20107056416 A1 | I 000 O 010 0O 0

<

W

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

oo o
1 rld Intellectual Property Organization 2 ey
(19 World ntllectual Property Organzation /5523 |1} A N AUV
International Bureau S,/ 0
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
20 May 2010 (20.05.2010) PCT WO 2010/056416 Al
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
H04B 1/16 (2006.01) HO3F 1/02 (2006.01) kind of national protection available): AE, AG, AL, AM,
. o AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(21) International Application Number: CA. CH. CL. CN. CO. CR. CU. CZ. DE. DK. DM. DO
PCT/US2009/057198 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
16 September 2009 (16.09.2009) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
- . ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(26) Publication Language: English SE, 8G, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,
TZ, UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: . o
12/262,121 30 October 2008 (30.10.2008) Us (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant (for all designated States except US): APPLE GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
INC. [US/US]; 1 Infinite Loop M/s 40-pat, Cupertino, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
CA 95014 (US). TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV
(72) Inventor; and 2 i > 2 > A A > >
(75) Inventor/Applicant (for US only): SORENSEN, Robert MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,

74

[DK/US]; 1 Infinite Loop M/s, Cupertino, CA 95014
(US).

Agent: TREYZ, George, Victor; Treyz Law Group, 870
Market Street, Suite 984, San Francisco, CA 94102 (US).

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: ELECTRONIC DEVICES WITH CALIBRATED RADIO FREQUENCY COMMUNICATIONS CIRCUITRY

10
FIG. 1 e
ELECTRONIC DEVICE
12 18
r r
STORAGE AND WIRELESS
PROCESSING COMMUNICATIONS
CIRCUITRY CIRCUITRY
14 16
INPUT AND |/
BATTERY QUTPUT DEVICES

(57) Abstract: Circuitry for portable electronic devices is provided. The circuitry may include wireless communications circuitry
and storage and processing circuitry. The wireless communications circuitry may include an antenna and a radio-frequency power
amplifier with an adjustable gain mode. The radio-frequency power amplifier may amplify radio-frequency signals to a given out-
put power. The circuitry may include an adjustable power supply circuit that supplies an adjustable power supply voltage to the
power amplifier circuitry. The circuitry may also include a transceiver that produce radio-frequency signals at a specified input
power to the power amplifier circuitry. The storage and processing circuitry may be used in storing calibration data. The calibra-
tion data may specify adjustments to be made to the input power to the radio-frequency power amplifier, the gain mode setting of
the power amplifier, and the power supply voltage for the power amplifier to optimize performance while minimizing power con-
sumption.
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ELECTRONIC DEVICES WITH CALIBRATED
RADIO FREQUENCY COMMUNICATIONS CIRCUITRY

This application claims priority to United
States patent application No. 12/262,121, filed October
30, 2008, which is hereby incorporated by reference herein

in its entirety.

Background

This invention relates generally to wireless
communications circuitry, and more particularly, to
wireless communications circuitry with power management
capabilities.

Handheld electronic devices and other portable
electronic devices are becoming increasingly popular.
Examples of handheld devices include handheld computers,
cellular telephones, media players, and hybrid devices
that include the functionality of multiple devices of this
type. Popular portable electronic devices that are
somewhat larger than traditional handheld electronic
devices include laptop computers and tablet computers.

Due in part to their mobile nature, portable
electronic devices are often provided with wireless
communications capabilities. For example, handheld
electronic devices may use long-range wireless

communications to communicate with wireless base stations.
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Cellular telephones and other devices with cellular
capabilities may communicate using cellular telephone
bands at 850 MHz, 9200 MHz, 1800 MHz, and 1900 MHz.
Portable electronic devices may also use short-range
wireless communications links. For example, portable
electronic devices may communicate using the Wi-Fi® (IEEE
802.11) bands at 2.4 GHz and 5.0 GHz and the Bluetooth®
band at 2.4 GHz. Communications are also possible in data
service bands such as the 3G data communications band at
2170 MHz (commonly referred to as UMTS or Universal Mobile
Telecommunications System band). The use of 3G
communications schemes for supporting voice communications
is also possible.

To satisfy consumer demand for small form factor
wireless devices, manufacturers are continually striving
to reduce the size of components that are used in these
devices. For example, manufacturers have made attempts to
miniaturize the batteries used in handheld electronic
devices.

An electronic device with a small battery has
limited battery capacity. Unless care is taken to consume
power wisely, an electronic device with a small battery
may exhibit unacceptably short battery life. Techniques
for reducing power consumption may be particularly
important in wireless devices that support cellular
telephone communications, because users of cellular
telephone devices often demand long talk times.

It is important that power reduction technigues
for electronic devices be implemented in a way that allows
desired performance criteria be satisfied. As an example,
many wireless carriers specify minimum required values for
adjacent channel leakage ratio (ACLR). High adjacent
channel leakage ratio values are an indicator of poor

radio-frequency transmitter performance and must generally
2
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be avoided to ensure satisfactory network operation. When
minimizing power consumption, it would be advantageous to
be able to take into account performance characteristics
such as adjacent channel leakage ratio performance
characteristics, so that improvements in power consumption
performance do not inhibit satisfactory wireless
performance.

It would therefore be desirable to be able to
provide wireless communications circuitry for electronic

devices with improved power management capabilities.

summary

A portable electronic device such as a handheld
electronic device is provided with wireless communications
circuitry. The wireless communications circuitry may
include a radio-frequency transceiver, a power amplifier
that amplifies radio-frequency signals from the
transceiver, and an antenna through which the amplified
radio-frequency signals may be wirelessly transmitted.
The antenna and transceiver may also be used in receiving
radio-frequency signals.

The portable electronic device may have an

adjustable power supply. The power supply may provide a
power supply voltage to the power amplifier that helps the
portable electronic device satisfy performance constraints
such as minimum output power reguirements and regquired
levels of adjacent channel leakage ratio. Adjustments may
be made to the power supply voltage depending on regquired
output power levels and operating frequency. Adjustments
may also be made to the transceiver based on the operating
frequency.

Storage and processing circuitry in the portable
electronic device may be used to store calibration data.

The calibration data may be produced during global and
3



10

15

20

25

30

WO 2010/056416 PCT/US2009/057198

individualized calibration tests on the radio-frequency
circuitry of the portable electronic device. During
operation, calibration data may be used by the storage and
processing circuitry to produce control signals for the
transceiver, power amplifier, and power supply circuitry
that help the electronic device satisfy performance
constraints while minimizing power consumption through
selective power amplifier power supply voltage and gain
reductions.

Further features of the invention, its nature
and various advantages will be more apparent from the
accompanying drawings and the following detailed

description of the preferred embodiments.

Brief Description of the Drawings

FIG. 1 is a diagram of an illustrative
electronic device with wireless communications circuitry
having power management capabilities in accordance with an
embodiment of the present invention.

FIG. 2 is a circuit diagram of illustrative
wireless communications circuitry that may be used in an
electronic device with wireless communications circuitry
power management capabilities in accordance with an
embodiment of the present invention.

FIG. 3 is a graph showing how an adjustable
power supply circuit may provide a radio-frequency power
amplifier with different power supply voltages and how
different power amplifier gain settings may be used when
supplying various amounts of radio-frequency output power
in accordance with an embodiment of the present invention.

FIG. 4 is a graph showing how adjacent channel
leakage ratio characteristics may vary as a function of

transmitter frequency in electronic devices using wireless
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communications circuitry in accordance with an embodiment
of the present invention.

FIG. 5 is a graph showing how the amount of
input power that is required to produce a desired output
power with a radio-frequency transmitter power amplifier
in an electronic device may vary as a function of
frequency in accordance with an embodiment of the present
invention.

FIG. 6 is a graph of an illustrative radio-
frequency power amplifier power supply voltage offset
curve that may be used in operating an electronic device
in accordance with an embodiment of the present invention.

FIG. 7 is a diagram of illustrative
characterizing equipment that may be used in measuring
radio-frequency performance for electronic devices in
accordance with embodiments of the present invention.

FIG. 8 is a flow chart of illustrative steps
involved in obtaining power supply voltage offset data for
use in operating a radio-frequency power amplifier in
wireless communications circuitry for a portable
electronic device in accordance with an embodiment of the
present invention.

FIG. 9 is a flow chart of illustrative steps
involved in calibrating and using a portable electronic
device with power management capabilities in accordance

with an embodiment of the present invention.

Detailed Description

The present invention relates generally to
wireless communications, and more particularly, to
managing power consumption by wireless communications
circuitry in wireless electronic devices while satisfying

desired performance criteria.
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The wireless electronic devices may be portable
electronic devices such as laptop computers or small
portable computers of the type that are sometimes referred
to as ultraportables. The wireless electronic devices may
also be somewhat smaller devices. Examples of smaller
wireless electronic devices include wrist-watch devices,
pendant devices, headphone and earpiece devices, and other
wearable and miniature devices. With one suitable
arrangement, the wireless electronic devices may be
portable electronic devices such as handheld electronic
devices.

