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Abstract—Envelope tracking (ET) is a technique designed to en-
hance the efficiency of radio frequency power amplifiers (RF PA).
It is based on providing the voltage to the RF PA with variations
that mimic the shape of the envelope of the communication signal
that the RF PA is processing. As the bandwidth of these signals
can be around several megahertz, the switching frequency of the
switching mode power supply designed for ET applications has to
be very high. The good switching characteristics of Gallium Ni-
tride devices makes them suitable for this application. This paper
presents two multiphase converters to be used as envelope modu-
lators in envelope tracking applications.

Index Terms—DC-DC power conversion, gallium compounds,
microwave power amplifiers.

I. INTRODUCTION

HE simultaneous phase and envelope variations, typical
T of spectrally efficient wireless communication standards,
require using back-off linear RF PAs, which are unavoidably
power inefficient. In order to increase the efficiency of these
systems, a technique called envelope tracking (ET), can be ap-
plied. Different implementations and theoretical analyses of this
technique can be found in the literature [1]-[3].

In order to explain how the envelope tracking works, a brief
introduction will be presented here. Fig. 1 shows the basic ar-
chitecture of this technique. The dc/dc converter that provides
power to the RF PA is often known as envelope modulator.

The key point is that the voltage provided to the RF PA varies
trying to match the envelope of the communication signal. As
the voltage in the drain of the main transistor of the RF PA
is varying along the envelope signal by means of the output
voltage of the envelope modulator, the voltage across the power
transistor of the RF PA is lower than in the case of having
a constant voltage and, therefore, the efficiency increases. In
RF terminology, the RF PA operates always near compression,
which is where it presents its highest efficiency.

Regarding the overall efficiency, one of the most critical parts
is the envelope amplifier or envelope modulator. In order to keep
its efficiency high, a switching mode dc/dc converter is often
used [4]-[9]. However, the bandwidth and slew rate require-
ments imposed by the communication signals usually surpass
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Fig. 1. Envelope tracking architecture.

the capabilities of standard switching mode dc/dc converters. In
order to solve that, combination of switching mode dc/dc con-
verters with linear stages have been proposed [10]-[13]. The use
of linear stages can be avoided or minimized if higher switching
frequencies are used in dc/dc converters. Here, gallium nitride
devices for power supplies are an enabling technology. Their low
values of on-state resistance and parasitic capacitances make
them a good option to act as the controlled switching devices of
dc/dc converters. One example of the utilization of such devices
in envelope tracking applications can be found in [14].

In this paper, a 8-MHz Buck converter cell using a GaN
HEMT (High Electron Mobility Transitor) is presented. This
cell is made up of the transistor itself and the freewheeling
diode, along with an isolator and the driver for the transistor.
Bypass capacitors are added to stabilize the input voltage to the
cell converter. This cell can be combined with more similar cells,
different output filters and voltage selection networks to build
different dc/dc converters. Two of them, a two-phase buck and a
floating two-phase buck are presented here along experimental
results showing communication waveforms.

This paper is organized as follows. Section II shows the basic
design of the buck cell. Two different dc/dc converter topolo-
gies obtained with this cell are shown in Section III. The control
system for both converters will be explained in Section IV. Ex-
perimental results are shown in Section V. Finally, conclusions
are addressed in Section VI.

II. Buck CELL DESIGN

The cornerstone of the dc/dc converters presented in this paper
is the switching cell shown in Fig. 2. It is formed by the active
switch, a normally-off GaN HEMT, its driving circuitry, the
freewheeling diode, which is a Si Schottky diode with very low
parasitic capacitances, and a set of bypass capacitors Chypass-
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Fig. 3. (a) Layout of the buck cell. (b) Top layer. (c) Bottom layer.

In order to achieve a switching frequency of 8 MHz, a careful
layout of the switching cell circuit board has to be designed.
Special attention should be paid to the path between the tran-
sistor, the diode, and the common node, labeled CM in Fig. 2.
The path from the driver to the gate of the transistor and its re-
turn paths must be carefully routed. As the selected driver is the
LM5114 from Texas instruments, different resistors for the turn
off and turn on of the transistor can be used. The purpose of this
resistor is to damp the oscillations on the gate of the transistor.
Advice for using these devices at high frequencies can be found
in [15]. The power supply to the driver is provided through a
common mode choke and bypass capacitors to provide good
decoupling.

The actual layout of the cell can be seen in Fig. 3(a). It is a
two layer PCB, where the top layer is shown in Fig. 3(b) and
the bottom layer in Fig. 3(c). Most of the components described
in Fig. 2 can be seen over the layout. It can be seen how the
high-frequency paths are extremely short. This high-frequency
path connects the switching node (SW) to the input node (IN)
through the HEMT and to the node CM through the freewheeling
diode. It is important to note that the copper areas to which CM
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is connected extends on the top layer [see Fig. 3(b)] and the
bottom layer [see Fig. 3(c)]. The switching node, labeled SW
in Fig. 2, can be connected to an LC filter to easily form a buck
converter, the path to the output filter being less critical than in
the case of the aforementioned paths.

