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SYSTEM AND METHOD FOR LINEARIZING
POWER AMPLIFIERS

RELATED APPLICATION

This application 1s related to co-pending U.S. patent appli-
cation Ser. No. 14/063,518 entitled “Digital power encoder
tor direct digital-RF transmitter,” filed by Ma et al. on Oct. 25,
2013, and to U.S. patent application Ser. No. 14/063,543
entitled “System and Method for Linearnizing Power Ampli-
fiers,” filed by Ma et al. on Oct. 25, 2013 and incorporated
herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to linearization of
power amplifiers, and more particularly to the linearization of

a multi-level digital pulse-width-modulation encoder.

BACKGROUND OF THE INVENTION

A direct digital radio frequency (RF) transmitter (TX) has
several advantages compared to the digital-analog-RF trans-
mitters. The direct digital-RF transmitter arranges the digital-
analog interface close to the antenna, and thus fewer analog
components are involved. Typical analog 1ssues like In-phase
(I) and Quadrature-phase (Q) signals mismatch, local oscil-
lator leakage, and 1mage distortion can be largely alleviated
and even avoided. The direct digital-RF transmitter also
enhances system flexibility through multi-mode and multi-
band operation enabled by the agile digital signal processing.
In addition, the direct digital-RF transmitter 1s digital friendly
in nature, taking advantage of the increasing speed and den-
sity of digital processing as well as high-level integration.
Thus, the direct digital-RF transmitters have benefits for both
wireless base-station and mobile applications.

The direct digital-RF transmitter includes a switching
mode power amplifier (SMPA), such as a class-D or class-S
power amplifier, employing a particular power coding
scheme, such as DSM (delta sigma modulation), PWM (pulse
width modulation) and PPM (pulse position modulation) in
addition with a reconstruction band-pass filter (BPF).

In order to meet the stringent linearity requirement of mod-
ern wireless communications system, most of the conven-
tional SMPA-type transmitters use DSM as the power
encoder. Examples of such modulators include band-pass
delta-sigma modulation (BPDSM) based class-S power
amplifiers. See, e.g., U.S. 2003/0210746, U.S. 2006/
0188027, EP 2063536, and U.S. Pat. No. 7,825,724. The
DSM 1s a noise shaping function with feedback loops, which
can increase the m-band noise to the out-of-band spectrum.
The 1in-band signal-to-noise ratio (SNR) can be greater than
60 dB.

Although the high in-band SNR 1s desired, the near band
quantization noise can increase abruptly. Therefore, an
extremely high quality factor (QQ) for BPF 1s required to let the
filtered RF signal meet the spectrum emission mask. Further-
more, the DSM based direct digital-RF transmitter can cause
the overall power 1nefliciency, due to the low power coding
elficiency of the power encoder.

In terms of power, the RF power amplifier (PA) consumes
the most energy 1n the transmitter. A main advantage of this
transmitter 1s that the SMPA 1s always between ON (satu-
rated) and OFF (cut-oil) operating region, achieving high
peak elliciency. However, iI non-constant envelope signals,
which are common for 3¢ generation (3G) and 4” generation
(4G) cellular mobile communications systems, are encoded
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into the single bit digitized signals, the in-band power over the
entire digitized signal power, defined as the power coding

eificiency, 1s low, because the generation of quantization
noise 1s 1nevitable and widely spread throughout the fre-
quency domain due to the noise shaping function, which 1s
required from the system linearity specification. Because this
noise signal 1s also amplified by the SMPA, the unwanted
noise power becomes wasteful, which causes both excessive
power loss and total TX elliciency degeneration.

The low power coding elliciency comes from the noise
shaping 1n delta sigma power coding scheme. Alternatively,
some conventional coding schemes use various PWM tech-
niques to address the power coding efficiency. For example,
some new high-efficiency power coding schemes based on
the PWM 1nclude RFPWM and 3-level polar PWM architec-
ture. Because of the inherent nonlinearity of the PWM quan-
tization, the linearity performance degrades in the encoder.
Both power coding schemes are built with analog high-speed
comparators, which use the higher frequency of triangular or
saw-tooth wavelorm as the reference signal to be compared.

EP2575309 discloses a pre-emphasis linearization block
for a 3-level PWM power coding scheme. The pre-emphasis
block uses an 1nverse function of the transfer function of the
RFPWM power coding. The output of the pre-emphasis block
1s submitted to the input of the REPWM encoder. Ideally, the
pre-emphasis can correct the nonlinearity by the RFPWM
encoder. However, this 1s possible only when the inverse
function exists and can be analytically derived.

For example, the system of EP23575309 uses relatively
simple 3-level PWM, so the mverse function can be deter-
mined. However, for more than 3-level, e.g., 5-level RFPWM
encoding, the transfer function can become so complicated
that no solution can be derived for its inverse function, which
leads the difficulty to build the pre-emphasis block. There-
fore, this method 1s not suitable for high frequency transmis-
s10ms requiring complex encoding.

Hence, there 1s a demand for a new linearization method,
particularly for the high power coding efficiency power
encoder.

SUMMARY OF THE INVENTION

One objective of some embodiments of the mvention 1s to
compensate for the non-linearity of the direct digital-RF
transmitter, €.g., to meet the specification for wide bandwidth
high peak-to-average power ratio (PAPR) wireless commu-
nications signals.

Some embodiments of the invention are based on recogni-
tion that uniform distribution of values of the voltage thresh-
olds used by a pulse width modulator (PWM) for modulating
a signal limits capability of modulator to compensate for
non-linearity of the signal and high-frequency noise. Some
embodiments based on further realization and corresponding
justification that the power coding efficiency depends not
only on statistical property of the signal, but also on ratio of
positive or negative voltage thresholds. For example, in some
embodiments, a ratio of two voltage thresholds 1s between 0.3
and 0.4. In one embodiment, the ratio 1s 0.35.

