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Abstract—In modern telecommunications systems, the require-
ments for the amount and speed of transmitted data are
increasing rapidly. For better spectral efficiency complex type
modulations (QAM, OFDM) are used, resulting in high PAPR
signals. As a consequence, when conventional linear amplifiers
(classes A, AB) are used in transmitters, both prominent linearity
and poor efficiency are assured. The efficiency of the transmitters
can be significantly improved using some of the popular tech-
niques: Kahn EER principle, ET technique, Doherty amplifier,
and Chireix’s amplifier. In this paper, two different approaches in
supplying a 2.4 GHz class-E power amplifier (S-band) based on
the EER technique are analyzed and compared. The consistent
part of the EER transmitters is a switched-capacitor based
voltage divider combined with a switching structure - analog
multiplexer, in the envelope amplifiers and a class-E power
amplifier. The analog multiplexer is assisted with a series linear
regulator in the first system and a fourth order LC filter in
the second system, providing supply modulation for the power
amplifier. The systems are compared in terms of efficiency
and system linearity using the standard metrics (EVM, ACPR).
Special consideration is devoted to characterization of how the
envelope amplifiers affect the quality of the RF output signal. It is
shown that the tested EER transmitters can reproduce 16-QAM
and 64-QAM signals up to 2.5 MHz, manifesting an average
efficiency of about 32% with the first transmitter, and 16—-QAM
signals up to 660 kHz RF bandwidth and an average efficiency of
44% with the second transmitter. A software tool that accurately
estimates the EA linearity is utilized and successfully tested on
both EER transmitters.

Index Terms—Multilevel DC-DC power converter, EER Trans-
mitter, Nonlinear distortion.

I. INTRODUCTION

URING the last decade, significant effort has been
dedicated to the optimization of RF power amplifier
efficiency. Conventional linear amplifiers (classes A, AB)
supplied by a constant voltage can exhibit excellent linearity,
but also poor efficiency when amplifying signals with a high
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PAPR (Peak to Average Power Ratio). Since modern, spectral-
efficient modulation schemes (QAM, OFDM) produce high
PAPR signals (beyond 10 dB), the efficiency of the transmitters
in telecommunication base stations is poor. Additionally, mo-
bile communication devices suffer from a short battery lifespan
due to the harsh working conditions.

The efficiency of RF amplifiers can be improved using
several promising techniques, such as EER (based on Kahn’s
principle of envelope elimination and restoration technique
introduced in [1]), ET (Envelope Tracking), Doherty’s tech-
nique, Chireix’s amplifier, (summed up in [2]) etc. or even by
developing a codesign method defined as the signal split [3].
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Fig. 1: Principle of Kahn’s EER technique, with the waveforms
of two-tone RF input signal.

The role of power electronics is indispensable in the first
two of the aforementioned techniques: EER and ET. In this
paper, two S-band transmitters based on the EER technique are
analyzed. Two important parts of each EER based transmitter
(Fig. 1) are the envelope amplifier (EA), also called the
envelope tracker, which amplifies the broadband envelope of
the input RF signal; and the nonlinear efficient switched-mode
power amplifier, driven by the constant envelope narrow band
phase signal. The EA is a fast dc-dc converter, with the objec-
tive of supplying a non-linear power amplifier with variable
voltage in an efficient manner from an external stabilized
voltage source. Only properly combined and synchronized
supply voltage and phase drive can linearize the transmitter.
On the cutting edge of development, different types of fast
switched-mode power converter topologies for EAs have been
proposed, which are usually buck type converters [4], three
level buck converters [5], multilevel [6] and multiphase con-
verters [7], [8], resonant switched-capacitor converters [9], or
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even combinations of two DC-DC converters with split power
functionality for visible light communications [10], [11]. Fast
bandwidth and compact power converters are becoming more
feasible with the new emerging GaN high electron mobility
devices. These devices are the key enabler of high frequency
switching PWM converters, showing clear benefits compared
to the Si MOSFET-based converters [12], [13].

The main drawback with envelope trackers is the dc-
dc converter dynamics. The EA must be able to provide
accurate tracking of the envelope reference, which requires
high frequency commutations, but at the same time a high
converter efficiency must be assured. To address this chal-
lenging trade-off, linear assisted power converter topologies
have been proposed, where wide bandwidth lossy linear regu-
lators (amplifiers) alleviate the bandwidth requirement of the
switched-mode converters, while the switching frequencies
maintain reasonable values. Different configurations have been
introduced in literature, such as parallel configuration where
the EA provides the bulk of the output current [14], [15],
[16]; series configuration where the multilevel EA is used to
reduce the voltage drop on the linear regulator [17], [18]; and
hybrid series-parallel form, which comprises two switched-
mode converters and one linear regulator, to reduce both the
series transistor voltage and the output current of the linear
regulator [19]. In all the configurations, the linear amplifier
controls the EA output voltage.

Although the purpose of EAs is to supply PA in highly
efficient manner, some other aspects of this process have to
be taken into account, such as the bandwidth of the system and
the output voltage ripple [20]. In this paper, two approaches
based on EER technique are analyzed and compared in terms
of the converter efficiency, bandwidth, and linearity. The same
parts of both EAs are a switched capacitor based multilevel
voltage source (voltage divider) and a switching structure, the
so-called analog multiplexer, which selects the appropriate
voltage level produced by the voltage divider. In the first
approach, the shaping of the envelope signal is achieved in
a dissipative way using linear regulator in a series, while in
the second approach it is obtained with a PWM switched-
mode converter with a fourth order output filter. The common
approach in the literature is to make system efficiency the first
priority. Regarding the converters’ efficiency, the bottleneck
of the first approach is the linear regulator conduction loss,
while in the second PWM switched approach the switching
losses in the analog multiplexer are the most pronounced
disadvantage. Moreover, the second system is faced with more
hardware restrictions: more severe layout design, the output
filter imperfections, the resolution of digital PWM and delays
in the driving circuits, which together contribute to significant
signal deterioration.

Nevertheless, the focus of the research is to describe the
effects of both the envelope tracker and power amplifier that
together lead to the linearity aggravation of the whole system.
The linearity of the transmitters is characterized employing
the standard metrics from the telecommunications standards:
EVM (Error Vector Magnitude) to describe in-channel distor-
tion; and ACPR (Adjacent Channel Power Ratio) to describe
out-of-channel emission, instead of using NMSE (Normalized

Mean Square Error) metrics, which are typically adopted in the
literature [21], [22]. A software tool intended for evaluation
of envelope amplifiers is further exploited, without taking into
account the non-linear effects of the power amplifier (AM-
AM and AM-PM conversion). This tool is very convenient as
it successfully predicts the effects of the EA on the transmitter
linearity and can be employed in the optimization process for
the design decisions of an envelope amplifier. Thanks to this
analysis, critical findings, such as the minimum bandwidth
of the linear regulator in the first analyzed EA, and the
converter minimum switching frequency, filter type, filter cut-
off frequency and time resolution in the second analyzed EA,
can be successfully identified. These results are of the utmost
importance in the design process of an EA. The preliminary
considerations will be backed up with the experimental results
of the EAs with resistive loading, and these results will be
confirmed by the experimental results of whole EER trans-
mitters as well. The analyzed EER transmitters can reproduce
16-QAM and 64-QAM signals up to 2.5 MHz manifesting
an average efficiency of about 32%, with the first transmitter
based on the Linear assisted EA and 16-QAM signals up to
660 kHz RF bandwidth and an average efficiency of 44%,
with the second transmitter based on the PWM switched EA.
The system linearity parameters are successfully predicted and
confirmed by experimental results.