A freewheeling diode was used instead a synchronous rectifier
to ease both the design of the PCB and the control stage. If two
HEMTs were used, one acting as the main switch and the other
as a synchronous rectifier a careful control of the dead-times
between the gate signal of both devices should be addressed to
minimize losses. This kind of transistors (enhancement mode
HEMT) lack a body diode, however the reverse conduction can
be achieved with a gate to source voltage equal to 0. In these
conditions, as the drain voltages decreases, the gate will be
set to a voltage above drain’s voltage (which is negative now).
When the gate-to-drain voltage reaches the threshold voltage,
the device starts conducting (in some way the drain and the
source terminals interchange their roles). A detailed explanation
of this process can be found in[15] and[16]. In this situation,
the voltage drop in the device is higher than in a comparable Si
diode (or even in the body diode of a St MOSFET), and a careful
timing of the gate signals (even superposing them) is important
to minimize losses in the device [15]. With a freewheeling Si
Schottky diode the necessity of these careful control is avoided
and good efficiency can be achieved.

III. CONVERTER TOPOLOGIES

This basic cell can be combined in several ways to improve
the bandwidth achieved and the efficiency of the system. Fig. 4
shows the different ways in that the cells are combined. The
first one is a two-phase buck converter, represented in Fig. 4(a).
General theory about filter design for Buck-type converters can
be found in [17]. The extension of the aforementioned filter
design process to multiphase buck converters can be found in
[18]. Multiphase operation introduces a notch at the switching
frequency which improves the rejection ratio of the filter used.

A variation of the two-phase buck converter is shown in
Fig. 4(b). As in the previous case, both terminals CM; and CM,
have been connected together. However, this common point has
not been connected to ground in this case, but to a offset volt-
age selected by the MOSFET transistors labeled MOSFET,,
MOSFET], and MOSFET) in Fig. 4(b). Fig. 5 shows the main
voltages in this converter. The offset voltage, labeled Vi get, 18
the voltage between terminals CM; = CM, and ground. The
voltage between CM and the output is labeled V;,_cy; Finally,
the output voltage referred to ground is labeled V,. The off-
set voltage can take values Vo, V,; or 0, depending on what
MOSFET is ON. The selection of the offset voltage depends on
the desired output voltage, in such a way that the offset volt-
age is always lower than the output voltage V,,. The difference
between the output voltage and the offset voltage V,_cn will
be provided by the two-phase buck converter based on GaN
devices, which is switching at high constant frequency. On the
other hand, the MOSFETS are standard Si devices which select
the proper offset voltage at low variable frequency, depend-
ing on the waveform to be reproduced, just as in [13]. The
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Fig. 4. Combinations with the switch cell: (a) Two-phase buck with fourth-
order filter. (b) Floating two-phase buck with fourth-order filter.

Fig. 5. Explanation of voltages in the floating two-phase buck converter.

voltage waveforms at the input of the filter are the same as in the
multiple input buck converter, formerly presented in [8]. In sum-
mary, the offset voltage provides a coarse representation of the
waveform to be reproduced, while the high-frequency switching
cell provides a fine adjustment of that waveform. This allows
the high-frequency switching cells not to process all the power,
thus increasing the overall efficiency. This implementation can
be called floating two-phase buck. It is important to note that the
input voltage source to the switching stage V, q,a¢ must be iso-
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Fig.6. (a) Power supply architecture for the two-phase buck. (b) Power supply
architecture for the floating two-phase buck.

lated from the other voltage sources. The principal advantage
of the floating two-phase buck over the multiple input buck,
which is a multilevel converter, is that instead of having several
high-frequency transistors, switching between close voltages at
high frequency, there are only two high-frequency switching
cells forming a two-phase buck converter. The input voltage to
these cells is also low, minimizing switching losses, while a
wide output voltage range is obtained with the combination of
the high-frequency cells with the low frequency offset selection
network.

The two-phase buck converter with high-order output fil-
ter, formerly presented in [18], and the new floating two-phase
buck converter, also with a high-order output filter, benefit from
the ripple cancellation typical of multiphase buck converters
[18], [19]. The output filter demands (i.e., good rejection of the
switching frequency, little distortion in the passband and good
step response) will be similar in both cases. Although the float-
ing two-phase buck seems more promising than the two-phase
buck, the control system is more complex. The description of
the control system of both converters can be found in Section
IV. Moreover, the need of more voltage supplies is a limitation
of this topology. The power architecture needed for both con-
verters is shown in Fig. 6. For the two-phase buck converter
[see Fig. 6(a)], an unregulated dc bus voltage (maybe the output
voltage of a PFC converter) is regulated, by means of another
dc/dc converter, to voltage V;,, which is the only voltage needed
by the two-phase buck converter. The architecture needed by
the floating two-phase buck converter is more complicated, as
can be seen in Fig. 6(b). The same unregulated bus is used to
generate the voltages for the offset levels V;;; and V5. From the
same bus, and isolated from the other ones, the input voltage to
the switching stage, V, qoa¢ is also generated. All these voltages
are regulated through the use of different dc/dc converters.
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Fig.7. Bode plotof a fourth-order Bessel filter with 3.5-MHz cutoff frequency.

IV. CONTROL
A. Filter Design

The process used to design the filter for a two-phase buck
converter can be found in [18] for limited bandwidth envelopes.
However, the criteria used here is the step response instead of
the bandwidth of the signal to reproduce. This approach can be
found in [17], where several types of filters were compared. In
order to obtain a step response with no overshoot, a fourth-order
Bessel-Thomson filter is used. The rejection of the switching
frequency components is obtained by the notch effect due to the
multiphase operation, as described in [18].

