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AMPLIFIER WITH POWER DISSIPATION
REDUCTION USING SINGLE RADIO
FREQUENCY DIGITAL-TO-ANALOG

CONVERTER

Technical Field

[0001] The following provides examples of radio frequency signal power amplifiers
used for amplifying data signals, and the biasing of the power amplifiers to reduce power

consumption by the power amplifiers.

Background

[0002] A cable television (CATV) system is capable of providing a variety of media
content, such as video, data, voice, or high-speed Internet services to subscribers. The CATV
provider typically delivers the media content from a head end to its subscriber's client devices
over a transmission network such as a coaxial network, a fiber optic network, or a hybrid
fiber/coax (HFC) network. Requirements for data throughput (or bandwidth) in these CATV
networks are growing exponentially as customers demand more content, data services, etc.
Though improvements in encoding efficiencies and transport protocols have thus far allowed
cable operators to keep pace with subscriber and competitive demands, it is important to
continue the analysis of the various network elements that may enhance or inhibit the overall

performance of next-generation cable networks.

[0003] Most of the radio frequency (RF) amplifiers within the cable television network
operate in what is referred to as a "class A" mode of operation, which provides a very high
fidelity signal, often quantified in terms of signal-to-noise and signal-to-2nd, 3rd, 4th, Sth...
harmonic distortion products. However, the power consumption for the class A mode of
operation is on the order of 100 times higher than the composite power of an RF output signal.
This higher power consumption results from the need to accommodate significant and frequent
'peak to average' deviations from the effective signal power, which may include setting the
output RF root mean square (rms) amplitude of the amplifier at no more than roughly 25% of
the output rail-to-rail range of either voltage or current, depending on the implementation. The

higher demand for power consumption may drive up the cost of cable network products that
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require RF gain blocs (e.g., head end optical transmitters and receivers, fiber-optic nodes, RF

distribution amplifiers).

[0004] Amplifier power dissipation is a critical issue for high power RF amplifiers used
in the cable industry. These amplifiers are typically class A amplifiers and the bias current and
voltage are set to accommodate a large headroom for the RF signals. This is desirable because
the peak to average power ratio of the RF signals in use is very large, on the order of 14 dB.
Because a class A amplifier is biased to support the highest signals peaks, the resulting power
efficiency is low, on the order of 2-5%. An approach to resolve this issue is to dynamically
change the bias point of the amplifier such that the bias is high only when high signal peaks
need to be output. This is particularly effective in reducing power consumption because the
signal peaks in many signals occur only during a small fraction of the RF signal to be output.
Thus, when the bias may be changed rapidly to a higher bias state to accommodate such peaks
and then rapidly returned to a lower bias state that supports smaller signals. Using these
techniques, the average amplifier bias may be reduced significantly. For instance a factor 2-3
reduction in bias may be achieved. With digital to analog (DA) converter (DAC) driven
amplifiers and digital signal processing, the distortions induced by varying amplifier bias and
by generally operating amplifiers at a reduced bias point may be compensated to implement a

high performance RF amplifier with dynamic bias operation.

[0005] However, changing the bias of an amplifier that is amplifying an RF signal
requires two signals, the RF signal and a bias signal, instead of just one RF signal as with a
typical amplifier implementation. As a result, the provision of two signals requires two DAC
outputs from a signal processing stage that compensates for distortion effects due to the

dynamic bias operation.

[0006] Typical frequency ranges for the RF signal are 54-1200 or 108-1200 MHz. It is
found that in order to obtain an effective reduction of average amplifier bias by dynamically
changing the bias point the bandwidth of a “bias control signal” used to change the bias is
preferably as much as 200 MHz. These bandwidths are so large that DAC timing for RF signal
and bias signal becomes very critical. A DAC generating a bias signal may, for instance,
operate using a 750 MHz clock rate and a DAC generating an RF signal may operate using a
3000 MHz clock rate. This puts the RF signal bandwidth and bias signal bandwidth well within

the Nyquist range of the DACs. Digital signal processing is used to compensate cross-
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modulation products between bias signal and RF signal and RF signal distortions. Any change
in mutual timing of the two DACs, however, will cause a phase shift in the distortion products
and for that reason these DA converters are desirably phase locked to operate reliably as they
are synchronized to a single clock cycle. This becomes clear when comparing one 750 MHz
bias DAC clock cycle to 1200 MHz RF frequency; a single clock cycle shift on the bias DAC
would cause a delay of more than a full signal period. Even a single 3000 MHz clock cycle on
the RF DAC is still more than 120 degrees of phase shift for a 1200 MHz signal; much more
than may be tolerated in a distortion cancellation scheme. In practice it is difficult to
synchronize two high-speed DACs to a single clock signal and a good solution is not available

that does not require an ADC monitoring path to watch over the overall system performance.

[0007] Hence, there is a need to address amplifier power consumption as well as

reducing the number of components required to be supplied with power and RF signals.

Summary

[0008] Disclosed is an example of a method for reducing power dissipation in an
amplifier. The method includes receiving a combined digital signal at a digital-to-analog
converter (DAC). The combined digital signal may have at least a digital amplifier bias control
signal and a digital data signal. From combined digital signal, the DAC produces a combined
analog RF signal that includes an analog radio frequency (RF) data signal in a first frequency
band and an analog RF amplifier bias control signal in a second frequency band. The first
frequency band is a higher frequency band than the second frequency band and the first and
second frequency bands are mutually exclusive. The combined analog RF signal is output to a
filter. The filter filters the combined analog RF signal to output the analog RF data signal, and
to output the analog RF amplifier bias control signal. The RF data signal being configured to
be applied to a signal input terminal of an RF amplifier. The analog RF amplifier bias control
signal being configured to be applied to a bias control input terminal of the RF amplifier.

[0009] Also disclosed is an example of a cable television system node. The cable
television system node includes a pre-amplifier stage and a plurality of power amplifiers. The
pre-amplifier stage may include at least one filter. The pre-amplifier stage may also be
configured to receive a combined signal including a radio frequency (RF) data signal and an RF

bias control signal; filter the combined signal to separate the RF data signal from the RF bias
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control signal; and amplify the RF data signal to produce an amplified RF data signal. The
plurality of power amplifiers may be coupled to the preamplifier stage. Each of the power
amplifiers may be configured to receive the amplified RF data signal at a signal input terminal
and the RF bias control signal at a bias input terminal. Each of the power amplifiers may be
configured to, in response to the bias control signal being applied to a bias control input of the
power amplifier, dynamically adjust an overall bias of the power amplifier while amplifying the
received RF data signal.

[0010] In addition, an example of an amplification system is also disclosed. The
amplification system includes a digital to analog converter and a filter stage. The digital to
analog converter is coupled to receive a combined digital signal from a digital data processing
stage. The combined digital signal includes a digital data signal and a digital amplifier bias
control signal. A combined radio frequency (RF) signal that is an analog representation of the
combined digital signal is output. The filter stage coupled to the digital to analog converter.
The filter stage is configured to filter the combined RF signal to separate an analog RF data

signal and an analog amplifier bias control signal from the analog combined RF signal.

Brief Description of the Drawings

[0011] The drawing figures depict one or more implementations in accord with the
present concepts, by way of example only, not by way of limitations. In the figures, like

reference numerals refer to the same or similar elements.
[0012] FIG. 1 illustrates an example CATYV system.

[0013] FIG. 2 is a high level diagram of an example amplifier transfer characteristic

with digital predistortion applied.

[0014] FIG. 3 1is a graphical representation of an example amplifier transfer
characteristic with envelope tracking and digital predistortion for use in a CATV system, such

as that shown in FIG. 1.

[0015] FIG. 4A is graph of signal amplitude versus time that is useful for describing

envelope tracking signal generation.

[0016] FIG. 4B is a graph of bandwidth versus bias current modulation that is useful for

describing envelope tracking signal generation.
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[0017] FIG. 5 illustrates an example of an amplification system with envelope tracking
signal.
[0018] FIG. 6 is a flowchart of an example of a process for implementing a single

digital to analog converter such as that shown in the example of FIG. 5.

[0019] FIG. 7 illustrates a prior art illustration of a node amplification system
implemented using dual DACs, one DAC for generating a radio frequency signal and another

DAC for generating an envelope tracking signal.

[0020] FIG. 8 illustrates a cable television system node incorporating an amplification

system as described with reference to the examples of FIG. 1-6.

[0021] FIG. 9 is a waveform diagram of an example RF signal waveform with low

frequency signal and combined waveform output.

[0022] FIG. 10 illustrates an example of an amplifier system that adds a low frequency
signal with a high frequency signal to be amplified.

[0023] FIG. 11 is a signal diagram of an example CATV RF forward signal in 200-
1200 MHz band without a low frequency offset signal added.

[0024] FIG. 12 is a signal diagram of an example CATV RF forward signal with low
frequency offset signal added.

[0025] It should be understood that, while the accompanying figures illustrate examples
that include the portions of the disclosure claimed, and explain various principles and
advantages of those examples, the details displayed are not necessary to understand the
illustrated examples, as the details depicted in the figures would be readily apparent to those of

ordinary skill in the art having the benefit of the present disclosure.

