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To increase the efficiency of power amplifiers in wireless telecommunications systems, whose signals
have a high peak to average power ratio, the envelope tracking method can be used. This method in-
volves forming of a low-frequency envelope signal by a switched-mode power amplifier (SPA),
which is then used as a supply voltage for a RF power amplifier. A specific feature of the SPA is that
its output signal has high level of harmonic distortions. To evaluate these harmonic distortions, com-
puter simulation can be used. However, time required to perform one cycle of simulation can be as
much as several hours because of high complexity of SPA models. To reduce the simulation time of
signal spectrum, approximate method that allows to represent the output voltage of a SPA in analyti-
cal form can be used. However, in known publications, the non-zero switching time of transistors is
not taken into consideration, which leads to an appreciable error in the determination of the spectral
components. This paper presents a method of analytic calculation of SPA output signal spectrum that
considers the linear and exponential approximations of non-zero switching times of transistor. It allows
to decrease the error in determining the harmonic distortions from 30...35 dB to 1...6 dB and to reduce
the time expenditure as compared with computer simulation as much as 300 through 800 times.

Keywords: Envelope tracking, multiphase switched-mode power amplifier, approximate analytic
method, computer simulation, harmonic distortions, time expenditure reduction.

INTRODUCTION

The signals being applied in wireless telecommunication systems (LTE, W-CDMA, etc.)
have rather high peak to average power ratio. To increase efficiency of power amplifiers of such
signals the envelope tracking method can be used. This method assumes forming low frequency
envelope signal with switched-mode power amplifier (SPA). In that case, SPA should not make
any appreciable distortions in this low-frequency signal. As is known, to reduce distortions, it is
expedient to use multiphase SPA [1, 6] in which intermodulation products of a reference volt-
age and an envelope signal can be shifted to the point on the frequency axis determined by the
product Ng where N — quantity of the SPA phases, g — the ratio of the reference voltage fre-
quency to the envelope signal frequency. It allows to lower requirements to the low-pass filter
(LPF) by means of which attenuation of the harmonic distortion and intermodulation compo-
nents in output SPA signal is carried out. The Figure 1 represents an example of a test signal (a),
a reference voltage for a four-phase SPA (b) and the output voltage of the SPA (¢).
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Figure 1. The test signal (a), the reference voltage of the four-phase SPA (b)
and the output voltage of the SPA (c) — in relative units

The most significant problem arises due to harmonic distortions in SPA, which can get to
the LPF bandwidth.

In [2-5], where the principles of SPA implementation are considered, the problem of en-
velope signal harmonic distortions caused by imperfect features of transistors (non-zero
switching time, forward on voltage drop, influence of parasitic inductance of outputs of tran-
sistors and elements of the printed circuit board, etc.) isn’t raised. Influence of the said pa-
rameters can be considered by means of computer simulation. It is favored by that many com-
panies provide the tested simulation models of their electronic devices. Unfortunately, as it
was revealed in practice, the total time expenditure for simulation in case of different combi-
nations of the varied parameters can reach noticeable value (tens of minutes through hours) as
the SPA model usually include dozens of transistors.

The replacement of transistors’ complex models with idealized switches of course allows
to lower time expenditure, but at the same time simulation accuracy significantly reduces. It
can be seen on the spectral diagrams in Figure 3 (a), (¢), (e) and Figure 4 (a), (c), (e), which
represent the harmonic distortions amplitudes calculated using the SPA simulation model
(dark tone histogram) and similar characteristics obtained on the assumption that the transis-
tors have zero switching times (light-tone histogram). These spectral diagrams correspond to
g =10 and N=4 (a), 6 (c) and 8 (e). The abscissas of the diagrams indicate the harmonics’
number.

The error in determining the amplitudes of the harmonic distortion components which in
the diagrams are located to the left of a set of intermodulation products (its position is deter-
mined by the product of gN) reaches 30...35 dB. In addition, in order to assess the effect of
the transistors' none-zero switching times on the SPA output voltage spectrum, it is useful to
compare the simulation related histograms shown in Figures 3 (a), (¢), (e) and 4 (a), (¢), (e)
with each other. As follows from this comparison, in the histograms in Figure 4, which were
obtained using simulation model with transistors whose switching times are less as much as
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two times as compared with the transistors related to the histograms in Figure 3 (the rise time
of “slow” transistor is 1.5 ns, and the fall time is 2 ns), the harmonic distortions amplitudes
are less by an average of 20 dB.