The wireless devices may media players with
wireless communications capabilities, handheld computers
(also sometimes called personal digital assistants),
remote controllers, global positioning system (GPS)
devices, handheld gaming devices, or cellular telephones.
The wireless electronic devices may also be hybrid devices
that combine the functionality of multiple conventional
devices. An example of a hybrid device is a cellular
telephone that includes media player functionality,
communications functions, web browsing capabilities, and
support for a wvariety of other business and entertainment
applications such as the iPhone® cellular telephones
available from Apple Inc. of Cupertino, California. These
are merely illustrative examples.

A schematic diagram of an embodiment of an
illustrative wireless electronic device such as a handheld
electronic device is shown in FIG. 1. Electronic device
10 of FIG. 1 may be a mobile telephone such as a cellular
telephone with media player capabilities, a handheld
computer, a remote control, a game player, a global
positioning system (GPS) device, a laptop computer, a
tablet computer, an ultraportable computer, a combination

of such devices, or any other suitable electronic device.
6
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As shown in FIG. 1, device 10 may include
storage and processing circuitry 12. Storage and
processing circuitry 12 may include one or more different
types of storage such as hard disk drive storage,
nonvolatile memory (e.g., flash memory or other
electrically-programmable-read-only memory), volatile
memory (e.g., static or dynamic random-access-memory),
etc. Storage and processing circuitry 12 may be used in
controlling the operation of device 10. Processing
circuitry in circuitry 12 may be based on processors such
as microprocessors, microcontrollers, digital signal
processors, dedicated processing circuits, power
management circuits, audio and video chips, and other
suitable integrated circuits.

With one suitable arrangement, storage and
processing circuitry 12 may be used to run software on
device 10, such as internet browsing applications, voice-
over—-internet-protocol (VOIP) telephone call applications,
email applications, media playback applications, operating
system functions, etc. Storage and processing circuitry
12 may be used in implementing suitable communications
protocols. Communications protocols that may be
implemented using storage and processing circuitry 12
include internet protocols, wireless local area network
protocols (e.g., IEEE 802.11 protocols -- sometimes
referred to as Wi-Fi®), protocols for other short-range
wireless communications links such as the Bluetooth®
protocol, protocols for handling 2G and 3G cellular
telephone communications services, etc.

Device 10 may have one or more batteries such as
battery 14. To minimize power consumption and thereby
extend the life of battery 14, storage and processing
circuitry 12 may be used in implementing power management

functions for device 10. For example, storage and
7
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processing circuitry 12 may be used to adjust the gain of
radio-frequency power amplifier circuitry on device 10 and
may be used in adjusting input power levels provided to
the input of radio-frequency power amplifier circuitry on
device 10 from a transceiver circuit. Storage and
processing circuitry 12 may also be used to adjust the
power supply voltages that are used in powering the radio-
frequency power amplifier circuitry. These adjustments
may be made automatically in real time based on
calibration data and operating algorithms (software). For
example, code may be stored in storage and processing
circuitry 12 that configures storage and processing
circuitry 36 to implement a control scheme in which
operating settings are adjusted to satisfy desired
performance criteria such as desired transmit powers and
adjacent channel leakage ratio values while minimizing
power consumption.

Input-output devices 16 may be used to allow
data to be supplied to device 10 and to allow data to be
provided from device 10 to external devices. Examples of
input-output devices 16 that may be used in device 10
include display screens such as touch screens (e.g.,
liquid crystal displays or organic light-emitting diode
displays), buttons, joysticks, click wheels, scrolling
wheels, touch pads, key pads, keyboards, microphones,
speakers and other devices for creating sound, cameras,
sensors, etc. A user can control the operation of device
10 by supplying commands through devices 16. Devices 16
may also be used to convey visual or sonic information to
the user of device 10. Devices 16 may include connectors
for forming data ports (e.g., for attaching external
egquipment such as computers, accessories, etc.).

Wireless communications devices 18 may include

communications circuitry such as radio-frequency (RF)

8
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transceiver circuitry formed from one or more integrated
circuits, power amplifier circuitry (e.g., power amplifier
circuitry that is controlled by control signals from
storage and processing circuitry 14 to minimize power
consumption while satisfying desired performance
criteria), passive RF components, antennas, and other
circuitry for handling RF wireless signals. Wireless
signals can also be sent using light (e.g., using infrared
communications).

Device 10 can communicate with external devices
such as accessories, computing equipment, and wireless
networks over wired and wireless communications paths.

For example, accessories such as wired or
wireless headsets may communicate with device 10. Device
10 may also be connected to audio-video equipment (e.g.,
wireless speakers, a game controller, or other equipment
that receives and plays audio and video content), or a
peripheral such as a wireless printer or camera.

Device 10 may use a wired or wireless path to
communicate with a personal computer or other computing
equipment. The computing equipment may be, for example, a
computer that has an associated wireless access point
(router) or an internal or external wireless card that
establishes a wireless connection with device 10. The
computer may be a server (e.g., an internet server), a
local area network computer with or without internet
access, a user's own personal computer, a peer device
(e.g., another portable electronic device 10), or any
other suitable computing equipment.

Device 10 can also communicate with wireless
network equipment, such as cellular telephone base
stations, cellular towers, wireless data networks,
computers associated with wireless networks, etc. Such

wireless networks may include network management equipment

9
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that monitors the wireless signal strength of the wireless
handsets such as device 10 that are in communication with
the network. To improve the overall performance of the
network and to ensure that interference between handsets
is minimized, the network management equipment may send
power adjustment commands (sometimes referred to as
transmit power control commands) to each handset. The
transmit power control settings that are provided to the
handsets direct handsets with weak signals to increase
their transmit powers, so that their signals will be
properly received by the network. At the same time, the
transmit power control settings may instruct handsets
whose signals are being received clearly at high power to
reduce their transmit power control settings. This
reduces interference between handsets and allows the
network to maximize its use of available wireless
bandwidth.

When devices such as device 10 receive transmit
power control settings from the network or at other
suitable times, each device 10 may make suitable
transmission power adjustments. For example, a device may
adjust the power level of signals transmitted from
transceiver circuitry to radio-frequency power amplifiers
on the device and may adjust the radio-frequency power
amplifiers. Adjustments such as these may include gain
mode settings adjustments and power supply voltage
adjustments.

The output signals from the power amplifiers on
devices 10 are wirelessly transmitted from device 10 to
suitable receivers using antennas on devices 10. The
settings for wireless communications circuitry 18 may
include gain mode adjustments that control the gain
settings of power amplifiers. For example, a gain mode

adjustment may control whether a power amplifier is
10
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operating in a high gain mode in which all power amplifier
stages that are available are being used or a low gain
mode in which one or more of the gain stages on the power
amplifier have been shut down to conserve power. Power
supply voltage adjustments may be used to help minimize
power consumption at a given gain setting. In typical
circuit architectures, a transceiver circuit may supply
radio-frequency signals to the input of a power amplifier
for transmission through an antenna. The power at which
the transceiver circuit outputs these radio-frequency
signals establishes an input power level (sometimes
referred to herein as Pin) for the power amplifier. Input
power adjustments (adjustments to Pin) can be made to
adjust the power of radio-frequency signals transmitted by
device 10.

The antenna structures and wireless
communications devices of device 10 may support
communications over any suitable wireless communications
bands. For example, wireless communications devices 18
may be used to cover communications frequency bands such
as cellular telephone voice and data bands at 850 MHz, 900
MHz, 1800 MHz, 1900 MHz, and the communications band data
at 2170 MHz band (commonly referred to as a UMTS or
Universal Mobile Telecommunications System band), the Wi-
Fi® (IEEE 802.11) bands at 2.4 GHz and 5.0 GHz (also
sometimes referred to as wireless local area network or
WLAN bands), the Bluetooth® band at 2.4 GHz, and the global
positioning system (GPS) band at 1550 MHz.

Device 10 can cover these communications bands
and other suitable communications bands with proper
configuration of the antenna structures in wireless
communications circuitry 18. Any suitable antenna
structures may be used in device 10. For example, device

10 may have one antenna or may have multiple antennas.

11
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The antennas in device 10 may each be used to cover a
single communications band or each antenna may cover
multiple communications bands. If desired, one or more
antennas may cover a single band while one or more
additional antennas are each used to cover multiple bands.

Illustrative wireless communications circuitry
that may be used in circuitry 18 of FIG. 1 in device 10 is
shown in FIG. 2. As shown in FIG. 2, wireless
communications circuitry 44 may include one or more
antennas such as antennas 62. Data signals that are to be
transmitted by device 10 may be provided to baseband
module 52 (e.g., from storage and processing circuitry 12
of FIG. 1). Baseband module 52 may be implemented using a
single integrated circuit (e.g., a baseband processor
integrated circuit) or using multiple circuits. Baseband
processor 52 may receive signals to be transmitted over
antenna 62 at input line 89 (e.g., from storage and
processing circuitry 12). Baseband processor 52 may
provide signals that are to be transmitted to transmitter
circuitry within RF transceiver circuitry 54. The
transmitter circuitry may be coupled to power amplifier
circuitry 56 via path 55. Control path 88 may receive
control signals from storage and processing circuitry 12
(FIG. 1). These control signals may be used to control
the power of the radio-frequency signals that the
transmitter circuitry within transceiver circuitry 54
supplies to the input of power amplifiers 56 via path 55.
This transmitted radio-frequency signal power level is
sometimes referred to herein as Pin, because it represents
the input power to power amplifier circuitry 56.