II. ANALYZED ENVELOPE AMPLIFIERS

One of the key points for both approaches is the multiple
voltage input. Both envelope trackers are supplied with a set of
voltage levels. The multiple voltage input is provided using a
switched-capacitor based multilevel converter, which operates
as a voltage divider and three more voltage levels are provided
from one single input voltage source Vpc, as shown in Fig.
2. Flying capacitor Cjy, together with two bulky capacitors,
C1 and (o, is placed between two switching nodes in order
to maintain the middle voltage at half of the input voltage
Vbe. Two buck type structures consisted of transistors S7i,
So and Ss3, Sy produce pulsating voltage between Vpc and
Vbc/2 (vn1); and between Vpc/2 and ground (vyy), in the
two switching nodes. These pulsating voltages are filtered
by small LC' output filters, providing stable output voltages
(14+d)Vbc/2 and dVpc/2 at the output. The advantage of
this converter is its high efficiency, especially when GaN
transistors are used [23]. High efficiency is associated with low
converter volume, also allowing low occupied space and low
weight. All these advantages make this converter convenient
to use in applications where weight and volume are critical.
The second advantage of this converter is the possibility to
modulate two of its output voltages by the means of duty-
cycle d, which can be used in the optimization process of the
overall envelope tracker, as explained in [24].

The essential part of both converters is a switching structure,
whose role is to select an appropriate voltage level. This struc-
ture is denominated as an analog multiplexer. The other cir-
cuits implemented are a linear regulator, in the first approach,
and a passive filter, in the second approach. These two systems
are shown in Fig. 3 and Fig. 4, respectively. The figures show
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Fig. 2: Switched-capacitor based multilevel converter.

the complete schemes of the EER transmitters, consisting of
the multilevel voltage source, the envelope amplifier and the
RF power amplifier. In the first case, the EA is comprised of
the analog multiplexer and a linear regulator (Fig. 3), while in
the second EA the linear regulator is replaced with a passive
LC filter (Fig. 4).

envelope amplifier

,,,,, o |
! M L !
T o .
1
La=Fa"Th !
Ly =i Do g Bty
Lo I II ! - | opertienal !
Ve | ? =i Ds oy | l
Cn) T !
1C s Cy \ vrEr(t) '
' Ly I I envelope SRy | |
= 3 Dy reference |
c 7 < 1
4 4 [H |
‘{ Qs Ca I Ii Linear regulator |
I T T |
| analog multiplexer |
= [ A 72 () N I

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

voltage divider

© [LF oy
I Power amplifier

Fig. 3: EER transmitter based on Series linear assisted EA.

envelope amplifier

pthasc o
reference

b © REFout
Power amplifier

Fig. 4: EER transmitter based on PWM switched filter assisted
EA.

A. Linear Assisted EA

Linear voltage regulators with a series transistor are suitable
due to their relatively simple hardware requirements. Since
they act as common drain amplifiers, high bandwidth and
accurate tracking of reference voltage in a wide frequency

range can be provided, with low output voltage noise. The
main disadvantage of these power supplies is the fact that their
efficiency depends on the drain to source voltage of the series
transistor, which is the difference between the supply voltage
and the output voltage. Instead of constant supply voltage,
multilevel voltage is used, therefore the linear regulator oper-
ates as an active shaping filter which filters out the multilevel
voltage and creates the smooth EA output voltage. Multilevel
converter voltage should be close enough to the output voltage
of the linear regulator to decrease the voltage difference across
the series transistor in the linear regulator, but still high enough
to avoid the triode (ohmic) region of the series MOSFET
transistor in the linear regulator. To provide that functionality,
the analog multiplexer is comprised of the switches that turn
on the corresponding voltage level. MOSFET switches cannot
block negative voltage, and block diodes Dy and D3 are
put in series with the transistors My and Ms, respectively
(Fig. 3). These diodes can be replaced with the MOSFET
switches placed in the reverse direction (two MOSFETs in
series), but the diodes are used for the sake of simplicity. The
operating principle of the linear assisted EA for d = 0.5 is
shown in Fig. 5, where the state of the switches is depicted.
Thanks to the peak detection function of the diodes, in the
event that more than one switch is in the on-state, the vy ()
will always be the highest of the provided voltage levels.
The voltage stress across the semiconductor components in
the analog multiplexer is always lower than the Vpc voltage,
with the maximum value of (1 + d) Vpc/2. The multiplexer
switching frequency is defined by reference envelope signal
dynamics, and the switching occurs when the reference signal
crosses a certain threshold level. It is shown in [25] that this
frequency does not exceed the highest frequency component
in the spectrum of the processed RF signal (QAM or OFDM
type), which reduces the switching losses of this converter, but
also facilitates the layout design, which is a critical point for
the high frequency power converter design.
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Fig. 5: The operating principle of the linear assisted EA: the
voltage at the output of analog multiplexer vy, (¢) (the blue
line) and the EA output voltage vour (t) (the red line). The
voltage difference between vpmy. (t) and vour (t) is always high
enough for the MOSFET from the linear regulator to operate
in the saturation region.
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B. PWM Switched Filter Assisted EA

The main disadvantage of the previous approach is effi-
ciency limitation superimposed by the active filtering accom-
plished by the linear regulator. Instead of using an active filter
at the output of the envelope tracker, a properly designed
low-pass passive shaping filter can be employed to mitigate
the efficiency problem. Nevertheless, in order to provide the
exact replica of the envelope reference at the converter output
(i.e. fast bandwidth of the output filter) and a small size of
the filter elements, high frequency PWM switching must be
utilized. The main concern in this approach is the critical trade-
off between the converter size, the converter losses, and the
converter bandwidth. In other words, for a given switching
frequency, a converter with the fastest possible bandwidth must
be designed. For example, in [26] a two phase buck converter
with a fourth-order output filter is used. The advantage of that
approach is the reduction of harmonics around the switching
frequency, which allows the filter cut-off frequency to be set
closer to the switching frequency. On the other hand, in [27],
a two phase synchronous buck converter is used, where the
value of the first inductor in the fourth-order output filter is
modified in order to achieve zero-voltage switching (ZVS), and
the rest of the filter elements are designed to fulfill the filtering
specifications. The switching frequency harmonics can also be
lower compared to the classical two-level buck converter if the
modulated voltage at the filter input has smaller peak-to-peak
variations. Instead of switching between maximum and zero
voltage, the switching operation can be distributed between
several voltage levels, like in [5], where the three level buck
converter is used.

In this case, five voltage levels are applied, using the same
voltage divider as in the linear assisted EA. The analog
multiplexer is comprised of two additional MOSFETs, in
order to provide controlled selection of two more voltage
levels (Vpe /4 and 0) during the PWM switching process. The
reconstruction of the PWM signal is carried out by the fourth
order LC filter. The schematic of the entire system is shown
in Fig. 4. The modulation process is divided into four sections.
In each section, the duty-cycle has a value from O to 1 and
controls the pair of corresponding transistors (Sg, S1; S1, So;
and so on). The operating principle of the converter for a sine
wave reference is shown in Fig. 6, again for d = 0.5 (the
voltage divider duty cycle). This is exactly the same voltage
reference used in the explanation in Fig. 5. The switching node
voltage, which must be filtered (vm, (¢) from Fig. 6), has a
more favorable shape than in two-level PWM modulation. The
lower amplitude of the high frequency harmonics is, the lower
values of inductors and capacitors in the output filter can be,
in that way reducing the size and weight of converter. The
drawback of this converter compared to the simple two-level
buck converter is the increased number of MOSFET switches
(5 MOSFETs in the analog multiplexer with the gate drivers
and two auxiliary voltage supplies) and the necessity of a more
careful layout design. The ZVS of the switches S; — Sy in
this configuration is precluded by the series diodes Do — Dy.
Nevertheless, ZVS would be achievable if the diodes were
replaced by MOSFETs, but this configuration is avoided in

favor of simplicity.
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Fig. 6: The operating principle of PWM switched EA: The
voltage at the output of the analog multiplexer vy () (the
red line) and the EA output voltage vour () (the blue line),
for a biased sine wave reference. The output voltage ripple
and the delay between voyr (t) and vy, (¢) introduced by the
output filter is neglected.