Some embodiments of the invention are based on another
recognition that, additionally or alternatively to the non-uni-
form distribution of voltage thresholds, a non-uniform distri-
bution of values of a current generated by different switching
devices of a switch mode power amplifier (SWPA) for ampli-
tying the modulated signal can also improve the efficiency of
the power encoder. For example, 1n some embodiments, the
modulated signal 1s a multi-level PWM signal and the ratio of
the current generated for one level of the modulated signal to
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the current generated for the next level of the modulated
signal 1s between 0.2 and 0.4 inclusively.

One embodiment uses both non-uniform distributions of
the voltage thresholds and generated currents. The embodi-
ment provides a way to optimize the voltage and current
distributions as well as pre-emphasis linearization, and
improves the power coding etliciency by more than 5%.

Accordingly, one embodiment of the invention discloses a
power encoder including a pulse width modulator for modu-
lating a signal according to a set of thresholds including at
least two positive voltage thresholds to produce a pulse width
modulated (PWM) signal; and a switch mode power amplifier
tor amplifying the PWM signal by switching states of switch-
ing devices according to amplitudes of the PWM signal,
wherein at least one or combination of a distribution of values
ol the voltage thresholds 1n the set and a distribution of values
of a current generated by different switching devices are
non-uniform.

Another embodiment discloses a method for power encod-
ing including modulating a signal according to a set of thresh-
olds including at least two positive voltage thresholds to
produce a pulse width modulated (PWM) signal; and ampli-
tying the PWM signal by switching states of switching
devices according to amplitudes of the PWM signal, wherein
at least one or combination of a distribution of values of the
voltage thresholds 1n the set and a distribution of values of a
current generated by different switching devices are non-
uniform.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A 1s a block diagram of a power encoder employing
linearization according to some embodiments of the mven-
tion;

FIG. 1B 1s a block diagram of a pre-emphasis linearization
method according to some embodiments;

FIG. 1C 1s an example of a linearization mapping accord-
ing to one embodiment;

FI1G. 2 1s ablock diagram of building and searching look-up
table:

FIG. 3 1s a circuit schematic of this direct digital-RF trans-
mitter linearization method based on look-up table as
depicted 1n FIG. 2;

FIG. 4A 1s a schematic of determining the set of fixed
thresholds according to some embodiments of the invention;

FI1G. 4B 1s a flow chart of this direct digital-RF transmuitter
linearization method; and

FIG. 5 1s a block diagram of the direct digital-RF transmut-
ter according to some embodiments of the 1nvention.

FIG. 6 1s a block diagram of a power encoder according to
some embodiments of the invention;

FI1G. 7 1s a schematic of a modulation of the signal with a
set of voltage thresholds according to some embodiments of
the invention;

FIG. 8 1s a block diagram of a power encoder for producing,
the amplified output signal according to some embodiments
of the invention;

FI1G. 9 1s a table showing different combination of ratios of
voltage thresholds and generated currents for different levels
of the PWM signal according to some embodiments of the
invention; and

FI1G. 10 1s a flow chart of a method for dynamically select-
ing the set of voltage thresholds according to some embodi-
ments of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Advanced switch-mode power amplifiers (SMPAs), e.g.
class-S amplifiers, have become one of the key power ampli-
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fier architectures. The benefits of high theoretical power effi-
ciency and operational flexibility can enable next generation
direct digital-radio frequency (RF) transmitter (I1X) 1n
mobile communications systems like software-defined radio
(SDR).

The direct digital-RF transmitter utilizes class-S amplifiers
to amplity a high-speed pulse-train generated via a power
encoder, like delta sigma modulator (DSM), pulse width
modulator (PWM), or pulse position modulator (PPM). Usu-
ally a high-Q (>300) bandpass filter (BPF) 1s used to recon-
struct the signal back to analog RF. Notably, with the recent
advancement of Gallium nitride (GaN) RF transistor technol-
ogy, this architecture 1s gaining more attention, 1n particular
for pico-/macro-base station cellular applications.

The pulse width modulators (PWM) are used for highly
eificient switching power amplifiers, which are used for the
amplification of radio signals to be transmitted over an air
interface 1 a wireless or wired communications network. In
principle, the PWM allows for an 1deal conversion of signals
with continuous amplitude and limited bandwidth to a time
continuous signal.

However, the PWM are inherently nonlinear, which results
in the distortion of the modulated signal. Thus, 1n order to
maintain the required mtegrity/linearity of the signals, espe-
cially for suppressing the in-band noise tloor and out-of-band
image replicas, some embodiments of the invention pre-dis-
tort the data signal before its quantization.

FIG. 1A shows a schematic 10 of power encoder with
pre-emphasis linearization according to some embodiments
of the invention. An amplitude-phase splitter 11 splits an
input signal 11 into an envelope signal 111 and a phase
modulated signal 109. The envelope signal 111 represents
amplitudes of the input signal, and the phase-modulated sig-
nal 109 represents phases of the imput signal. A pre-distortion
unmit 12 distorts the envelope signal 11 using a look-up table
(LUT) to produce a distorted envelope signal 121.

Some embodiments of the invention are based on recogni-
tion that a transformation function of PWM is nonlinear, but
the mput signal, e.g., an envelope signal, has to be mapped
linearly by the power encoder. Furthermore, the nonlinearity
of the mapping depends on the transformation function and
cannot always be determined analytically.

Some embodiments are based on a realization that the
nonlinearity of the mapping can be determined experimen-
tally by applying the transformation function to the input data
and building a mapping, e.g., LUT, between the data inputted
to the power encoder and the data outputted by the power
encoding. It was further realized that 1t 1s possible to pre-
distort the input data based on the predetermined nonlinearity
mapping, such that the transformation function of PWM
transiorms the pre-distort data to the value linear to the input
data. To that end, the LUT stores a non-linear mapping of a
transformation function used by PWM 14 for the modulation,
as described 1n more details below.

