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Abstract—This paper describes a new design approach for
a power amplifier (PA) of the highly efficient hybrid envelope
elimination and restoration (H-EER) transmitter. Since the PA
operates mostly at the average power region of the modulation
signal, power-added efficiency (PAE) of the PA at the average
drain voltage is very important for the overall transmitter PAE.
Accordingly, the PA is designed to have a maximum PAE in that
region. The performances of the proposed PA and a conventional
PA under H-EER operation are evaluated via ADS and MATLAB
simulations using a behavioral large-signal model of a silicon
LDMOSFET, which verifies that the proposed PA has significant
advantages for the H-EER transmitter in both PAE and output
power. A saturated amplifier, inverse class F, has been imple-
mented using a 5-W peak envelope power LDMOSFET for 3GPP
forward-link single-carrier wideband code-division multiple-ac-
cess at 1 GHz with a peak-to-average power ratio of 9.8 dB. An
envelope amplifier is built that has an efficiency of above 68%
and peak output voltage of 31 V for an interlock experiment. The
overall PAE of the transmitter with a conventional PA is 35.5% at
an output power of 29.2 dBm. On the other hand, the transmitter
with the proposed PA delivers significantly improved perfor-
mances: PAE increased by 4% and output power by 2.5 dB. The
H-EER transmitter has been linearized by the digital feedback
predistortion technique. The measured error vector magnitude
is reduced to 1.47% from 6.4%. These results clearly show that
the proposed architecture is a good candidate for efficient linear
transmitters.

Index Terms—Adjacent channel leakage ratio (ACLR), dig-
ital feedback predistortion (DFBPD), efficiency, error vector
magnitude (EVM), hybrid envelope elimination and restoration
(H-EER), linearity, peak-to-average power ratio (PAPR), power-
added efficiency (PAE), power amplifier (PA), RF transmitter,
wideband code-division multiple-access (WCDMA).
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Fig. 1. Architecture of the H-EER transmitter with highly efficient bias mod-
ulator and PA.

I. INTRODUCTION

H IGH efficiency with high linearity is essential for a low-
cost transmitter of wireless communication systems. As

good candidates for the transmitter, LINC, modulation,
Doherty, and envelope elimination and restoration (EER)/polar
modulator have been suggested. The first two techniques have
a high linearity with a moderate efficiency [1], [2] and the latter
two techniques have a high efficiency with moderate linearity
characteristics [3]–[6]. However, if the digital predistortion
(DPD) technique is applied to the latter two techniques, the
linearity can be enhanced sufficiently for the specification of
the base-station system.

The traditional EER transmitter is based on the decomposi-
tionof the in-phase/quadrature (I/Q) signal in envelope andphase
parts to improve the overall efficiency. The RF transistor is driven
in switching or saturated mode with a constant amplitude signal
only with the phase information for a high efficiency. The ampli-
fied envelope signal through the efficient bias modulator is com-
bined with the amplified phase signal at the drain of the RF tran-
sistor to give an amplified modulation signal at the output of the
transmitter [6]. To achieve a high linearity at the same time, the
power amplifier (PA) should cover the bandwidth of the phase
modulated signal [7]. Practically, this is a serious problem for
realization of the EER transmitter since the constant amplitude
phase signal has approximately ten times larger bandwidth than
the modulation input signal. These problems can be solved using
the hybrid-EER (H-EER) architecture shown in Fig. 1 [8]. Since
this architecture uses the modulation signal as an input signal of
the PA instead of the phase modulated signal, the PA needs to
cover only the modulation signal bandwidth and the input power
is much lower in a low region. Therefore, this architecture
can provide a reliable transmitter with an improved PAE.
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Fig. 2. Probability density function and power distribution versus � of the
H-EER transmitter.

A highly efficient EER transmitter requires an efficient drain-
modulated PA. The PA operates mostly at an average power re-
gion so the PAE of the PA should be optimized at the region.
However, the PA for the EER transmitter is usually designed
to achieve a peak efficiency at the peak drain voltage and does
not have a good efficiency in the average region. This causes
a degradation of overall efficiency of an EER transmitter [9].
This paper verifies that the H-EER transmitter with the highly
efficient PA (HEPA) optimized at the average drain voltage re-
gion can deliver significantly improved performances.