During data transmission, power amplifier
circuitry 56 may boost the output power of transmitted
signals to a sufficiently high level to ensure adequate

signal transmission. Radio-fregquency (RF) output stage
12
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circuitry 57 may contain radio-frequency switches and
passive elements such as duplexers and diplexers. The
switches in RF output stage circuitry 57 may, if desired,
be used to switch circuitry 44 between a transmitting mode
and a receiving mode. Duplexer and diplexer circuits and
other passive components in RF output stage may be used to
route input and output signals based on their frequency.

Matching circuitry 60 may include a network of
passive components such as resistors, inductors, and
capacitors and ensures that antenna structures 62 are
impedance matched to the rest of the circuitry 44.
Wireless signals that are received by antenna structures
62 may be passed to receiver circuitry in transceiver
circuitry 54 over a path such as path 64.

Fach power amplifier (e.g., each power amplifier
in power amplifiers 56) may include one or more power
amplifier stages such as stages 70. As an example, each
power amplifier may be used to handle a separate
communications band and each such power amplifier may have
three series-connected power amplifier stages 70. Stages
70 may have control inputs such as inputs 72 that receive
control signals. The control signals may be provided
using a control signal path such as path 76. In a typical
scenario, storage and processing circuitry 12 (FIG. 1) may
provide control signals to stages 70 using a path such as
path 76 and paths such as paths 72. The control signals
from storage and processing circuitry 12 may be used to
selectively enable and disable stages 70.

By enabling and disabling stages 70 selectively,
the power amplifier may be placed into different gain
modes. For example, the power amplifier may be placed
into a high gain mode by enabling all three of power
amplifier stages 70 or may be placed into a low gain mode

by enabling two of the power amplifier stages. Other
13
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configurations may be used if desired. For example, a
very low gain mode may be supported by turning on only one
of three gain stages or arrangements with more than three
gain mode settings may be provided by selectively enabling
other combinations of gain stages (e.g., 1in power
amplifiers with three or more than three gains stages).

Adjustable power supply circuitry such as
adjustable power supply circuitry 78 may be powered by
voltage source 83. Voltage source 83 may be, for example,
a battery such as battery 14 of FIG. 1. Source 83 may
supply a positive battery voltage to adjustable power
supply circuitry 78 at positive power supply terminal 82
and may supply a ground voltage to adjustable power supply
circuitry 78 at ground power supply terminal 84. Source
83 may be implemented using a lithium ion battery, a
lithium polymer battery, or a battery 14 of any other
suitable type.

Initially, the voltage supplied by battery
source 83 may be high. As the battery becomes depleted,
the voltage supplied by the battery will tend to drop. By
using adjustable power supply circuitry 78, the amount of
voltage Vcc that is supplied to power amplifier circuitry
56 over power supply voltage path 86 may be maintained at
a desired value. For example, power supply circuitry 78
may, under appropriate conditions, receive a raw battery
voltage from source 83 that drops with time and may
produce a relatively constant output power Vcc on output
path 86. This may help to avoid wasteful situations in
which the circuitry of power amplifiers 56 is supplied
with excessive voltages while the battery of source 83 is
fresh. Such excessive voltages may lead to wasteful power
consumption by circuitry 56.

Adjustable power supply circuitry 78 may be

controlled by control signals received over a path such as
14



10

15

20

25

30

WO 2010/056416 PCT/US2009/057198

path 80. The control signals may be provided to
adjustable power supply circuitry 78 from storage and
processing circuitry 12 (FIG. 1) or any other suitable
control circuitry. The control signals on path 80 may be
used to adjust the magnitude of the positive power supply
voltage Vcc that is provided to power amplifier circuitry
56 over path 86. These power supply voltage adjustments
may be made at the same time as gain mode adjustments are
being made to the power amplifier circuitry 56 and at the
same time that adjustments are being made to the power
(Pin) on path 55. By making power supply voltage
adjustments, gain level adjustments to power amplifier
circuitry 56, and adjustments to the input power Pin at
the input of power amplifier circuitry 56, power
consumption by power amplifier circuitry 56 can be
minimized and battery life may be extended under a variety
of operating conditions.

Consider, as an example, a situation in which
device 10 has received a transmit power command from a
wireless base station that specifies a desired level of
radio-frequency power to be transmitted by device 10.
Storage and processing circuitry 12 can determine
appropriate settings for wireless circuitry 44 that ensure
that the desired power is transmitted through antenna 62,
while minimizing power consumption. If, for example, the
desired amount of transmitted power is relatively low,
power may be conserved by turning off one or more of
stages 70 in power amplifier circuitry 56. Power can also
be conserved by reducing the power supply voltage Vcc that
is supplied on path 86 when the maximum power supply
voltage level is not required. Adjustments to Pin on path
55 may be made to ensure that performance requirements are

met.
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Adjustments such as these may be made by
supplying control signals from storage and processing
circuitry 12 to transceiver circuits 54 via path 88, power
amplifiers 56 via path 76, and to adjustable power supply
circuitry 78 via path 80. In particular, control signals
may be provided from storage and processing circuitry 12
to power amplifier circuitry 56 on path 76 that adjust the
gain level of the power amplifier (e.g., by turning on and
off certain gain stages 70 in power amplifier circuitry
56). Additional adjustments to the performance of the
power amplifier circuitry 56 may be made by using path 86
to supply a desired adjustable power supply voltage Vcc to
power amplifier circuitry 56 from adjustable power supply
circuitry 78 in accordance with control signals supplied
on path 80. For example, if it is not necessary to
operate the active amplifier stages in amplifier circuitry
56 at maximum gain, power can be conserved by lowering the
power supply voltage Vcc to the active gain stages. At
the same time, the magnitude of Pin on path 55 can be
controlled.

During adjustments to transceiver circuitry 54,
power amplifier circuitry 56, and power supply circuitry
78, storage and processing circuitry 13 can take steps to
satisfy desired operating constraints on power amplifier
circuitry 56 such as minimum desired output power settings
and minimum values of adjacent channel leakage ratio (the
ratio of transmitted power to adjacent channel power).

Wireless communications circuitry 44 of FIG. 2
may include circuitry for supporting any suitable types of
wireless communications. For example, circuitry 44 may
include circuits for supporting traditional cellular
telephone and data communications (sometimes referred to
as "2G" communications). An example of 2G cellular

telephone systems are those based on the Global System for
16
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Mobile Communication (GSM) systems. Circuitry 44 may also
include circuits for supporting newer communications
formats (sometimes referred to as "3G" communications).
These newer formats may support increased communications
speeds and may be used for both data and voice traffic.
Such formats may use wide band code-division multiple
access (CDMA) technology.

Adjustable power supply circuitry 78 may be
implemented using a DC/DC converter or any other suitable
power convergion circuit. Circuitry 78 may receive a
relatively higher voltage Vccbatt from battery 83 over
power supply path 82 and may produce a corresponding
regulated power supply voltage Vcc at a relatively lower
voltage Vcc at output path 86. In a typical arrangement,
the battery voltage Vccbatt may range from about 4.3 volts
to about 3.4 volts and output voltage Vcc may range from
about 3.4 volts to 3.1 volts. The voltage Vcc may be
adjusted based on control signals received over path 80.
Voltage Vcc may be adjusted continuously (e.g., to provide
any desired output voltage in the range of 3.1 to 3.4
volts or other suitable range) or may be set to one of two
or more discrete levels (e.g., 3.1 volts, 3.4 volts,
etc.).

Power amplifier circuitry 56 may include
multiple power amplifiers each of which handles a
different communications band (e.g., bands at
communications frequencies such as 850 MHz, 900 MHz, 1800
MHz, and 1900 MHz). If desired, some or all of power
amplifiers in circuitry 56 may handle multiple
communications bands (e.g., adjacent bands).

Power amplifier circuitry 56 may receive control
signals over path 76. The control signals may be used to
selectively turn on and off particular blocks of circuitry

within each power amplifier. This type of adjustment may
17
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be used to place each power amplifier 56 in a desired gain
mode. In a bimodal arrangement, each power amplifier may
be placed in either a high gain mode or a low gain mode.
If desired, other types of multimode arrangements may be
supported (e.g., arrangements in which power amplifiers 56
can be adjusted to operate at three or more different gain
settings.)

Components such as power amplifiers 56 do not
always need to run at the maximum available battery
voltage Vccbatt. Operating such components at battery
voltages such as these can therefore waste power. To
minimize the amount of wasted power, DC/DC converter
circuitry 78 may be used to convert the unregulated and
fluctuating voltage Vccbatt from its sometimes relatively
high voltage levels to a more moderate power supply
voltage level Vcc. The value of Vcc might be, for
example, 3.1 volts or 3.4 volts (as an example). Because
Vce is significantly less than the maximum value of
Vcebatt, power amplifiers 56 will not be overpowered and
may therefore be powered efficiently.