Detailed Description

[0026] In the following detailed description, numerous specific details are set forth by
way of examples in order to provide a thorough understanding of the relevant teachings.
However, it should be apparent to those skilled in the art that the present teachings may be

practiced without such details. In other instances, well known methods, procedures,
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components, and/or circuitry have been described at a relatively high-level, without detail, in
order to avoid unnecessarily obscuring aspects of the present teachings.
[0027] Reference now is made in detail to the examples illustrated in the accompanying

drawings and discussed below.

[0028] FIG. 1 shows an exemplary cable television (CATV) system 100 operable to
deliver high-definition digital entertainment and telecommunications such as video, voice, and
high-speed Internet services. Generally speaking, the CATV system 100 refers to the
operational (e.g., geographical) footprint of an entertainment and/or information services
franchise that provides entertainment and/or information services to a subscriber base spanning
one or more towns, a region, or a portion thereof. Particular entertainment and/or information
services offered by the franchise (e.g., entertainment channel lineup, data packages, etc.) may
differ from system to system. Some large cable companies operate several cable
communication systems (e.g., in some cases up to hundreds of systems), and are known

generally as Multiple System Operators (MSOs).

[0029] Although the system is described below in the context of a wired network that
may include optical fiber elements, it is contemplated that it may also be practiced in the
context of a broadband wireless system. The cable network may take the form of an all-coax,
all-fiber, or hybrid fiber/coax (HFC) network, e.g., fiber to the last amplifier (FTTA). For
purposes of illustration only, FIG. 1 depicts a hybrid fiber-coaxial (HFC) network. An HFC
network is a broadband network that combines optical fiber and coaxial cable, strategically
placing fiber nodes to provide services to a plurality of homes. It should be understood that the
systems and methods disclosed in the present application may be employed in various networks

and the HFC network is merely shown as a non-limiting example.

[0030] The network shown in FIG. 1 is an HFC broadband network that combines the
use of optical fiber and coaxial connections. The network includes a head end 102 that receives
analog video signals and digital bit streams representing different services (e.g., video, voice,
and Internet) from various digital information sources. For example, the head end 102 may
receive content from one or more video on demand (VOD) servers, IPTV broadcast video

servers, Internet video sources, or other suitable sources for providing IP content.
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[0031] An IP network 108 may include a web server 110 and a data source 112. The
web server 110 is a streaming server that uses the IP protocol to deliver video-on- demand,
audio-on-demand, and pay-per view streams to the IP network 108. The IP data source 112
may be connected to a regional area or backbone network (not shown) that transmits IP content.
For example, the regional area network may be or include the Internet or an IP-based network,
a computer network, a web-based network or other suitable wired or wireless network or

network system.

[0032] At the head end 102, the various services are encoded, modulated and up-
converted onto RF carriers, combined onto a single electrical signal and inserted into a
broadband optical transmitter. A fiber optic network extends from the cable operator's
master/regional head end 102 to a plurality of fiber optic nodes 104. The head end 102 may
contain an optical transmitter or transceiver to provide optical communications through optical
fibers 103. Regional head ends and/or neighborhood hub sites may also exist between the head
end and one or more nodes. The fiber optic portion of the example HFC network 100 extends
from the head end 102 to the regional head end/hub and/or to a plurality of nodes 104. The
optical transmitter converts the electrical signal to a downstream optically modulated signal
that is sent to the nodes. In turn, the optical nodes convert inbound signals to RF energy and
return RF signals to optical signals along a return path. In the specification, the drawings, and
the claims, the terms "forward path" and "downstream" may be interchangeably used to refer to
a path from a head end to a node, a node to a subscriber, or a head end to a subscriber.
Conversely, the terms "return path", "reverse path" and "upstream" may be interchangeably
used to refer to a path from a subscriber to a node, a node to a head end, or a subscriber to a
head end. Also, in the specification, in the drawings, and the claims a node may be any digital
hub between a head end and a customer home that transports local requests over the CATV
network. Forward path optical communications over the optical fiber may be converted at the
nodes to Radio Frequency (RF) communications for transmission over the coaxial cable to the
subscribers. Conversely, return path RF communications from the subscribers are provided
over coaxial cables and are typically converted at a node to optical signals for transmission
over the optical fiber to the head end. Each node 104 may contain a return path transmitter that

is able to relay communications upstream from a subscriber device 106 to the head end 102.
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[0033] Each node 104 serves a service group comprising one or more customer
locations. By way of example, a single node 104 may be connected to thousands of cable
modems or other subscriber devices 106. In an example, a fiber node may serve between one
and two thousand or more customer locations. In an HFC network, the fiber optic node 104
may be connected to a plurality of subscriber devices 106 via coaxial cable cascade 111, though
those of ordinary skill in the art will appreciate that the coaxial cascade may comprise a
combination of RF amplifiers, taps & splitters and coaxial cable. In some implementations,
each node 104 may include a broadband optical receiver (not shown) to convert the
downstream optically modulated signal received from the head end or a hub to an electrical
signal provided to the subscribers' devices 106 through the coaxial cascade 111. Signals may
pass from the node 104 to the subscriber devices 106 via the RF cascade 111, which may be
comprised of multiple amplifiers and active or passive devices including cabling, taps, splitters,
and in-line equalizers. It should be understood that the amplifiers in the RF cascade 111 may be
bidirectional, and may be cascaded such that an amplifier may not only feed an amplifier
further along in the cascade but may also feed a large number of subscribers. The tap is the
customer's drop interface to the coaxial system. Taps are designed in various values to allow

amplitude consistency along the distribution system.

[0034] The subscriber devices 106 may reside at a customer location, such as a home of
a cable subscriber, and are connected to the cable modem termination system (CMTS) 120 or
comparable component located in a head end. A client device 106 may be a modem, e.g., cable
modem, MTA (media terminal adaptor), set top box, set top gateway, terminal device,
television equipped with set top box, Data Over Cable Service Interface Specification
(DOCSIS) terminal device, customer premises equipment (CPE), router, or similar electronic
client, end, or terminal devices of subscribers. For example, cable modems and IP set top boxes
may support data connection to the Internet and other computer networks via the cable
network, and the cable network provides bi-directional communication systems in which data
may be sent downstream from the head end to a subscriber and upstream from a subscriber to

the head end.

[0035] The techniques disclosed herein may be applied to systems compliant with
DOCSIS. The cable industry developed the international Data Over Cable System Interface
Specification (DOCSIS®) standard or protocol to enable the delivery of IP data packets over
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cable systems. In general, DOCSIS defines the communications and operations support
interface requirements for a data over cable system. For example, DOCIS defines the interface
requirements for cable modems involved in high-speed data distribution over cable television
system networks. However, it should be understood that the techniques disclosed herein may
apply to any system for digital services transmission, such as digital video or Ethernet PON
over Coax (EPoc). Examples herein referring to DOCSIS are illustrative and representative of

the application of the techniques to a broad range of services carried over coax.

[0036] References are made in the present disclosure to a Cable Modem Termination
System (CMTS) in the head end 102. In general, the CMTS is a component located at the head
end or hub site of the network that exchanges signals between the head end and client devices
within the cable network infrastructure. In an example DOCSIS arrangement, for example, the
CMTS and the cable modem may be the endpoints of the DOCSIS protocol, with the hybrid
fiber coax (HFC) cable plant transmitting information between these endpoints. It will be
appreciated that architecture 100 includes one CMTS for illustrative purposes only, as it is in
fact customary that multiple CMTSs and their Cable Modems are managed through the

management network.

[0037] The CMTS 120 hosts downstream and upstream ports and contains numerous
receivers, each receiver handling communications between hundreds of end user network
elements connected to the broadband network. For example, each CMTS 120 may be
connected to several modems of many subscribers, e.g., a single CMTS may be connected to
hundreds of modems that vary widely in communication characteristics. In many instances
several nodes, such as fiber optic nodes 104, may serve a particular area of a town or city.
DOCSIS enables IP packets to pass between devices on either side of the link between the
CMTS and the cable modem.

[0038] It should be understood that the CMTS is a non-limiting example of a
component in the cable network that may be used to exchange signals between the head end
and subscriber devices 106 within the cable network infrastructure. For example, other non-
limiting examples include a Modular CMTS (M-CMTS"™) architecture or a Converged Cable
Access Platform (CCAP).
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[0039] An EdgeQAM (EQAM) 122 or EQAM modulator may be in the head end or
hub device for receiving packets of digital content, such as video or data, re-packetizing the
digital content into an MPEG transport stream, and digitally modulating the digital transport
stream onto a downstream RF carrier using Quadrature Amplitude Modulation (QAM).
EdgeQAMs may be used for both digital broadcast, and DOCSIS downstream transmission. In
CMTS or M-CMTS implementations, data and video QAMs may be implemented on
separately managed and controlled platforms. In CCAP implementations, the CMTS and edge
QAM functionality may be combined in one hardware solution, thereby combining data and

video delivery.

[0040] Orthogonal frequency-division multiplexing (OFDM) may utilize smaller sub-
bands (compared to QAM carriers). For example, while a conventional DOCSIS QAM carrier
is 6 MHz wide, the CATV system may employ orthogonal frequency division multiplexing
(OFDM) technology with OFDM carriers that are approximately 25 kHz to 50 kHz wide. Thus,
where previously 100 QAM carriers were used, thousands of OFDM subcarriers may be used.
OFDM technology may be suitable for noisy signal conditions and may enable use of more of
the available spectrum without reducing the quality of server. In example implementations, a
cable network may use the QAM modulation for downstream speeds and boost upstream

speeds using OFDM.