By adding more dynamic elements to the converter, open-
loop transfer function order increases, therefore closed-loop
control may be hard to design. In this particular case, under
the assumption that the drain supply terminal of the saturated
power amplifier can be modeled approximately as a pure
resistance [28] and that the inductors L; and Lo operate
in continuous-conduction mode (CCM) due to the current
bidirectional switch (S5) in the converter, the algebraic de-
generation does not occur and the circuit is characterized
by four state variables (i1, vci, %12, ¥c2). The filter with a
low Q-factor is designed according to the resistance value,
so the amplitude—frequency response of the filter has a low
overshoot. With such a design and neglected loading effects,
unpredictable oscillations in the reference tracking cannot
occur. Moreover, due to the constant supply voltage and CCM
of both inductors, a linear relationship between the reference
signal and output voltage is guaranteed. According to all these
specific conditions, the highest converter bandwidth can be
achieved when it operates in open-loop, which is also clarified
in [29]. Nevertheless, if the output voltage waveform does not
satisfy the required quality metrics, a pre-distortion algorithm
of the reference voltage may be employed [27].

III. METHODOLOGY OF THE LINEARITY COMPARISON

In this section, special attention is devoted to the distortion
which is provoked by the EA stage. In [30], it was stated
that two main contributors to the intermodulation distortion
(IMD) of an EER transmitter are the finite bandwidth of the
envelope modulator and the difference in the delay between
the envelope and phase signals. The analysis was based on a
two-tone test signal, allowing the derivation of an analytical
relationship between each of the system parameters and the
IMD, keeping in mind that IMD for multi-tone signals is never
larger than that of the two-tone signal. With the EA bandwidth
Bga = 2BW;t, where BWy; is the bandwidth of the processed
RF signal !, it is possible to achieve (C/I)_.. = 37.53dBc.

max

The RF signal bandwidth BWj; is the bandwidth of the baseband signal
S(t) from Eq. 1, while the envelope signal bandwidth is significantly higher
than BW.
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Nevertheless, power amplifiers also manifest the nonlinear
behavior which is explained by two contributors that can
significantly deteriorate the linearity: AM-to-AM conversion
and AM-to-PM conversion. In [31] it was shown that the
main reason for the AM-to-AM conversion was the transistor
nonlinear drain-source current, while the main contributors for
the AM-to-PM conversion were the transistor input impedance
variation (seen as unilateral input capacitance which summed
the gate-source and Miller reflected gate-drain capacitance)
in the case of GaN HEMT based single ended PA; and
the load impedance when the output matching network is
out of resonance. The characterization of the transmission of
modern digitally modulated signals (QAM, OFDM) is much
more complicated than that of a two-tone signal. It is usually
done via two parameters: EVM (Error Vector Magnitude) to
describe in-channel distortion; and ACPR (Adjacent Channel
Power Ratio) to describe out-of-channel emission.

A. Software Tool for Estimation of the FOMs

It may be very challenging to mathematically describe the
influence of an envelope amplifier on the linearity of an EER
transmitter. Instead of using a precise mathematical model
for estimation of these two figures of merit (EVM, ACPR),
a software tool is designed in Matlab as originated in [32],
[33], and further utilized in [34]. This tool can be useful
in comparing different topologies of the power converters
in terms of the introduced distortion and to evaluate the
effects of the delay mismatch, while the imperfections of a
power amplifier are neglected (AM-to-AM and AM-to-PM
conversion).

The simplified flow-chart diagram of the designed software
tool is shown in Fig. 7. Firstly, a baseband signal S (¢) is
generated, using the 2"”-QAM modulation scheme. This signal
can be represented through its in-phase component I (t) and
quadrature component () (¢), or through its envelope F (t) and
phase signal ¢ (¢):

S(t)=1(t)+jQ (1) = E (). ()

The envelope E (t) of the RF signal S (¢), which is the
reference for the EA according to the Kahn-EER principle, is

given by:
E(t) =[St =11 +Q (1) 2)

and the phase of the baseband signal S (¢) is obtained by
atan2 function [35]:

6(t) = arg{S ()} —aan2{Q (1), I()}. ()

This operation represents the elimination of the phase signal
from the input baseband signal S (¢). The signal that should
be transmitted (RF signal reference) is the real component of
the RF signal:

VRE (t) =Re {S (t) ejwcamert} =FE (t) Cos (Wcarriert +¢ (t)) )
“)
where wearrier 15 the carrier frequency from the local oscillator.
The translation of the phase spectrum to the carrier frequency

is done in the phase branch, independently of the envelope
signal.

Envelope amplifiers can be analyzed at the level of transfer
function, where switching effects and non-linearities are not
modeled. Another approach is to use the simulation results
where the samples of the output voltage of the EA are
obtained from the simulation, which may take into account
the switching effects of the analyzed power converter, the
limited resolution of digital PWM control and the influence
of the circuit parasitics. Finally, the most accurate way to
predict the behavior of an EA in the final EER transmitter is to
take the measured samples of the output voltage from the real
experimental prototype of the analyzed EA. The samples are
then scaled and normalized to be comparable with the samples
of the original envelope signal.

The implemented software tool takes into account only
the distortion of the envelope signal, hence the phase signal
extracted from the original modulated signal is simply com-
bined with the envelope signal. In other words, the process
of the envelope restoration is assumed to be ideal in order
to quantify the impact of the EA only. The envelope samples
are scaled and normalized to be comparable with the samples
of the original envelope signal, but their position is affected
during the modulation and filtering process of the real envelope
amplifier. Intermodulation distortion caused by the different
delays in the envelope and phase paths can be diminished
by inserting the delay into the phase path. The optimal
value of the delay is detected when the maximum of the
cross-correlation between the original and the reconstructed
envelope signals is recognized.

Once the restoration process is completed, the output trans-
mitted signal can be compared with the original reference
signal. Using the spectral power density of the output signal,
the values for ACPRL and ACPRR can be calculated as:

I S(f)df
ACPR;. = 101og; ff’jai : (5)

[ S df
fe—3B

fo+B

S(f)df

B
3B

ACPRg = 10log,, jﬁ; (6)

S(f)df
fet+B

where S(f) is the power spectral density of the modulated
signal, f. is the central frequency of the occupied channel,
and 2B is the channel bandwidth, without a guard interval
between adjacent channels [36].

The peak and RMS values of EVM can be calculated using
the information about the mismatch in the two constellation
diagram:

EVM, = /A2 + AQ2, (7)

where n is index for the particular symbol, and Aly,
AQ)y, are in—phase and quadrature measured component error,
respectively.
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Fig. 7: Flow chart diagram of the described software tool for evaluation of envelope amplifier linearity with the key waveforms
obtained by the tool and visualized in the case of a 64-QAM signal reference: the envelope signals E(t) and FEoy(t), before
and after processing in an envelope amplifier, the phase signal ¢(¢) and the corresponding RF signals modulated at the carrier
frequency weariers VRe(t) and Vrpow(t) with their baseband signals spectra and the /@ constellation diagrams.

The expression (7) is used to determine peak EVM value
(maximum error). However, a more typical evaluation of the
in—channel distortion is done by taking the root—mean square
value of EVM:

|Co,n - Cm,n|2

— (8)
2

& % Conl

M=z

1
N
EVM;ns = 2

where, Cy, ,, is the n—th normalized measured constellation
point and C,,, is the ideal normalized constellation point
nearest to Cy, .

To summarize, this software tool is used to evaluate the
behavior of the two envelope amplifiers in terms of the quality
of signal reproduction. Moreover, this tool can be employed
in the optimization process for the final choice of an envelope
amplifier. Since the tool takes into account only the effects
of EA and neglects the AM-to-AM and AM-to-PM distortion
typical for RF PAs, the values of the figures of merit (EVM,
ACPR) calculated by this method are roughly the theoretical
limits that can be achieved, thus partially decoupling the effect
of the EA and the RF PA on the system linearity. In other
words, if the power amplifier used in the transmitter were
ideal, these would be the parameters of the distortion of the
transmitted signal.