II. NONLINEAR CHARACTERISTIC OF LDMOSFET PA

LDMOSFET has nonlinear components such as , ,
, and . These capacitive components vary with and
, changing the matching impedance [10]. In the H-EER

transmitter, of the PA is modulated by the envelope signal,
and the perfect match is possible only around the specific drain
bias due to the nonlinear capacitances [11], [12]. Accordingly,
the PA should be designed to have the power matching around
the important power generation region.

The probability density function of the envelope signal given
by Rayleigh distribution is given as

(1)

(2)

is a shaping factor in the Rayleigh distribution function.
From the envelope distribution, the average PAE of the trans-
mitter can be derived [13] as follows:

(3)

and are instantaneous output and input powers of the
PA at a given . In this equation, the overall PAE is determined
by ratio of the multiplications of the Rayleigh distribution and
the power factors over the distribution and .
Fig. 2 shows the Rayleigh distribution, the instantaneous dc,

Fig. 3. (a) Equivalent circuit and (b) capacitances versus � of MRF281SR1
silicon LDMOSFET.

and the RF powers of the wideband code-division multiple-ac-
cess (WCDMA) envelope signal with a peak-to-average power
ratio (PAPR) of 9.8 dB, and the power generation distribution
under 30-V operation. The power generation distribution func-
tion (PDF) is the multiplication of the Rayleigh distribution and

, which has a maximum value at 12 V . Therefore,
the PA should be designed to have a high power-added efficiency
(PAE) performance near the 12-V region.

Fig. 3(a) shows the equivalent circuit of the MRF281SR1
LDMOSFET, and Fig. 3(b) shows the nonlinear capacitances
versus and the PDF of the WCDMA signal under 30-V
operation. The linear and parasitic component values at 12 V
are summarized in Table I. variation is dominant among
the nonlinear capacitances of the LDMOSFET. Thus, for
simplicity, only the variation is considered in the anal-
ysis. The impedance variations of an inverse class F PA using
MRF281SR1 [14] are illustrated in Fig. 4. For the inverse class
F operation, the second and third harmonic impedances should
be open and short at the current source, respectively. Fig. 4(a)
shows the impedances seen at the output load for a conventional
inverse class F PA designed at the peak region. As
is lowered, the fundamental matching impedance is changed
from to , altering
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TABLE I
EXTRACTED LINEAR AND PARASITIC COMPONENTS

OF SILICON RF LDMOSFET, MRF281SR1

Fig. 4. Fundamental and harmonic impedances versus � of the MRF281SR1
LDMOSFET. (a) PA optimized at 30 V. (b) PA optimized at 12 V.

the matching. The second harmonic impedance is changed to a
nearly pure reactance of , while the third

Fig. 5. Fundamental load line of inverse class F amplifier at each � for a
maximum PAE performance.

harmonic impedance is not affected by the nonlinear capaci-
tance due to the short impedance, and the PA is operated in class
B mode in the low region. Consequently, a conventional
inverse class F PA designed for the peak region cannot be
properly operated as an inverse class F near the 12 V region
and the PAE and power density are degraded. Fig. 4(b) shows
the impedance variations of the proposed PA designed at the
12 V. The fundamental and third harmonic impedances are also
changed, but the deviation is much smaller than the previous
case. Moreover, it is power matched around the important
power generation region. Therefore, an efficient operation with
an enhanced output power is expected.

III. ANALYSIS OF THE TWO PAs UNDER H-EER
OPERATION USING ADS SIMULATION

The MRF281SR1 model developed at the Pohang University
of Science and Technology (POSTECH), Gyeongbuk, Pohang,
Korea [10] is employed in ADS simulation to design the PA
optimized for various regions. The output matching im-
pedances at the fundamental and harmonic frequencies have
been properly tuned considering the nonlinear capacitive com-
ponents. The fundamental impedance at the current source is
adjusted to deliver the maximum PAE under H-EER operation.
For better harmonic trapping, the harmonic circuit includes
both-arm shunt stubs [14]. Fig. 5 shows the simulated load
lines versus . In Fig. 5, the fundamental impedance becomes
smaller as is lower because the current swing is
properly expanded for the line. Accordingly, a suitable inverse
class F operation can be carried out with high efficiency. The
calculated fundamental load impedance of the proposed PA,
i.e., , is smaller than that of the PA opti-
mized at 30 V , i.e., . The fundamental
load line variation is presented in Fig. 6. In the Fig. 6(a), the
proposed PA has the quasi-L load line shape at 12 V . As

increases, the PA begins to operate like a class B mode
with looping. In case of the other PA illustrated in Fig. 6(b), the
proper inverse class F operation is shown at the 30 V . In a
low region, however, the PA has a mismatch effect.