[0041] Cable television power amplifier dissipation may be reduced by dynamically
adjusting the bias of such an amplifier such that the bias is high only when high peak output
signals are processed. This requires two signals to operate the amplifier, a radio frequency (RF)
signal and a dynamic bias control signal, typically produced by two digital to analog (DA)
converters that require tight synchronization. Frequency analysis shows that good results may
be achieved even when the bias control signal is limited to a frequency band less than the lower
cut-off of the RF signal band. It is proposed to combine the bias control signal and the RF
signal to be amplified into a single signal produced by a single DA converter and use RF
filtering to separate the signals into RF and bias control signals for use by the power amplifier.
This requires fewer DA converters and reduces DA converter synchronization concerns while
still providing an overall bias reduction. Further analysis also shows that the lower frequency
band that may be used for dynamic bias control may also be used to add a low frequency signal

to the RF band to find an optimum compromise between positive and negative peak excursions

10
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produced by the amplifier such that a further overall reduction in bias may be achieved. In this
case the low frequency signal is also output by the amplifier and is removed by RF filtering
after the amplifier. These methods may be used on their own or in combination to reduce power

amplifier power dissipation.

[0042] Analysis of the bandwidth of optimum bias control signals for CATV amplifiers
shows that preferably the bias control signal bandwidth is on the order of several 100 MHz.
Therefore both the RF signal to amplify and the bias control signal are wideband signals.
However, further analysis shows that significant average bias reduction may already be
obtained using bias signals having bandwidths up to 54 MHz or 108 MHz (for instance a factor
of 2). Based on this insight, for example, the analog RF bias control signal and the analog RF
data signal may be combined into one combined analog RF signal produced by a single DAC.
The analog RF bias control signal and the analog RF data signal may be separated by a diplex
filter at the amplifier to provide the bias signal to a bias control port of the amplifier and the RF
signal to the main signal port of the amplifier. This example has the advantage that it resolves
the issue of synchronization and also reduces the number of DACs and signal paths and, thus,
reduces the complexity of the amplifier. For this reason, the illustrated examples combine a
digital data signal and a digital bias control signal and provide the combined signal to a single
DAC. The examples separate the resulting combined RF signals using RF filters. The
respective RF data signal may be sent for separate amplification based on the application of the

RF bias control signal to an amplifier bias input.

[0043] Because the RF bias control signal may include components having very low
frequencies, the single DAC output frequency range may preferably include low frequencies,
such as approximately 0-54 MHz, approximately 0-108 MHz, approximately 0-200 MHz, or
the like. The RF bias control signal may be operated at a reduced signal to noise ratio since it
does not directly result in an amplifier output signal. This permits outputting the RF bias
control signal in the low frequency range from the DAC at a reduced signal level such that it
does not needlessly consume DAC headroom (maximum headroom is typically preferred to
optimize DAC performance). After separation from the combined RF signal, the RF bias

control signal may be, for example, separately amplified using a low frequency amplifier.

[0044] The examples illustrate that a single DAC may be effective to produce signals

for a class A amplifier that permit operation of the amplifier at a greatly reduced average bias.

11
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This may be done, for example, by adding signals to the RF signal output by the DAC such that
the amplifier bias and amplified output are manipulated to avoid amplifier clipping (exceeding
the peak output capability of the amplifier). It should be noted that these bias control signals
may be in addition to conventional Digital Pre Distortion (DPD) that is used to add distortion
compensation signals to an amplifier to obtain better linearity. The examples described herein
may be used independently from or together with DPD. In some examples, when using these
above described examples, DPD with added compensation of dynamic bias induced cross-

modulation distortions may also be applied.

[0045] FIG. 2 is a high level diagram of the transfer characteristic of an example
amplifier with DPD applied system. The amplifier has a more or less ideal input to output
transfer function, and the output voltage or output current that the amplifier may output is
limited by, respectively, a supply voltage or supply current provided to the amplifier. This is
illustrated in FIG. 2 as the dash-dot-dash lined curve, for a given input voltage a set output
voltage (or current) 230 is produced but the theoretical output voltage 220 saturates for large
input voltages (or currents) and approaches the supply voltage (or current) maximum (i.e.,

supply rails 210) shown in heavy dashed lines.

[0046] For example, when an amplifier is driven by a DA converter, Digital Pre
Distortion (DPD) may be applied to modify the input signal such that the output voltage
becomes a more linear function of the input voltage 220 to the extent that the amplifier is able
to produce the output voltage 230 that is limited by the supply rail voltage 210. As a result of
the more linear amplifier response, the amplifier may provide a better representation of large

input signals, but does not necessarily increase the peak output capability of the amplifier.

[0047] In order to increase the peak output capability of an amplifier, an amplifier
supply current and/or voltage rail needs to be adjusted when the amplifier needs to produce
large peak output voltages. This may be accomplished by using a technique referred to as
“envelope tracking” (ET) by tracking the envelope of the signal to output and increasing a bias
point when the envelope of the signal to be produced is large. This technique is illustrated in

the example of FIG. 3 for an amplifier that utilizes both Envelope Tracking (ET) and DPD.

[0048] A signal “envelope” may be defined as the peak amplitude values of a signal

over time. A signal’s “envelope” may be determined based on an analysis of the data to be

12
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transmitted. For example, a digital value representing a signal of 255 will have a different
output value than a digital value representing a signal of 50. As the digital values change, the
signal envelope changes a corresponding amount, by knowing the data content beforehand (by
using signal delays and the like), a signal envelope may be determined using knowledge of the
amplifier response to signals. Using the signal envelope, bias signals for biasing the supply
power provided to the amplifier may be generated and applied to the amplifier to enable the

amplifier to receive the correct supply power to amplify the input data signal.

[0049] FIG. 3 is a graphical representation of an example amplifier output with ET and
DPD for use in a CATYV system, such as that shown in FIG. 1.

[0050] For example, the envelope tracking signal may be used to adjust the rail voltages
of the power supplied to the amplifier. As shown in the example of FIG. 3, the voltage output
330 of the amplifier may remain within the rail voltages 310 when ET (and/or PDP) is not
used. However, when the input voltage is large enough such that the amplifier output would be
limited by a typical amplifier bias control signal, then the bias point of the amplifier is
increased by a bias control signal corresponding to an envelope tracking signal such that the
amplifier may support the peak output values 320 used by the input data signal. As a result, the
amplifier is no longer limited by a set (usually low) bias point but instead, the bias control is
dynamically adjusted as needed to more accurately represent an output signal. For example, the
output signal is less likely to be “clipped” at the boundaries of the amplifier’s performance

limit as set by the bias point.

[0051] As explained below with reference to later examples, the envelope signal may
be generated in the digital domain by rectifying the RF signal to output (for example, by taking
an absolute value of the corresponding RF signal) and generating an ET signal that tracks the
RF signal to be output. However, when envelope tracking and PDP are applied to the data
signal and a corresponding bias signal is generated as the input signal varies, the rail voltages
and/or the zero bias point of the amplifier may be adjusted in response to the amplifier bias
control signals generated based on the determined signal envelope allowing the amplifier to

output a signal of sufficient power.

[0052] FIG. 4A is a an example of ET signal generation. The small dashed line curve

represents a rectified RF signal and the red and green curves represent ET signals (labeled
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slave). These ET signals may be used to control an amplifier bias voltage and/or current and
ensure that the amplifier always has enough bias to produce the required output signal. While
the peak bias may be high, the average bias is much lower than the peak value that needs to be

produced.

[0053] Also note the difference between the green (slave raw) and red (slave) curves;
the red curve is more “rounded” than the green curve and therefore it contains less high
frequency content. An ET signal preferably obtains the best possible power dissipation
reduction for the least amount of bandwidth applied. The amplifier efficiency for a typical RF
signal load as used in the CATV industry was estimated as a function of bandwidth for the ET

signal.

[0054] FIG. 4B is an example chart illustrating the potential efficiency of CATV
amplifier with bias current modulation as a function of ET signal bandwidth for a few different
cases of ET bias variation with min 0, 5, 10 and 15 representing 0-100%, 25-100%, 50-100%
and 75-100% variation respectively. An example of such a CATV amplifier is shown in FIG. 7.
For example, amplifier power efficiency at very low bandwidth or without envelope tracking
the efficiency is limited to approximately 5% (shown as line 440 at the left hand Y-axis
intercept). However, using a higher ET signal bandwidth, the amplifier power efficiency may
be improved to approximately 30% (shown as 470 for a bias control signal bandwidth of
1GHz). However, such an improvement in amplifier power efficiency would require an

envelope tracking signal that has a very large signal bandwidth that exceeds 1 GHz.

[0055] In a more specific example within bandwidths usable in the context of a cable
television system implementation, a 108 MHz envelope tracking signal bandwidth is available
in which the power amplifier efficiency may be improved to approximately 15%. The 15%
efficiency (shown as 460 or 470) is approximately a factor of 3 improvement compared to a
power amplifier without using a form of envelope tracking. For 54 MHz of envelope tracking
signal bandwidth (shown as 450, 460 or 470) the efficiency may reach over 10% efficiency,

which is approximately a factor of 2 improvement in power amplifier efficiency.