In this paper, a fourth-order Bessel-Thomson filter with a
cutoff frequency of 3.5 MHz has been selected after some ex-
perimental tries. This cutoff frequency is enough to reproduce
some complex waveforms such as the OFDM envelope shown
in Section V. The switching frequency is 8 MHz. Therefore, the
ratio between the switching frequency and the cutoff frequency
of the filter is 2.28. As can be found in [17] for a single-phase
Buck converter any value of the ratio between the switching
frequency and the cutoff frequency above 2 guarantees the op-
eration in continuous conduction mode (CCM). In the case of a
two-phase buck converter, a similar condition can be found in
[18]. Operation in CCM enables the linearity between the output
voltage and the duty cycle. So, in order to reproduce a wave-
form, such as those shown in Section V, it is enough to encode
the waveform in the duty cycle. The response of the function
Giwo—phase (§) which represent the effect of the filter and the
two-phase operation, can be seen in Fig. 7. In the same figure,
the response of the filter Gy, () is represented to see the notch
effect due to the two-phase operation. Giyo—phase (S) provides
7 dB of rejection at 4 MHz, which can be enough to reject the
harmonics corresponding to the lower side band produced by
the PWM modulation.

B. Considerations About the Floating Two-Phase Buck

When using the floating two-phase buck, it is important to
maintain the linearity between the duty cycle and the output
voltage while the offset voltage changes between different val-
ues. In order to study that, let us call AD the minimum change
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in duty cycle corresponding to the HEMTs. When the converter
is forced to change its output voltage without changing the offset
level, then the minimum output voltage change AV, will be

AVouy = AD - Vy_fioat ey

where V; _q0a¢ 18 the floating input voltage, which always is the
input voltage of the high-frequency switching stage [see Fig.
4(b)].

The practical duty cycle range that can be achieved taking
into account the actual DPWM resolution and the driver char-
acteristics is narrower than the theoretical one (0% to 100%).
This duty cycle range will extend from D, i, to Dy .. So, if an
increase of A D takes place when the duty cycle is already Dy, ax
and MOSFET) is ON (thus no offset level is applied), then the
control circuitry must modify the duty cycle corresponding to
the HEMTs and modify the state of the MOSFETS (turning off
MOSFET) and turning on MOSFET) ). Therefore

(Dmax + AD) . vaﬁoat = V;]l + Duin - Vg;iloat (2)

If the change in AD takes place when the offset level is Vj,
then the offset voltage will change by turning OFF MOSFET;
and turning ON MOSFET,. The duty cycle to the HEMTs will
also change. Therefore

VE]I + (Dmax + AD) : va;iloat = VYgQ + Duin - V;;',ﬁoat- (3)
Rearranging terms in (2) and (3) yield

Dmax . ‘/gjloat = ‘/gl + (Dmin - AD) : ‘/gjoat (4)

and
VE]I + Dmax ' ‘/;{,ﬂoat = ‘/;72 + (Dmin - AD) . V:g,ﬂoat- (5)

It should be noted that if (4) and (5) are satisfied, the full range
of the output voltage can be achieved. This range goes from
Dmin ' vajoat to ‘/92 + Dmax ' ‘/:gjloat-

As the duty cycle resolution is very fine, the variation in the
output voltage due to AD is very small and a good approxima-
tion of (4) and (5) is

Dmax . ‘/gjoat ~ ‘/gl + Dmin : ‘/g,ﬂnata (6)
and
V;Jl + Dmax . V:g,ﬂoat ~ ‘/;;2 + Dmin : V;';iloat- (7)

The duty cycle modifications necessary to perform the tran-
sition described by (2) and (3) are easily carried out in a digital
way and they are described in Section I'V-C. Fig. 8 shows how the
transition works. The voltage produced by the high-frequency
switching cells are shown in this figure (labeled V; 4.1 and
Vhode2 as in Fig. 4(b), this waveforms represent the voltage
across the freewheeling diodes), along with the offset volt-
age (Vogser) and the output voltage V. It can be seen how
waveforms Vjoqe1 an Vioqeo are square wave waveforms as in
conventional buck converters. Due to the multiphase operation,
Viode2 18 delayed half a switching period from Vioq.1. When
the transition occurs, the duty cycle changes from the maximum
achievable to the minimum one. At the same time, the offset
level Vgt increases. This change in offset is synchronized in
such a way that both switching voltages V; oqe1 and Vjoqe2 are
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Fig. 8. Ideal transition between levels in the floating two-phase buck.

zero at the moment of the transition. This minimizes the distor-
tion in the output voltage. The output voltage is also shown, it
can be seen how the increase in the voltage is very low (ideally
the same as an increase in the duty cycle).

Regarding the dynamic of the filter is important to note that
two different situations are present when the converter is de-
manded to change its output voltage. Fig. 9 shows an equivalent
model for this transitions using voltage sources that generate
the offset and the switching waveforms. Fig. 9(b) represents
the equivalent for a change only in the duty cycle, taking into
account that V} o402 is a delayed version of V;,4e1. Therefore,
Gwo-phase models the evolution of the output voltage in re-
sponse to changes in the duty cycle. In Fig. 9(c), the equivalent
circuit for a change only in the offset is shown. There is no delay
between the inductors and therefore the transfer function is only
determined by the filter Gy, Fig. 10 shows the theoretical
step response steps for the implemented filters, one of them tak-
ing into account the delay and the other one only the response
of the filter. It can be seen how the filter is faster than the filter
plus the delay. This means that a change in the output voltage
that implies a change in the level must be faster than a change
in the output voltage due to only a change in the duty cycle. It
is important to note that during a transition the variations of the
duty cycle have an opposite direction to the variations on the
offset voltage. However, the synchronization process makes the
whole system behaves as a normal multiphase converter as it
will be seen in the experimental results (see Section V).