If desired, the magnitude of power supply
voltage Vcc may be adjusted in real time by storage and
processing circuitry 12 to help minimize power
consumption. A graph showing how an adjustable power
supply circuit such as an adjustable dc-to-dc converter
with a continuously variable output voltage Vcc may
provide a radio-frequency power amplifier with suitable
power supply voltages Vcc at various different power
amplifier gain settings according to required values of
transmitted radio-frequency power Pout is shown in FIG. 3.

As shown in FIG. 3, a power amplifier such as
one of power amplifiers 56 may be characterized by two
gain settings (as an example). In the FIG. 3 example,

various gain stages in power amplifier 56 may be
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selectively enabled so that power amplifier may be set to
operate in one of two gain modes. In high gain mode, the
power amplifier may be characterized by line "H." In low
gain mode, the power amplifier may be characterized by
line "L."

The curves of FIG. 7 show how the power supply
voltage Vcc for the power amplifier may be reduced to
minimize power consumption. The amount of power that may
be saved depends, in general, on the amount of output
power that is required at the output of power amplifier
56. When required (e.g., in accordance with a wireless
network TPC instruction or other requirement), the power
amplifier may be operated in its maximum gain mode and at
its highest operating voltage Vcc. For example, when an
output power of 24 dBm is required (in the FIG. 3
example), the power amplifier may be placed in its high
gain mode and may be powered with a power supply voltage
of V1 (point 100 on line H). When a lower output power is
required, such as 20 dBm, it is no longer necessary to
operate the power amplifier at V2. Rather, the power
supply voltage for the power amplifier may be reduced to a
Vce value of V1 (point 102 on line H). This helps reduce
power consumption. If an output power of 5 dBm is
required, power consumption can be reduced further by
placing the power amplifier in its low gain mode and
reducing the power supply voltage to V3.

As the example of FIG. 3 illustrates, both gain
mode adjustments and power amplifier power supply voltage
adjustments can be used in reducing power consumption for
power amplifier 56. If desired, the potential
inefficiencies of DC/DC converter 78 under certain
operating conditions may be taken into account when making
adjustments of this type. The efficiency of DC/DC

converter 78 and other power regulator circuitry may be
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affected by the operating voltage Vcc and operating
current Icc that DC/DC converter 78 produces at its
output. At high output voltages Vcc and high output
currents Icc, adjustable power supply circuitry such as
DC/DC converters may operate at peak efficiency. At lower
Vce and Icc levels, efficiency tends to drop. It may
therefore be most efficient to reduce power supply voltage
Vce only in situations in which the power amplifier power
savings that are obtained by reducing Vcc are not offset
by increases in power consumption in DC/DC converter 78.
When Vcc is reduced, the values of power supply current
and voltage that are used in powering power amplifier 56
tend to fall and overall power consumption will be
reduced, so long as the reductions in power amplifier
power consumption are not overwhelmed by power losses due
to operating power supply circuitry 78 in an inefficient
regime.

During operation of device 10, storage and
processing circuitry 12 may control the power supply
voltage from power supply 78 in accordance with the graph
of FIG. 3. Dashed lines 106 and 108 indicate how it may
be desirable to incorporate hysteresis into the control
algorithm. Hysteresis in the curve of FIG. 2 may help
transmitter circuitry in transceiver circuits 54 to
satisfy phase discontinuity specifications.

The performance of wireless circuitry 18 in
device 10 such as wireless circuitry 44 of FIG. 2 varies
as a function of operating frequency. As a result,
circuitry 44 will exhibit more "headroom" at some
operating fregquencies than others. The additional margin
that exists at particular operating fregquencies represents
a potential for additional power savings. The highest
levels of amplifier performance typically require

correspondingly large power supply voltages. As a result,
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if there is not much performance margin at a particular
operating frequency, it can be difficult or impossible to
reduce the power supply voltage for the power amplifier to
conserve power. On the other hand, at freguencies at
which there is sufficient operating margin, power
consumption by the power amplifier circuitry can be
minimized by reducing the power supply voltage as
described in connection with FIG. 3.

An important performance characteristic in many
wireless systems is so-called adjacent channel leakage
ratio (ACLR). ACLR values are a measure of how well
adjacent channels are isolated from each other. When
adjacent channels are well isolated from each other, ACLR
values will be low (e.g., less than -33 dBc or even
lower). When signals from one channel spill over into an
adjacent channel, ACLR will be high (e.g., more than -33
dBc) .

A graph showing how ACLR may vary as a function
of frequency in a given communications band is shown in
FIG. 4. 1In the example of FIG. 4, device 10 is
transmitting signals in a series of communications
channels in a communications band that extends from lower
frequency fl to higher frequency f2. This range of
frequencies may be associated with any suitable
communications band (e.g., the transmission frequencies
associated with a 1900 MHz band, as an example). In FIG.
4, ACLR values are plotted as a function of device
operating fregquency f. Dashed line 110 indicates a
typical carrier-imposed ACLR requirement of -33 dBc. When
operating wireless devices in the network of a carrier
that imposes a -33 dBc ACLR requirement, all portions of
ACLR curve 114 must be less than -33 dBc (i.e., curve 114
must lie under dashed line 110 in the graph of FIG. 4).

Other carriers may impose more stringent or more lenient
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specifications. Moreover, a device manufacturer may
decide to impose different standards. As an example, a
device manufacturer may institute a self-imposed ACLR
specification of -40 dBc, as illustrated by dashed line
112. The device manufacturer may impose a more stringent
ACLR specification than the carrier to ensure that users
of devices such as device 10 will be provided with high
quality signals and to allow for manufacturing variations
in device 10.

As the example of FIG. 4 demonstrates, some
frequencies, such as frequency fe are associated with
particularly good adjacent channel leakage ratios, whereas
other frequencies, such as frequency fh are associated
with relatively poorer adjacent channel leakage ratios.

As indicated by lines 116 and 118, there is more operating
margin at frequency fe than at frequency fh. Because of
the additional overhead available at frequency fe, it is
possible to reduce the power supply voltage Vcc for power
amplifier circuitry 56 when device 10 is transmitting a
radio-frequency signal in the channel at frequency fe.
There is less overhead available at fregquency fh, so
little or no reduction to Vcc at fh may be made. By
operating power amplifier circuitry 56 at a relatively
high wvalue of Vcc at frequency fh, the linearity of power
amplifier circuitry 56 may be maximized, thereby helping
device 10 produce its best possible ACLR value at fh. The
reduced value of Vcc that is used at frequency fe may
somewhat reduce the linearity of power supply circuitry 56
at frequency fe, causing power supply circuitry 56 to
exhibit more adjacent channel leakage. This, in turn,
will cause the ACLR value at fregquency fe to increase,
using up the operating margin 116. Using margin 116 in
this way allows the Vcc value at frequency fe to be

reduced, thereby conserving power.
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If desired, the output power from transceiver
circuitry 54 (Pin) may be adjusted to compensate for
frequency-dependent fluctuations in output power. Storage
and processing circuitry 12 may make these adjustments by
supplying control signals to control path 88 (FIG. 2).

A graph showing how Pin may be adjusted as a
function of frequency to ensure that a particular constant
output voltage Pout-desired is produced at the output of
power amplifiers 56 (and antennas 62) is shown in FIG. 5.
As the graph of FIG. 5 demonstrates, a given
communications band (ranging from frequency fl to
frequency f2) may have some frequencies such as frequency
fa in which power amplifier circuitry 56 is characterized
by a relatively low gain Ga, so that a relatively large
Pin value is needed at the output of transceiver circuits
54. At other frequencies in the same band, such as
frequency fb, power amplifier circuitry 56 is
characterized by a relatively higher gain Gb, so that a
relatively small Pin value can be supplied at the output
of transceiver circuits 54. In both situations, the
combination of Pin and amplifier gain result in the same
output power level (Pout-desired).

The reductions in operating voltage Vcc that can
be made selectively as a function of frequency to take
advantage of excess ACLR overhead may be stored in a given
device 10 in the form of frequency-dependent power supply
voltage offset data. A typical power supply voltage
offset curve is shown in FIG. 6. As shown in the FIG. 6
example, there may be particular frequencies at which it
is possible to reduce the power supply voltage Vcc
considerably and there may be particular frequencies at
which little or no reduction to Vcc for power amplifier
circuitry 56 is possible while still meeting required

performance criteria such as required ACLR values.
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Because the magnitude of the Vcc reductions that are
possible while meeting ACLR specifications depend upon
frequency, the Vcc reductions form an offset curve or
table. This offset data may be stored in memory in device
10 (e.g., storage and processing circuitry 12), so that
device 10 can make appropriate Vcc adjustments during
normal operation.

Characterizing measurements may be made to
device 10 in any suitable environment. With one suitable
arrangement, some characterizing measurements are made
during laboratory testing. These characterizing
measurements may then be stored in all devices 10 that are
manufactured. Additional characterizing measurements may,
if desired, be made during manufacturing (e.g., as part of
a testing and calibration process in a factory). Other
characterizing and calibration operations may also be
performed if desired.