B. High Level Analysis

The described software tool can be very useful during the
phase of making design decisions. Regarding the linearity,
the weak points of the EA from Fig. 3 are the bandwidth
of the operational amplifier (gain-bandwidth product) and
the parasitics of the series transistor in the Linear regulator,

assuming that a digital-to-analog converter that provides the
analog reference for the EA has a sufficient resolution. In the
second analyzed EA from Fig. 4, special attention must be
given to the design of the output filter. Other sensitive points
are the PWM resolution and the carrier type. Although these
issues are not critical for the linear assisted EA, in the purely
switched-mode EA they are of crucial importance because the
complete information of the envelope is encompassed in the
pulse width of the control signals. To the best of the authors’
knowledge, this analysis has not yet been conducted in the
literature. The figures of linearity are evaluated for 64-QAM
signal references, but the results are valid for all Rayleigh-
distributed envelopes.

GBW/BW,y

Fig. 8: Linearity of the system as a function of the ratio be-
tween the gain-bandwidth product of the operational amplifier
G BW and the RF signal bandwidth BWy, for different values
of return ratio g, for the EA from Fig. 3.

In the EA from Fig. 3, the series transistor in the Linear
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regulator is usually RF power MOSFET (or even GaN HEMT
[37]), thus minimizing the effect of the parasitic capacitances
of the transistor in MHz frequency range (e.g. up to 5 MHz).
Assuming that the small-signal gain from the output of the
operational amplifier to the EA output (vey) is roughly 1 and
that its maximum slew-rate is high enough to avoid non-linear
distortion, the EA can be modeled using the transfer function
of the operational amplifier A(s) = GBW/s, where GBW
is the gain-bandwidth product of the operational amplifier. In
Fig. 8 the linearity of the EER transmitter from Fig. 3 is shown
for different values of the ratio between the gain-bandwidth
product of the operational amplifier GBW and the RF signal
bandwidth BW,s and for three different values of the return
ratio of the feedback loop S = Rs/(Ry1 + Rz), where the
only non-ideal component is the operational amplifier. The
value of 3 is chosen according to the needed output voltage
swing of the EA and the voltage ratings of the operational
amplifier. According to the simulation results, to achieve an
ACPR > 40dBc and EVM < 3%, the product 3 x GHX
roughly needs to have a value of at least 8.5, or written in a
different way:

8.5 x BWy
— 5

GBW > €))

"ACPR [dBc

l‘l 5 1 15 2 25 3
fe/BWyg

Fig. 9: Linearity of the system in the case of a fourth-order
Legendre-type output filter as a function of the ratio between
the filter cut-off frequency f. and the RF signal bandwidth
BWy, for the EA from Fig. 4.

The bandwidth of the EA from Fig. 4 is determined by the
characteristics of the output filter, since the analog multiplexer
can provide voltage levels with very low output impedance.
The filter design for this type of application is based on
standard filter prototypes with flat magnitude characteristics
in pass-band, such as: Butterworth, Bessel and Legendre.
Although passband ripple has a negligible effect in these filter
prototypes, bandwidth, group delays and switching frequency
ripple have to be taken into account [29]. The order of the
filter for this type of application (both the input and the output
of voltage source type) is always even: it consists of several
LC sections. In this case, a fourth order filter is chosen. The
quantitative evaluation of the filter types is also implemented
in terms of two key parameters: EVM and ACPR.

The example in Fig. 9 shows the functionality of the
software tool and the influence of EA output filter transfer
function on EER transmitter linearity, for the EA shown in
Fig. 4. Purely switched PWM EA is assisted with a fourth

order Legendre-type output filter and modeled at the level of
input-to-output transfer function. The RF signal (16-QAM or
64-QAM modulations) bandwidth is denoted by fgw, and f, is
the cut-off frequency of the filter. The elements are calculated
according to the load resistance of the EA, and the switching
noise and all other system non-idealities are neglected. The
curves show the following results: the ACPR of 45 dBc is
achievable with f./fgw = 1.51 , and the EVM of 1% with
fe/ fsw = 1.186. These results are quite different from those
seen in [30], where for (C/I)max > 45dBc, and the needed
ratio is Bga/BW,s > 4. There are two main reasons for these
discrepancies, which result in better performance with a lower
fe/ few ratio. First of all, a real filter prototype (Legendre) is
used instead of the Fourier series truncation, and an example
of QAM modulated signal is utilized instead of a two-tone test
signal.

Since this analysis does not take into account the switching
behavior of the EA, which is of crucial importance for the
transmitter linearity, the following examples represent the sim-
ulation conducted using the described software tool analyzing
the data from VHDL-AMS mixed-signal simulation, where the
EA is simulated together with the control hardware. All the
circuit parasitics, such as series resistances, forward voltage
drops, and gate driver issues are neglected.

T T T T
—6— Butterworth filter, f¢/BWyg = 5
—&— Bessel filter, fo/BW,¢ =5
—A— Legendre filter, fo/BW,s = 5

— © - Butterworth filter, f¢/BWy¢ = 2
— & —Bessel filter, fo/BW,¢ = 2

— A —Legendre filter, fo/BW, =5

=N
T

50

EVMrms [%)]
T
}3’

)
T

1 2 3 4 5 6 7 8 9 10

5 6
fsw/fe

Fig. 10: Linearity of the system in the case of a fourth-order
Butterworth, Bessel and Legendre output filters as a function
of the ratio between the switching frequency fs, and the filter
cut-off frequency f. with two different RF signal bandwidths
BW;, for the EA from Fig. 4.

In order to identify the optimal output filter design al-
ternative, the linearity of the system in the case of imple-
menting fourth-order Butterworth, Bessel and Legendre filters
is analyzed over the wide range of the converter switching
frequencies (fow = fc to fsw = 10 f) for two RF signal
bandwidths (BWys = f./2 and BW,s = f./5), and a high
resolution control hardware clock frequency (400 f.), as seen
in Fig. 10. It can be seen that the Legendre and Butterworth
filters satisfy the required system linearity even at fy, = 2f;,
for both RF signals. Below this value the sampling rate
of the envelope signal may be too low (especially in the
case when BW;; = f./2)) while the output voltage ripple
takes on high values, provoking an increased distortion. Even
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though EVM strongly depends on the filter type at a low
switching frequency, ACPR metrics show different behavior:
these values do not depend on the filter type, but rather on
the RF signal bandwidth. According to this simulation, the
Legendre fourth-order output filter gains a mild advantage over
the Butterworth filter at low frequencies, and consequently the
Legendre filter is chosen for the final design. At high switching
frequencies, both EVM and ACPR aggravate due to the finite
time resolution effects, which are discussed below.

The digital PWM process is counter based and double-sided,
counting from zero to a maximum value, and then from the
maximum value to zero, thus creating a symmetrical triangular
carrier. When PWM is implemented on the digital hardware
(usually FPGA), the time resolution is given by the maximum
achievable clock rate fcrx. The resolution of the modulation
expressed in the number of bits is:

o= (5)

Since the duty cycle of the control pulses is amplitude-
quantized with the maximum number of achievable values,
the theoretical value of the signal-to-noise ratio assuming a
full-scale input sine wave from the range [0, fsw/2] and a
resolution of nyjs [38], is:

(10)

SNR = 6.02 npies + 1.76 dB . an

It is worth mentioning that this resolution applies not to the

full range of the output voltage, but only to one quarter. In

IN
D Tbits
as in the case of the simple two-level buck converter. In this
case, the equivalent resolution is four times better, due to the

five-level PWM modulation:

other words, the resolution of the output voltage is not

)

Vin
4 x QM
This means that with this type of modulation, the equivalent
number of bits is

Npits,51, = 2 + logy (2f ;LK ) )
SW

Finally, the equivalent signal-to-noise ratio for this multi-
level modulation in the sine-wave case is:

Avout = ( 12)

(13)

SNR.q = 6.02 s + 13.8dB.. (14)

According to [39], this data is correlated with the theoretical
limit of the EVM. For data-aided receivers, the relationship is

1

EVM = —— .
SNR,,

15)
while this relationship is modified for non—data aided re-
ceivers, as stated in [40].