C. Digital Pulsewidth Modulator

In order to achieve a good duty cycle resolution and high
switching frequency (8 MHz), a digital pulsewidth modulator
(DPWM) is employed. This DPWM is a hybrid DPWM with
a delay line based in the carry-chain lines of the FPGAs. This
kind of DPWM is described in [20]. The design is a 8 MHz, 10-
bit resolution DPWM. A brief scheme of the DPWM is shown
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in Fig. 11, N being the number of bits used to control the
DPWM. The FPGA clock is used to generate four clocks at the
switching frequency, each with 90° outphasing. The first one,
labeled with 0 in Fig. 11, activates a set/reset flip-flop which
drives the PWM signal. The duty cycle modulation is controlled
by the reset signal of this flip-flop, which is a delayed version
of the activation signal. This delay is controlled by the duty
cycle command with two mechanisms. The first one is a coarse
adjustment with steps of the 25% of the switching period. This
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delay is generated by the outphased switching frequency clocks
and itis selected by the two most significant bits of the duty cycle
command. The fine adjustment, controlled by the lower bits of
the duty cycle command, is achieved by selecting how many
delay cells the reset signal must pass through. The maximum
delay achieved by this delay line is 25% of the switching period.
The selection is done with a look up table stored in the FPGA
memory. The cells are implemented using the inner multiplexers
of the FPGA which are connected through the inner carry-chain
lines, as in [20], without any manual routing. The PWM signal
to control the other phase signal is generated by delaying the
PWM signal with a fixed delay line, which delays the PWM
signal by half switching period (then it is labeled in Fig. 11 as
PWM; (). This delay line is based on the same delay cells as
the one used in the DPWM. The current design implements a 8
MHz, 10 bit resolution DPWM. The duty command is buffered
in every switching cycle, that is, when the set signal turns ON.

In the case of the floating two-phase buck, the resolution is
lowered to 8 bit because the two more significant bits will select
the offset voltage of the switching stage. If the offset voltage
change takes place when the duty cycle is above 50%, then the
offset selection signal must be synchronized so the offset voltage
occurs when signal PWM; g, (see Figs. 11 and 12) is low. This
allows a better transition between levels, since the offset does
not change when one of the high-frequency switches is in on
state. This problem only occurs with duty cycles above 50%
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because the delayed signal is ON when the next cycle of the
leading signal starts a new cycle.

The way the offset voltage level changes is quite simple. The
two most significant bits control the offset voltage level. When
the duty cycle command reaches the duty cycle limit, a constant
value is added to the duty cycle command so the lower bits
change to the minimum duty cycle safely achievable while the
two most significant bits changes to the next offset voltage level.
For example, when the offset voltage level is set to 0 and the
duty cycle command reaches the limit D, .0, then constant k;
is added. Equation (8) describes this behavior

D uty, command

ifDutycommand < Dmax()

D uty, command + kl
ifDmaxO < Dutymmmand S Dmaxl

®)

Dutypyy =

Following the same process, when the duty cycle command
reaches Dy, ,.«1, a constant ko should be added to change to the
highest offset level. Equation (9) extends (8) to this general case

D uty, command

ifDutycommand < Diaxo
Dutywmmand + k1
lf Dm ax0 < Dutycommand S Dm ax1

Dutycommand + k2
ifDutycommand > Diaxi

Dutypyy = ©)

Values Dy ax0, Dmax1, k1, and ks are selected in such a way
that Dutypy,,, changes from the maximum value to the minimum
one. In order to clarify this, let us suppose that the offset voltage
is zero and the duty cycle command is the maximum one. The
duty cycle command is described by the following equation:

Dutycommand = [“OO”Dmaxﬂ (10)

“00” being the most significant bits of Duty,,,.mamq- 10 this
situation, no modification has to be done and Dutypy,,, which
controls the actual switching signal of the HEMTs and the MOS-
FETs (see Fig. 12), is

DutyPWM = Dutycommand = [“00”Dmax1 ] . (11)
Suppose that the Duty,,,nana 18 increased in one unity
Duty commana = [“OO”Dllllel] +1 (12)

then constant k; must be added in such a way that the duty
applied to the HEMTSs Dutypy,, is equal to the minimum duty
cycle D, and the offset voltage selection changes to V;

DutyPWM = [“OO”DIIIHXI} + 1+ kl = [“01”Dmin]~ (13)

Then, the two most significant bits of Dutypy,, control the
offset level and the lower bits control the PWM modulator so
a switching signal with the minimum duty cycle is generated.
This allows the correct operation of the driver.
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V. EXPERIMENTAL RESULTS
A. Hardware Description

A prototype of the switching cells has been built using
EPC2015 GaN HEMTs from Efficient Power Conversion Cor-
poration. This is a normally off device. Three MSS1P3L from
Vishay were placed in parallel acting as the freewheeling diode.
The GaN transistor is driven by the LM5114 IC from Texas
Instruments. The turn-off resistor is 1.8 €2 while the turn-on re-
sistor has been removed and replaced with a short circuit. The
gate of the transistor is driven using a 5-V square signal. The
aforementioned resistor is placed to avoid overshoot and ring-
ing, since the maximum gate voltage is 6 V. The control signals
from the FPGA are translated to the driver using a IL610 digital
isolator. The switching frequency is 8 MHz. Fig. 13(a) shows
a picture of the switching cell with its main devices labeled
(the HEMT, the driver, and the freewheeling diodes). A detailed
closeup of the different elements of the switching cell can be
seen in Fig. 13(b).