Radio-frequency calibration may be performed
using any suitable test and measurement eguipment.
Illustrative equipment that may be used is shown in FIG.
7. As shown in FIG. 10, electronic device 10 may be
characterized using systems such as system 120 that
contain test equipment 122. Equipment 122 may include
radio-frequency measurement equipment such as spectrum
analyzer equipment, power meter equipment, etc. Equipment
122 may be connected to an antenna connector in device 10
using a radio-frequency transmission line path such as
path 124. The radio-frequency connector in device 10 may,
for example, be located between antennas 62 and the output
of power amplifier circuitry 56. Transmission line 124
may be, for example, a coaxial cable. Paths such as path
126 may be formed between device 10 and external
equipment. Following testing, test equipment 122 or other

suitable equipment may use paths such as path 126 to load
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calibration information into device 10. Calibration data
may be provided in the form of register settings,
firmware, a portion of an operating system, device
drivers, or any other suitable data. If desired, some of
the calibration settings may be provided using one
technique (e.g., as part of the initial software loaded
onto device 10), whereas additional calibration settings
may be provided to device 10 using another technigue
(e.g., by loading corrective data following test
measurements that are made as part of a manufacturing
process) .

A flow chart of illustrative steps that may be
made to gather power supply voltage offset data such as
the data represented by the voltage offset curve of FIG. ©
are shown in FIG. 8. Operations of the type shown in FIG.
8 may be performed at any suitable time. For example, the
characterizing measurements of the flow chart in FIG. 8
may be made as part of an initial calibration operation
when one or more representative devices 10 are first
characterized in a laboratory. Measurements of the type
shown in FIG. 8 may also be performed in a manufacturing
environment, if desired.

At step 128, in a measurement system such as
system 120 of FIG. 7, the output power Pout from power
amplifier circuitry 56 may be measured at a given
frequency f. The output power Pout may be measured using
test equipment 122, which is coupled to device 10 using
transmission line 124. The measurement at step 128 may be
made at a particular power supply voltage Vcc on path 86
and may be made with particular gain stages 70 in power
amplifier circuitry 56 enabled. A variety of different
Pin values may be used in making the power output
measurement of step 128 so as to identify a Pin value at
which Pout is equal to Pout-desired (FIG. 5). Data on the
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current settings of wireless circuitry 44 are then
retained. For example, equipment 122 can populate a
database table or other data structure with information
related to the setting of transceiver circuitry 54 (i.e.,
the Pin wvalue produced on path 55), the setting of power
amplifiers 56 (i.e., which stages are enabled), the power
supply voltage Vcc that is produced by supply circuitry
78, and the resulting Pout value measured by equipment 122
over path 124.

At step 130, at the same frequency f, equipment
122 may be used to make performance characterizing
measurements such as measurements of the device's adjacent
channel leakage ratio. Performance measurements (e.g.,
the measured ACLR value for frequency f, power supply
voltage Vcc, and input power Pin) may be stored as part of
the measurements results data gathered by test egquipment
122.

At step 132, a new frequency in the current band
may be selected at which to perform measurements. As
shown by line 134, processing may then loop back to step
128. After all frequencies f in the current
communications band have been measured at a given value of
power amplifier power supply voltage Vcc, a new Vcc value
may be selected (step 136). Processing may then again
loop back to step 128, as indicated by line 138.

The operations of loops 134 and 138 allow test
equipment 122 to determine the minimum power supply
voltage Vcc that may be used to power the power amplifier
circuitry 56 at each frequency f while producing a
required output power (Pout-desired). 1If, as an example,
the value of Pout-desired is 24 dBm, the operations of
loops 134 and 138 allow identification of those Pin wvalues
and Vcc values that will produce a Pout value of 24 dBm at

each frequency f. If, at a given voltage Vcc, it is not
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possible to produce Pout-desired, even at the largest
available Pin settings, test equipment 122 may store data
indicating the minimum Vcc value that is required to
successfully produce Pout-desired.

After all voltages Vcc of interest have been
covered for the current communications band and
corresponding data has been gathered and stored by
equipment 122, processing may proceed to step 140. During
step 140, test equipment 122 may select an additional
communications band of interest. For example, if the 850
MHz band has been covered, processing may proceed to the
900 MHz band. If the 850 MHz and 900 MHz bands have been
covered, processing may proceed to the 1800 MHz band, etc.
After selecting the next band of interest, processing may
loop back to step 128, as indicated by line 142.

After all communications bands for device 10
have been covered, a power supply voltage offset
characteristic such as the data of FIG. 6 may be computed
(step 144). During step 144, test equipment 122 or other
suitable computing equipment may analyze the data that has
been gathered by test equipment 122 (i.e., the data that
has been gathered and stored during steps 128 and 130).
This data includes information identifying the minimum
possible power amplifier supply voltage level (Vcc) that
may be used at each frequency to successfully produce
Pout-desired, while satisfying performance criteria such
as the required ACLR values.

The analysis of step 144 may determine that at a
particular frequency (e.g., fregquency fe of FIG. 4), there
is sufficient ACLR operating margin to reduce Vcc
substantially. The minimum Vcc value that may be used to
produce Pout-desired at this frequency may be less than a
nominal operating voltage (e.g., 3.4 volts). Accordingly,

the difference between the nominal operating voltage for
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powering power amplifier circuitry 56 and the minimum Vcc
value (e.g., -0.5 volts) will represent the offset voltage
value at frequency fe (in this example). At other
frequencies, such as at frequency fh of FIG. 4, the
analysis of step 144 may determine that Vcc cannot be
reduced below its nominal operating voltage (e.g., 3.4
volts) while still satisfying Pout-desired and ACLR
requirements. In this situation, the offset voltage will
be zero (e.g., the offset voltage at frequency fh will be
0 volts). Other freguencies will have intermediate Vcc
offset values.

The Vcc offset data that is produced at step 144
represents information on the magnitude of the power
supply voltage reductions that may be made for each
frequency of operation in device 10 to minimize power
consumption, while still satisfying minimum output power
and ACLR performance constraints. This information may be
supplied to devices 10 using any suitable arrangement.

For example, voltage offset settings may be stored in
devices 10 when devices 10 are initially loaded with
software during manufacturing, as part of a software
update, using hardware settings, or using any other
suitable arrangement. If desired, the same voltage offset
data may be stored in each of the devices 10 that is
manufactured. In this type of scenario, the voltage
offset data represents global power supply voltage
reduction settings for power supply 78. Power supply
voltage versus required output power characteristics such
as the data of FIG. 3 may also be stored in each device
for use in controlling power supply 78.

Global settings such as these are not specific
to a particular device 10. During manufacturing, it may
be desirable to calibrate each device 10 individually.

The same test equipment may be used in performing global
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characterizing measurements and in performing individual
characterizing measurements or separate test systems may
be used. For example, global characterizing measurements
that are used in ascertaining suitable voltage versus
output power curves of the type shown in FIG. 3 and that
are used in producing power supply voltage versus
frequency data of the type described in connection with
the voltage offset curve of FIG. 6 may be produced with
one characterization system (e.g., in a design
environment) and additional calibration measurements may
be made during manufacturing using another
characterization system (e.g., in a manufacturing
environment). The same system may also be used for all
characterizing measurements if desired.

Illustrative steps involved in performing
global and individual device calibration operations are
shown in FIG. 9.

At step 146, test equipment may be used to
determine global gain settings and power supply voltage
settings that may be used to allow devices 10 to reduce
power consumption at various required output power levels.
For example, at high output power levels such as when
operating a device at a 24 dBm output power (point 100 of
FIG. 3), a voltage of V1 may be used in powering radio-
frequency power amplifier circuitry and power amplifier
circuitry 56 may be operated in a "high" gain mode in
which all of its gain stages 70 are enabled. At lower
output power levels, power supply voltage Vcc and/or the
number of gain stages that are enabled in power amplifier
circuitry 56 may be scaled back, as described in
connection with FIG. 3.

The power supply voltage versus output power
characteristic of FIG. 3 is the same for all operating

frequencies. At step 148, the fregquency dependence of
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wireless circuitry 44 may be characterized by performing
measurements and calculations of the types described in
connection with FIG. 8. 1In particular, during step 148,
additional (offset) changes that may be made to the power
supply voltage Vcc may be ascertained for each desired
operating frequency.

The global characterizing data obtained during
steps 146 and 148 may be loaded into devices 10 during
manufacturing or at other suitable times (step 150).

At step 152, individual characterizing
measurements may be made. As these characterizing
measurements are being made, each device 10 may use its
storage and processing circuitry 12 to implement a control
algorithm based on the Vcc and gain versus output power
characteristic of FIG. 3 and the Vcc versus frequency
characteristics of FIG. 6 (with appropriate scaling for
different output powers). The calibration measurements of
step 152 may be used to produce a family of curves, each
of which corresponds to a different output power value.
For example, Pout-desired may be decreased in 1 dB steps
from 24 dBm to -50 dBm. For each respective Pout-desired
setting, the operating frequency f may be swept while the
required Pin value for producing the current Pout-desired
value may be measured. The characterizing operations of
step 152 may therefore serve to produce a family of Pin
versus frequency curves for a variety of discrete Pout
settings. If desired, characterizing operations may be
performed in which calibration data is gathered and
represented in different formats (e.g., semi-continuously,
using steps of different sizes, performing sweeps of
different variables, etc.).

