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Abstract—In this letter, a linearity degradation according to the
time mismatching between RF and envelope paths in the hybrid
envelope tracking (ET) power amplifier (PA) has been mathemat-
ically analyzed. From analysis, an asymmetric IM3 level of ET
PA can be found due to the time mismatching between RF and
envelope paths and AM-to-PM distortion of PA. For the experi-
mental demonstration, the hybrid ET PA was designed for a wide-
band code division multiple access downlink band operating at a
center frequency of 2.14 GHz. For the accurate time matching, the
group delay time adjustor (GDTA) with 5 ns variation was em-
ployed in front of the RF PA. In the experiment, 4.78 dB improve-
ment of ACPR for 4-FAs (frequency allocations) WCMDA signal
of 20MHz channel bandwidth was obtained by the optimum group
delay tuning of the GDTA.
Index Terms—Class-E PA, envelope elimination and restoration,

envelope tracking, group delay time adjustor, linearity.

I. INTRODUCTION

I N the highly advancedmodernwireless communication sys-
tems, high data transmission speed and capacity are required

in the limited frequency spectrum. Therefore, spectrally efficient
complex modulation schemes are used, which generates high
peak to average power ratio (PAPR) and wide channel band-
width signal. As a result, the backed-off region efficiency be-
comes important and many trials to improve the backed-off re-
gion efficiency have been studied such as Doherty amplifier,
out-phasing technique, envelope tracking (ET), and envelope
elimination restoration (EER) [1]–[3]. Among these techniques,
theEERandET techniques suggested byKahn are used to supply
themodulateddrainbias insteadof theconstantdrainbias [3].
Basically the architectures of EER and ET transmitters are

similar to each other except the input signal of the power am-
plifier (PA). In case of the EER, the constant envelope signal
containing the phase information only is applied to the switched
mode PAs such as class-D/E/F. However, in the ET, the complex
modulated envelope signal is applied to linear PAs such as class-
A/AB. The EER has the best efficiency in a wide range of output
power, but the linearity degradation is severely affected by the
time mismatching between RF and envelope paths whereas the
ET is relatively less sensitive to the time mismatching.
The hybrid ET is the combination of ET and EER techniques,

which consists of switching mode PA, envelope detector, and
envelope amplifier (or bias modulator). The hybrid ET can pro-
vide moderate efficiency and linearity with less sensitive time
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Fig. 1. Block diagram of the proposed hybrid envelop tracking architecture.

mismatching. However, the linearity degradation due to the time
mismatching between two paths cannot be ignored, so linearity
enhancement techniques were required such as analog or dig-
ital predistortion techniques [4], [5]. Moreover, although some
work considered the time mismatching between two paths, but
the AM-to-PM effect of the RF PA was ignored.
In this letter, the linearity degradation of the hybrid ET PA

due to the time mismatching between RF and envelope paths is
mathematically analyzed and experimentally verified. From the
analysis, asymmetric third-order intermodulation (IM3) charac-
teristic is observed as a result of the tiny time mismatching and
AM-to-PM factor of the RF PA.

II. MATHEMATICAL ANALYSIS

Fig. 1 shows the block diagram of the proposed hybrid ET
system using Cann model [6], [7]. In this architecture, the time
mismatching factor is included into the RF path in order to
analyze the linearity degradation due to the time mismatching.
From this model, the normalized two-tonesmodulated RF signal

, the drain bias voltage , small signal gain ,
and saturated limiting level of the RF PA are defined as

(1)
(2)
(3)
(4)

where , , and are baseband modulation angular fre-
quency, RF carrier angular frequency, and baseband amplifier
voltage gain, respectively. As seen from (2), would be the
amplified input envelope signal with the offset bias. Similarly,
quantities of and are a function of and can be defined
by I-V curve characteristics of the RF PA [7]. By using the
Fourier expansion, (2) can be rewritten as (5), where only the
second- and fourth-order terms are considered for simplicity.

(5)
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Fig. 2. (a) IM3 simulation results according to in condition of
and (b) measured IM3 variation according to 3 and 5 ns time mismatch.

TABLE I
SIMULATION PARAMETERS

Finally, a nonlinear output signal of RF PA can be expressed
as (6) by considering the nonlinear behavior and AM-to-PM
factor of the RF PA from chapter 9.5 of [8]

(6)

where , and , are fundamental, third-order output
coefficients and correction coefficients according to vari-
ation, respectively
Furthermore, high and low third-order intermodulations

( and ) with normalized input signal (1) can be
expressed as (7) by using (6).
Fig. 2(a) shows theMATLAB simulation results of IM3s with
using 7(a) and 7(b). In these calculations, , , and

are assumed as 10 MHz, 2.14 GHz, and 5 V, respectively. The
used simulation parameters are given in Table I. When is as-
sumed as zero, and have same magnitude at all
ranges, which is similar to results presented in [1], [2]. But,

asymmetric and outputs are occurred when
is not zero and time mismatch. The and outputs
according to the positive and negative are increased asymmet-
rically. Themaximum and outputs are obtained
at the quarter period of (in this simulation, quarter periods of

are 25 ns), because the quarter period time mismatching
means that the peak magnitude of the modulated RF signal is
amplified with the minimum (or ) bias in the RF PA.

