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TEMPERATURE COMPENSATED CIRCUITS FOR
RADIO-FREQUENCY DEVICES

CROSS-REFERENCE TO RELATED APPLICATION(S)
[0001] This application claims priority to U.S. Provisional Application
No. 62/004,792 filed May 29, 2014, entited TEMPERATURE COMPENSATED
CIRCUITS FOR RADIO-FREQUENCY DEVICES, the disclosure of which is

hereby expressly incorporated by reference herein in its entirety.

BACKGROUND

Field

[0002] The present disclosure relates to temperature compensated

circuits for radio-frequency (RF) applications.

Description of the Related Art

[0003] In radio-frequency (RF) applications, various circuits can be
implemented to process an RF signal. For example, a transceiver can generate
an RF signal which is then amplified for transmission. The amplified RF signal is
typically passed through circuits such as an impedance matching circuit, a filter
circuit, and a switching circuit, so as to be delivered to an antenna to be radiated

wirelessly.

SUMMARY

[0004] In some implementations, the present disclosure relates to a
radio-frequency (RF) circuit that includes an input node and a plurality of
components interconnected to the input node and configured to yield an
impedance for an RF signal at the input node. At least one of the plurality of
components is configured to have temperature-dependence within a temperature
range so that the impedance varies to compensate for an effect of temperature
change.

[0005] In some embodiments, the RF circuit can include an impedance
matching circuit. The RF circuit can further include an output node configured to

be connectable to a load. The impedance matching circuit can include a power
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amplifier (PA) output matching circuit, and the load can include an antenna. The
PA output matching circuit can include a first L-section having a first inductance
between the input node and the output node, and a first capacitive shunt
implemented between a node adjacent the first inductance and a ground. The
first capacitive shunt can include a temperature-dependent capacitor configured
to provide the temperature-dependence within the temperature range. The node
adjacent the first inductance can be a node after the first inductance.

[0006] The PA output matching circuit can further include a second L-
section having a second inductance in series with the first inductance, and a
second capacitive shunt implemented between a node adjacent the second
inductance and the ground. The second capacitive shunt can include a
capacitor. The node adjacent the second inductance can be a node after the
second inductance. The capacitor of the second capacitive shunt can be a non-
temperature dependent capacitor. The first L-section and the second L-section
can be arranged to form a two-stage L-section configuration.

[0007] In some embodiments, the temperature-dependent capacitor
can include a ceramic capacitor.

[0008] In some embodiments, the ceramic capacitor can be configured
so that its capacitance increases with an increase in temperature. The
capacitance can increases by about 13 to 15% when the temperature range is
approximately 25 °C to 85 °C. The ceramic capacitor can include a ceramic block
with a dielectric constant in a range of 4,500 to 7,000. The ceramic capacitor can
have an X7R rating. The ceramic capacitor can be a surface mount device
having a 0201 form factor. The capacitance can vary in a range having an upper
limit that is less than about 50 pF or about 20 pF.

[0009] In some embodiments, the increase in capacitance can result in
a decrease in the impedance of the circuit. The impedance can have a value of
approximately 4.5 Ohms at a temperature of 25 °C. The impedance can
decrease to approximately 4.0 Ohms at a temperature of 85 °C.

[0010] In some embodiments, the effect of temperature change can
include a degradation in a power saturation level at a higher temperature, and the
decrease in impedance can be selected to increase the power saturation level to

compensate for the degradation. The power saturation level can be increased by
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about 0.5 dB at the higher temperature to maintain an acceptable linearity at or
near the power saturation level.

[0011] In accordance with a number of implementations, the present
disclosure relates to a radio-frequency (RF) module that includes a packaging
substrate configured to receive a plurality of components, and a die mounted on
the packaging substrate and having a power amplifier circuit configured to
generate an amplified RF signal at its output node. The RF module further
includes a matching circuit implemented on the packaging substrate and
connected to the output node of the power amplifier circuit. The matching circuit
is configured to provide impedance-matching for the amplified RF signal and
includes at least one component configured to have temperature-dependence
within a temperature range so that an impedance associated with the matching
circuit varies to compensate for an effect of temperature change on the amplified
RF signal. The RF module further includes a plurality of connectors configured to
provide electrical connections between the power amplifier circuit, the matching
circuit, and the packaging substrate. In some embodiments, the at least one
temperature-dependent component can include a temperature-dependent
capacitor.