Because only amplitudes of the mput signal have to be
corrected, a digital converter 13 combines the distorted enve-
lope signal 121 with the phase modulated signal 109 to pro-
duce a distorted mput signal 131. Next, the PWM 14 modu-
lates the distorted 1nput signal according to the
transformation function to produce a modulated signal 141
and an SMPA 15 amplifies the modulated signal 141 to pro-
duce a power encoded signal 151. A relationship between the
distorted 1nput signal and the modulated signal 1s non-linear.
However, because the distorted input signal was distorted
based on the transformation function of the PWM, the rela-
tionship between the original input signal and the modulated
signal becomes substantially linear.
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In one embodiment, the PWM 1s a radio frequency (RF)
PWM (RFPWM), and the digital converter up-converts the

distorted envelope signal and the phase modulated signal with
an RF carrier signal, such that the modulated signal 1s an RF
pulse train. In alternative embodiment, the PWM 1s an inter-

mediate frequency (IF) PWM (IFPWM), and the digital con-

verter up-converts the distorted envelope signal and the
phase-modulated signal with an IF carrier signal, such that the
modulated signal 1s an IF pulse train. This embodiment can
also 1nclude a second digital up-converter for converting the
IF pulse train to an RF pulse train and for submitting the RF
pulse train to the SMPA.

FIG. 1B shows a block diagram of a pre-emphasis linear-
1zation method according to some embodiments. The method
can be performed by a processor 100. The mapping, e.g., the
LUT 135, 1s determined 130 using a forward mapping by
applying the transformation function to a set of mput data
points. For example, the processor applies 120 the transior-
mation function 105 to the set of data points 115 of the input
to produce output data 125. The transfer function can be the
amplitude-to-amplitude (AM-AM) transfer function. The
LUT 135 1s determined 130 as a mapping between the mput
110 and the output 125 of the transformation.

In contrast, the distorted data 1s determined by a backward
mapping of the data point of the envelope signal by selecting,
140 using the LUT 135 an input to the transformation func-
tion corresponding to an output of the transformation func-
tion that 1s equal to the data point of the envelope signal.

For example, the input data received for processing by the
power encoder are distorted 140 using the LUT 135 to pro-
duce the distorted data. The distorted data 145 1s subsequently
encoded by the power encoder to produce encoded data, that
are linear with the mput data. The backward mapping 1is
performed for a set of data points of the input signal, such that
cach data point of the distorted input signal 145 equals to an
input to the transformation function corresponding to an out-
put of the transformation function that 1s equal to the data
point of the iput signal.

FI1G. 1C shows an example of the backward mapping using,
the LUT 135 according to one embodiment. The LUT 135
maps the mput X with the output Y of the transformation.
Various embodiments of the mvention use the LUT 135 to
pre-distort the input signal before the power encoding. For
example, the data point yv' 136 of the envelope signal is
mapped 137 to the value x' 138. The value 138 1s the pre-
distorted value of the corresponding data point of the dis-
torted envelope signal and 1s modulated with an aim to pro-
duce the linear mapping between the data point 136 of the
envelope signal and the corresponding point of the modulated
signal.

FI1G. 2 illustrates a diagram of a method for determining the
LUT 24 according to some embodiments of the invention. In
some embodiments the LUT 24 i1s determined adaptively for
cach portion of the input signal, €.g., a frame. In order to build
the LUT 24, the AM-AM transfer function 23 of the multi-
level quantizer needs to be derived first. For a general (2N+
1)-level quantizer, the amplitude-to-amplitude (AM-AM)
transier function can be

fla() = %ZN: cc-s[sin_l(ﬁ)], alt) = Vg b
=1

a(r)

i

where a(t) is the envelope of the input data, and V ,, , is the i”
threshold value, V<V, when 1=i<j=N.
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Next, the embodiments index the discrete LUT. The output
vector Y 1s the result calculated from the AM-AM function
with the defined input vector X, e.g., from V, , to 1 with the
fixed step, e.g. 0.001. This procedure 1s accomplished by
building the index 22 after the normalization 21 of the enve-
lope. Now, the LUT 24 1s reversely searched with the enve-
lope 1mnput Y' to select the closest pre-distorted output X'.
Another gain block 25 can re-normalize the pre-distorted
output to be the input of the following power encoder.

The LUT 24 can be composed to describe the mverse
behavior of the nonlinearity of the encoder, which 1s
described 1n Equation (1). Pre-distortion procedure can be
imposed according to the searched LUT wvalue. This LUT
searching algorithm has 1n theory no limitation on the number
of quantization level, which 1s an advantage over the analyti-
cal inverse function based pre-distortion scheme.

FIG. 3 shows a block diagram of a method for considering
SMPA nonlinearity according to an embodiment of this
invention. A direct digital-RF transmitter linearization
method 30 includes the linearization of both multi-level
power encoder 35 and SMPA 37. A primary portion of this
transmitter distortion correction 1s realized by the high speed
digital logic integrated circuit (preferably application-spe-
cific imntegrated circuit: ASIC), which includes two adders 39,
amplitude-phase splitter 31, LUT 32, digital encoder 34, and

digital down converter (DDC) 38. Within the digital encoder
34, there are two frequency up-converters 33 and 36, and a
multi-level IFPWM (ML-IFPWM) 35.

Some embodiments of the invention are based on a real-
1ization that by decreasing the PWM input carrier to an IF, and
then encodmg the IF signals by a PWM, the time-domain
quantization 1s extended and a magnitude of the quantization
increased. Thus, the accessible clock rate of current digital
Processors can 1mplement this power coding algorithm and
the direct digital output to SMPA becomes realizable.