Firstly, the effects of the modulation carrier type are consid-
ered. The discussion for the signal-to-noise ratio and bit reso-
Iution have been conducted for symmetrical triangular double-
update carrier (Eq. (10) - (14)), although another widely used
option is a saw-tooth trailing edge single-update carrier. The

(=]
T

—A— symmetrical triangular carrier | -
—s7—saw-tooth leading edge carrier

s

'S
T
I

EVMrms [%]

fSW/fC

Fig. 11: Comparison of system linearity as a function of the
ratio between the switching frequency f;,, and the output filter
cut-off frequency f., in the case of a symmetrical triangular
carrier and a saw-tooth trailing edge carrier for the analyzed
PWM-switched five-level EA from Fig. 4, where f./BW; =5
and fclk/fc = 400.

linearity comparison for these two cases is shown in Fig. 11.
At low switching frequencies, the triangular carrier is more
advantageous, because the sampling rate of the modulator is
two times higher than in the case of the saw-tooth carrier.
At high switching frequencies (fs/f. > 5) the modulation
based on the saw-tooth carrier starts to dominate due to slightly
better resolution of modulation, and the linearity is better for
this type of carrier. Globally, the best linearity is achieved
with a symmetrical triangular carrier; therefore this type of
carrier should be chosen. This linearity advantage can be
explained by the small-signal transport delay of modulators,
which is constant in the case of the symmetrical triangular
carrier (Ts,,/2), and dependent on the duty-cycle in the case of
the saw-tooth trailing edge carrier (D T%,,) [41]. Hence better
delay matching between the supply voltage and the phase drive
can be achieved in the power amplifier if the symmetrical
triangular carrier is utilized.

The effects of the finite time resolution of the control
hardware are analyzed in two cases, when the ratio between
the output filter cut-off frequency and the RF signal bandwidth
has two different values (f./BW;s = 5 and f./BW; = 2).
The general conclusion is that the optimal value of the ratio
fsw/ fc moves down with the reduced clock frequency of the
control hardware, as can be seen in Fig. 12. At low values of
the ratio (fsw/f. < 2) the distortion is pronounced due to the
low switching frequency, while at the high values the dominant
effect is pulse width resolution reduction and consequently all
the curves are monotonically increase for fy,/fc > 3. The
optimal values of the ratio f/f. are in the closed interval:

o € [2,4].

fe

In order to achieve an acceptable linearity, the ratio fux/ f.
should not be lower than 100, and the ratio f./BW;s should
not be lower than 2, or in a different form:

(16)
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Fig. 12: Linearity of the system as a function of the ratio
between the switching frequency f;, and the output filter cut-
off frequency f., for different values of RF signal bandwidth
BW,; and the digital control hardware clock frequency f.x,
for the EA from Fig. 4.

e (17)

10 - T T T T

- —6—2L EA, Jo/BWys =5, J/Jc = 400
8o 5L EA, fo/BWyg =5, fo/fe = 100

- 8 =5-LEA, fo/BWy; =5, fay/fe = 400|7

»
T

1

I

]
1

"bits,eq

5 6 7 8 9 V 111\)

Jowl fe
Fig. 13: Comparison of system linearity and the equivalent
output voltage resolution in number of bits 1 eq as a function
of the ratio between the switching frequency f,, and the output
filter cut-off frequency f., for a simple two-level buck EA and
the analyzed five-level EA from Fig. 4, with the same output
filter.

Finally, the advantage in the number of voltage levels, seen
as an increment in the signal-to-noise ratio (Eq. (11), (14))
and its corresponding reflections on EVM and ACPR, can be
also proven by simulation. In Fig. 13, a comparison of system
linearity as a function of the ratio between the switching
frequency fs and the output filter cut-off frequency f. is
shown for a simple two-level buck EA and the analyzed five-
level EA from Fig. 4, with the same output filter. It can be seen
that at high values of f/ f., the behavior of the analyzed five-
level EA is equivalent to the behavior of the two-level buck

converter with a time resolution four times better. This is in
accordance with Eq. (12), (14). In other words, in the case
of 5-level modulation, the control hardware time resolution is
less restrictive, while the acceptable linearity can be achieved
at lower switching frequencies (fs/f. = 2). The limitations
expressed in number of bits nyys reduces to nyys > 6, which
means that the minimal acceptable PWM resolution is 6 bits
in the case of the simple two—level buck converter, while it is
4 bits in the case of the five level PWM switched EA.

IV. DESIGN OF PROTOTYPES FOR THE ANALYZED EER
TRANSMITTERS

A. Design of the Linear Assisted EA

Since this converter does not contain any dynamic element,
its bandwidth is determined by the bandwidth of the opera-
tional amplifier (LM6172) used in the local feedback loop with
the series transistor (BLF177). The reported gain-bandwidth
product of the operational amplifier is 100 MHz. The return
ratio of the feedback loop is designed to be about 5 = 1/5.
According to Eq. (9), the maximum achievable RF bandwidth
of the transmitter based on this EA, with ACPR > 40 dBc and
EVM < 3%, is about 2.5 MHz. Another concern in this de-
sign, which is not included in Eq. (9) is the finite PSSR (Power
Supply Rejection Ratio) of the linear regulator. Although the
voltage level switching (vpr in Fig. 4) is proffered in order to
boost the EA efficiency, it causes excessive voltage spikes in
the output voltage v,y In a general case, the PSRR is falling
with the increased drive frequencies. The linear regulator stage
is supplied with pulsating voltage whose transitions between
two levels are as fast as 5 ns (SR = 1.2 V/ns). The spectral
content of this voltage is pushed up to high frequencies, where
the PSRR is low. In the parasitic capacitances of the series
transistor, excessive currents are generated, which cause the
deformation in the output voltage, seen as voltage spikes. This
behavior changes the spectral content at higher frequencies of
the EA output voltage, finally deteriorating EVM and ACPR
at the power amplifier output. In order to protect the output
voltage waveform from this noise, a PSRR improvement filter
with damping can be used [42], placed between the analog
multiplexer and the linear regulator stage. The dv/dt can also
be successfully limited by adding an external miller capacitor,
connected between the gate and drain of the transistors in
the analog multiplexer. However, this solution results in some
drawbacks such as increased switching losses and worsening
of the shoot-through and/or cross conduction problem, as ex-
plained in [43]. Another option in this case is a small lossless
LC filter between the EA and the RF PA, which is adopted in
this design. The prototypes with Si transistors (FDMS7620S in
the voltage divider, BSZO60NEZ2LS in the analog multiplexer
and VSSAF31.45-M3 diodes) for the linear assisted switched
capacitor based envelope tracker are fabricated and verified.
The specifications are given as follows:

o Input DC voltage: 24 V;

o Output voltage range: 0 — 21V;

o Peak output power: 11.5W;

o Average output power: 2W;

e Maximum tested RF signal bandwidth: 4 MHz.
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TABLE I: The values of the output filter elements

fe[MHz] | Ly [uH] Cy [F] Lo [uH]  Cj [nF]
115 | 10.0 5.1 8.9 2.0

B. Design of the PWM switched EA

The bandwidth of the second converter is determined by
characteristics of the output filter, since the analog multiplexer
can provide voltage levels with very low output impedance.
The distortion in the system affected by the output filter
type, the ratio between the filter cross-over frequency and the
converter switching frequency, and the effects of finite time
resolution of the control pulses are well analyzed in the Section
III. Additionally, hardware imperfections in this prototype can
significantly contribute to the output signal distortion.

