE FOR LTE APPLICATIONS 3769

Fig. 6. (a) Envelope-shaping function for the drain and gate voltages of the CG transistor. (b) Simulated ACLRs for the ET on and only.
(c) Load lines of the CS transistor for the ET and the fixed voltage of , respectively. (d) Load lines of the CG transistor.

almost zero impedance at 1.85 GHz, is connected at the junction
to ensure the PA’s RF output matching to be consistent regard-
less the connection of the supply modulator, and a 3-nF capac-
itor is used to suppressed the out-band noise induced from the
supply modulator. A few nanofarad capacitor could be handled
by the BW enhanced technique of the supply modulator, which
results in 100-MHz BW with a 70° phase margin by adding a
zero at the feedback path of the linear amplifier [30].
To further enhance the efficiency of the ET PA, the idea pro-

posed in [31] is employed in this work. The higher gate bias of
the CS transistor increases the quiescent current of the PA and
saves the waste of the sinking current in the linear stage of the
supply modulator, which results in higher efficiency of the mod-
ulator and better linearity of the PA in the high-power region.
Moreover, this work proposes to utilize the ET on the gate of

CG transistors, as shown in Fig. 6(a). There is little literature
presenting ET operation for cascode transistors. Hassan, et al.
[32] did not focus on the linearity issue of the ET PA since digital
pre-distortion (DPD) was employed. Li et al. [33] employed
the self bias structure for the gate of CG transistor to track the
envelope, as well as the drain, but the gate voltage is always
lower than the collector voltage. The CG voltage has
to be greater than around the boundary of the saturation
region since is greater than in the
region. In this work, the values of and are
selected to achieve the highest efficiency at a supply voltage of
2.8 V, as well as good linearity over all the power ranges. For

Fig. 7. Photograph of the ET PA module including the test chips of the PA and
the supply modulator in a 0.18- m CMOS process.

this purpose, the shaping function of is determined for a
sweep of from 1 to 4.5 V, and the relationship is

(1)

where and are 3/7 and 0.8 V, re-
spectively. The envelope of the signal , which is the same
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Fig. 8. Measured 1.85-GHz CW performance of the PA obtained by sweeping
the drain voltage from 1 to 4.5 V and the CG voltage from 1.23 to 2.73 V.

Fig. 9. Measured IMD3 of the PA using a 10-MHz-spacing two-tone CW
signal. The drain voltage is swept from 1 to 3.5 V and the CG voltage from
1.23 to 2.3 V.

as the supply voltage to the PA itself, is modified linearly with
a minimum value of 1 V and a variable slope of the envelope
according to the power level because the PA under ET opera-
tion has large AM/AM and AM/PM distortions at a low supply
voltage because the output capacitance and saturation voltage
effects are increased.
Fig. 6(b) shows the simulated spectra at an output power

of 26 dBm with and without the ET of . The efficien-
cies are almost the same in both cases, but linearity is signifi-
cantly improved by 7 dB in E-UTRA adjacent channel leakage
ratio (ACLR) for the ET of . It is worthwhile to note that
the upper and lower ACLRs are almost identical because the
delay between the ET and the RF paths is adjusted to mini-
mize the ACLR imbalance of the CMOS PA itself, shown in
Fig. 3(d). The consistent load lines through the ET operation of
both and ensure the linear ET operation, as shown
in Fig. 6(c) and (d). For the fixed , the load impedance of
the CS increases when the supply voltage decreases, causing
nonlinearity in the CS transistor. The CG transistor also suf-
fers from nonlinearity because the voltage swing decreases at a
lower supply voltage due to the fixed .

Fig. 10. Measured performances of the ET PA and standalone PA at 1.85 GHz
for a 10-MHz BW, 16QAM, 7.5-dB PAPR LTE signal.

Fig. 11. Measured performances of the ET PA between 1.7–2 GHz at an output
power of 26 dBm for the 10-MHz BW, 16QAM, and 7.5-dB PAPR LTE signal.

Fig. 12. Measured spectra of the ET PA and standalone PA at an output power
of 26 dBm for the LTE signal.

IV. IMPLEMENTATION AND MEASUREMENT RESULTS

The PA and modulator are fabricated using a 0.18- m CMOS
process and are 0.7 mm 0.95 mm and 1.3 mm 1.3 mm in
size, respectively. The inductors for the second harmonic con-
trol circuits are implemented using bond-wires to minimize the
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TABLE I
COMPARISON OF THE ET PA MODULE WITH THE STATE-OF-THE-ART PAs

loss. The two fabricated chips are mounted on the four-layer
printed circuit board (PCB). Fig. 7 shows the PA module, which
includes the output transformer with the two off-chip capacitors
and occupies an area of 3 mm 3 mm. The area of the supply
modulator is less than 2.8mm 3mm excluding the off-chip in-
ductor. The gate voltage of the CG transistors is provided exter-
nally using a signal generator. The output transformer designed
on this PCB can be smaller if the laminate-based multi-layer
substrate is used because the minimum width/space is smaller
and the -factor is higher on the laminate. The measured loss of
the output transformer is 0.5 dB.
Fig. 8 shows themeasured CW performance of the standalone