The first up-converter 33 converts the pre-distorted enve-
lopeto an IF, and then feeds the ML-IFPWM 33. The encoded
result 1s further up-converted to RF by the second up-con-
verter 36. In the preferred embodiment transmitter 30, the
power amplifier 37 1s a switching power amplifier (preferably
class-S PA module) that accepts a multi-level pulse train as an
input, and amplifies the high-speed pulse train signal includ-
ing the necessary in-band imnformation.

Part of the SMPA 37 output 1s coupled and digitized back to
the digital down converter (DDC) 38, which down-converts
the RF signal back to the baseband as the teedback data. The

input data can be aligned with the feedback through a delay
block 310. The lower combiner 391 determines the error data
392 that are subtracted from the input data 1n advance by the
upper combiner 393 to produce the corrected data 394. This
teedback loop corrects the distortion of the SMPA 37. The
envelope of the corrected data 1s calculated by the amplitude-
phase splitter 31 (preferably a coordinate rotation digital
computer: CORDIC). The block LUT 32 pre-distorts the
envelope to correct the distortion of the ML-IFPWM 385.
FIG. 4A shows a schematic of a method for determining the
set of fixed thresholds, which 1s adaptive to each transmitted
frame or subirame according to some embodiments of the
invention. The method can be implemented by a processor 40
connected to a memory 42. The baseband 1nput data 41 of a
frame are stored 1n a memory 42 as vectors or arrays. Then,
the processor 40 determines 43 the probabaility density func-
tion (PDF) 44 from data in the frame. The PDF 1s integrated
45 to generate a curve 46 of the cumulative distribution func-
tion (CDF). From the CDF curve 46, a set of threshold values

48 are selected, e.g., the CDF curve 1s equally spaced. This
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process 1s adaptively repeated 49 frame by frame to ensure the
set of thresholds 48 remains optimal.

FI1G. 4B shows a flow chart 400 of the linearization method
according to another embodiment of the invention. The
embodiment determines 401 the corrected data by subtracting
the input data and the error 409 determined using a feedback
410 and extracts 402 the envelope of the corrected data. The
PDF 403 and the CDF 404 of the envelope are determined.
(Given the CDF, a set of threshold values for each quantization
levels 1s selected 405 from the CDF curve. The AM-AM
transier function 406 and the LUT 407 are determined as
described above, and used to pre-distort 408 the envelope of
the input data through searching the LUT 407. The steps are
adaptively repeated frame-by-frame to ensure that the power
coding efliciency 1s always optimized. The power encoder
412 encodes the pre-distorted data and output to the power
amplifier 411 for transmitting. A small portion of power can
also be fed back 410 to calculate the distortion error due to the
power amplifier 411.

FIG. 5 shows a block diagram of the direct digital-RF
transmitter 50 according to some embodiments. In these
embodiments, a pre-distortion block based on a LUT 1s
arranged before the encoder to further compensate for the
non-linearity. After the encoder, a 4-phase LO 1s employed to
up-convert the IF 1Q signal into RF band. Hence, this embodi-
ment 1s a two-stage digital up-conversion at a reduced sam-
pling rate. Because this 1s a pipeline architecture, the embodi-
ments can use a parallel implementation to increase the
sampling rate for higher time domain quantization to achieve
the desired linearity.

The input data are complex and includes both In-phase (I)
and Quadrature-phase (Q) paths. The complex mput 1s pro-
cessed by a coordinate rotation digital computer (CORDIC)
block 51 to convert the Cartesian data to polar data (1.e.,
envelope (ENV)and phase 0). A LUT pre-distortion unit 52 1s
enabled to pre-distort the ENV for linearity correction of the
nonlinear ML-IFPWM 34 power encoder. The output s noted
as PRE. The phase modulator 56 generates the phase modu-
lation (PM) IQ signal (LOz; and LOy,) at the IF carrier
frequency (e.g., 100-MHz for L'TE application). Two IF digi-
tal up-converters (DUCs) 53 mix the PRE with LO,., and
LO,zp, respectively.

The output of the IF DUCs 53 IF, and IFQ are encoded by
two ML-IFPWM power encoders 34, e.g., shown 1n FIG. 3.
The generated pulse trains are PWM,;and PWM,,. Another set
of digital up-converters mix PWM, and PWM,, with LOg,
1(1,0,-0,0,. .. } and LOg 4, 10,1,0,-1, .. . }, respectively. The
products are added by the combiner 55 to output RF, . (1.¢.,
RF,=PWM,LO;4+PWM,LOg.,) and then a mapper 57
converts the multi-level RF, = into the control bits signal.

Usually, a (2M-1)-level pulse train needs M control baits,
for instance, 2 bits for 3-level and 3 bits for 5-level IFPWM
signal. The M control bits are binary switching signal SW(O:
M-1) to control the switches (e.g., using GaN transistors) of
the power amplifier (e.g., class-S PA) 11 59. To {it the multi-
bits input, the power amplifier can be configured in H-bridge
tor 3-level signal, or the paralleled H-bridge for 5 or more-
level signal.

There can be also a feedback from the output of the power
amplifier. The feedback couples a small amount of power
back to the mput for characterizing the nonlinearity intro-
duced by the power amplifier. Before the power amplifier, a
butiler driver 58 1s required to synchronize the multi-bits input
and also provide some amplification to reach the power
amplifier’s input power requirement. Within 39, a bandpass
reconstruction filter (BPF) can also be included 1n the SMPA
module for filtering the out-of-band quantization noise in
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order to transmit the clean analog RF_ . and, e.g., the BPF or
another additional designed energy recycling block (e.g.
broadband RF-DC rectifier) can recycle RF power associated
with those undesired spectral components back to the SMPA
DC supply. The RF_ _ 1s suitable for transmission by an
antenna. Other conventional transmitter and receiver compo-
nents can also be used, e.g., an 1solator to eliminate the effect
ol power retlections.