The gate driver is a source of two problems. Firstly, gate
signal jitter introduces wideband noise to the converter output,
mainly due to the digital signal isolators [44]. Additionally,
at certain moments during the modulation process a very
low (or very high) value of the duty-cycle may be required.
The minimum pulse-width which can be provided by the
driver (EL7158) is about 25 ns. This means that for a 5 MHz
switching frequency, the minimum duty-cycle is 12.5 % (and
the maximum duty-cycle is 87.5 %). This problem worsens
with higher switching frequencies, which might introduce
serious distortion in the output voltage. In this prototype, the
switching frequency of 3 MHz is adopted. Finally, the output
filter was designed for that switching frequency and with a
bandwidth (cut-off frequency) of 1.15MHz (fy/f. = 2.6),
following the guidelines stated in Eq. (16), (17). The measured
values of the implemented filter elements are given in Table
1. These filter values are determined based on the assumption
that the drain supply terminal of the saturated power amplifier
can be modeled approximately as a pure resistance [28], with
the value of about 45 € in this case. This prototype was made
using Si-based semiconductors (BSZO60NE2LS transistors
and VSSAF3L45 diodes), multi-layer ceramic chip capacitors
and off-the-shelf Ferroxcube inductors (in the output filter).
The specifications are the same as for the Linear assisted EA,
except the maximum tested tracking bandwidth, which is only
700kHz (f./BW, = 1.64) in this case.

C. Power loss estimations

Although the emphasis of this paper is put on the linearity
analysis of the envelope amplifier, the power losses model
is also presented in order to make the comparison more
comprehensive. The losses in both envelope amplifiers can be
separated into three groups: conduction losses in the analog
multiplexer, gate driving and switching losses in the analog
multiplexer, and the losses in the shaping filter. Except the
expressions for losses in the output shaping filter, all other
expressions for power loss estimation are unified and can be
applied to both linear assisted and PWM switched envelope
amplifier with small adjustments.

Conduction losses in the analog multiplexer, gate driving
losses and switching losses in the analog multiplexer caused
by the voltage-current coexistence on controlled switches

during the turn-on and turn-off process (Piw.on, Pew,off) can be
easily calculated using [45]. The losses associated with reverse
recovery of the series diodes (Do — D,) are neglected since
Schottky diodes are utilized. Moreover, reverse recovery of the
body diodes of the controlled switches does not happen either
since these diodes are never polarized to conduct in the normal
operation of the analog multiplexer, except for the switch Ss
in PWM switched EA (Fig. 4).

In order to properly evaluate the losses associated with the
output capacitances of the switches and the junction capaci-
tances of the diodes, a thorough analysis must be conducted.
At the turn-on of each controlled switch, a forced commutation
occurs provoking additional power loss, while each turn-off
transition is self-commutated, as can be seen in Fig. 14. The
corresponding dissipated energy at each one of the turn-on
transitions can be calculated using the following expression:

in

i0,/C

out’ “eq

oML (8)

\!

i+l

t

Fig. 14: The voltage of the switching node. Forced commuta-
tion at the turn-on transistor M; (or S;) is fast and determined
by its turn-on time, while self commutation at its turn-off is
slower with a slope iy / Ceq, where Cq is a charge-equivalent
output capacitance of the switching node. High-frequency
oscillations due to hard turn-on of the switch are not shown.

Edissipated = Einitial + AE — Eﬁnal (18)

The initial and final energy of the system are defined as:

Niw Ny
Einitial = Z Eoss,i (Uosso,i) + Z Ej,i (Uj(),i) (19)
=1 =1

Ny Ny
Eﬁnal = Z Eoss,i(voss,i) + Z Ej,i (Uj,i) (20)
=1 =1

where Ny, is the number of controlled switches and Ny is
the number of diodes in the analog multiplexer. The accumu-
lated energy Fos in Cyg of a conducting controlled switch
and the accumulated energy E; in Cj of a forward polarized
diode is zero.

The energy delivered into the system by the input power
sources is defined as:

Nire

AE =) ViiAQ;

i=1

2y

where AQ); is the charge delivered by each power source
during the forced commutation.

For example, when the controlled switch M5 in Linear
assisted EA (Fig. 15) turns-on, the initial, final and delivered
energy are described by Eq. (22)-(24) respectively, hence the
dissipated energy during this transition is calculated using (18).
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Coss,1
Vin1 Tsav M, [
AC?j/oss(‘/l — VVQ) = /C’jloss dv (25)
Coss,2 Vi
1
Vméz Dy 28V | g, vvL = Vina Y
I_| |_I -Ej/oss<V) = /Gj/oss “vdv (26)
G2 Coss,3 0
Vins Dy _ﬂzf My where the curves for voltage dependent nonlinear capacitances
° L| |J - C; and Clg can be found in Datasheet data of the devices [46],
o [47].
7 Similarly, the dissipated energy for all forced commutations
Vina Dy can be calculated and the average power Cog-Cj-related loss
° L| |_I can be calculated keeping in mind the repetition rate of each
Cin transition.
. The shaping filter in the case of Linear assisted EA is
(a) Initial state. . .
the linear regulator whose power loss Pipa is calculated as
Coosat proposed in [25]. In case of the PWM switched EA, the losses
i in the output filter are estimated based only on the winding
V‘"c'l ! MV, My losses in the inductors L; and Lo, assuming that the current
Consa ripple is dominantly present in Lj:
Vin,2 D TAHT M. vvr = Vings
° L| |J — —" Ppwm = (Rac + Rac2) Lo mms + Racffipple,rms 27
Ci2 Coss.s Finally, the total average power loss is:
—
Vmgs Ds M
L| |_I Ptotal, EA — Pcond + Pg + Psw,on + Psw,off + Poss,j + Psf' (28)
Cis Based on the presented power loss model, the power loss
Vina estimations for both Linear assisted and PWM switched EA

Dy
[< AV
I;| |ﬂ
C]4
(b) Final state.
Fig. 15: Accumulated energy in the parasitic output capac-

itances before and after the turn-on transition of the switch
M. Forward voltage drops of the diodes are neglected.

Einitial = Eoss,l <3AV) + Eoss,2(2AV) + Eoss,S(AV) (22)

Eﬁnal = Eoss,l (QAV) + Eoss,3 (AV) + l?JA(AV) (23)

AE = Vin1AQoss1 (BAV — 2AV)
+ Mn,zAQoss,2(2AV — AV) — VinAAQjA(O — AV)
+ VEn,S [AQJA(O - AV) - AQOSS,Z(QAV — AV)

- AQoss,] (3AV — ZAV)] 24)

where AV is the difference between two adjacent input
voltages Vi, ; and Vi, ;1.

The amount of charge AQjoss(Vi — V2) and energy
FEijoss (V') is defined as follows:
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are shown in Fig. 16. In order to compare the performance
of the analyzed envelope amplifiers, a breakdown of calcu-
lated losses is presented in Fig. 17, for the same 500kHz
64QAM envelope reference and the same output power of
Py = 2.46W. Calculated losses are divided into three
groups as follows: conduction losses in the analog multiplexer,
shaping filter losses, and losses caused by switching operations
(Py + Powon + Pswoft + Possj). As a general conclusion, losses
in Linear-assisted PA are much higher - over 3.5 times, and
the losses in the shaping filter (linear regulator in this case)
dominate with 93.4% of overall power losses. On the other
hand, in PWM-switched EA the losses caused by switching
operations prevail, with 75.9% of overall losses.

D. Design of the Suboptimal Class-E PA

In order to test the behavior of EER transmitters based on
the previously analyzed EAs, a sub-optimal class-E power
amplifier [48] (Fig. 18) has been designed, fabricated and
tested for the peak output power of 10 W and carrier frequency
range from 2.1 GHz to 2.6 GHz (S-band transmitter). Am-
plitude modulation (AM) of the class-E amplifier is possible
due to the fact that the amplitude of the output voltage of
the Class-E ZVS PA is directly proportional to the supply
voltage, as explained in [49]. It is also reported that in practical
realizations harmonic distortion of the envelope of the AM
output voltage occurs. The switch SW in the prototype is
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(b) PWM-switched EA, fsw = 3MHz.