[0056] In prior amplifier implementations, the RF signal and envelope tracking signals
are generated by two separate DA converters. For example, the input Rx data signal is

provided to or generated in an FPGA, the envelope of the signal is determined and the signal is
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pre-distorted and provided to the amplifier via the RF DA converter 710. The envelope signal is
provided to the amplifier via the ET DA converter 720 that controls a power supply and/or
amplifier bias point. In a node, such as 700 of FIG. 7 with multiple output ports using this prior
configuration may operate with a pair of DACs, one for the ET signal and one for the RF data
signal. In which case both the ET and the RF data signals are amplified and distributed over
multiple power amplifiers providing the output signals. This prior implementation requires two
DA converters 710 and 720 that each operate on a separate signal path and the delay difference
between the two signal paths must be held constant. Keeping this delay constant for the high
speed DA converters requires synchronization to a single DA converter clock cycle which is

not a trivial task.

[0057] FIG. 5 is a block diagram of an example RF amplifier system with an envelope
tracking signal with a single DAC system that provides the performance illustrated in the

examples described with reference to FIGs. 1-4.

[0058] The amplifier system 550 is capable of being used in a cable television system
node, such as node 104, to modulate an amplifier power supply so as to efficiently attain
amplified RF signal output power with a lower power dissipation than previous amplifiers. The
amplifier system 550 includes a receiver 500, a combiner 535 implemented in digital signal
processing, a digital to analog converter (DAC) 540, a filter 545, a power supply 570 and a gain
block 560.

[0059] The receiver 500 may include a number of components. For example, the
receiver 500 may include a decompression or signal generation module 510, a compensating
delay element 520, an envelope detector 580 and an optional predistortion circuit 530.  The
receiver 500 may output signals from the envelope detector 580 and the delay 520. In
examples that include the optional predistortion circuit 530, the output will be from the
predistortion circuit 530 instead of the delay 520. The output signals from the receiver 500
may be, for example, a digital bias signal (from the envelope detector 580) and a digital data
signal (from the delay 520 or predistortion circuit 530). In some examples, the optional
predistortion circuit 530, may be present and be selectable. For example, the selection of
whether predistortion will be added to the digital data may be based on application of a control

signal, based on a determined type of data more susceptible to amplifier distortion or the like.
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[0060] In operation, the receiver 500 obtains digital data by either generating the data or
receiving the data from a source, such as a content server, media source or the like. The data, if
compressed, is decompressed by the decompression module 510. The receiver 500 generates a
digital signal. Prior to amplifying the decompressed data, the receiver 500 introduces a delay
520 before processing the signal by an optional pre-distortion module 530. The digital data

signal is output from the receiver 500 and input to the combiner 535.

[0061] The delay 520 compensates the timing of the digital signal to match the timing
of the ET signal derived from the digital signal. The receiver 500 preferably includes an
envelope detector 580 that analyzes the decompressed digital data, i.e. the same data that will
converted to the input data signal applied to the amplifier 350, and uses the data to create a bias
control signal to the power supply 570 through DA converter 390. The bias control signal
(which indicates the envelope of the RF data signal to be amplified) may comprise any one of a
number of alternate forms. For example, in a simple example, the power supply 570 may be
modulated in a binary manner between a normal (low) bias point used during the periods when
the signal is not experiencing signal peaks and a peak (high) bias point when the signal is
experiencing signal peaks. Because of the delay 520, the bias point of the amplifier 550 may be
modulated in a synchronous manner with the signal being amplified so that the bias point is

raised as the signal reaches a peak and is lowered as the signal falls from the peak.

[0062] In other examples, more complicated modulation schemes may be employed,
such as switching the bias between more than two bias points to account for variances in the
amplitudes among signal peaks, or even modulating the bias control voltage or current of the
power amplifier in a manner that is linear with respect to the signal amplitude at any point in
time. It should be understood that the delay 520 may be introduced at any time before
amplifying the data so that the amplified data coincides with the bias control signal, and that
the illustration of the delay occurring after decompression is illustrative only, particularly given
that some systems may not include compressed data, or otherwise need to decompress data for

amplification.

[0063] The envelope detector 580, for example, may detect both positive and negative
peaks, and may calculate the absolute value of a representation of the RF signal to be amplified
before performing a peak detection or power detection operation. The amount of delay 520 is

set such that the bias signal, after filtering by filter 545, may reach a peak value concurrently

16



WO 2018/118749 PCT/US2017/066947

with a peak in the RF data signal to be amplified by the gain block 560 as will now be

described in more detail.

[0064] The envelope detector 580 outputs a digital bias control signal to the combiner
535. The combiner 535 and the digital data are combined to form a combined digital data
signal. The combined digital data signal is applied to the DA converter (DAC) 540. The DAC
540 is configured to output signals in a frequency band below the lower cut-off frequency of
the CATYV frequency band. This means that in addition to outputting the RF data signal, the RF
bias signal (which indicates the envelope of the RF data signal to be amplified) may be output
by the RF DAC in a frequency band below the CATV downstream frequency band of 54-1200
or 108-1200 MHz. For example, the bias control signal may be in the frequency range of
approximately 0-54 MHz, 0-108, or 0-200 MHz including any guard bands. This means that
both the RF downstream signal and the RF bias control signal (i.e., envelope tracking) signal
may be produced by a single DAC 540 and later separated by RF filter(s) 545 to produce
separate RF bias control signals and RF data signals. The RF bias control signals are applied to
the input of the power supply 570 which in turn supplies power to the gain block 560. The RF
data signal is applied to the gain block 560. The gain block 560 amplifies the RF data signal
within the power limits supplied by the power supply 570. As a result, power is not wasted as
the power supply 570 supplies power as needed to accommodate the fluctuations of the input

RF data signal.

[0065] As may be appreciated by those of ordinary skill in the art, the receiver 500 may
use signal processing to predict power envelopes and automatically compensate for amplifier
artifacts due to power supply modulation by generating a power supply modulation
compensation signal in the output DA converter. The bias point of the amplifier (current and/or
voltage) may be controlled by application of the bias control signal to reduce amplifier
dissipation. In some examples, the receiver 500 may, on average, dissipate approximately 4
times less supply power for a given output power level. Less power used by the receiver 500
enables the use of smaller transistors, a smaller heat-sink, lower cost packaging, and a

reduction of the node size and power consumption.

[0066] It should be noted that while examples disclosed herein describe a node
amplifier solution for power reduction, the concepts apply for other amplifiers in the cable

network. For example, amplifier examples may incorporate bias control of analog amplifiers
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cascaded in the field that may not be driven directly by DACs. In an amplifier in the cascade of
amplifiers, lower cost amplifiers are desirable. As disclosed, examples for the cascaded
amplifier may allow use of a lower cost amplifier via the reduction of the average power
dissipation with a higher output power capability as an option. Where the cable network has
been upgraded, lower cost amplifiers that reduce power dissipation but accommodate brief

high-power output signals are desirable.

[0067] The disclosed digital forward architecture permits very low cost and power
efficient nodes. For example, the disclosed digital forward techniques allow low cost and
power efficient node designs that enable node replacement and also fiber deep architectures that
are currently inhibited by node cost and by maximum wavelength counts on fiber. Furthermore,
in examples where all processing is in the digital domain, there is flexibility in the band-split of
such a design. Almost any RF gain stage may benefit from the disclosed techniques where a
digitized input signal is made, delayed, and used as a decision input for a power supply and
predistortion input. Existing standard HFC gain stages do not have a benefit of the digitized
signal, thus the disclosed digital forward (and digital return) systems disclosed may benefit
from the disclosed techniques for the receiving side of the system and the corresponding output

RF gain stage (with a cost effective, minimal functional blocks/cost addition).

[0068] It should be noted that various implementations for the disclosed techniques are
possible wherein the supply voltage and/or the transistor bias are modulated. In a push-pull
output stage, for example, the push and pull transistors may be independently driven by DA
converters to permit true class B operation or class B operation combined with supply
modulation. Such manipulations may cause distortions in analog the output signal, however the
distortions are predictable. The digital predistort 530 in the receiver 500 may optionally be used

to mitigate the distortions.

[0069] It may be appropriate at this time to provide an example of a method for
improving the power amplifier efficiency that takes advantage of the foregoing observations.
FIG. 6 is a flowchart of an example method for providing a bias control signal to effect the
improved amplifier efficiency described above. The process 600 includes at block 610
receiving a combined digital signal at a digital-to-analog converter (DAC), such as DAC 540 in
FIG. 5. The combined digital signal may include a digital amplifier bias control signal and a

digital data signal.

18



WO 2018/118749 PCT/US2017/066947

[0070] The DAC 540, as discussed with reference to FIG. 5, produces, at block 620, a
combined digital signal that includes an analog radio frequency (RF) data signal in a first
frequency band and an analog RF amplifier bias control signal in a second frequency band. In
an example, the first frequency band is a higher frequency band, such as 54-1200MHz or 108-
1200MHz, than the second frequency band, such as 0-54MHz or 0-108MHz. In this example,
the first and second radio frequency bands are mutually exclusive. At block 630, the DAC
outputs the combined analog RF signal. The combined RF signal is applied to at least one RF
filter coupled to the RF amplifier. The at least one RF filter is configured to produce an RF data
signal in the first radio frequency band and an RF amplifier bias control signal in the second
radio frequency band.