The device-specific calibration information that
is gathered during step 152 may be stored in the

corresponding device 10 at step 154. For example, a path
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such as data path 126 of FIG. 7 or other suitable
communications path may be used to store information in
storage in device 10 on which Pin wvalues should be
produced by transceiver circuitry 54 for each frequency.
During operation, this information may be used by device
10 in conjunction with previously-stored information in
device 10 on the particular Vcc setting and gain setting
from the previously-stored calibration results to select
appropriate operating parameters for circuitry 44.

After performing the device-specific calibration
operations of step 154, device 10 may be shipped to a user
and used to communicate. For example, a user may use
device 10 to make cellular telephone calls and to send and
receive cellular telephone non-voice data (step 156).
During operation, device 10 can use the calibration
settings that were obtained at steps 146, 148, and 152.

In particular, device 10 can select which power supply
voltage Vcc to use and which gain stages in amplifier
circuitry 56 are to be turned on by selecting an
appropriate operating point on curves of the type shown in
FIG. 3 based on required output power. Power supply
voltage versus frequency characteristics may also be used
in controlling the operation of wireless circuitry 44, as
described in connection with FIG. 6.

If desired, the offset-voltage versus frequency
characteristics used by device 10 may be scaled back at
lower output powers to avoid over-adjusting Vcc as a
function of frequency at lower Pout settings. For
example, the offset voltage versus frequency
characteristic of device 10 may be fully used at high
powers (e.g., at output powers of 24 dBm), but may be
phased out gradually at lower powers. This phase out
process may be implemented progressively, so that when a

particular low output power value is reached (e.g., 16
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dBm), the voltage offset versus frequency characteristic
is completely phased out and has no further impact (e.g.,
there is no frequency component to the Vcc adjustments
that are made at output powers below 16 dBm).

In accordance with an embodiment, circuitry on a
portable electronic device is provided that includes a
radio-frequency power amplifier that amplifies radio-
frequency signals at a given operating frequency that are
wirelessly transmitted from the portable electronic
device, adjustable power supply circuitry that supplies an
adjustable power supply voltage to the radio-freguency
power amplifier, and storage and processing circuitry that
adjusts the adjustable power supply voltage supplied by
the adjustable power supply circuitry to the radio-
frequency power amplifier based at least partly on the
given operating frequency.

In accordance with another embodiment, circuitry
is provided wherein the amplified radio-frequency signals
are output from the radio-frequency power amplifier at an
output power and wherein the storage and processing
circuitry is configured to store calibration data
specifying adjustments that are made to the adjustable
power supply voltage using the adjustable power supply
circuitry as a function of the given operating frequency
and as a function of the output power.

In accordance with another embodiment, circuitry
is provided that further includes transceiver circuitry
that supplies the radio-frequency signals to an input of
the radio-frequency power amplifier at a given input
power, wherein the storage and processing circuitry is
configured to store calibration data specifying how the
given input power is adjusted by the transceiver circuitry

as a function of the given operating frequency.
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In accordance with another embodiment, circuitry
is provided wherein the radio-frequency power amplifier
has an associated gain provided by multiple gain stages
and wherein the storage and processing circuitry is
configured to store calibration data specifying how the
gain is adjusted by selectively enabling the gain stages
as a function of desired values of the output power.

In accordance with another embodiment, circuitry
is provided wherein the radio-frequency power amplifier
has an associated gain provided by multiple gain stages
and wherein the storage and processing circuitry is
configured to store calibration data specifying how the
gain is adjusted by selectively enabling the gain stages
as a function of desired values of the output power.

In accordance with another embodiment, circuitry
is provided that further includes transceiver circuitry
that supplies the radio-frequency signals to an input of
the radio-frequency power amplifier at a given input
power, wherein the storage and processing circuitry is
configured to store calibration data specifying how the
given input power is to be adjusted by the transceiver
circuitry as a function of the given operating frequency.

In accordance with an embodiment, a method for
operating a wireless electronic device having at least one
antenna, a radio-frequency power amplifier, and an
adjustable power supply that supplies the radio-frequency
power amplifier with an adjustable power supply voltage,
is provided, the method including, with the radio-
frequency power amplifier, amplifying radio-frequency
signals at a given frequency to be transmitted through the
antenna, and, with the adjustable power supply, providing
an adjustable power supply voltage to the radio-frequency
power amplifier that varies as a function of the given

frequency.
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In accordance with another embodiment, a method
is provided wherein the wireless electronic device further
includes transceiver circuitry that supplies the radio-
frequency power amplifier with the radio-frequency signals
at a given input power, the method further including,
adjusting the given input power with the transceiver
circuitry based on fregquency-dependent calibration data.

In accordance with another embodiment, a method
is provided wherein the radio-frequency power amplifier
has a gain level established by gain stages in the radio-
frequency power amplifier, the method further including
selectively enabling the gain stages to adjust the gain
level based at least partly on a desired output power for
the amplified radio-frequency signals.

In accordance with another embodiment, a method
is provided that further includes, with the adjustable
power supply, providing an adjustable power supply voltage
to the radio-freguency power amplifier based at least
partly on a desired output power for the amplified radio-
frequency signals.

In accordance with another embodiment, a method
is provided wherein the wireless electronic device further
includes transceiver circuitry that supplies the radio-
frequency power amplifier with the radio-frequency signals
at a given input power, the method further including
adjusting the given input power with the transceiver
circuitry based on fregquency-dependent calibration data.

In accordance with another embodiment, a method
is provided wherein the radio-frequency power amplifier
has a gain level established by gain stages in the radio-
frequency power amplifier, the method further including
selectively enabling the gain stages to adjust the gain
level based at least partly on the desired output power

for the amplified radio-frequency signals.
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In accordance with an embodiment, a portable
electronic device is provided that includes an antenna, a
radio-frequency power amplifier that amplifies radio-
frequency signals at a given operating frequency that are
transmitted from the portable electronic device through
the antenna, adjustable power supply circuitry that
supplies an adjustable power supply voltage to the radio-
frequency power amplifier, and storage and processing
circuitry that adjusts the adjustable power supply voltage
supplied by the adjustable power supply circuitry to the
radio-frequency power amplifier as a function of the given
operating frequency.

In accordance with another embodiment, a
portable electronic device is provided wherein the
amplified radio-freguency signals are output from the
radio-frequency power amplifier at an output power in a
communications band subject to adjacent channel leakage
ratio requirements and wherein the storage and processing
circuitry is configured to store calibration data
specifying adjustments that are made to the adjustable
power supply voltage as a function of the given operating
frequency to conserve power while satisfying the adjacent
channel leakage ratio constraints.

In accordance with another embodiment, a
portable electronic device is provided wherein the
amplified radio-freguency signals are output from the
radio-frequency power amplifier at an output power and
wherein the storage and processing circuitry is configured
to store calibration data specifying adjustments that are
made to the adjustable power supply voltage as a function
of the given operating frequency and as a function of the

output power.
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In accordance with another embodiment, a
portable electronic device is provided that further
includes transceiver circuitry that supplies the radio-
frequency signals to an input of the radio-fregquency power
amplifier at a given input power, wherein the storage and
processing circuitry is configured to store calibration
data specifying how the given input power is to be
adjusted by the transceiver circuitry as a function of the
given operating frequency to produce a desired output
power from the radio-frequency power amplifier for all
frequencies in a given communications band.

In accordance with another embodiment, a
portable electronic device is provided that further
includes transceiver circuitry that supplies the radio-
frequency signals to an input of the radio-fregquency power
amplifier at a given input power, wherein the storage and
processing circuitry is configured to store calibration
data specifying how the given input power is to be
adjusted by the transceiver circuitry as a function of the
given operating frequency.

In accordance with another embodiment, a
portable electronic device is provided wherein the
amplified radio-freguency signals are output from the
radio-frequency power amplifier at an output power in a
communications band subject to adjacent channel leakage
ratio requirements and wherein the storage and processing
circuitry is configured to store calibration data
specifying adjustments that are made to the adjustable
power supply voltage as a function of the given operating
frequency to conserve power while satisfying the adjacent
channel leakage ratio constraints.

In accordance with another embodiment, a
portable electronic device is provided wherein the

amplified radio-freguency signals are output from the
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radio-frequency power amplifier at an output power and
wherein the storage and processing circuitry is configured
to store calibration data specifying adjustments that are
made to the adjustable power supply voltage as a function
of the given operating frequency and as a function of the
output power.

In accordance with another embodiment, a
portable electronic device is provided that further
includes transceiver circuitry that supplies the radio-
frequency signals to an input of the radio-fregquency power
amplifier at a given input power, wherein the storage and
processing circuitry is configured to store calibration
data specifying how the given input power is to be
adjusted by the transceiver circuitry as a function of the
given operating frequency, store calibration data
specifying adjustments that are made to the adjustable
power supply voltage as a function of the given operating
frequency to conserve power while satisfying the adjacent
channel leakage ratio constraints, and store calibration
data specifying gain mode adjustments and adjustments to
the power supply voltage for the power amplifier to
conserve power based on required output power levels from
the power amplifier circuitry.