Fig. 16: Calculated efficiency of the analyzed envelope am-
plifiers for RF signals of different bandwidths BW;s. The
efficiency in case of processing of 64QAM signal is always
lower than for 16QAM signal because of an elevated PAPR.
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(b) PWM-switched EA, Piogs = 0.35 W, 1 = 87.55%.

Fig. 17: Breakdown of calculated power losses in both enve-
lope amplifiers for a 500 kHz 64QAM envelope reference and
the same output power of P,y = 2.46 W.

depletion mode GaN high-electron mobility transistor (HEMT)
with the technical details shown in Table II.

Although only the small non-linear output capacitance of
the transistor is used, at these carrier frequencies the design

- —I Vsupply
|
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Fig. 18: Schematic of the suboptimal class-E power amplifier
with depicted parasitics of the encapsulated GaN HEMT and
matching networks LNy, LN3 which serve as /4 impedance
transformers and LN, that serves as a parallel resonant tank.

TABLE II: Parameters of GaN HEMT utilized in suboptimal
Class-E amplifier.

C’out
1.3pF

Psat
12.5W

| VZis,max
Cree CGH40010 | 84V

part number

of nominal ZVS class-E PA is not possible since the conditions
for ZVS and ZDS (Zero-Derivative Switching) cannot be
satisfied [49]. Therefore, nominal class-E becomes suboptimal
class-E PA [50]. An advantage of sub-optimal class-E PA
over optimal class-E PA is the peak reduction of vpg voltage,

which is lower than v,yppiy X 27 arctan | — | = 3.56 Vsuppiy,

m

which could potentially damage the GaN HEMT. Design of
the resonant tank, input and output matching network, and RF
choke inductor is based on microstrip transmission lines, since
the distributed elements are sufficiently small and have lower
losses than lumped elements in this frequency range. Double-
reactance compensation principle is used since it permits a
design of high efficiency PA in a wide frequency range [51].
As the design of the passive components is based on the
transmission lines, four prototypes were implemented and the
adjustments of the matching networks were done empirically
in order to optimize the PA efficiency over the desired range
of the supply voltage. The drain efficiency of all prototypes
with respect to the supply voltage is shown in Fig. 19. It can
be seen that the drain efficiency for the first and for the fourth
prototype is always above 60%, in the range of interest, and
the peak drain efficiency of the first prototype reaches 80 %
and power-added efficiency reaches 76 %, for the peak output
power at 2.4 GHz.

V. EER TRANSMITTERS CONTROL

The target RF signals with the desired symbol-rate and roll-
off factor were generated in MATLAB, modulating pseudo-
random data in 16-QAM/64-QAM base-band modulator. In
order to have a flexible design, where the synchronization of
the envelope and the phase signal could be easily set and the
delay between them finely adjusted, the control patterns have
been stored in pulse function arbitrary generators [52]. Based
on the RF signal envelope, control sequences for the envelope
amplifiers have been created and stored, while unmodulated
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Fig. 19: Measured drain efficiency of the amplifiers for differ-
ent supply voltages at 2.4 GHz.

and ) components of the constant envelope phase signal have
been stored and then externally modulated at 2.4 GHz carrier
frequency and fed to the driver for the class-E PA. Digital
predistortion algorithms are not applied.

As already described, an important consideration for the
switched-mode power converters is the pulse width resolution,
especially in EER applications. Although this issue is not
critical for the linear assisted EA where the analog reference
for the EA is created in the direct digital synthesis process
with a high resolution digital-to-analog converter and an
anti-aliasing filter inside the signal generator, in the purely
switched-mode EA this is of crucial importance because the
complete information of the envelope is encompassed in the
pulse width of the control signals. In this system, the time
resolution is defined by the sampling frequency of the signal
generator, which is given by (29):

(29)

where Rqyp, is the symbol rate of the test waveform (Rgym =

BW,
ﬁ, Brc 1s the roll-off factor of the raised-cosine filter used
for puicse-shaping), Ntrame 1s the number of symbols in a frame

and Ny is the maximum length of the array of data points
stored in the signal generator (2'%, in the case of Keysight
81150A pulse function arbitrary generator [52]).

According to Eq. (13), the equivalent resolution of the
output voltage expressed in the number of bits is:

N, max Rsym )
2 f SWN frame ’

Keeping in mind that the bit-resolution (Eq. 30) in this
implementation is affected by the number of symbols in a
frame, the number of symbols should be as small as possible.
Nevertheless, this number should be as high as possible in
order to have a valuable I — () representation of the demod-
ulated signal. The minimum N,y in the case of 16QAM
modulation is adopted to be Niame = 27 and Nyame = 2°
in the case of 64QAM modulation, as a compromise between
the signal deterioration caused by amplitude-quantization error
and the suitable number for Ngame.

Npits,sL = 2 + 1ogy ( (30)

VI. EXPERIMENTAL RESULTS

Photographs of both setups of EER transmitters are shown
in Fig. 20.

Firstly, the behavior of both EAs is tested using a 50 €2 resis-
tive load. In Fig. 21, the key voltage waveforms for the Linear
assisted EA (the multilevel voltage and the EA output voltage)
and for PWM switched EA (the filter input voltage and the
EA output voltage) are presented, for a 1 MHz 64-QAM
and a 312 kHz 64-QAM envelope reference, respectively. The
samples of the envelopes are then saved and processed by
applying the software tool and the preliminary values for the
FOMs are obtained. The comparison of these values with the
real values of the EER transmitters is presented in Subsection
VI-C. A list of specifications for the experimental setups is
included in Table III.

TABLE III: Specifications of the experimental setups

parts | part number
Input supply voltage 24V
Max. RF PA supply voltage 21V
carrier frequency 2.4 GHz
modulation type 16QAM and 64QAM
RF signal baseband bandwidth up to 4 MHz
RF PA load 50 Q2

A. EER Transmitter with the Linear Assisted EA

The summary experimental results for the EER transmitter
with the linear assisted EA is shown in Table IV. The
bandwidth of the RF signal references varies from 1.56 MHz
to 3.9MHz. In Fig. 22 both time and spectral domain of
the EER transmitter output voltage for a 3.9 MHz 64QAM
signal reference are shown. As can be seen, an acceptable
transmitter linearity can be achieved up to 2.5 MHz of RF
signal bandwidth. The figures of merit are further worsened
by the glitches in the EA output voltage, as already explained.
The limitation in this case is imposed by the operational
amplifier bandwidth, which controls the EA output voltage.
This result is well in accordance with the result from Eq. (9),
for GBW = 100MHz and 8 = 1/5. Regarding the average
efficiency of the power conversion, the approximate values of
32.5% and 28.5% are achieved in the case of 16QAM and
64QAM references, and the average output power of 1.95W
and 1.45 W, respectively. This difference is due to the different
PAPR of the test waveforms. Since the switching frequency
of the analog multiplexer increases for the faster RF signal
bandwidth, the losses in the EA arise, so the average efficiency
reduces.

B. EER Transmitter with the PWM Switched EA

The summary experimental results for the EER transmitter
with the PWM switched filter assisted EA is shown in Table V.
The bandwidth of the RF signal references in this case varies
from 332.8 kHz to 665.6 kHz, for the converter switching fre-
quency of fsw = 3MHz and the output filter cut-off frequency
of f. = 1.15MHz. In Fig. 23 both time and spectral domain
of the EER transmitter output voltage for a 665 kHz 64QAM
signal reference are shown. As can be seen, an acceptable
transmitter linearity can be achieved up to 500kHz of RF
signal bandwidth, in the case of 16QAM test references. In
this case the ratio of the filter cut-off frequency and the RF
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Analog MUX with the voltage
divider and the output filter

(b) A photograph of the second setup: PWM switched EA with
the class E PA.