Under the H-EER operation, an instantaneous input signal
amplitude is varied linearly with the instantaneous envelope
signal distribution. Therefore, the precise input information
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Fig. 6. Load lines of each HEPA versus � . (a) PA optimized at 12 V. (b) PA
optimized at 30 V.

Fig. 7. Relation between the instantaneous input and � signal amplitude of
the two PAs (—: the proposed PA, - - -: the conventional PA).

should be defined for the optimum PA design under the H-EER
operation. The relationships between the instantaneous input
signal voltage and the signal amplitude are il-
lustrated in Fig. 7, and can be defined as . The
conventional PA is designed at 30 V, and the proposed PA is
designed at 12 V. In order to get the maximum PAE by the fully
saturated operation, the proposed PA needs more input power
than the other PA. Accordingly, the gain of the PA designed at
12 V is smaller than that of the PA at 30 V, and the proposed PA
has a bigger slope than the other case, as shown in Fig. 7. If the
input power (voltage) is dBm ( V) in the 50- system,
the relation between the two magnitudes can be defined as

(4)

Slope (5)

Fig. 8. Waveforms of each PA versus � . (a) PA optimized at 12 V. (b) PA
optimized at 30 V.

From the calculated Slope, the entire input power can be deter-
mined as

V V Slope (6)

V V Slope (7)

The calculated Slope of the conventional PA is 5.8, and that
of proposed PA is 2.

Fig. 8 shows the current and voltage waveforms versus at
the current source of each PA. Due to the proper inverse class F
operation at of 12 V, the current waveforms of the proposed
PA has a maximally flat signal, while that of the peak PA has
a class B type of current waveform at 12 V . The voltage
waveform of the proposed PA also has a suitable half-sine wave.
The waveform at V shows that it is operating as an
inverse F amplifier, while that of PA optimized at 30 V operating
as a class B. When the of the proposed PA becomes higher,
the overlap between current and voltage waveforms is increased
due to the mismatched capacitance, and the efficiency above
the 12-V region is degraded. On the other hand, the PA
optimized at 30-V shows a suitable inverse class F operation
with low overlap only at the high region.

The simulated performance under the H-EER operation for
a continuous wave (CW) signal is summarized in Fig. 9. As
shown in Fig. 9(a), a high output power is delivered by the
proposed PA (Avg. HEPA) over the entire region because
the proposed PA has a saturated operation broadly from 12
to 30 V of with a matched output network. Moreover,
by employing lower fundamental impedance with higher input
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Fig. 9. Simulated: (a) output power, (b) gain, (c) PAE, and (d) load impedance
versus � for a CW signal under H-EER operation of the two PAs.

power than those of the conventional PA, the peak
power of the proposed PA has 38.95 dBm, while the other PA

TABLE II
CALCULATED AVERAGE PERFORMANCE BY USING MATLAB SIMULATOR

FOR 3GPP WCDMA SIGNAL WITH 9.8-dB PAPR

has 36.82 dBm. In the high region, the gain is lower than
that of the conventional PA (Peak. HEPA) due to the lower load
impedance of the proposed PA. On the other hand, in a low
region, the opposite gain performance occurs in Fig. 9(b) due
to the high operation of the proposed PA. The overall PAE
performance in Fig. 9(c) shows that the proposed PA maintains
a high PAE performance around the 12-V region while the
other PA has high PAE performance at a high region.
The maximum PAEs of each PA are 70.36% (proposed PA)
and 71.45% (conventional PA). Accordingly, the proposed PA
is expected to deliver higher PAE and output power than the
other PA. To confirm the performance for the H-EER operation,
a MATLAB simulation has been carried out using a WCDMA
signal with a PAPR of 9.8 dB. The calculated performance
based on (1)–(3) is summarized in Table II, which shows that
the proposed PA has 5.74 dB more output power and 13.29%
better PAE than the conventional PA.