[0071] For example, the first radio frequency band for the RF data signal may be, for
example, approximately 54-1200 MHz, approximately 108-1200 MHz, or 200-1200 MHz and
the second radio frequency band for the RF amplifier bias control signal may be, for example,
approximately 0-54 MHz, approximately 0-108 MHz or approximately 0-200 MHz including
any guard band. In some examples, a guard band between the first frequency band and the
second frequency band, having a bandwidth of 500 kHz to SMHz, may be included to avoid
interference with other signaling that may also be utilizing bandwidth within the first or second
frequency bands. For example, the second frequency band occupied by the bias control signal
may also be the band that is used for networking (e.g. Data Over Cable Service Interface
Specification (DOCSIS™)). As a result, the RF filter is configured to remove, or allow to pass,
the RF bias control signal needs so that it does not interfere with the networking signals. The
RF filter configuration may take into account any guard band within the second frequency band
of approximately 500 kHz. Of course, narrower or broader guard bands may be used
depending upon filter configurations, network signaling or data signaling requirements.

[0072] The filter, at block 640, filters the combined analog RF signal to output the
analog RF data signal. The RF data signal output from the DAC is configured to be applied to
a signal input terminal of an RF amplifier, and the analog RF amplifier bias control signal may
be configured to be applied to a bias control input terminal of a power supply of the RF
amplifier.

[0073] The at least one RF filter, for example, may be configured to separate at least
part of the bias control signal filtered from the second frequency band of the combined RF
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signal. Upon output from the at least one RF filter, the separated bias control signal may be
applied to a bias input of the RF amplifier via a separate path. A benefit of generating the bias
control signal as described herein is to modulate a bias point of the RF amplifier according to
the signal envelope of the signal to be amplified thereby eliminating a need for supplying a
constant amount of power to accommodate any peaks (positive or negative) in the RF data
signal to be amplified. As described in the foregoing examples, the an overall amplifier bias of
the RF power amplifier may be dynamically adjusted according to the RF amplifier bias control
signal, and as a result the amplifier bias control signal may track an envelope of the data signal
in the high radio frequency band.

[0074] Prior to the DAC receiving the combined digital signal, the digital signal may be
pre-processed to provide the digital data signal and the digital bias that are combined to form
the combined digital signal. For example, the digital data signal is delayed to allow the peak
amplitude to be measured and to generate an envelope signal that has the same timing as the
digital data signal. In addition, the delayed digital data may have digital predistortion applied
to signal to reduce amplifier distortion by the RF amplifier. Signal predistortion may be applied
only to the RF data signal, not to the bias control signal. In addition, or alternatively, to the
signal predistortion, a digital compensation signal may be applied to the digital data signal to
compensate for dynamic bias induced distortion to the delayed digital data signal.

[0075] FIG. 7 illustrates a prior art illustration of a node amplifier having both a RF
signal DAC and ET signal DAC. In this implementation, the node 700 utilizes a pair of digital
to analog conversion (DAC) devices are 710 and 720. The DAC 710 coverts the digital data
signal to an analog RF signal that provided to the preamplifier stage 730. The pre amplifier
stage 730 provides some amplification and distributes the pre-amplified RF data signal to each
of the power amplifiers 741-744 in the node 700 for distribution. In addition, a digitized
envelope tracking signal may be provided to the envelope tracking DAC 720. The signal output
from the envelope tracking (ET) DAC 720 may be amplified by, for example, amplifier 722.
The ET DAC 720 may output a bias control to the power amplifiers 741-745. While only
power amplifiers 741-744 are shown for ease of discussion, more or fewer power amplifiers
may be included in the node 700. However, the prior art implementation of FIG. 7 utilizes two
DACs and does not provide the benefits described above or as described in the following

discussion of FIG. 8.
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[0076] FIG. 8 illustrates a cable television system node incorporating an amplification
system as described with reference to the examples of FIG. 1-6.

[0077] The node 800 may include an amplification system 805 and power amplifiers
841-844. The amplification system 805 may include a digital to analog converter 810 and a
pre-amplifier stage 807.

[0078] In general, a single DAC 810 outputs an RF data signal and an RF bias control
signal (i.e., an ET signal), these signals are separated by a diplex filter prior to the RF signal
being amplified by the RF pre-amplifier. The bias control signal is provided via a separate path
to control the bias point of the output power amplifiers.

[0079] In more detail, the digital to analog converter (DAC) 810 is coupled to receive a
combined digital signal from a digital data processing stage, such as receiver 500 in FIG. 5.
The combined digital signal may include at least a digital data signal and a digital amplifier
bias control signal. The DAC 810 may output a combined radio frequency (RF) signal that is
an analog RF representation of the combined digital signal to the pre-amplifier stage 807.
[0080] In this example, the DAC 810 is coupled to the pre-amplifier stage 807 and its
components. For example, the pre-amplifier stage 807 may include an RF filter stage 817 that
has at least one RF filter, a tilt compensation circuit 827, a pre-amplifier 837 and a splitter 847.
In the example, the RF filter 817 separates the RF data signal from the ET signal and provides
the signals at separate output terminals. The pre-amplifier stage 807, in this example, is
configured to receive the combined RF signal that includes at least the radio frequency (RF)
data signal and the RF bias control signal. The pre-amplifier stage 807 is also configured to
filter via the filter stage 817 the RF data signal and/or the RF bias control signal from the
combined RF signal.

[0081] As mentioned above, the input of filter stage 817 is coupled to the digital to
analog converter 810, the filter stage 817 filters the combined RF signal to separate the RF data
signal from the amplifier bias control signal. In more detail, the filter stage 817 may include a
first filter (not shown) that passes a first frequency band that includes frequencies between
approximately 54-1200 MHz and a second filter (not shown) that passes a second frequency
band that includes frequencies between approximately 0-54 MHz minus any guard band. Of
course, the filter stage 817 may include other filters that further filter narrow bandwidths within

each of the first frequency band and the second frequency band, or even frequencies outside
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either the first or second frequency bands. Alternatively the first frequency band may be
approximately 108-1200 and the second frequency band may be approximately 0-108 MHz
minus any guard band. In another alternative, the first frequency band may be approximately
200-1200 and the second frequency band may be approximately 0-200 MHz minus any guard
band. In this example, the at least one RF filter may be a diplex filter that removes the RF bias
control signal from the combined signal provided to the pre-amplifier stage 807. Continuing
with this example, the diplex filters may be configured to reject the lower frequency bias
control signals present in the combined RF signals.

[0082] Generally, amplifiers, such as video signal amplifiers, amplify lower frequency
signals within the first frequency band (e.g., 54-1200 MHz or 108-1200 MHz) as much as
higher frequency signals within the same frequency band. However in a coaxial cable network
cable transmission loss is much higher at high frequency than at low frequency. In order to
compensate for this possible unequal signal level in a coaxial cable plant, a tilt compensator
827 may be incorporated into the pre-amplifier stage 807 to compensate the video signals
within the RF data signal in order to bring the frequency profile of the signal back into
alignment. The tilt compensator 827 may be coupled to an amplifier 837 to boost the RF data
signal strength by amplifying the RF data signal output from the tilt compensator 827. A pre-
amplified RF data signal output from amplifier 837 may be applied to a splitter 847 that
delivers the pre-amplified RF data signal to the power amplifiers 841-844 for further
amplification.

[0083] The node 800 may also include a plurality of power amplifiers 841-844 While
only power amplifiers 841-844 are shown for ease of discussion, more or fewer power
amplifiers may be included in the node 800. The pre-amplifier stage 807 may be configured to
provide a signal including a radio frequency (RF) data signal and an RF bias control signal for
application to the power amplifiers 841-844. After filtering the respective first and second
frequency bands, the filter stage 817 outputs the RF data signal in the first frequency band to
the signal input terminal of the power amplifier and outputs the amplifier bias control (ET)
signal in the second frequency band to the amplifier bias control input terminal of the power
amplifier, such as 841 of the plurality of power amplifiers 841-844.

[0084] In this example, each of the power amplifiers 841-844 is coupled to the filter
817, for example, via the outputs from the pre-amplifier stage 807. Each power amplifier 841-
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844 also has an RF data signal input terminal 841-1 to 844-1, an amplifier bias control input
terminal 841-2 to 844-2, and output terminal 841-3 to 844-3, respectively. As such, each of the
power amplifiers 841-844 may be configured to separately receive the RF data signal at a
signal input terminal 841-1 to 844-1and the RF bias control signal at a bias input terminal 841-
2 to 844-2.

[0085] The amplifier bias control signal output from the filter stage 817 may be
provided via a separate path from the RF data signal the power amplifier 841-844. For
example, each of the power amplifiers 841-844 may be configured to, in response to the bias
control signal being applied to a bias control input 841-2 to 844-2 of the respective power
amplifier 841-844, dynamically adjust an overall bias of the respective power amplifier 841-
844,

[0086] Not shown in the example of FIG. 8 are the elements described above with
respect to FIG. 5 that may also be included at the node 800. For example, the amplification
stage 805 may also include prior to the DAC 810, a predistortion module configured to
introduce a predistortion to the RF data signal to compensate for amplifier distortion of the RF
data signal. The predistortion module may be further configured to introduce a dynamic bias
compensation to compensate for dynamic bias induced distortion of the RF data signal.