While retaining an acceptable simulation accuracy it would be possible to achieve a simu-
lation time reduction due to the joint use of an approximate analytical method for calculating
the characteristics of the output SPA signal and computer simulation. It emerges because the
analytical method with a relatively small time expenditure will make it possible to obtain an
approximate solution which is rather close to the required exact value. Totally, this will ena-
ble to significantly reduce the total time expenditure at the stage of subsequent approximate
solution refinement using a simulation model.

The objective of the paper is to improve the accuracy of the analytical method for calcu-
lating the SPA signal spectrum by means of considering non-zero switching times which will
result in time expenditures reduce needed for computer simulation.

MODEL WITH NON-ZERO SWITCHING TIMES OF TRANSISTORS

The multiphase SPA output signal in the case of ideal switches is described by expression

[6]:
Z::l{1+sign [SE (1)-p(t, m,q)]}

2N

where sg(f) — a envelope signal, p(z,m,q) — sawtooth reference voltage, ¢ — time, m — phase
number, N — total amount of phases in SPA, ¢ — ratio of reference voltage frequency to the
maximum frequency in sg(¢) spectrum.

In order to take into account the non-zero switching times of transistors, it is necessary to

U, (6:N.q) = ; (1

replace the classic function sign(x), which changes its value instantly when the sign of the
parameter x changes, to the modified function sign”(x), in which the transition interval of x;
duration is set. If the inequality |x|>x, is true, the sign’(x) function accepts value +1. In
case —x, <x <x,, sign (x)=f(x), where f(x) is an auxiliary function by means of which

the required law of voltage change can be specified at time intervals, when transistors switch-
ing occurs. The Figure 2 illustrates the behavior of the auxiliary function f (x) corresponding

to the typical cases of linear (a) and exponential (b) simulation of voltage drop on the transis-
tor at the switching time interval.
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Figure 2. The switching time interval described by the auxiliary function f{(x)
for linear (@) and exponential (b) approximation
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RESULTS

With the use of this method the SPA output signal spectrum was calculated for the cases
when the voltage drop across transistors at the stage of their commutation is approximated
either linearly or exponentially.

The SPA output signal spectral diagrams corresponding to the linear approximation of the
switching times (light-tone histogram) are shown in Figures 3 (), (d), (f) and 4 (), (d), (f).
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Figure 3. Spectral diagrams of the SPA output signal for “slow” transistors: (a), (c) and (e) — SPA simu-
lation model (dark tone) and an approximate model with zero switching times of the transistors (light tone); (b),
(d) and (f) — the modified model with linear switching times approximation (light tone) and the approximate
model with zero switching times(dark tone)
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Figure 4. Spectral diagrams of the SPA output signal for “fast” transistors: (), (c) and () — SPA simula-
tion model (dark tone) and an approximate model with zero switching times of the transistors (light tone); (b),
(d) and (f) — the modified model with linear switching times approximation (light tone) and the approximate
model with zero switching times(dark tone)

Here, to make comparison more convenient, diagrams corresponding to inertia-free tran-
sistors (dark tone histograms), which were calculated with the help of (1), are given. Compar-
ing these results with the results of simulation, it is easy to see that the error in determining
the amplitudes of the harmonics has decreased from 30...35dB to 1...6 dB.

Analysis of the results corresponding to linear and exponential voltage drop approxima-
tions revealed that the difference in the amplitudes of the harmonics does not exceed 1 dB.
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CONCLUSION

The proposed method reduces the error in determining the harmonic distortion amplitudes
in comparison with (1) by 4...5 times and it should be taken into account that it requires as
much as 300...800 times less simulation time to determine SPA output signal spectrum. It can

especially be useful for optimization procedures and, as it was shown, a linear function f (x)

will suit in most cases.
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