The foregoing is merely illustrative of the
principles of this invention and various modifications can
be made by those skilled in the art without departing from

the scope and spirit of the invention.
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What 1s Claimed is:

1. Circuitry on a portable electronic device,
comprising:

a radio-frequency power amplifier that
amplifies radio-frequency signals at a given operating
frequency that are wirelessly transmitted from the
portable electronic device;

adjustable power supply circuitry that
supplies an adjustable power supply voltage to the radio-
frequency power amplifier; and

storage and processing circuitry that
adjusts the adjustable power supply voltage supplied by
the adjustable power supply circuitry to the radio-
frequency power amplifier based at least partly on the

given operating frequency.

2. The circuitry defined in claim 1 wherein
the amplified radio-frequency signals are output from the
radio-frequency power amplifier at an output power and
wherein the storage and processing circuitry is configured
to store calibration data specifying adjustments that are
made to the adjustable power supply voltage using the
adjustable power supply circuitry as a function of the
given operating frequency and as a function of the output

power.

3. The circuitry defined in claim 2 further
comprising transceiver circuitry that supplies the radio-
frequency signals to an input of the radio-fregquency power
amplifier at a given input power, wherein the storage and
processing circuitry is configured to store calibration
data specifying how the given input power is adjusted by
the transceiver circuitry as a function of the given
operating frequency.
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4, The circuitry defined in claim 3 wherein
the radio-frequency power amplifier has an associated gain
provided by multiple gain stages and wherein the storage
and processing circuitry is configured to store
calibration data specifying how the gain is adjusted by
selectively enabling the gain stages as a function of

desired values of the output power.

5. The circuitry defined in claim 2 wherein
the radio-frequency power amplifier has an associated gain
provided by multiple gain stages and wherein the storage
and processing circuitry is configured to store
calibration data specifying how the gain is adjusted by
selectively enabling the gain stages as a function of

desired values of the output power.

6. The circuitry defined in claim 1 further
comprising transceiver circuitry that supplies the radio-
frequency signals to an input of the radio-fregquency power
amplifier at a given input power, wherein the storage and
processing circuitry is configured to store calibration
data specifying how the given input power is to be
adjusted by the transceiver circuitry as a function of the

given operating frequency.

7. A method for operating a wireless
electronic device having at least one antenna, a radio-
frequency power amplifier, and an adjustable power supply
that supplies the radio-frequency power amplifier with an
adjustable power supply voltage, comprising:

with the radio-frequency power amplifier,
amplifying radio-frequency signals at a given frequency to
be transmitted through the antenna; and
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with the adjustable power supply, providing
an adjustable power supply voltage to the radio-frequency
power amplifier that varies as a function of the given

frequency.

8. The method defined in claim 7 wherein the
wireless electronic device further comprises transceiver
circuitry that supplies the radio-frequency power
amplifier with the radio-frequency signals at a given
input power, the method further comprising:

adjusting the given input power with the
transceiver circuitry based on frequency-dependent

calibration data.

9. The method defined in claim 7 wherein the
radio-frequency power amplifier has a gain level
established by gain stages in the radio-frequency power
amplifier, the method further comprises:

selectively enabling the gain stages to
adjust the gain level based at least partly on a desired

output power for the amplified radio-frequency signals.

10. The method defined in claim 7 further
comprising:
with the adjustable power supply, providing
an adjustable power supply voltage to the radio-frequency
power amplifier based at least partly on a desired output

power for the amplified radio-frequency signals.

11. The method defined in claim 10 wherein the
wireless electronic device further comprises transceiver
circuitry that supplies the radio-frequency power
amplifier with the radio-frequency signals at a given

input power, the method further comprising:
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adjusting the given input power with the
transceiver circuitry based on frequency-dependent

calibration data.

12. The method defined in claim 10 wherein the
radio-frequency power amplifier has a gain level
established by gain stages in the radio-frequency power
amplifier, the method further comprises:

selectively enabling the gain stages to
adjust the gain level based at least partly on the desired

output power for the amplified radio-frequency signals.

13. A portable electronic device, comprising:
an antenna;

a radio-frequency power amplifier that
amplifies radio-frequency signals at a given operating
frequency that are transmitted from the portable
electronic device through the antenna;

adjustable power supply circuitry that
supplies an adjustable power supply voltage to the radio-
frequency power amplifier; and

storage and processing circuitry that
adjusts the adjustable power supply voltage supplied by
the adjustable power supply circuitry to the radio-
frequency power amplifier as a function of the given

operating frequency.

14. The portable electronic device defined in
claim 13 wherein the amplified radio-frequency signals are
output from the radio-frequency power amplifier at an
output power in a communications band subject to adjacent
channel leakage ratio requirements and wherein the storage
and processing circuitry is configured to store

calibration data specifying adjustments that are made to
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the adjustable power supply voltage as a function of the
given operating frequency to conserve power while

satisfying the adjacent channel leakage ratio constraints.

15. The portable electronic device defined in
claim 13 wherein the amplified radio-frequency signals are
output from the radio-frequency power amplifier at an
output power and wherein the storage and processing
circuitry is configured to store calibration data
specifying adjustments that are made to the adjustable
power supply voltage as a function of the given operating

frequency and as a function of the output power.

16. The portable electronic device defined in

claim 15 further comprising:
transceiver circuitry that supplies the

radio-frequency signals to an input of the radio-frequency
power amplifier at a given input power, wherein the
storage and processing circuitry is configured to store
calibration data specifying how the given input power is
to be adjusted by the transceiver circuitry as a function
of the given operating frequency to produce a desired
output power from the radio-frequency power amplifier for

all frequencies in a given communications band.

17. The portable electronic device defined in

claim 13 further comprising:
transceiver circuitry that supplies the

radio-frequency signals to an input of the radio-frequency
power amplifier at a given input power, wherein the
storage and processing circuitry is configured to store
calibration data specifying how the given input power is
to be adjusted by the transceiver circuitry as a function

of the given operating frequency.
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18. The portable electronic device defined in
claim 17 wherein the amplified radio-frequency signals are
output from the radio-frequency power amplifier at an
output power in a communications band subject to adjacent
channel leakage ratio requirements and wherein the storage
and processing circuitry is configured to store
calibration data specifying adjustments that are made to
the adjustable power supply voltage as a function of the
given operating frequency to conserve power while

satisfying the adjacent channel leakage ratio constraints.

19. The portable electronic device defined in
claim 17 wherein the amplified radio-frequency signals are
output from the radio-frequency power amplifier at an
output power and wherein the storage and processing
circuitry is configured to store calibration data
specifying adjustments that are made to the adjustable
power supply voltage as a function of the given operating

frequency and as a function of the output power.

20. The portable electronic device defined in
claim 13 further comprising transceiver circuitry that
supplies the radio-frequency signals to an input of the
radio-frequency power amplifier at a given input power,
wherein the storage and processing circuitry is configured
to:

store calibration data specifying how the
given input power is to be adjusted by the transceiver
circuitry as a function of the given operating frequency;

store calibration data specifying
adjustments that are made to the adjustable power supply

voltage as a function of the given operating frequency to
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conserve power while satisfying the adjacent channel
leakage ratio constraints; and

store calibration data specifying gain mode
adjustments and adjustments to the power supply voltage
for the power amplifier to conserve power based on
required output power levels from the power amplifier

circuitry.

44



WO 2010/056416 PCT/US2009/057198

179
/10
ELECTRONIC DEVICE
12 18
[ [
STORAGE AND WIRELESS
PROCESSING COMMUNICATIONS
CIRCUITRY CIRCUITRY
14 16
BATTERY w INPUT AND |/
OUTPUT DEVICES

FIG. 1



WO 2010/056416

PCT/US2009/057198

2/9

/44

f56
TRANSCEIVER | TX AMPF?L\I/:QIEERRS Pout
S CIRCUITS 7
88 —1 95 /Ir$47 &N
54 72 70 70 79
BASE BAND RF j7
MODULE 32 %lJTLZlJET
89—
r76
60
MATCHING
|52 CIRCUTRY [
Vecebatt L ?— ADJUSTABLE
al POWER Ve
gz | 80 SUPPLY ]
CIRCUITRY 36 NTENNAS _32
V84

FIG. 2



WO 2010/056416 PCT/US2009/057198

3/9

100

A
Y



WO 2010/056416 PCT/US2009/057198

479

AcLR

-33dB

-40dB -

-43dB -

-45dB -

—h
—
—h
—h
=
—h
N
Sy

FIG. 4



WO 2010/056416 PCT/US2009/057198

5/9

---------------------------------------- PouT-DESIRED

_,,
T
_
N
i 7



WO 2010/056416 PCT/US2009/057198

6/9

OFFSET
VOLTAGE (V)

A
] ] | | ] ] ] >
0 I I | | I I I -

FREQUENCY

-0.1 T

-0.2 T

-03 T

-04 T

-0.5 T

Y

FIG. 6



WO 2010/056416 PCT/US2009/057198

719

/120

126
r

Y Y

124 122
ELECTRONIC O,\&/ TEST )
DEVICE

EQUIPMENT

(E.G., CPU,
RF POWER

L10

METER ETC.)