(a) A photograph of the first setup: Linear assisted EA
with the class E PA.

Fig. 20: Photographs of both EER transmitters setups.
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(a) Linear assisted EA: The multilevel voltage (red) and the EA
output voltage (blue) in the case of a 1 MHz 64QAM signal. Scale:
10 V/div. Time scale: 4 ps/div.

(b) The filter input voltage (red, scale: 10 V/div) and the EA output
voltage (blue, scale: 5V/div) in the case of a 312kHz 64QAM
signal. Timescale: 10 ps/div.

Fig. 21: The output voltage waveforms of both EAs in the case of a pure resistive load.
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(a) Time domain voltage waveforms. (b) Baseband spectrum of the output voltage.

Fig. 22: Experimental results obtained with the EER transmitter based on the Linear switched EA: the analog multiplexer output
voltage, EA output voltage, and EER transmitter output voltage for a 3.9-MHz 64-QAM signal with the baseband spectrum.

TABLE IV: The summary of the experimental results for the Linear Assisted EA

RF signal .

bandwidth modulation type | PAPR [dB] A[SEEL A[gglj]“ EVM [%] po‘v’v‘gfL[‘;V] ‘E};?f‘ency
[MHz]

156 16QAM 5.16 532 202 272 197 33.00

64QAM 6.27 402 4038 2.52 1.45 28.84

247 16QAM 5.16 410 39.7 2.90 197 3267

64QAM 6.27 402 403 273 1.45 28.47

39 16QAM 5.16 362 357 3.89 1.97 3224

64QAM 6.27 3438 344 411 1.45 2801
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signal bandwidth is f./fgw = 2.3, which is in accordance with
Eq. (16). It turns out that this ratio is not enough in the case of
64QAM test references, since the transmitter linearity in this
case is more jeopardized. Nevertheless, the limitations in this
case are superimposed not only by the output filter bandwidth
and the switching nature of the EA, but also with series
voltage drops and the unpredicted behavior of the RF PA,
which is not modeled. Regarding the average efficiency of the
power conversion, the approximate values of 44% and 41% are
achieved in the case of 16QAM and 64QAM references, and
the average output power of 1.60 W and 1.15 W, respectively.
Once again, this difference is due to the different values of
PAPR of the test waveforms.

C. Comparison with the Estimated FOMs

The values of the estimated FOMs, based only on the
envelope signals measured on a resitive load (which are labeled
as predicted values), are contrasted with the measured values
obtained from both EER transmitters. The results are presented
in Fig. 24 — 25. In the case of the Linear assisted EA,
the predicted values of the FOMs were almost the same for
both 16-QAM ad 64-QAM signals with the same baseband
bandwidth and they are presented with the single line (Fig. 24).
However, these values are different for the PWM switched EA
and they are presented on two different lines.

Since the nonlinear behavior of the power amplifier de-
scribed by AM-AM and AM-PM conversion is not mod-
eled, some deviation in EVM and ACPR occurs. Another
phenomenon that could lead to unpredicted signal deterio-
ration is the loading effect of the power amplifier, as docu-
mented in [53]. The maximum differences between the values
obtained by the software tool using the measurement results
at a 5082 load and the values measured using the EER
transmitters are as follows: 3.5dBc and 4.86 dBc, in the case
of ACPR for the linear assisted and PWM switched EA, re-
spectively, while in the case of EVM metrics these differences
are 1.21 % and 0.5 %. Even so, it can be concluded that there
are no significant discrepancies between the predicted and the
measured values of EVM and ACPR, especially in ACPR for
both amplifiers, and a quite good estimation of the FOMs of
an EER transmitter can be made by taking into account the
behavior of the analyzed EA only.

VII. CONCLUSIONS

In this paper, two different approaches in supplying a
2.4 GHz class-E power amplifier (S-band) based on the EER
technique are analyzed and compared in terms of the system
linearity using EVM metrics to describe in-channel distortion,
and ACPR metrics to describe out-of-channel emission. The
employed envelope amplifiers are multilevel dc-dc converters
based on the analog multiplexer assisted by the series linear
regulator in the first system, and by the fourth order LC filter
in the second system, thus providing supply modulation for the
RF PA. Possible sources of non-linear distortion in both EAs
are stated, and a software tool intended for linearity evaluation
of envelope amplifiers is utilized without taking into account
the non-linear effects of the power amplifier (AM-AM and

AM-PM conversion). This tool can be successfully employed
in the optimization process for the final choice of an envelope
amplifier. The values of the figures of merit (EVM, ACPR)
quantified by this way are roughly the theoretical limits that
can be achieved. The acceptable values for the metrics adopted
are as follows: EVM.« = 3% and ACPR,;, = 40dBc. In
the case of Linear assisted EA, the minimum required gain-
bandwidth product of the operational amplifier is proportional
to the ratio between RF signal bandwidth and the return-ration
of the feedback loop with a factor of 8.5. The Legendre type
output filter is identified as the optimal solution in the case
of PWM switched EA, with a cut-off frequency of at least
two times higher than the RF signal bandwidth, which is
less conservative than in [30], where a ratio Bga/BW;s = 3
for (C/I)max = 41.87 is proposed. The switching frequency
should be at least two times higher than the cut-off frequency
and a sufficiently good time resolution of the digital hardware
controller (fex > 100 f.) should be maintained. It is shown
that at low switching frequencies (< 2 f.), the system linearity
is jeopardized due to the high switching ripple and low
sampling rate of the envelope signal, while at high switching
frequencies (> 4 f.), the dominant effect is the reduced PWM
modulation resolution. Lower switching frequencies are bene-
ficial from the point of view of power converter efficiency, and
such a design is also less prone to hardware imperfections that
arise with high switching frequencies. Using this methodology,
the minimum switching frequency and the minimum digital
control hardware clock frequency can be easily identified.

To back-up these assertions, two S-band EER transmitters
are fabricated and tested. It is proven that the second EER
is more prone to both hardware and control issues that limit
the maximum bandwidth of the system, although its power
conversion efficiency is superior to the first EA. The analyzed
EER transmitters can reproduce 16-QAM and 64—QAM sig-
nals up to 2.5 MHz manifesting an average efficiency of about
32%, with the first transmitter based on the Linear assisted EA
and 16-QAM signals up to 660 kHz RF bandwidth and the
average efficiency of 44%, with the second transmitter based
on the PWM switched EA. The estimated results based only
on the EAs are well in accordance with the real results of
the transmitters, particularly in the case of the ACPR values.
With this tool, design decisions for the EA bandwidth, filter
type, switching frequency, modulation carrier type, and control
pulse resolution could be made without the need for the EA
to be integrated with a power amplifier during the design and
optimization process.
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Fig. 23: Experimental results obtained with the EER transmitter based on the PWM switched EA: EA output voltage and EER
transmitter output voltage for a 665-kHz 64-QAM signal with the baseband spectrum.

Fig.

TABLE V: The summary of the experimental results for the PWM switched EA

RF signal . ACPRL ACPRR output efficiency
bandwidth [kHz] | Medulation type | PAPR [dB] [dBc] [dBc] EVMI%] | ower (W] | (%]
332.8 16QAM 5.1 36.7 373 1.28 1.58 43.95
64QAM 7.6 335 335 6.42 1.13 40.43
499.2 16QAM 5.1 34.7 35.0 3.37 1.59 44.23
64QAM 7.6 32.1 33.7 6.10 1.14 40.79
665.6 16QAM 5.1 34.4 34.2 4.49 1.60 44.51
64QAM 7.6 32.6 327 6.03 1.15 41.14
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24: Comparison of the predicted and measured EVM and

ACPR values in the case of the Linear assisted EA.
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