PA at 1.85 GHz, generated by sweeping the drain voltage
from 1 to 4.5 V and the CG voltage from 1.23 to 2.73 V.
The power-added efficiency (PAE) and gain of the PA under
ET operation are expected to follow these PAE and gain
trajectories. For a supply voltage of 2.8 V, the PAE and drain
efficiency (DE) are 50% and 55%, respectively, at a CW
power of 26 dBm. With the envelope-shaping function, the
PAE trace under ET operation is optimized at an output power
of 26 dBm. With the envelope shaping, the PA operates at
the IMD sweet spot points tracked by the envelope, and the
overall IMD is improved [29]. Fig. 9 shows the measured
performance of the PA tested with a 10-MHz-spacing two-tone
CW signal, while sweeping the drain voltage from 1 to 3.5
V and the CG voltage from 1.23 to 2.3 V.

Fig. 10 shows the measured performance of the ET PA and
standalone PA for an LTE signal at 1.85 GHz with 10-MHz BW,
16QAM, and 7.5-dB PAPR. The standalone PA with a supply
voltage of 4.5 V delivers a PAE of 31.2%, an error vector mag-
nitude (EVM) of 3.97%, and anACLR of 32 dBc at an average
output power of 26 dBm. The ET operation of the CMOS PA im-
proves the PAE by 2.8% compared to the standalone CMOS PA
for the same LTE signal. The PAE of the ET PA includes the cur-
rent consumption of the supply modulator. The ET PA achieves
a PAE of 34%, an EVM of 2.8%, and an ACLR of 34.2 dBc at
an average output power of 26 dBm.When the ET PAmodule is
used, the total consumed current is reduced by 10% at 26 dBm,
27% at 20 dBm, and 34% at 10 dBm compared to the standalone
PA. The measured switching frequency of the switching stage in
the supply modulator is 7MHz to cover the 10-MHz LTE signal.
The linear amplifier has a BW of greater than 50 MHz and a dc
gain of greater than 50 dB. The peak efficiency of the supply
modulator is 90% and the average efficiency is 75% under ET
operation for the LTE signal.
Fig. 11 illustrates the measured performance versus fre-

quency of the ET PA between 1.7–2 GHz at an output power of
26 dBm. The maximum PAE of 40% is measured at a frequency
of 1.75 GHz. The PA is optimized at a frequency of 1.85 GHz
for the ACLR.
Fig. 12 shows the measured spectra of the ET PA and stand-

alone PA at an output power of 26 dBm for the LTE signal.
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The ACLR is measured with a BW resolution of 9 MHz at the
center frequency and a 10-MHz offset. The ACLR of the ET PA
is 34.2 dBc, which is 2 dB better than that of the standalone
PA because of the sweet-spot tracking in the ET operation. The
ET PA with the selected envelope-shaping function follows the
IMD3 sweet spot rather than the IMD5 sweet spot. Thus, the
inner skirt of the spectra improves while the outer skirt becomes
a little degraded.
Table I shows a comparison of the ET PA module with the

state-of-the-art PAs. The proposed ET PA module outperforms
the CMOS PAs in terms of linearity and efficiencywithout DPD.
It is clear that it cannot be a one-to-one comparison because our
ET PA uses the off-chip transformer, but it is worthwhile to note
that commercial cellular PAs use off-chip matching networks
to minimize their loss and die size and to maximize their effi-
ciency. The proposed ET PA shows competitive performance
compared to the commercial InGaP HBT PA [37] and the SiGe
BiCMOS ET PA [38] for LTE applications.

V. CONCLUSION

An ET CMOS PA has been fabricated using a 0.18- m
CMOS process, and a module containing the modulator and
PA, including the output transformer, has been implemented
on a four-layer PCB. The linearity of the cascode differential
structure PA has been analyzed and improved by utilizing
the second and third harmonic controls at the input and the
second harmonic control at the output. The proposed output
transformer on a PCB minimizes the loss and enhances the
efficiency of the PA. The ET on the gate of the CG transistor is
proposed to achieve high linearity and efficiency without using
a DPD technique. Realistic issues on implementing the ET PA
are visited and addressed. The ET CMOS PA module achieves
a PAE of 34%, an EVM of 2.8%, and an ACLR of 34.2 dBc
at an average output power of 26 dBm and a frequency of
1.85 GHz for a 10-MHz BW, 16QAM, and 7.5-dB PAPR LTE
signal. The ET operation reduces the total current consumption
by 10%–34%, according to the power level, over the standalone
PA for the LTE signal.
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