The offset voltage selection network is based around IPD135
MOSFETsS driven with EL7156 drivers and IL610 digital isola-
tors. These drivers use 12 V to drive the transistors of the voltage
selection network.

The control is built using a Virtex-4 FPGA from Xilinx. The
reference signal is taken with a THS1030 analog to digital con-
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verter. The FPGA will apply the switching signals with the
correct duty cycle and outphasing to the two-phase buck con-
verter. It also generates the control signals to the offset voltage
selection network. The reference signal is generated by a PC
with a digital to analog conversion card. The reference signal is
generated in MATLAB and loaded to the card. Output voltage
is sensed with a digital oscilloscope. The data sensed by the os-
cilloscope will be used to assess the quality of the signals as will
be presented in Section V-D2. A schematic of the experimental
setup can be seen in Fig. 14.

The output filter of both converters is a Bessel filter with a
cutoff frequency of 3.5 MHz, adapted to a 5.2 €2 load. This
is the resistive load that was used throughout the tests. The
filter uses iron powder cores and Litz wire for the inductors,
while the capacitors are a combination of low ESR ceramic
capacitors. The values are the following: L;, = L;; = 703 nH,
Cy =8.6nF, Ly = 143.5 nH and C; = 1.86 nF.

B. Operation of the Two-Phase Buck

Two switching cell are combined with the filter to form a
two-phase buck converter. The input voltage is 19 V and the
switching frequency is set to 8 MHz. The adequate software is
loaded in the FPGA so the duty cycles are generated following
the signal sensed by the ADC. One of the main characteristics
which are desirable for Envelope Modulators is a high slew
rate. Fig. 15 shows a 10-V output voltage step performed by the
two-phase buck. The slew rate achieved is around 100 V/us. In
Fig. 16, the two-phase buck converter is commanded to repro-
duce the envelope of a OFDM wireless communication standard.
A dc offset has been added to it so that the output voltage does
not reach zero. This offset does not affect the bandwidth of the
signal that, according to Fig. 25, it is around 1.5 MHz. It can
be seen how the output voltage mimics almost without error
of the reference signal. The converter reaches an efficiency of
around 79% while reproducing this waveform. The average out-
put power in this situation is 13 W. This efficiency was obtained
without taking into account the driver losses.

Defining the output voltage ripple in a dc/dc converter whose
output voltage changes is a difficult task. However, it can be
measured by demanding the converter to operate at a constant
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Fig. 17.  Output voltage ripple at a 5-V dc output.

dc voltage. Results can be seen in Fig. 17 for an output voltage of
5 V. Measurements were carried out minimizing the ground loop
of the probes of the oscilloscope, so very little electromagnetic
noise was captured. The oscilloscope channel that senses the
ripple was ac coupled so it removes the dc voltage. Results show
aripple with a peak amplitude around 20 mV. This value means
arelative ripple around 0.4%. Such a low value is possible due to
the fourth-order output filter and the multiphase operation. This
measurement is taken far from the ripple cancellation points of
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the multiphase converter, which take place with a duty cycle
equal to 0.5 for a two-phase converter [19].

C. Operation of the Floating Two-Phase Buck

The same two switching cells were combined with the same
filter and a St MOSFET-based voltage selection network to build
afloating two-phase converter. The software loaded to the FPGA
will generate the proper duty cycle and voltage selection signals
to track the voltage sensed by the ADC. The input voltage to
the switching stage V; .t Was set to 12.5 'V, the other voltage
levels were set to V1 = 6.5 V and V;; = 12 V. A detailed
closeup of the transition between the offset voltages V;; to Vo
can be seen in Fig. 18. The offset voltage, the switching voltages
Vsw1 and Vsw o, and the output voltage are represented in it. As
can be seen, it is very similar to the ideal waveforms represented
in Fig. 8, although the noisy aspect is due to the connection of
the oscilloscope probes. It can be seen how the offset voltage
changes when all the switching voltages are low. Due to these
transitions between levels, the converter can reproduce all the
possible output voltages smoothly.

Fig. 19 shows the step response of the floating two-phase
converter controlled to give an output voltage step of 10 V like
in Section V-B. The slew rate achieved is also around 100 V/us
because it is mostly determined by the output filter which is the
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same in both converters. This step response involves a change
in the offset level. It can be seen how the change in the offset is
fast enough to reproduce the step.

The converter was commanded to track the same OFDM
waveform described in Section V-B. Results can be seen in
Fig. 20. The reproduction is very similar to the case of the two-
phase buck converter. On the other hand, the efficiency in this
case is higher, around 85%, with an average output power of
16 W. This measurements were also carried out without taking
into account the drivers and the auxiliary circuitry. The effi-
ciency measurement was carried out taking into account the
power provided by the voltage sources Vy _f1qa¢, Vg2, and V.

Finally, the ripple was measured in the same dc point and with
the same setup described in Section V-B. Results are shown in
Fig. 21, in this case the ripple is lower, around 0.2%, due to the
fact that the switching stage switches with lower input voltage
(Vs _float = 12.5 V instead of V, = 19).