Without redesigning the output matching network, the con-
ventional PA can be operated more efficiently at the average
output power region under H-EER operation by delivering
higher input power to the PA because output power and PAE
in the low region increase due to the operation near the
saturated state. Therefore, the input power level is adjusted to
optimize the output power and PAE of the conventional PA,
whose is decreased to 3. In the high region, the output
power is slightly increased, but the PAE is degraded by the
excessive input power. The gain is reduced due to more input
power. The performances calculated by the MATLAB simulator
are presented in Table II. By adjusting the input power, the
output power and PAE performance have been improved by
approximately 2.07 dB and 6.52%, respectively, but they are
still lower than those of the PA optimized at the 12-V region
because the PA still has the impedance mismatch problem at
the fundamental and harmonic frequencies due to the nonlinear
capacitive components.

The increased output of the average power design requires
a high drain current, and the bias modulator should supply the
high current to the PA drain. The load resistance is the
dc-bias resistance given by , as illustrated in Fig. 9(d).
The of the PA in the average region is much lower
than that of the other cases because of the high drain current
required. The is maintained almost constant across the
broad bias range, indicating that it operates more linearly than
the other case.
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Fig. 10. Simulated AM/AM characteristics. (a) Proposed PA. (b) Conventional
PA.

Fig. 11. Simulated AM/PM characteristics of each PA.

The AM/AM characteristics are extracted by Agilent’s ADS
simulation, as shown in Fig. 10. This AM characteristic in-
cludes two AM distortions, which originate from the input to
output relation (AM–AM) and to output ( –AM) rela-
tion. The proposed PA has a little gain compression in a low-
input power region in Fig. 10(a), but it has a saturated opera-
tion in the high-input power region. When the input power is
increased, the conventional PA’s gain compression in the low-
input power region in Fig. 10(b) could be linearized. Fig. 11
shows the AM/PM characteristics of each PA. This PM charac-
teristic includes two PM distortions, which are from the input to
output relation (AM–PM) and to output ( –PM) relation.
The conventional PA with the high input power has
a little more PM distortion than that with the low input power

TABLE III
SIMULATED PERFORMANCE FOR 3GPP WCDMA

SIGNAL AT 1 GHz WITH 9.8-dB PAPR

Fig. 12. Simulated ACLR characteristics of each PA.

due to the saturated operation in the high-input power
region. The PM characteristics clearly show that the PM distor-
tion can be reduced significantly by compensating the nonlinear
capacitive components, and the overall linearity of the proposed
PA is much better under H-EER operation than that of the con-
ventional one.

The performances of each PA are simulated using a 3GPP
WCDMA modulation signal in ADS, as summarized in
Table III. The proposed PA has the best PAE performance
with high average output power, and these results agree with
the predicted calculation performance based on the PDF by
MATLAB in Table II. The output spectrum shown in Fig. 12
shows that the proposed PA delivers better adjacent channel
leakage ratio (ACLR) performance than the other PAs.

IV. IMPLEMENTATION AND MEASURED RESULTS

A. HEPA

The HEPA for the H-EER transmitter is implemented in an in-
verse class F PA [14]. For comparison, the two PAs are designed
to achieve the peak PAEs at the average power region and at the
peak power region. 5-W peak envelope power (PEP) MRF281S
LDMOSFET has been used to design the two PAs under 30-V
operation with 3.5 V of quiescent gate bias voltage, a class B
bias at 1 GHz. The calculated Slope of the conventional PA
is 9.6, and that of the proposed PA is 3.6.
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Fig. 13. Characteristics of the HEPAs for CW signal. (a) Output power and
gain versus � . (b) PAE versus � .

The measured output power and PAE under the H-EER op-
eration are shown in Fig. 13. In the 12-V region, the pro-
posed PA has a PAE of 63.02% at an average output power
of 33.05 dBm. The PAE is a significant improvement, 16.94%
more than that of the conventional PA with 5.9 dB more output
power. The reason is that both the output power and PAE of the
proposed PA are maintained high across a broad of the high
PDF region.

The extracted load resistance is shown in Fig. 14.
of the PA in the average region is a half of that

of the other PA, and it is almost constant across a broad bias
range. This tendency agrees with the simulation result. For the
interlock experiment, the bias modulator is designed to have
high efficiency at different conditions as presented in
Section IV-B.