Non-Uniform Distribution Values for Power Coding Effi-
ciency

FIG. 6 shows a block diagram of a power encoder 600
according to some embodiments of the invention. The power
encoder 600 includes a pulse width modulator 610 for modu-
lating a signal 630 according to a set of voltage thresholds 620
having including at least two positive voltage thresholds to
produce a pulse width modulated (PWM) signal 615. In one
embodiment, the modulator 1s a radio frequency (RF) modu-
lator, and the PWM signal 1s an RF pulse train. In alternative
embodiment, the modulator 1s an intermediate frequency (IF)
modulator, and the PWM signal 1s an IF pulse train.

The power encoder 600 also includes a switch mode power
amplifier (SMPA) 640 for amplifying the PWM signal 615 to
produce an output signal 645. The output signal 643 1s pro-
duced by switching states of switching devices 6350 of the
SMPA according to amplitudes of the PWM signal. In various
embodiments of the invention, at least one or combination of
a distribution of values of the voltage thresholds 620 and a
distribution of values of a current generated by different
switching devices 650 are non-uniform.

Some embodiments of the invention are based on recogni-
tion that uniform distribution of values of the voltage thresh-
olds used by a pulse width modulator for modulating a signal
limits capability of modulator to compensate for non-linear-
ity of the signal and high-frequency noise. Some embodi-
ments based on further realization and corresponding justifi-
cation that the power coding efficiency depends not only on
statistical property of the signal, but also on ratio of positive
or negative voltage thresholds. For example, 1n some embodi-
ments, a ratio of two voltage thresholds 1s between 0.3 and
0.4. In one embodiment, the ratio 1s 0.35.

FIG. 7 shows a schematic illustrating a modulation of the
signal 710 with a set of voltage thresholds 715 including five
values -V,, -V, V,, V, and V, to produce a five-level PWM
signal 720 according to some embodiments of the invention.
As can be seen from FIG. 7, the selection of the values of the
voltage thresholds governs the presence and the length, e.g.,
W, and W,, of the constant amplitude values of the PWM
signal 720.

In some embodiments of the invention, the distribution of
the values of the voltage thresholds 715 1s non-uniform. Spe-
cifically, the distance between neighboring voltage threshold
varies. For example, for two positive thresholds, 1.e., the first
voltage threshold V, and the second voltage threshold V ,, the
distance 740 between the values of the neighboring voltage
thresholds V,and V, does not equal the distance 730 between
values of the neighboring voltage thresholds V, and V. For
example, aratio a, =V ,/V, can be between 0.3 and 0.4 inclu-
stvely, e.g., a,=0.35.

Some embodiments of the invention are based on another
recognition that, additionally or alternatively to the non-uni-
form distribution of voltage thresholds, a non-uniform distri-
bution of values of a current generated by different switching
devices of the SWPA for amplilying the modulated signal can
also 1mprove the efliciency of the power encoder. For
example, 1n some embodiments, the modulated signal 1s a
multi-level PWM signal and the ratio of the current generated
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for one level of the modulated signal to the current generated
tor the next level of the modulated signal 1s between 0.2 and

0.4 1inclusively.

FIG. 8 shows a block diagram of the SMPA 810 for pro-
ducing the amplified output signal 815 by switching states of
switching devices, e.g., the switching devices 820, according
to amplitudes of the PWM signal. In some embodiments, a
number of switching devices 1n the SMPA 810 depends on a
number of voltage thresholds 1n the set 713. For example, in
one embodiment the PWM signal has (2n+1) levels, n 1s a
positive natural number, wherein the set of thresholds
includes n non-zero values of voltage thresholds, and the
SMPA 1ncludes 2n switching devices with non-uniform total
current capability for the n non-zero levels of the PWM sig-
nal.

The amplitudes of PWM signal 720 are converted by the
mapper 830 into the control signal. For example, for the
five-level PWM signal, the mapper 830 can include eight
ON/OFF switches to map or transform the PWM signal nto
a control bits signal. To fit the multi-bits 1nput, the power
amplifier 810 can be configured 1n H-bridge for 3-level signal,
or the paralleled H-bridge for 5 or more-level signal.

In some embodiments, a distribution of values of a current
generated by different switching devices 1s non-umiform. For
example, 1n some embodiments, the switching devices 820
are transistors having different dimensions to produce differ-
ent currents. For example, the transistors can be GalN transis-
tors with different width of the gates.

In one embodiment, the power amplifier includes 2n
switching devices for the nnon-zero levels of the PWM signal
to produce I current for each level, wherein a ratioa =V, _,/
V andaratioa=I__,/(I, _,+1 )arebetween 0.2 and 0.4 inclu-
stvely. For example, the power amplifier includes a first
switching device for generating a current with a first value I,
such that the power amplifier produces I, current for the first
level of the PWM signal and includes a second switching
device for generating a current with a second value 1,, such
that the power amplifier produces I, +1, current for the second
level of the PWM signal, wherein a ratio a=I,/(I,+I,) 1s
between 0.2 and 0.4 inclusively.

FIG. 9 shows a table with different combination of ratios
910 of voltage thresholds and generated currents for different
levels of the PWM signal. According to this table, one
embodiment improves the power coding efficiency with a
combination 920 of non-uniform distributions of the values of
the voltage thresholds and generated currents. The embodi-
ment improves the power coding efficiency by more than 5%.

For example, in one embodiment, the set of threshold
includes the first voltage threshold V', for the first level of the
PWM signal and the second voltage threshold V, for the
second level of the PWM signal, wherein a ratio a,=V,/V, 1s
between 0.3 and 0.4 inclusively. Also, the power amplifier
includes the first switching device for generating a current
with the first value I,, such that the power amplifier produces
[, current for the first level of the PWM signal, wherein the
power amplifier includes the second switching device for
generating a current with the second value I,, such that the
power amplifier produces I, +1, current for the second level of
the PWM signal, wherein a ratio a,=I,/(I1,+1,) 1s between 0.2
and 0.4 inclusively.