[0087] In addition, the amplification system may include a source for receiving or
generating a digital data signal; a delay element coupled to the source, and a combiner. As
discussed previously, the delay element is configured to delay the digital data signal to
compensate for the time used to generate the ET signal. The signal envelope determination
module may be coupled to the source. The signal envelope determination module may be
configured to generate a digital amplifier bias control signal representing an envelope of the
digital data. Similarly, the combiner is coupled to the delay element. The amplification system
may also include a digital predistortion module coupled the delay element and the combiner.
The digital predistortion module may be configured to predistort the digital data to compensate
for distortion introduced by the power amplifier. The amplification system may also include a
decompression element coupled to the source. The decompression element is configured to
decompress, if needed, digital data obtained from the source. The decompressed digital data is

output to the delay element and the signal envelope determination module.
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[0088] The ET signal frequency analysis described with reference to FIGs. 3, 4A and
4B shows that the ET signal may be limited to a frequency band that is below the lower cut-off
of the CATV frequency band. As described in the earlier examples, in addition to the RF
signal, the ET signal may be output by a single DAC in a frequency band below the CATV
downstream frequency band of 54-1200 or 108-1200 MHz.

[0089] The single DAC used to output an RF signal may also be considered to output a
low frequency signal that is not a bias control signal. For example, a single DAC may be used
output a low-frequency analog signal that, when added to the signal applied to the signal input
terminal of an RF amplifier, adjusts the relative positive and negative excursions of the signal
without adjusting the amplifier bias. This signal may provide a significant power reduction as
compared to previous systems. The single DAC produces an output signal containing bias
control information in the low frequency range and an RF signal to be amplified, where these
signals are separated by RF filters before the power amplifier. The separation may have a finite
cross-over bandwidth (e.g. a guard band); in principle this bandwidth may be wasted because it
is not used in a meaningful way. However, the single DAC example as described herein may be
further optimized by using this cross-over range. It should be noted that signals in the cross-
over range partly result in bias modulation and partly result in unintended low frequency RF
output signals. In systems where the RF amplifier is followed by a diplex filter, removing low
frequency signals with sufficient suppression may allow the inclusion of a low frequency bias
control signal and the low frequency RF output signal. In such examples where signal peaks are
isolated positive or negative excursions, a low frequency signal within the RF signal to be
amplified may be used to adjust the RF signal to be more negative in anticipation of a positive
signal peak or more positive in anticipation of a negative signal peak such that the peak level
does not exceed the amplifier peak output capability (i.e., the output signal is not “clipped”) for
a fixed or limited-range bias control signal. When positive and negative peaks do not occur in
rapid succession then even a low frequency signal in the RF signal to be amplified may be
sufficient to keep the signal within the amplifier output peak capability. Therefore adding such
a low frequency component to the RF signal to be amplified may also be effective at fitting the
signal within an amplifier peak output capability such that, for instance, the amplifier may be

designed with a lower peak capability for a given signal and/or application. Examples of
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inclusion of a low frequency component to the RF signal are described with reference to FIGs
9-11.

[0090] As discussed above, additional RF signals in the frequency band below the RF
signal frequency cut-off may be used to output an ET signal as was shown in FIGs 4A and 4B.
However, a part of the second frequency band (e.g., 0-54 MHz or 0-108 MHz) may also be
used to add a low frequency signal that is added to the RF data signal to be amplified such that
positive or negative peak output values produced by the power amplifier are reduced. For
example, if a large positive output peak needs to be produced to accommodate a particular RF
data signal, a low frequency signal having a negative value may be summed with the RF data
signal to thereby reduce the amplitude of the high peak that needs to be output by the amplifier.
[0091] Similarly for large negative peaks such a low frequency signal would preferably
have a positive value such that the negative peak to be output by the amplifier may be reduced.
The change rate of the low frequency signal may be limited such that for positive and negative
peaks in rapid succession the low frequency signal may be added to set to a compromise. Using
this concept a low frequency waveform may be constructed such that peak values (positive or
negative) may be reduced. An example waveform is shown in FIG. 9.

[0092] FIG. 9 is a waveform diagram of an example RF signal waveform with low
frequency signal and combined waveform output.

[0093] In the example of FIG. 9, the RF signal (930) has a peak with an amplitude, for
example of 1, that may be closely followed by a negative peak with, for example, value -0.6.
The low frequency signal (910) has a value of (-) 0.2 such that the positive and negative peaks
are reduced in magnitude to 0.8. As a result, amplifier bias (whether voltage or current) to
output a combined signal 920 with peak values limited to 0.8 may be reduced to 0.8 compared
to 1 for signals with peak values reaching 1. As a result, an approximate 20% reduction in
current and voltage results in an approximate 40% reduction in power in this example.
However, in practice when simulating with, for example, a flat multi-QAM CATYV signal, the
power savings may be on the order of approximately 20%. Of course, the low frequency signal
passes through the amplifier and is output by the amplifier. For example, in most CATV
systems, the low frequency band is used for upstream signals, and, at the output of the node, a
diplexer (not shown) may be used to separate upstream and downstream signals. As a result, a

low frequency signal output by the power amplifier may generally not be output by a node.
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However, diplex filters have finite suppression and adding a significant amount of low
frequency output power from the power amplifier may result in interference with upstream
signals. As a result, additional filtering may be added to reduce the low frequency signal at the
output of the amplifier.

[0094] Furthermore, input and output transformers and feedback capacitors in forward
band RF amplifiers are typically not designed to support frequencies significantly below the
CATYV forward RF signal band. Therefore, amplifier modifications may be made to the
amplifier to ensure proper addition of the low frequency signal to the amplifier. The low
frequency signal may be limited in bandwidth such that it may be separated from the intended
RF forward signal by an RF filter. In the example of FIG. 9, the example given spectra without
and with the low frequency signal are shown in figures 11 and 12 respectively. A system for
implementing the concept illustrated in FIG. 9 will now be described with reference to FIG. 10.
[0095] FIG. 10 illustrates an example of an amplifier system that adds a low frequency
signal with a high frequency signal to be amplified. The amplifier system 1050 includes a
number of components and elements that are similar to those of the amplifier system described
in FIG. 5. For example, the amplifier system 1050 includes a single DAC 1040, a filter stage
1045, a power supply 1070 and a gain block 1060. The receiver 1000 also includes elements
similar to those of receiver 500, such as a delay 1020 and an optional predistortion block 1030.
Since some operations of the circuits and components within the receiver 1000 are substantially
the same as those of receiver 500, a detailed description of those circuits and components will
not be repeated.

[0096] In order to generate a digital low frequency data peak reduction signal, a signal
envelope 1080 detection circuit may generate an amplifier bias signal as described above with
reference to FIG. 5, and may also generate a low frequency offset (LFO) signal that is based on
the known amplifier response limits to a predetermined input signal. For example, the
boundaries at which an amplifier will begin “clipping” the output signals are known. The LFO
signal may be generated based on these know amplifier boundaries and an analysis of the
digital data signal within the receiver 1000. As a result, a digital representation of the LFO
offset signal may be generated. Similar to the amplifier system 550 of FIG. 5, the amplifier
system 1050 may output from the receiver 1000, a digital data signal and a digital bias signal

that are combined at the combiner 1035. The output of the combiner 1035 may couple to
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another combiner 1037 that also receives the LFO signal from another output of the receiver
1000. The combiner 1037 combines the LFO signal with the combined digital signal
incorporating the digital bias signal and the digital data signal. The output of the combiner
1037 is a digital signal including the digital bias signal, the digital LFO signal and the digital
data signal, which is input to the DAC 1040. The DAC 1040, for example, produces a
modified combined analog RF signal. The modified, combined RF signal includes in addition
to the analog radio frequency (RF) data signal in the first frequency band (e.g., 54-1200 MHz
or 108-1200 MHz) and the analog RF amplifier bias control signal in the second frequency
band (e.g., 0-54 MHz or 0-108 MHz), an analog low frequency data peak reduction signal (e.g.,
LFO signal) in the second frequency band of the modified, combined RF signal. The modified,
combined is applied to the filter 1045 that passes the RF bias control signal to the power supply
1070. The low frequency data peak reduction signal in the second frequency band is summed
with the filtered RF data signal in the first frequency band. The low frequency data peak
reduction signal in the second frequency band that is summed with the filtered RF data signal in
the first frequency band is applied to the signal input terminal of the gain block 1060 of the RF
amplifier 1050. As a result, the amplifier 1050 may have reduced peak excursions of the
overall data signal in the RF amplifier as supported by the signal diagrams of figure 9 and
signal spectra of FIGs 10 and 11 that illustrate spectra without and with an LFO signal
respectively for the case that the LFO signal uses the 0-108 MHz signal band and an ET bias
control signal is not used. The ET or LFO signals may be used alone or in a combination such
that their spectra do not overlap.

[0097] FIG. 11 is a signal diagram of an example CATV RF forward signal in 200-
1200 MHz band without the low frequency signal added, and FIG. 12 is a signal diagram of an
example RF forward signal with low frequency signal added.