D. Comparison of the Two-Phase Buck and the Floating
Two-Phase Buck

1) Efficiency Comparative: As has been explained in Sec-
tions V-B and V-C, both converters have almost the same dy-
namic characteristics, can reproduce the same waveforms and
have very little output voltage ripple. In summary, both convert-
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Fig. 22. Efficiency of the converters against output voltage.

ers have desirable characteristics for the operation as envelope
modulators. The main difference between them in terms of per-
formance is their efficiency.

As in the case of the output voltage ripple, it is difficult to
measure the efficiency using high speed varying waveforms as
the ones used in the OFDM envelope test. Here, efficiency was
measured at different constant dc points. Both converters were
commanded to generate approximately the same dc voltage. The
results are shown in Fig. 22. It can be seen how a higher out-
put voltage means a higher efficiency in both cases. This is due
to the fact that the low on resistance of the transistors plays a
major role as long as the duty cycle becomes larger. The peak
efficiency is achieved by the floating two-phase buck converter
with an output voltage of 20 V, thus processing an output power
of 77.7 W. In this case, the efficiency reaches around 93%. The
two-phase converter maximum output voltage is 16 V (with
an output power of 50 W), with an efficiency around 89%. It
should be noted that the floating two-phase converter reaches
91% at this same point. Therefore, the floating-two phase buck
converter is slightly more efficient than the two-phase buck, and
can reach easily higher voltages. At low voltages, the efficiency
of the floating two-phase converter is way higher than the two-
phase buck. This is important since the most common value in
an envelope will not be near the peak. If the output voltage of the
converter remains near the low values most of the time the aver-
age efficiency will be lower with the two-phase buck converter
than with the floating two-phase buck converter. However, the
need of multiple power supplies, with Vi g4, isolated from the
other ones, and a more complex control system are the main
drawbacks of the latter one.

2) Accuracy Comparative: In order to compare how well
does the output voltage match with the reference both convert-
ers were commanded to follow some communication envelopes.
The experimental setup shown in Fig. 14 is used for this task.
The reference signal sent to the converter is also displayed in
the oscilloscope, as in Figs. 16 and 20. The oscilloscope was set
to capture the data and then exported to MATLAB. Therefore,
the sequences r[n], which contains the samples of the reference,
and o[n], which are samples of the output voltage, are available
for analysis. Once in MATLAB sequences were normalized, so
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TABLE I
ERRORS MEASURED

Converter Signal Mean of NMSE(%) Standard Deviation of NMSE(%)
Two-phase buck EDGE 1 0.3
WCDMA+DC 6.4 1.6
OFDM+DC 3.8 0.41
OFDM 8.2 0.7
Floating two-phase buck EDGE 0.6 0.2
WCDMA+DC 4.6 2.6
OFDM+DC 1.7 0.13
OFDM 49 1.5

the peak value in each one equals 1, obtaining the normalized se-
quences 1, [n] = r[n]/max(r[n]) and o, [n] = o[n]/max(o[n]).
Then, both sequences were aligned. Alignment is performed by
means of finding how many samples is the output voltage signal
on [n] delayed from the reference signal r, [n]. This is done by
estimating the cross correlation R, , [m]

N-m-1
Z roln+ml-o)[n] ifm>0
1 n=0
Brvou = 3y (14
Z rofn—m]-o;[n] ifm <0
n=0

where N is the length of sequences r, [n] and o, [n] and * de-
notes the complex conjugate. (In MATLAB, (14) is computed
using the instruction zcorr(r_n, o-n, ‘biased’)). The delay be-
tween them is the sample n4, where the cross correlation has a
maximum. Therefore, the delayed version of the reference will
be r,q4[n] = r,[n + ng). Now, sequences o, [n] and r,,4[n] have
the same peak amplitude and are aligned, and therefore, they
can be fairly compared. In order to do so, the energy of the error
sequence e[n] = oy, [n] — rpq[n] is estimated and compared to
the energy of the reference sequence 7,,4[n], thus obtaining the
normalized mean square error (NMSE)
NMsE = Zn=0 €

15
g:o Tid[n] >

The aforementioned process was carried out with both convert-
ers using the envelope of a OFDM signal with a 1.5-MHz RF
bandwidth (the envelope has a higher frequency components),
the same envelope of the OFDM signal but with a dc compo-
nent (called OFDM+DC) to avoid the converter reaching 0 V,
the envelope of a WCDMA signal used in 3G mobile commu-
nication standard with a dc offset (this signal will be called
WCDMA+DC). Signals OFDM+DC and WCDMA+DC have
the same minimum value. Finally, the envelope of the EDGE
mobile communications standard is also used. The EDGE signal
has the lowest bandwidth among the ones used in the test, thus
the influence of the filter bandwidth should be smaller in this
case. No dc component has been added to it since the EDGE
envelope does not go near 0. The addition of a dc offset does
not influence the bandwidth of the signals to reproduce.

The oscilloscope captures 1000 samples per screen, so a
5 ps/div time scale was selected for the OFDM signals, 2 ps/div
for the WCDMA+DC test, and 20 ps/div for the EDGE. Time
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Fig. 23.  Sequences 7, 4[n] and o, [n] for a OFDM example with the floating
two-phase buck converter.
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Fig. 24.  Sequences 7, 4[n] and o, [n] for a WCDMA+DC example with the
floating buck converter.

scale was selected to capture several transitions in the envelope
waveform. Several screens were captured with different traces
of the EDGE, WCDMA+DC, OFDM~+DC, and OFDM signals.
Results of evaluation of (15) were stored and then the mean and
the standard deviation of the NMSEs calculated were obtained.
These results can be found in Table I. Fig. 23 shows r,,4[n] and
o0y, [n] for a OFDM+DC example with the floating two-phase
buck converter. It can be seen how similar are both sequences.
The same sequences with the waveform WCDMA-+DC are
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Fig. 25. Power spectral density of the envelopes used.

represented in Fig. 24. It can be seen how there are more differ-
ences than in the example represented in Fig. 23.