B. Envelope Amplifier for H-EER Transmitter

The bias modulator should cover the envelope signal band-
width with high efficiency. The signal bandwidth of the
forward-link single-carrier WCDMA signal is approximately

Fig. 14. Measured load resistance of the bias modulator versus� for each PA.

Fig. 15. Simulation setup for verification of the envelope bandwidth require-
ment for 3GPP forward-link single carrier WCDMA signal.

5 MHz. A reasonable envelope signal bandwidth that satisfies
the ACLR specification is determined through an ADS simu-
lation using the simplified simulation setup shown in Fig. 15.
The LPF has been applied to the separated envelope signal path
to get the bandwidth-limited signal, and the cutoff frequency is
varied from 5 to 10 MHz, as shown in Fig. 16(a) [7], [15]. In
the separate phase signal path, the delay from the LPF has been
compensated, and two signals are multiplied. The ACLR has
been calculated from the signal. In Fig. 16(b), the ACLRs at the
2.5-MHz offset are shown as a function of the cutoff frequency
of the LPFs. The ACLR is below 45 dBc for the LPF with a
cutoff frequency of higher than 6 MHz. The high out-band dis-
tortion comes from the LPF’s steep filtering operation, which
is not shown in the experimental condition due to the gradual
cutoff of the bias modulator. Thus, the linearity at a 2.5-MHz
offset has been considered as the distortion characteristics, and
a 6-MHz envelope bandwidth is enough to satisfy the linearity
specification. The ACLRs at a 2.5-MHz offset are summarized
in Table IV.

We have implemented a hysteresis controlled bias modulator
composed of a parallel linear stage and an efficient switcher
stage, as shown in Fig. 17 [6], [16]. The switcher stage is a buck
dc–dc converter, which amplifies very efficiently most of the
power at low frequencies. The linear stage utilizes the OP ampli-
fier and class AB output stage, and it delivers the envelope signal
linearly to the PA. The unnecessary current from the buck dc–dc
converter is sinked by the AB output stage through the neg-
ative feedback loop, and the current component above several

Authorized licensed use limited to: POSTECH. Downloaded on November 17, 2008 at 02:30 from IEEE Xplore.  Restrictions apply.



KIM et al.: HIGH-EFFICIENCY H-EER TRANSMITTER USING OPTIMIZED PA 2589

Fig. 16. Simulated spectra from LPF with cutoff frequency of � . (a) 3GPP
forward-link single-carrier WCDMA envelope. (b) Modulation signal.

TABLE IV
ACLR OF THE COMPOSITED MODULATION

SIGNAL AT 2.5-MHz OFFSET

hundred kilohertz is provided by the AB output stage for linear
operation. This mixed-mode operation, with the high-efficiency
current source and the high-linearity voltage source, guarantees
both the high efficiency and linearity of the bias modulator. Per-
formances of the bias modulator are illustrated in Table V. Its
peak output voltage is 31 V and a high efficiency, above 68%,
is maintained for the different ’s. The linearity of the bias
modulator can be checked from the output spectra, as shown

Fig. 17. Configuration of the implemented bias modulator for a 3GPP forward-
link single-carrier WCDMA envelope signal.

TABLE V
PERFORMANCE OF THE BIAS MODULATOR

WITH DIFFERENT LOAD IMPEDANCES

Fig. 18. Output spectra of the bias modulator for a 3GPP forward-link single
carrier WCDMA envelope signal versus load resistance.

in Fig. 18. The implemented bias modulator is linear over a
bandwidth of more than 8 MHz, exactly following the envelope
signal.

C. Interlock Experiment
The H-EER transmitter has been evaluated with a single-car-

rier WCDMA signal with a 3.84-MHz bandwidth and 9.8-dB
PAPR. In the interlock experiment, Agilent’s E4433B master
and E4438C slave units are used for the envelope signal and
modulation signal generators, respectively. The source signals
are generated by ADS simulator. The delay between the enve-
lope and modulation signals, critical to the linearity, is adjusted
accurately by the simulator and coaxial cable.