[0098] In FIG. 11, the example CATV RF forward signal in 200-1200 MHz band has
an approximate maximum power of 60 dB. As shown in FIG. 12, the added low frequency
signal 1210 is limited to about 108 MHz (shown in the left side of FIG. 12) and does not
interfere with an RF forward signal 1220 above 108 MHz, such as above 200 MHz in the
example shown from FIGs. 11 and 12. By adding a low frequency signal in the forward RF
path of a CATV downstream amplifier, the amount of bias required for output power amplifiers

such that the power dissipation may be reduced for a given RF output power requirement may
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be reduced. In some example, the low frequency signal may be generated to obtain an
improved best compromise between positive and negative peak values in the combined RF data
signals and low frequency (i.e., second frequency band) signals. The signal bandwidth of the
second frequency band signal may be limited to frequencies less than the forward CATV signal
band.

[0099] Aspects of the methods of the exemplary apparatus and method outlined above
may be embodied in programming, e.g. in the form of software, firmware, or microcode
executable by a user computer system, a server computer or other programmable device.
Program aspects of the technology may be thought of as “products” or “articles of
manufacture” typically in the form of executable code and/or associated data that is carried on
or embodied in a type of machine readable medium. “Storage” type media include any or all of
the tangible memory of the computers, processors or the like, or associated modules thereof,
such as various semiconductor memories, tape drives, disk drives and the like, which may
provide non-transitory storage at any time for the software programming. All or portions of the
software may at times be communicated through the Internet or various other
telecommunication networks. Such communications, for example, may enable loading of the
software from one computer or processor into another. Thus, another type of media that may
bear the software elements includes optical, electrical and electromagnetic waves, such as used
across physical interfaces between local devices, through wired and optical landline networks
and over various air-links. The physical elements that carry such waves, such as wired or
wireless links, optical links or the like, also may be considered as media bearing the software.

2%

As used herein, unless restricted to one or more of “non-transitory,” “tangible” or “storage”
media, terms such as computer or machine “readable medium” refer to any medium that
participates in providing instructions to a processor for execution.

[0100] Hence, a machine readable medium may take many forms, including but not
limited to, a tangible storage medium, a carrier wave medium or physical transmission medium.
Non-transitory storage media include, for example, optical or magnetic disks, such as any of
the storage devices in any computer(s) or the like. It may also include storage media such as
dynamic memory, for example, the main memory of a computer platform. Tangible

transmission media include coaxial cables; copper wire and fiber optics, including the wires

that comprise a bus within a computer system. Carrier-wave transmission media may take the
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form of electric or electromagnetic signals, or acoustic or light waves such as those generated
during radio frequency (RF) and light-based data communications. Common forms of
computer-readable media therefore include for example: a floppy disk, a flexible disk, hard
disk, magnetic tape, any other magnetic medium, a CD-ROM, DVD or DVD-ROM, any other
optical medium, punch cards paper tape, any other physical storage medium with patterns of
holes, a RAM, a PROM and EPROM, a FLASH-EPROM, any other memory chip or cartridge,
a carrier wave transporting data or instructions, cables or links transporting such a carrier wave,
or any other medium from which a computer may read programming code and/or data. Many of
these forms of computer readable media may be involved in carrying one or more sequences of
one or more instructions to a processor for execution.

[0101] Program instructions may comprise a software or firmware implementation
encoded in any desired language. Programming instructions, when embodied in machine
readable medium accessible to a processor of a computer system or device, render computer
system or device into a special-purpose machine that is customized to perform the operations
specified in the program.

[0102] It will be understood that the terms and expressions used herein have the
ordinary meaning as is accorded to such terms and expressions with respect to their
corresponding respective areas of inquiry and study except where specific meanings have
otherwise been set forth herein. Relational terms such as first and second and the like may be
used solely to distinguish one entity or action from another without necessarily requiring or

implying any actual such relationship or order between such entities or actions. The terms

2% 2% ¢ 2% ey

“comprises,” “comprising,” “includes,” “including,” or any other variation thereof, are intended
to cover a non-exclusive inclusion, such that a process, method, article, or apparatus that
comprises a list of elements does not include only those elements but may include other
elements not expressly listed or inherent to such process, method, article, or apparatus. An
element preceded by “a” or “an” does not, without further constraints, preclude the existence of
additional identical or similar elements in the process, method, article, or apparatus that
comprises the element.

[0103] The term “coupled” as used herein refers to any logical, physical or electrical
connection, link or the like by which signals produced by one system element are imparted to

another “coupled” element. Unless described otherwise, coupled elements or devices are not
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necessarily directly connected to one another and may be separated by intermediate
components, elements or communication media that may modify, manipulate or carry the
signals. Each of the various couplings may be considered a separate communications channel.

[0104] While the foregoing has described what are considered to be the best mode
and/or other examples, it is understood that various modifications may be made therein and that
the subject matter disclosed herein may be implemented in various forms and examples, and
that they may be applied in numerous applications, only some of which have been described
herein. It is intended by the following claims to claim any and all modifications and variations

that fall within the true scope of the present concepts.
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What is Claimed Is:

1. A method, comprising:

receiving a combined digital signal at a digital-to-analog converter (DAC), the
combined digital signal including at least a digital amplifier bias control signal and a digital
data signal;

producing, by the DAC, from the combined digital signal a combined analog RF signal
comprising an analog radio frequency (RF) data signal in a first frequency band and an analog
RF amplifier bias control signal in a second frequency band, wherein the first frequency band is
a higher frequency band than the second frequency band and the first and second frequency
bands are mutually exclusive;

outputting the combined analog RF signal to a filter; and

filtering, by the filter, the combined analog RF signal to output the analog RF data
signal, the RF data signal being configured to be applied to a signal input terminal of an RF
amplifier and to output the analog RF amplifier bias control signal, the analog RF amplifier
bias control signal being configured to be applied to a bias control input terminal of the RF

amplifier.

2. The method of claim 1, further comprising:
dynamically adjusting an overall amplifier bias of the RF amplifier according to
the RF amplifier bias control signal, wherein the overall amplifier bias tracks an

envelope of the RF data signal in the high radio frequency band.

3. The method of claim 1, wherein the combined digital signal further comprises:

a digital low frequency data peak reduction signal.

4. The method of claim 3, further comprising:
producing by the DAC a modified combined analog RF signal comprising in
addition to the analog RF data signal in the first frequency band and the analog RF
amplifier bias control signal in the second frequency band, an analog low frequency
data peak reduction signal in the second frequency band of the modified, combined RF

signal; and
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combining the analog low frequency data peak reduction signal in the second
frequency band with the filtered analog RF data signal in the first frequency band,
wherein the low frequency data peak reduction signal in the second frequency band
with the filtered analog RF data signal in the first frequency band are configured to,
when applied to the signal input terminal of an RF amplifier, reduce peak excursions of

the overall data signal provided by the RF amplifier.

5. The method of claim 1, further comprising:
delaying the digital data signal; and
applying digital predistortion to the delayed digital data signal to reduce
amplifier distortion by the RF amplifier.

6. The method of claim 1, further comprising:
delaying the digital data signal; and
applying digital predistortion and compensation for dynamic bias induced

distortion to the delayed digital data signal.

7. The method of claim 1, wherein the first radio frequency band is approximately 54-

1200 MHz and the second radio frequency band is approximately 0-54 MHz.

8. The method of claim 1, wherein the first radio frequency band is approximately 108-

1200 MHz and the first radio frequency band is approximately 0-108 MHz.

9. A cable television system node, comprising:
a pre-amplifier stage including at least one filter, the pre-amplifier stage configured to:
receive a combined signal including a radio frequency (RF) data signal and an
RF bias control signal,
filter the combined signal to separate the RF data signal from the RF bias control
signal; and
amplify the RF data signal to produce an amplified RF data signal; and
a plurality of power amplifiers coupled to the preamplifier stage, each of the power
amplifiers configured to receive the amplified RF data signal at a signal input terminal and the
RF bias control signal at a bias input terminal, wherein each of the power amplifiers is

configured to:

32



WO 2018/118749 PCT/US2017/066947

10.

11.

12.

13.

14.

15.

in response to the bias control signal being applied to a bias control input of the
power amplifier, dynamically adjust an overall bias of the power amplifier while

amplifying the received RF data signal.

The node of claim 9, wherein the RF data signal is in a first frequency band of
approximately 54-1200 MHz and the RF bias control signal is in a second frequency
band of approximately 0-54 MHz.

The node of claim 10, wherein the first frequency band includes a guard band of
approximately 500 kHz to 5 MHz and the second frequency band includes a guard band
of approximately 500 kHz to 5 MHz.

The node of claim 9, wherein the first frequency is approximately 108-1200 MHz and
the second frequency band is approximately 0-108 MHz.

The node of claim 12, wherein the first frequency band includes a guard band of
approximately 500 kHz to 5 MHz, and the second frequency band includes a guard
band of approximately 500 kHz to 5 MHz.

The node of claim 9, wherein the at least one RF filter is a diplex filter that removes the

RF bias control signal from the combined RF signal.

The node of claim 9, further comprises:

a predistortion module configured to introduce a predistortion to a data signal portion of

the combined signal to compensate for amplifier distortion of the RF data signal.

16.

The node of claim 15, wherein the predistortion module further configured to:

introduce a dynamic bias compensation for dynamic bias induced distortion of the RF

data signal.