According to Table I, both converters show an average error
well below 10% which means that they can track the signals
very accurately. In the case of the two-phase buck, it is apparent
how the error with the OFDM, OFDM+DC, and WCDMA+DC
signals are higher than with the EDGE revealing that the signal
bandwidth may be close to the cutoff frequency of the filter.
Fig. 25 shows a power spectral density (estimated via peri-
odogram) of the signals used in this test. It is apparent how
a power drop appears around 500 kHz for the EDGE signal
and 1.5 MHz in the OFDM case. For frequencies higher than
this drop, the components carry little power and therefore they
can be deprecated without contributing very much to the er-
ror measurements. There is no such a sharp transition for the
WCDMA signal, but around 4 MHz for the WCDMA case
there is a drop in the PSD. The highest NMSE appears with
the WCDMA revealing that there are significant components
above the cutoff frequency of the filter. However, due to its low
power, the rejected components do not introduce a great error.
Fig. 24 shows the normalized reference and output voltage with
a WCDMA+DC waveform. Although they are very similar it
is apparent that there is an error between them. In spite of this
error, a good NMSE has been obtained.

By inspecting the mean NMSE, it is apparent how the lowest
errors take place when the converter does not reach 0. This has
two main reasons. The first one is that the converter does not
work well with very small duty cycles. The second one is that
a small error is more important when the output voltage is low
than when the output voltage is high. Therefore, the NMSE is
much more higher with the OFDM than with the OFDM+DC
component, having both waveforms of the same bandwidth.
For either waveform (OFDM and OFDM+DC), the error is
smaller in the floating two-phase converter. This can be because
the switched voltage is lower than in the two-phase buck. This
means that an error in the PWM modulation means less error in
the output voltage. The lower NMSE obtained with the floating
two-phase converter also means that the error that the offset
level transition may cause have little importance in the overall
error performance.
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It is important to note that no predistortion of the reference
signal has been applied to any of the converters. The duty cycle
fed to the PWM modulator is just the amplitude of the reference
signal. What has been analyzed in this section is how well
the converters are capable to reproduce a complex waveform.
Results of these test show that both converters perform really
well in this task with a very little error. However, the influence
of this error in the final RF waveform is a question that must
be answered by the designers of the whole envelope tracking
system.

VI. CONCLUSION

This paper shows different implementations of dc/dc con-
verters to be used as envelope modulators in envelope tracking
applications. These dc/dc converters derived from the buck con-
verter and use the high frequency switching capabilities that are
enabled by the use of GaN transistors. This allows to achieve a
wide bandwidth with good efficiency, so the use of them as en-
velope modulators, alone or in combination with linear stages,
can be feasible.

Between the two topologies presented here, the floating two-
phase buck converter presents higher efficiency at the cost of a
slightly more complex hardware and control. Its main drawback
is the necessity of multiple power supplies to generate the offset
levels. On the other hand, the two-phase buck converter is more
simple from the hardware and software point of view.

In summary, these converters are capable to deal with the
envelope of a OFDM signal with a good efficiency. Results pre-
sented in Section V-D2) show that both converters can reproduce
real complex signals used in communications (OFDM, EDGE,
WCDMA) with very little error.

REFERENCES

[1] F. Raab, P. Asbeck, S. Cripps, P. Kenington, Z. Popovic, N. Pothecary,
J. Sevic, and N. Sokal, “Power amplifiers and transmitters for RF and
microwave,” IEEE Trans. Microw. Theory Techn., vol. 50, no. 3, pp. 814—
826, Mar. 2002.

[2] J. Hoversten and Z. Popovic, “System considerations for efficient and
linear supply modulated RF transmitters,” in Proc. IEEE 12th Workshop
Control Model. Power Electron., Jun. 2010, pp. 1-8.

[3] S. Baker, “An introduction to envelope tracking for rf amplifiers - white
paper: Et101,” Tech. Rep., Open ET Alliance, 2011.

[4] V. Yousefzadeh, E. Alarcon, and D. Maksimovic, “Three-level buck con-
verter for envelope tracking applications,” IEEE Trans. Power Electron.,
vol. 21, no. 2, pp. 549-552, Mar. 2006.

[5] M. Hoyerby, and M. Andersen, “High-bandwidth, high-efficiency enve-
lope tracking power supply for 40W RF power amplifier using paralleled
bandpass current sources,” in Proc. IEEE 36th Power Electron. Spec.
Conf., Jun. 2005, pp. 2804-2809.

[6] R. Paul and D. Maksimovic, “Smooth transition and ripple reduction
in 4-switch non-inverting buck-boost power converter for WCDMA RF
power amplifier,” in Proc. IEEE Int. Symp. Circuits Syst., May. 2008, pp.
3266-3269.

[7] H. Huang, J. Bao, and L. Zhang, “A mash-controlled multilevel power
converter for high-efficiency RF transmitters,” IEEE Trans. Power Elec-
tron., vol. 26, no. 4, pp. 1205-1214, Apr. 2011.