Fig. 3. Block diagram of experiment setup.

Fig. 2(b) shows the measured IM3s variation according to 3
and 5 ns time mismatches. The and are

(7a)

(7b)
where

(8a)

(8b)

(8c)

varying 5.28 1.22 dB and 5.24 1.13 dB with time mis-
matches. These IM3 variation ranges are larger than simulation
results. Because in the theory, the limiter operation is ignored
for a tiny time mismatch. But the actual output signal of PA is
limited by an improper bias voltage signal with the time mis-
match, so that it generates additional distortions. IM3 deviation
ranges in measurement results are larger than simulation results.

III. EXPERIMENTAL RESULTS
To validate the mathematical analysis of the IM3 degrada-

tion due to , the nonlinear hybrid ET PA was designed for a
wideband code division multiple access (WCDMA) downlink
band operating at 2.14 GHz. Fig. 3 shows the block diagram of
the experimental setup. Two signal generators were used for RF
and envelope signals generation. For the experiment, the class-E
PA was designed with a defect ground structure (DGS) on the
output matching network [9]. The 2nd to 5th harmonics are rel-
atively open to the fundamental load impedance by DGS. The
PA was designed with a gallium nitride high electron mobility
transistor NPTB00025 of Nitronex, which had a peak output
power of 25 W. The measured maximum output power, gain,
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Fig. 4. Block diagram of (a) single stage reflective type group delay time ad-
justor and (b) bias modulator.

Fig. 5. The measured output spectrums for WCDMA 4-FAs signals with group
delay variations of (a) 0 ns and (b) 0 5 ns.

drain efficiency, and power added efficiency of the RF PA were
43.1 dBm, 11.41 dB, 74.36%, and 69.11%, respectively.
Although a coarse time matching can be achieved by ADS

delay tap, cable, and signal generators before connecting to the
bias modulator and RF PA, a precise time matching is required
to optimize the ET system performance. For obtaining the pre-
cise time matching between two paths, 2-stage group delay time
adjustor (GDTA) that can control a group delay time continu-
ously was inserted in front of the RF PA [10]. Block diagram of
single stage GDTA is show in Fig. 4(a). The fabricated GDTA
provides a group delay of 3.7–8.7 ns with an insertion loss lower
than 0.5 dB over a bandwidth of 60 MHz.
Fig. 4(b) represents a block diagram of bias modulator [11].

The current to the RF PA is determined by the combination of
switching stage current and linear stage current , but
most of DC current is provided from the switching stage by the
buck converter operation and the linear stage is operated by the
op-amp as a voltage source. By detecting the current direction
on a hysteresis operation, can be determined. Measured 3 dB
small signal bandwidth of bias modulator is 178 MHz.
Fig. 5 shows the measured output spectrums of the fabricated

hybrid ET PA for the WCDMA 4-FAs signal (total signal band-
width: 20 MHz, PAPR: 9.6 dB) with of 5 ns, where of 0 ns
is the timematchingcondition (balancedpassbandspectrumwith

TABLE II
ACPR PERFORMANCES ACCORDING TO MISMATCHING

TIMES FOR WCDMA 4-FAS

optimized ACPR). As is deviated from the timematching con-
dition, asymmetrical output spectrum characteristic is distinct.
From measurements, 4.48 dB and 4.78 dB of 5 MHz ACPR
degradation are observed at the back-offed average output power
of 33.5 dBm, drain efficiencies of 41.2 40.3%with of 5 ns
variations.DetailmeasurementdataareshowninTable II.

IV. CONCLUSION
In this letter, the linearity degradation for the hybrid enve-

lope tracking PA due to the time mismatching between RF and
envelope paths is analyzed mathematically and verified experi-
mentally. From the analysis, asymmetrical output spectrum is
evident due to the time mismatching between two paths and
AM-to-PM factor of the RF PA. To obtain the time matching,
2-stage group delay time adjustor is used in the RF path. The
linearity of the hybrid envelope tracking system can be im-
proved by the time match between two paths and it can reduce
the memory effect(asymmetrical IM3) of the nonlinear RF PA.
Moreover, asymmetrical IM3s or ACPR characteristics can be
compensated by intended time mismatch
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