Dynamic Updates for Power Codding Efficiency

For 3-level fixed threshold PWM, the theoretical power
coding efficiency 1s:
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For 5-level fixed threshold PWM, the theoretical power
coding efficiency 1s:
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where x 1s the original baseband signal amplitude,
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X
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1s the PDF of x fitted by Rayleigh distribution, a 1s the pre-

distorted amplitude, V, and V, are two thresholds (V,<V,),
their ratio

and

2
xo=-V1—a?.
T

In the Equation (1), n,.,,. 18 only associated with input
signal’s T (x), therefore, any threshold value leads to the same
power coding efliciency, which 1s around 46% for this LTE
baseband signal. In the Equations (2a) and (2b), Mo pnz 1S DOt
only related to the mnput signal’s 1 (x), but also the thresholds
value ratio a. And there exists an optimum solution: when
a=0.3~0.4, the power coding elliciency 1s maximized to
around 77%. Furthermore, more analysis shows that, 0.=0.35
can apply to almost all Rayleigh distributed signal patterns for
five-level PWM as long as the fitted scale parameter of the
distribution 0=0.1, 0.2, . . ., 0.9, and that maximize power
coding efficiency.
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In some digital implementation of embodiments of the
invention, the absolute values of two thresholds are selected
not too large or too small in order to make the best of the
sampling resolution and not degrade the linearity perfor-
mance.

The modulated pulse width W of a 3-level PWM signal can
be represented as,

(3)

. [1— %sin_l(E)], a=V

Wia) =< 2/ 7T

where 1 1s signal’s carrier frequency, a 1s the instantaneous
envelope 1n each period, and v 1s the threshold value 1n the set
715. For any PWM signal with steady state width W, whose
fundamental harmonic’s amplitude 1s

4 (4)
x(a) = - ~sin(m - f. - Wi(a)).

Plugging Equation (3 ) into Equation (4) results in AM-AM
function

0, ()
x(a) = { 4 1%

— -ms[sin_l(—)], V=<a
T a

Similar to 3-level case, the AM-AM function of 5-level
fixed threshold PWM can be developed as

(0, O=a<V (6)
I B
| %{cms[sin‘l (%)] + cms[sin_l (%)]}, Vo <a

This can be accordingly changed when non-uniform cur-
rent distributions are used for switching devices, to linearize
by pre-distortion.

In order to meet the stringent linearity requirement of mod-
ern wireless communications, the pre-distortion can be used
to linearize the nonlinearity of PWM conversion. For 3-level
PWM signal, the pre-distorted signal a can be

Vv |4
= —

SR

4/

(7)
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For 5-level PWM signal, the pre-distorted signal a could be

(8)

i —

( 1

Vlgl(};')=vl Oi:X‘EXD
w2
Jl —(EJ:)
s 2
l +a2+ — (1—&52)2+(—xw)
\ TX 4
Vigr(x, ) = Vy Xo <X < —
ar\/Zz—(fx)z "
2

2
. and xp = —cos(sin () = “Vl-a2.
T T

Since both the in-phase (I) and quadrature (QQ) components
of the mput signal, X; and Xx,, are normally distributed, the
transmitted signal 1s a complex Gaussian variable. The enve-
lope x:\/xf+xQ2,, 1s Rayleigh distributed. The probability
density function of the Rayleigh fitted input envelope signal 1s
PDF

2 2

-x -
felx) = G_—fE' 202 CDF F,(x)=1—-¢e 252

The scale parameter o 1s calculated from

2
— E{x}.
N 7

For future computation convenience, define the partial
moment as

U l{l m  x* D (9)
)_ T30 252))

M, (x) = fxf"fx(r)ﬁfr — (zr;r?)*””(r(l + g
0]

where I'(z,a)=[ “t"'e~dt is the incomplete gamma function.
From (9), determine

o2 X _EEZ
Mi(x) = Ter’f N3 — xe 20-,
a

2

X

M>(x) = 20% — (2.-::-'2 + xzjﬂ_ 202

My =3, 2 f( i ] o2 4y
3(X) = Ter \/ﬁ —Xx(30* + x°)e :

where the error function erf(*) 1s defined as

(10)

erf (x) = ifxe_rzdr
Vv Jo |

The power coding etliciency function 1s the power ratio of
the desired 1n-band over the whole band 1n frequency spec-
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trum domain. For a modulated signal, the average power of
the 1n-band signal x,(t)=x cos(2A1 t) 1s

1 11
Ps(x) = ), Y

The total signal power equals to the waveform mean square
power 1n the time domain. For 3-level and 5-level,

Pr.-:.-r_S (x) = E{QﬁFW(f)} (12)

= E{l — %Sin_l(ﬁ)}'}jrﬂb{ﬂ = Vi)

7T 1

2
= E{l — ;cms_l(ﬁ)}.

f f (r)ch r

= EQ2fip[Wa (1) 1% + (W) (1) —

1 2 V 3 2 .V
=7 {1—;5111 (;)}+£E{l—;sml(§)}-

Probla > V7 1.

(13)
Pmr_i (x) =

W, (1)) -0.5%]) +

The general form of the average coding efficiency 1s

_ P é fﬂ R f (14)
TCODE = p ") fﬂlll ] %cms—l(ﬂr/ )]ﬁf(x)dx.