[8] M. Rodriguez, P. Fernandez-Miaja, A. Rodriguez, and J. Sebastian, “A
multiple-input digitally controlled buck converter for envelope tracking
applications in radiofrequency power amplifiers,” IEEE Trans. Power
Electron., vol. 25, no. 2, pp. 369-381, Feb. 2010.

[9] M. Norris and D. Maksimovic, “10 MHz large signal bandwidth, 95 power
supply for 3g-4g cell phone base stations,” in Proc. IEEE 27th Annu. Appl.
Power Electron. Conf. Expo., Feb. 2012, pp. 7-13.



MIAJA et al.: BUCK-DERIVED CONVERTERS BASED ON GALLIUM NITRIDE DEVICES FOR ENVELOPE TRACKING APPLICATIONS 2095

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

F. Wang, D. Kimball, J. Popp, A. Yang, D. Lie, P. Asbeck, and L. Larson,
“An improved power-added efficiency 19-dbm hybrid envelope elimina-
tion and restoration power amplifier for 802.11g WLAN applications,”
IEEE Trans. Microw. Theory Techn., vol. 54, no. 12, pp. 4086—4099, Dec.
2006.

C. Hsia, A. Zhu, J. Yan, P. Draxler, D. Kimball, S. Lanfranco, and P.
Asbeck, “Digitally assisted dual-switch high-efficiency envelope amplifier
for envelope-tracking base-station power amplifiers,” IEEE Trans. Microw.
Theory Techn., vol. 59, no. 11, pp. 2943-2952, Nov. 2011.

V. Yousefzadeh, E. Alarcon, and D. Maksimovic, “Band separation and
efficiency optimization in linear-assisted switching power amplifiers,” in
Proc. IEEE 37th Power Electron. Spec. Conf., Jun. 2006, pp. 1-7.

M. Vasic, O. Garcia, J. Oliver, P. Alou, D. Diaz, and J. Cobos, “Multi-
level power supply for high-efficiency RF amplifiers,” IEEE Trans. Power
Electron., vol. 25, no. 4, pp. 1078-1089, Apr. 2010.

M. Rodriguez, Y. Zhang, and D. Maksimovic, “High-frequency PWM
buck converters using GaN-on-SiC HEMTS,” IEEE Trans. Power Elec-
tron., vol. 29, no. 5, pp. 2462-2473, May 2014.

S. Ji, D. Reusch, and F. Lee, “High-frequency high power density
3-D integrated gallium-nitride-based point of load module design,”
IEEE Trans. Power Electron., vol. 28, no. 9, pp. 42164226, Sep.
2013.

J.S. Alex Lidow, “Gallium nitride (GAN) technology overview - white pa-
per: Wp001” Tech. Rep., Efficient Power Conversion Corporation, 2010.
J. Sebastian, P. Fernandez-Miaja, A. Rodriguez, and M. Rodriguez,
“Analysis and design of the output filter for buck envelope ampli-
fiers,” IEEE Trans. Power Electron., vol. 29, no. 1, pp. 213-233, Jan.
2014.

J. Sebastian, P. Fernandez-Miaja, F. Ortega-Gonzalez, M. Patino, and
M. Rodriguez, “Design of a two-phase buck converter with fourth-order
output filter for envelope amplifiers of limited bandwidth,” IEEE Trans.
Power Electron., to be published. DOI: 10.1109/TPEL.2013.2295035.

X. Zhou, P-L. Wong, P. Xu, F. Lee, and A. Huang, “Investigation of can-
didate VRM topologies for future microprocessors,” IEEE Trans. Power
Electron., vol. 15, no. 6, pp. 1172-1182, Nov. 2000.

D. Costinett, M. Rodriguez, and D. Maksimovic, “Simple digital pulse
width modulator under 100ps resolution using general-purpose fpgas,”
IEEE Trans. Power Electron., vol. 28, no. 10, pp. 4466-4472, Oct.
2013.

Pablo F. Miaja (S’07-M’13) was born in Oviedo,
Spain, in 1984. He received the M.S. degree in
telecommunication engineering from the University
of Oviedo, Gijon, Spain, in 2007, and the Ph.D. de-
gree from the same university in 2012.

Since December 2007, he works as a researcher at
the Electronic Power Supply Systems Group of the
University of Oviedo. His research interests include
dc/dc conversion, digital control of switched convert-
ers and power-supply systems for RF amplifiers.

Alberto Rodriguez (S’07-M’14) was born in
Oviedo, Spain, in 1981. He received the M.S. degree
in telecommunication engineering, in 2006, from the
University of Oviedo, Gijon, Spain, and the Ph.D.
degree from the same university in 2013.

In 2006, he has been a Telecommunications En-
gineer with the Government of the Principality of
Asturias and an Assistant Professor with the Depart-
ment of Electrical Engineering, University of Oviedo.
Since 2007, he has been working in University of
Oviedo at full time. His research interests are focused
on multiple ports power supply systems, bidirectional DC-DC power converters
and wide band gap semiconductors.

Javier Sebastian (M’87-SM’11) was born in
Madrid, Spain, in 1958. He received the M.Sc. degree
from the Polytechnic University of Madrid, Madrid,
in 1981, and the Ph.D. degree from the Universidad
de Oviedo, Gijn, Spain, in 1985.

He was an Assistant Professor and an Associate
Professor with both the Polytechnic University of
Madrid and the University of Oviedo. Since 1992,
he has been with the University of Oviedo, where he
is currently a Professor. His research interests include
switching-mode power supplies, modeling of dc-to-
dc converters, low output voltage dc-to-dc converters, and high-power-factor
rectifiers.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