Measured results of the transmitter are summarized in
Table VI. The H-EER transmitter using the PA optimized at
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TABLE VI
SUMMARIZED PERFORMANCES OF THE H-EER

TRANSMITTER USING DIFFERENT PAs

Fig. 19. Measured output spectra of the H-EER transmitter with the two PAs
for a 3GPP forward-link single-carrier WCDMA signal.

the peak region has an output power of 29.19 dBm with a PAE
of 38.42%, and its maximum PAE is 35.5% with a gain of
11.19 dB. On the other hand, the transmitter using the proposed
PA has 2.5 dB more output power with efficiency of 41.18%,
enhanced of 6.5%. Output spectra of the H-EER transmitters
are presented in Fig. 19, showing that the ACLR for the average
tuning is lower that of the other case, as we have discussed ear-
lier. The ACLRs are 35.7 and 47.6 dBc at 5- and 10-MHz
offsets, respectively. In order to interpret the better linearity of
the transmitter, AM/AM and AM/PM characteristics of the two
cases are shown in Figs. 20 and 21, respectively. As explained
in Section III, the transmitter using the conventional PA has
a nonlinear AM/AM response in the low output power region
due to the impedance mismatch by . On the other
hand, the other case has a linear AM/AM response at the low
output power region, but has a nonlinear AM/AM response
at a high output power, which is agreed with the simulation
results. The AM/AM characteristic of the proposed PA is not
significantly improved over the conventional PA. Fig. 21 shows

Fig. 20. Measured AM/AM characteristics of the H-EER transmitter using:
(a) the PA optimized for the peak � region and (b) the PA optimized for the
average � region.

AM/PM characteristics and clearly shows that the nonlinearity
of the transmitter is dominantly caused by the characteristic.
The transmitter using the conventional PA has a serious phase
distortion, while our PA has reduced the phase variation by
more than 25 due to suppression of the effect.

D. Linearization of the H-EER Transmitter Using the
Proposed PA

The H-EER transmitter has four distortion terms: AM–AM,
AM–PM, –AM, and –PM, as discussed in Section III
[11]. The first two terms are RF input related AM and PM dis-
tortions and the latter two terms denote the AM and PM distor-
tions due to the modulation by the envelope signal. Even
for the H-EER transmitter operating in a saturated state, the
variation generates AM and PM distortions mainly due to the
nonlinear capacitances. According to the saturation level of the
PA, the gain and phase are also changed. Consequently, for a
proper linearization, all AM distortions (AM–AM, –AM)
has to be predistorted and applied to the bias modulator because
the predistortion signal of the PM distortion terms cannot be
delivered through the bias modulator. To linearize the H-EER

Authorized licensed use limited to: POSTECH. Downloaded on November 17, 2008 at 02:30 from IEEE Xplore.  Restrictions apply.



KIM et al.: HIGH-EFFICIENCY H-EER TRANSMITTER USING OPTIMIZED PA 2591

Fig. 21. Measured AM/PM characteristics of the H-EER transmitter using:
(a) the PA optimized at peak � region and (b) the PA optimized at average
� region.

Fig. 22. Configuration of the DFBPD correction process for the H-EER trans-
mitter.

transmitter maximally, all four distortion terms have been com-
pensated by a predistortion signal applied through the RF path.
The linearization procedure of the H-EER transmitter is pre-
sented in Fig. 22. The predistortion signals could properly lin-
earize the transmitter. We have employed the digital feedback
predistortion (DFBPD) technique due to the good linearization
performance for abnormal distortions [17]. The DFBPD has two
1024-entry AM/AM and AM/PM lookup tables (LUTs), which
are programmed by MATLAB. The AM/AM and AM/PM charac-
teristics after linearization are presented in Fig. 23, and the lin-
earized output spectrum at an output power of 31 dBm is shown

Fig. 23. Measured: (a) AM/AM and (b) AM/PM characteristics of the H-EER
transmitter after DFBPD linearization at an average output power of 31 dBm.

Fig. 24. Measured output spectrum of the H-EER transmitter after the DFBPD
linearization at an average output power of 31 dBm.

in Fig. 24, which clearly shows that the digital feedback pre-
distorter is effective in linearizing the H-EER transmitter. The
measured error vector magnitude (EVM) is improved to 1.47%
after the linearization. The measured performances are summa-
rized in Table VI.
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