_ P % fﬂ P nd (15)
TCODE = p " (%) %E{l = %Sm 1(‘;1)}+ er

{l — %Siﬂ (Vz)} Probla > V> }

7T el

where a 1s expressed 1n (8),

The P,,, 5(x) can be written as

lEll— %sin 1(V1) (16)

4 74 a
lxﬂl
Zfﬂ(__sm(

A

3 [r T )
zfx ( (W, w)]]f’f(x) *

0

+§£[l—%s1nl(k)]:
a>¥y

7T

D Hx)dx +

Based on Equation (14), the power coding efficiency of
3-level PWM signal depends only on the signal statistical
property (1.e. 1,(x)). For 5-level PWM signal, in Equations
(15) and (16), besides the signal statistical property 1 _(x), the
power coding efficiency 1s also associated with another
parameter, a ratio o of values of voltage thresholds. Usually
f (x) 1s given from the specific input signal. The ratio ¢ 1s a
design parameter that can be optimized to minimize the
P,,. s(X), which lead to the maximum power coding effi-

ciency according to Equation (15).
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Some embodiments perform several approximations of
determination of the coding efficiency as follows:

Consider

/ \
2 1 p) 2
] — —Sill_l( ]= 1 — Zsin! 1 —(Ex)
T g1(x) T \ 2

in the first term of metric (16), the 3’ order Taylor series
expansion (at x=0) 1s given as:

taylor=x +

g(gx) .

Therefore, the first term of metric (16) can be approximated

as
1 o 1.7t .3 1 1 (17)
], (e (30 o= g0+ 5(3) M
Consider
2, 1
] — —sin
T g2(x, @)

in the second term of metric (16), the 3" order Taylor series
expansion (at x=0) 1s given as:

&,3

-1 & 2 3
taylor=1—- —sin " (@) + — (x — xp)" — — (x — Xo)”.
e 2x X0 2.?4.}'0

Therefore, the second term of metric (16) can be approxi-
mated as

(18)

0 2o o
1 . —Esm @) f(x)dx =
X0

1 2
—(l — Zsin Ha) + —](l — Fi(xp)) —
4 T

7 (M1(4 /) = M (x0)) + S—D(Mzwrr) Ma(x0).
Consider
2 1
] — —sin ( ]
T ang(-xa ﬂ:’)

in the last term of metric (16), the 3" order Taylor series
expansion (at x=0) 1s given as:

o (1 —a* + 3a™)
taylor = (x — xp) — 2—(3‘: x0)" +
X0

3
x—xa).
o2 ( 0)
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Therelore, the last term of metric (16) can be approximated
as

(19)

3 el 2. | 9,
—f (1 — —sIn ( ]]fx(x)cfx = —xo=(1 + a1l — F.(xp)) +
4 X T ng(-xa ﬂ'f) 8

O
3 2 4
2 (3+a” +3)(M(4/7) - My (x0))) -

1 +2a% + 3a*

SX{]

(Mr(4/7) — Ma(xo)) +

1 — a* + 3a*

8x5

(M3 (4/7) — Ms(xp)).

The approximated metric can also be formed by plugging,
(17), (18), and (19) into (16), to receive

1 1
IIEHZMl(X{])+ §(

l(1 _ Zsin ) + ﬂ](1 ~F(x0)) = —(My(4/70) — My (x)) +
4 .ﬂ' 2 x () 4 1 1 40

3 20
) M3(x0) + )

SN s

0% 3xp 2 +a°
— (M2(4/7) — Ma(x0)) —

8.%'0 A4 2 (l _Fx(xﬂ))'l'

3(1 +a?) 3o
2 (M (4/7)— M (x)) — T (M>(4/ 1) — M,ixg)),
X0

where M, (*), M,(*), and M;(*) are expressed 1 (10).

Computation shows that with ratio ¢=0.3~0.4 there 1s a
mimmum solution of (20). Moreover, further computation
demonstrates that, this optimum spot exists for all 0=0.1,
0.2, ..., 0.9. Theretore, the ratio a=0.35 can be used {for
various scenarios for 5-level fixed threshold PWM. Once the
optimized thresholds ratio 1s determined, some embodiments
select set of voltage threshold values for implementing the
optimum LUT pre-distortion unit and multi-level power
encoder.

FIG. 10 shows a flow chart of a method for dynamically
selecting the set of voltage thresholds according to some

embodiments of the invention. The input signal data 1001 1s
fitted 1002 by Rayleigh distribution to determine the scale
parameter 0. The probability density function (PDF) and the
cumulative distribution function (CDF) are determined 1003
using the scale parameter o. Next, the partial moment func-
tions are calculated 1004 using the PDF.

The fixed threshold PWM power encoder 1s modeled 1005
by the AM-AM function. For example, pre-distortion block 1s
modeled 1006 by the mverse function of the AM-AM func-
tion. The theoretical power coding efficiency target function
1s determined 1007.

In some embodiments, the method splits 1008 based on
quantization levels of the PWM signal. For 3-level case, the
power coding etficiency 1011 can be directly calculated. For
S-level case, the target function 1007 1s optimized by mini-
mizing the total signal power 1009. The optimum thresholds
rat1o 1010 1s determined to produce the 5 or more-level power
coding efficiency 1011. In one embodiment, the processor
determines, for each frame of the distorted input signal, the
set of fixed threshold, the transformation function, and the
LUT.

Although the mvention has been described by way of
examples of preferred embodiments, 1t 1s to be understood
that various other adaptations and modifications can be made
within the spirit and scope of the invention. Theretfore, 1t 1s the
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object of the appended claims to cover all such variations and
modifications as come within the true spirit and scope of the
invention.