FIG. 7



WO 2010/056416

8/9

PRA

PCT/US2009/057198

AT AGIVEN FREQUENCY f IN CURRENT BAND

AND FOR A GIVEN

POWER AMPLIFIER

POWER SUPPLY VOLTAGE Vcec,
MEASURE Pout AT f WHILE
ADJUSTING PIN AT f UNTIL

PouTt = PouT-DESIRED (E.G., 24 dBm)
STORE THIS PiNn BIAS RESULT
VALUE OR NULL VALUE IF NO SUCH
PIN EXISTS

Y

AT FREQUENCY f, MEASURE _L30

ADJACENT CHANNEL LEAKAGE
RATIO (ACLR) AND STORE RESULT

Y

INCREMENT f

U134

Y

132
|/

| ENTIRE BAND COVERED

136

DECREASE Vcc |/

k138

Y

ENTIRE RANGE OF
VOLTAGES COVERED FOR
THIS BAND

140

SELECT NEXT BAND

|/

A

y

ALL BANDS COVERED

COMPUTE POWER SUPPLY VOLTAGE
OFFSET DATA

FIG. 8



WO 2010/056416

9/9

PCT/US2009/057198

DETERMINE GAIN SETTINGS AND
POWER SUPPLY VOLTAGE SETTINGS
THAT ALLOW REDUCED POWER
CONSUMPTION (E.G., Vec (Pout))

Y

DETERMINE V¢ OFFSET VALUES
FOR FREQUENCIES OF INTEREST

Y

LOAD SETTINGS INTO DEVICES

Y

PERFORM CALIBRATION
MEASUREMENTS

Y

CALIBRATE EACH DEVICE BY STORING
CALIBRATION RESULTS

Y

DURING OPERATION, USE CALIBRATION
RESULTS TO OPTIMIZE PERFORMANCE

FIG. 9



INTERNATIONAL SEARCH REPORT

international application No

PCT/US2009/057198

. CLASSIFICATION OF SUBJECT MATTER

A
INV. HO04B1/16 HO3F1/02

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)

HO4B HO3F

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 practical, 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 EP 1 986 331 Al (HUAWEI TECH CO LTD [CN]) 1-3,6-8,
29 October 2008 (2008-10-29) 10-11,
13,
15-17,19
Y paragraphs [0007], [0015], [0020] 4-5,9,
paragraph [0022] - paragraph [0033] 12,14,
claims 1,13 18,20
figures 1-3 '
X WO 01/22604 A1l (QUALCOMM INC [US]) 1-13,
29 March 2001 (2001-03-29) 15-17,19

page 3,-1ine 21 - page 4, line 26
page 7, line 4 - line 7

figures 1,2a,2b

claims 1-8

m Further documents are listed in the continuation of Box C. E See paient family annex.

* Special categories of cited documents : . . . -

"T* later document published after the international filing date

or priority date and not in conflict with the application but

cited to understand the principle or theory underlying the
invention

“A* document defining the general state of the arn which is not
considered to be of particular relevance

"E" earlier document but published on or after the international “X* docurnent of particular refevance; the claimed invention

fiing date cannot be considered novel or cannot be considered to
“L* document which may throw doubts on priority -claim(s) or . involve an inventive step when the document is taken alone
which is-cited to establish the publication date of another “Y" document of particular relevance; the claimed invention

citation or other special reason (as specified) cannot be cansidered to involve an inventive step when the

*O" document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu-
other means ments, such combination being obvious to a person skilled
"P" document published prior to the international filing date but inthe art. -
later than the priority date claimed “&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the intemational search report
21 December 2009 11/01/2010
Name and rriailing address of the ISA/ Authorized officer

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

Tel. (+31-70) 340-2040, cq 2
Fax: (+31-70) 340-3016 Avilés Martinez, L

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

page 1 of 2



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2009/057198 -
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* | Citation of document, with indication, where approprate, of the relevant passages Retevant to claim No.
X US 2006/046668 Al (URATANI MUNEHIRO [JP] 1,6-8,
ET AL) 2 March 2006 (2006-03-02) 13,17
paragraph [0012] - paragraph [0014]
paragraph [0043] - paragraph [0065]
paragraph [0077]
paragraph [0084]
figures 1-3,6,10
X EP 1 237 297 A2 (TOSHIBA KK [JP]) 1,7,13
4 September 2002 (2002-09-04)
Y paragraphs [0004], [0005] 14,18,20
claims 1,2,6
figure 2
X US 2005/186923 Al (CHEN WEN-YEN [CA] ET AL 1-3,6-8,
CHAN WEN-YEN [CA] ET AL) 10—11
25 August 2005 (2005-08-25) 13-20
paragraph [0001] - paragraph [0003]
paragraph [0053]
claims 1-11
figures 1-7b
X JP 2003 163607 A (FUJITSU LTD) 1,7,13
6 June 2003 (2003-06-06)
Y abstract 14,18,20
X WO 98/49771 A1 (TRIQUINT SEMICONDUCTOR INC 1,7,10,
[US]) 5 November 1998 (1998-11-05) 13
figures 2,6 :
claim 1
X US 2006/068830 Al (KLOMSDORF ARMIN W [US] 1,7,13
_ ET AL) 30 March 2006 (2006-03-30) :
A paragraph [0013] - paragraph [0016] 14,18,20
paragraph [0030]
figures 1-6
X WO 2004/077664 A1 (NOKIA CORP [FIJ; 1,7,13
HAEMAELAEINEN MIIKKA [FI]; JAERVINEN ESKO
[FI]) 10 September 2004 (2004-09-10)
A -page 1, 1ine 4 - line 23 14,18,20
fiqures 2-6
Y WO 2007/149346 A2 (PULSEWAVE RF INC [US]) - 4-5,9,12
27 December 2007 (2007-12-27)
paragraphs [0047], [0060]
figure 1
claim 1
A WO 03/075452 A2 (SIGE SEMICONDUCTOR INC 4-5,9,12
[CA]; JULIEN MARQUIS CHRISTIAN [CA]; WAYNE
WALT) 12 September 2003 (2003—09—12)
paragraphs [0001], [0002]
paragraph [0022] - paragraph [0028]
figures 1,2a

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

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2009/057198 -
Patent document Publication Patent family Publication
cited in search report date ‘'member(s) date
EP 1986331 Al 29-10-2008 WO 2007147351 Al 27-12-2007
CN 1983851 A 20-06-2007
US 2009093225 Al 09-04-2009
WO 0122604 Al 29-03-2001 AU 768337 B2 11-12-2003
AU 7610600 A 24-04-2001
CA 2384412 Al 29-03-2001
CN 1376335 A 23-10-2002
EP 1214794 Al 19-06-2002
HK 1048023 Al 22-07-2005
JP 2003510882 T 18-03-2003
us 6313698 Bl 06-11-2001
US 2006046668 Al 02-03-2006 JP 4172589 B2 29-10-2008
JP 2006074284 A 16-03-2006
EP 1237297 A2 04-09-2002 CN 1374760 A 16-10-2002
JP 3477177 B2 10-12-2003
JP 2002261631 A 13-09-2002
Us 2002123315 Al 05-09-2002
Us 2006003716 Al 05-01-2006
Us 2005186923 Al 25-08-2005 - US 2008118001 Al 22-05-2008
US 2009245419 Al 01-10-2009
JP 2003163607 A 06-06-2003  NONE
WO 9849771 Al 05-11-1998 BR 9808608 A 23-05-2000
CA 2285236 Al 05-11-1998
CN 1252905 A 10-05-2000
EP 0978163 Al 09-02-2000
JP 2001522565 T 13-11-2001
us 6757526 B1 29-06-2004
us 6148220 A 14-11-2000
US 2006068830 Al 30-03-2006 BR PI0516733 A 23-09-2008
CN 101032093 A 05-09-2007
EP 1797647 Al 20-06-2007
KR 20070058552 A - 08-06-2007
' WO 2006049669 Al 11-05-2006
WO 2004077664 Al 10-09-2004 CN 1754312 A 29-03-2006
: EP 1597824 Al 23-11-2005
F1 - 20030272 A 26-08-2004
KR 20050105485 A 04-11-2005
KR 20080003943 A 08-01-2008
W0 2004077664 Al US 2006178121 Al 10-08-2006
WO 2007149346 A2 27-12-2007 US 2007249304 Al 25-10-2007
WO 03075452 A2 12-09-2003 AU 2003206598 Al 16-09-2003
CN 1639966 A 13-07-2005
GB 2401737 A 17-11-2004
US 2003164735 Al 04-09-2003

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




	Page 1 - front-page
	Page 2 - description
	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 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - wo-search-report
	Page 56 - wo-search-report
	Page 57 - wo-search-report