17.

An amplification system, comprising:
a digital to analog converter, the digital to analog converter coupled to:
receive a combined digital signal from the digital data processing stage, the
combined digital signal including a digital data signal and a digital amplifier bias

control signal, and
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output a combined radio frequency (RF) signal that is an analog
representation of the combined digital signal; and
a filter stage coupled to the digital to analog converter, the filter stage configured to:
filter the combined RF signal to separate an analog RF data signal and an

analog amplifier bias control signal from the analog combined RF signal.

18. The amplification system of claim 17, further comprising:

at least one power amplifier coupled to the filter, wherein each of the at least one power
amplifier has an amplifier bias control input terminal, a data signal input terminal, and at least
one output terminal,

wherein the filter stage outputs the RF data signal to the signal input terminal of the at
least one power amplifier and outputs the amplifier bias control signal to the amplifier bias

control input terminal of the at least one power amplifier.

19. The amplification system of claim 17, further comprising:

a source for receiving or generating a digital data signal,

a signal envelope determination module coupled to the source, the signal envelope
determination module configured to generate a digital amplifier bias control signal representing
an envelope of the digital data;

a delay element coupled to the source, the delay element configured to delay the digital
data signal to compensate for processing performed by the signal envelope determination
module; and

a combiner, coupled to the delay element and the signal envelope determination
module, configured to combine the digital data signal and the digital amplifier bias control

signal.

20. The amplification system of claim 19, further comprising:
a digital predistortion module coupled the delay element and the combiner, the digital
predistortion module configured to predistort the digital data to compensate for distortion

introduced by the at least one power amplifier.
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21. The amplification system of claim 19, further comprising:
a decompression element coupled to the source, and configured to:
decompress digital data obtained from the source that has been compressed; and
output the decompressed digital data to the delay element and the signal

envelope determination module.

22. A method, comprising:

receiving a combined digital signal at a digital-to-analog converter (DAC), the
combined digital signal including at least a digital amplifier bias control signal and a digital
data signal;

producing by the DAC a modified combined analog RF signal comprising in addition to
the analog RF data signal in the first frequency band and the analog RF amplifier bias control
signal in the second frequency band, an analog low frequency data peak reduction signal in the
second frequency band of the modified, combined RF signal;

combining the analog low frequency data peak reduction signal in the second frequency
band with the filtered analog RF data signal in the first frequency band, wherein the low
frequency data peak reduction signal in the second frequency band with the filtered analog RF
data signal in the first frequency band are configured to, when applied to the signal input
terminal of an RF amplifier, reduce peak excursions of the overall data signal provided by the
RF amplifier; and

outputting the combined analog RF signal to a filter.
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7113

/ 660

610

RECEIVING A COMBINED DIGITAL SIGNAL AT A DIGITAL TO-ANALOG
CONVERTER (BAC)

o 630

FRODUCING, BY THE DAC, FROM THE COMBINED DIGITAL SIGNAL A COMBINED
ANALOG RF SIGNAL COMPRISING AN ANALOG RADIO FREQUENCY (RF) DATA
SIGNAL IN A FIRST FREQUENCY BAND AND AN ANALOG RF AMPLIFIER BIAS
CONTROL SIGNAL IN A SECOND FREQUENCY BAND

QUTPUT THE COMBINED ANALOG RF SIGNAL TO AFILTER

o 540

FILTERING, BY THE FILTER , THE COMBINED ANALOG RF SIGNAL TO
QUTPUT THE ANALDG RF DATA SIGNAL

FIG. 6



PCT/US2017/066947

WO 2018/118749

8/13

47

Z Old

{18V "0

AMION
R MY H3MOA

3&vd

o O 174

N0
H3ANANY HIMOd

IR
o4
P

o ~§ Joppdg - —

i |
_ | 0EZ AOVLS
: o HAANGWY F8d
o ]
FINCONW DPS——
HIHTANY B3O
FWICON

HIA WY Y3MO

4

0id

ain




PCT/US2017/066947

WO 2018/118749

8/13

8 Ol

ERglelely
L, H3LETNY
cppp HAMO

A 4

N

o8

FMACN
e dNY
pppg  BAMO

A%

ps

L
L-E8G

35V

ain

FHIOW
HA A A
e-298 HIMO

&-IFy

s

A 3

TYNDIS L3

ERpvsil
HF A AN

pelpy BIMO

Al

N

498

\\_ e LELTL

LHL

FINCOONW Y - 3xd

208~

35374000
41

0ig

g08




WO 2018/118749 PCT/US2017/066947

10/13

vl st - uy
- e e = ‘9
1 % ST *
' hand
& Hsn L o
&P ™ -
] P e
:ﬂ:J =3 ¥ B o Il
= £ Q o
G £ = ol
X (D W . S 2]
w B 8 RS ol . @
?3: d T —— x
I - B T N I ] e S .
12 2 & vt S
8 F oy LN , &
=8 2 I B i -
] e el & o i e . e
o O \ " 3.;.-"‘ A
— e
i E -ﬂr"_”.mm;‘s w3
H RS ] <
| - o
""""""""""" o i G e (;
—— =~ L
Rieadon — o
has
I PRRRFTCL - |
. w\-_!‘__‘::‘,:? N m
g Nt *
i ‘ PEEPFEY, Rbbjuigpiey @ @
I TP NPT AROS SrPeTR PPOT Y X = 4 )
o R LR TR LR e e bt o 2 o
5 E?:mw::;::-- 4
Foroporeenats S by :
e 1 =
s g : -
B, ™ -~
Fmve e g‘j -
eI R i \ =
‘i‘naw’
R L
B T 12}
- . —— 2 e
B ¥ S . on x;
s 32 e At 3 e v g - o~
A e hmen o)
R . LIWUS W &
N =
I S tes haned -
e
. o pefuni N
FENS S
___,f::u-
Ko lﬁo
P o1
[T R :S.S'-Ew 1“:
*'&'hﬁ—v bl
s
-y
N!:‘;‘
oo M 5 S b 7 i,
i = B
s I
- 0w e 9w o ©o & & 9« = o
o < 3 o 2 Q@ o o



PCT/US2017/066947

WO 2018/118749

1113

HDOTE NIVD

HILHIANDCD

i

opoL

TYNDIS Y G3NIGINOD

041+ ¥
VAV 44
, SETE
N0 34
spoL -~
0904
NEE T
dAd SYIg 4y \\
0L08 ~ 0501

0} "Old

YO
LHOLSHISYd
oeoL - |
VLY YLD
g A40TIANS
TONDIS AVIEQ
(o4 oot~ , \\\u
0204 |
AONINOIHL MO
SSAUANODIEN
pit a
o00L - |
PiY
T LIONG ¥




bl Old

ZHD ATNINOTY
b g0 R o A g

o1~

PCT/US2017/066947

£

a1

174

1213

ar $3aMOd

0%

0y

0s

WO 2018/118749

1174
WM L0348 H3MO0d TYNDIS BNIOHO



PCT/US2017/066947

WO 2018/118749

1313

2% ¥i

¢l Old

ZHD AONINDEYHA

g0 90 ¥o

¥

NHLOAdS ¥3

MQd TYNDIS JINIBINCD

04

4P HIMOA



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2017/066947

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO3F1/32 HO3F3/189
ADD.

HO3F1/02 HO3F3/68

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO3F HOAL HO4N

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 20167099732 Al (PETROVIC BRANISLAV [US] 1-22
ET AL) 7 April 2016 (2016-04-07)
paragraphs [0036] - [0076]; figures 1-14
A US 2015/049822 Al (SCHEMMANN MARCEL F [NL] 1-22
ET AL) 19 February 2015 (2015-02-19)
paragraphs [0002] - [0077]; figures 1-21
A EP 0 768 765 Al (PIRELLI CAVI SPA [IT]) 1-22
16 April 1997 (1997-04-16)

column 1, line 6 - column 13, line 57;
figures 1-4

See patent family annex.

D Further documents are listed in the continuation of Box C.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance

"E" earlier application or patent but published on or after the international

- "X" document of particular relevance; the claimed invention cannot be
filing date

considered novel or cannot be considered to involve an inventive

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

28 February 2018

Date of mailing of the international search report

08/03/2018

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Fedi, Giulio

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2017/066947
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2016099732 Al 07-04-2016 US 2016099732 Al 07-04-2016
US 2017005677 Al 05-01-2017

US 2015049822 Al 19-02-2015 CA 2921299 Al 26-02-2015
EP 3036868 Al 29-06-2016
JP 2016530820 A 29-09-2016
KR 20160045811 A 27-04-2016
MX 349316 B 21-07-2017
US 2015049822 Al 19-02-2015
US 2015052573 Al 19-02-2015
US 2017170790 Al 15-06-2017
WO 2015026807 Al 26-02-2015

EP 0768765 Al 16-04-1997 AR 003862 Al 09-09-1998
AU 706928 B2 01-07-1999
BR 9604392 A 16-06-1998
CA 2187596 Al 13-04-1997
DE 69625564 D1 06-02-2003
DE 69625564 T2 10-07-2003
EP 0768765 Al 16-04-1997
IT MI952085 Al 14-04-1997
NZ 299545 A 19-12-1997
us 5812297 A 22-09-1998

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - wo-search-report
	Page 52 - wo-search-report