We claim:

1. A power encoder, comprising:

a pulse width modulator for modulating a signal according
to a set of thresholds including at least five voltage
thresholds to produce a pulse width modulated (PWM)
signal having at least five levels; and

a switch mode power amplifier for amplitying the PWM
signal by switching states of switching devices accord-
ing to amplitudes of the PWM signal, wherein at least
one or combination of a distribution of values of the
voltage thresholds 1n the set and a distribution of values
of a current generated by different switching devices are
non-uniform, wherein 1n the non-uniform distribution of
values of the voltage thresholds a distance between val-
ues of a first pair of neighboring voltage thresholds does
not equal a distance between values of a second pair of
neighboring voltage thresholds;

wherein the set of threshold includes a first voltage thresh-
olds V1 for a first level of the PWM signal and a second
voltage threshold V2 for a second level of the PWM
signal, wherein a ratio av=vV1/V2 1s between 0.3 and 0.4
inclusively; and

wherein the power amplifier includes a first switching
device for generating a current with a first value I1, such
that the power amplifier produces I1 current for the first
level of the PWM signal,

wherein the power amplifier includes a second switching
device for generating a current with a second value 12,
such that the power amplifier produces 11+12 current for
the second level of the PWM signal, wherein a ratio
a1=I11/(I11+12) 1s between 0.2 and 0.4 inclusively.

2. The power encoder of claim 1, wherein the set of thresh-
olds 1ncludes a first voltage threshold and a second voltage
threshold, wherein a ratio of the first voltage threshold and the
second voltage threshold 1s between 0.3 and 0.4.

3. The power encoder of claim 2, wherein the ratio 1s 0.33.

4. The power encoder of claim 1, wherein the switching
devices of the power amplifier include transistors having
different dimensions to produce different currents.

5. The power encoder of claim 1, wherein the PWM signal
has (2n+1) levels, n 1s a positive natural number, wherein the
set of thresholds includes n non-zero values of voltage thresh-
olds, and wherein the power amplifier includes 2n switching
devices with non-uniform total current capability for the n
non-zero levels of the PWM signal.

6. The power encoder of claim 1, wherein the PWM signal
has (2n+1) levels, n 1s a positive natural number, wherein the
set of thresholds includes n non-zero values V, of the voltage
thresholds, and wherein the power amplifier includes 2n
switching devices for the nnon-zero levels of the PWM signal
to produce I current for each level, wherein a ratioa =V, _,/
V and aratioa=I__,/(I _,+I ) 1s between 0.2 and 0.4 inclu-
stvely.

7. The power encoder of claim 1, further comprising:;

an amplitude-phase splitter for splitting an input signal into
an envelope signal and a phase modulated signal;

a pre-distortion unit for distorting the envelope signal using
a look-up table (LUT) to produce a distorted envelope
signal, wherein the look-up table stores a non-linear
mapping of a transformation function;

a digital converter for combining the distorted envelope
signal with the phase modulated signal to produce a
distorted input signal, wherein the signal 1s the distorted
input signal, such that the modulator modulates the dis-




US 9,270,504 B2

17

torted input signal according to a transformation func-
tion with the set of thresholds to produce the PWM
signal, wherein a relationship between the distorted
input signal and the PWM signal 1s non-linear.

8. The power encoder of claim 7, wherein the modulator 1s
a radio frequency (RF) modulator, and the digital converter
up-converts the distorted envelope signal and the phase
modulated signal with an RF carrier signal, such that the
PWM signal 1s an RF pulse train.

9. The power encoder of claim 7, wherein the modulator 1s
an intermediate frequency (IF) modulator, and the digital
converter up-converts the distorted envelope signal and the
phase modulated signal with an IF carrier signal, such that the
PWM signal 1s an IF pulse train.

10. The power encoder of claim 9, further comprising:

a second digital up-converter for converting the IF pulse
train to a radio frequency (RF) pulse train and for sub-
mitting the RF pulse train to the switch mode power
amplifier.

11. The power encoder of claim 7, wherein a value of each
threshold 1s based on a probability density function (PDF) of
a portion of the iput signal.

12. The power encoder of claim 11, further comprising

a memory for storing a frame of the distorted input signal;

a processor for determining the PDF from data in the
frame, for integrating the PDF to generate a curve of a
cumulative distribution function (CDF), and for select-
ing values of each fixed threshold based on the curve.

13. The power encoder of claim 12, wherein the processor
determines, for each frame of the distorted nput signal, the
set of fixed thresholds, the transformation function, and the
LUT.

14. A method for power encoding, comprising:

modulating a signal according to a set of thresholds includ-
ing at least two positive voltage thresholds to produce a
pulse width modulated (PWM) signal having at least five
levels; and

amplifying the PWM signal by switching states of switch-
ing devices according to amplitudes of the PWM signal,
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wherein at least one or combination of a distribution of
values of the voltage thresholds 1n the set and a distribu-
tion of values of a current generated by different switch-
ing devices are non-uniform, wherein 1n the non-uni-
form distribution of values of the voltage thresholds a
distance between values of a first pair of neighboring
voltage thresholds does not equal a distance between
values ol a second pair of neighboring voltage thresh-
olds:

wherein the set of threshold includes a first voltage thresh-

olds V1 for a first level of the PWM signal and a second
voltage threshold V2 for a second level of the PWM
signal, wherein a ratio av=vV1/V2 1s between 0.3 and 0.4
inclusively; and

wherein the amplifying 1s performed with a power ampli-

fier including a first switching device for generating a
current with a first value I1, such that the power amplifier
produces I1 current for the first level of the PWM signal,
and

second switching device for generating a current with a

second value 12, such that the power amplifier produces
I1+I12 current for the second level of the PWM signal,
wherein a ratio ai=I1/(I1+12) 1s between 0.2 and 0.4
inclusively.

15. The method of claim 14, wherein the set of thresholds
includes a first voltage threshold and a second voltage thresh-
old, wherein a ratio of the first voltage threshold and the
second voltage threshold 1s between 0.3 and 0.4.

16. The method of claim 15, wherein the ratio 1s 0.335.

17. The method of claim 15, wherein the amplifying 1s
performed with transistors having different dimensions to
produce different currents.

18. The method of claim 14, wherein the PWM signal 1s an
intermediate frequency (IF) pulse train, further comprising:

converting the IF pulse train to a radio frequency (RF)
pulse train for the amplitying.

G o e = x
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