[0012] According to some teachings, the present disclosure relates to a
radio-frequency (RF) device that includes a transceiver configured to process RF
signals, and an antenna in communication with the transceiver and configured to
facilitate transmission of an amplified RF signal. The RF device further includes
a power amplifier circuit connected to the transceiver and configured to generate
the amplified RF signal. The RF device further includes a matching circuit
implemented between the power amplifier circuit and the antenna, and configured
to provide impedance-matching for the amplified RF signal. The matching circuit
includes at least one component configured to have temperature-dependence
within a temperature range so that an impedance associated with the matching
circuit varies to compensate for an effect of temperature change on the amplified
RF signal.

[0013] In some embodiments, the RF device can include a wireless
device. At least one temperature-dependent component can include a

temperature-dependent capacitor.
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[0014] In a number of implementations, the present disclosure relates
to a temperature-dependent capacitor that includes a ceramic block having a
dielectric constant between 4,500 and 7,000. The temperature-dependent
capagcitor further includes first and second electrodes disposed about the ceramic
block. The ceramic block and the electrodes can be configured to provide
temperature-dependent capacitance in a range that is less than about 50 pF.

[0015] In some embodiments, the capacitance can vary by about 13-
15% within a temperature range of about 60 degrees in Celsius, such as between
25 °C and 85 °C. The ceramic block can be substantially free of internal
electrodes. The capacitor can have a 0201 SMD form factor and an X7R
performance rating.

[0016] For purposes of summarizing the disclosure, certain aspects,
advantages and novel features of the inventions have been described herein. It
is to be understood that not necessarily all such advantages may be achieved in
accordance with any particular embodiment of the invention. Thus, the invention
may be embodied or carried out in a manner that achieves or optimizes one
advantage or group of advantages as taught herein without necessarily achieving

other advantages as may be taught or suggested herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Figure 1 depicts a block diagrams of a temperature-

compensated circuit having one or more features as described herein.

[0018] Figures 2A and 2B show an example situation where an
impedance matching circuit can be utilized.

[0019] Figure 3 shows plots of a power amplifier's measured adjacent
channel leakage ratio (ACLR) values as a function of measured output power
operated at an example frequency and at different temperatures.

[0020] Figure 4 shows the same data set of Figure 3 presented so that
the ACLR values are plotted versus output power normalized to maximum
saturated output power (Psat).

[0021] Figure 5 shows examples of power added efficiency (PAE)
curves as a function of output power for a given Psat and an overhead-added

Psat, showing that PAE can be degraded when Psat overhead is added.
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[0022] Figure 6A shows an example matching circuit that can utilize a
capacitor having temperature-dependent capacitance Ctemp.

[0023] Figure 6B shows that the example matching circuit of Figure 6A
can be configured so that given an external load impedance of Ziocad On the
RF_out side, the matching circuit presents an impedance of Z on the RF_in side.

[0024] Figure 7 shows a Smith plot of an example effect of the change
in capacitance induced by temperature change.

[0025] Figure 8 shows a plot of a reduction in load line impedance as
temperature-induced capacitance increases.

[0026] Figures 9A and 9B show different views of a temperature-
dependent capacitor that can be implemented as a ceramic capacitor.

[0027] Figures 10A and 10B show different views of an example
module having a temperature-compensated circuit.

[0028] Figure 11 shows an example wireless device having one or

more advantageous features as described herein.

DETAILED DESCRIPTION OF SOME EMBODIMENTS

[0029] The headings provided herein, if any, are for convenience only

and do not necessarily affect the scope or meaning of the claimed invention.

[0030] Disclosed herein are apparatus and methods related to a
temperature-compensated circuit that utilizes one or more components whose
performance depends on temperature. Figure 1 depicts a block diagrams of a
temperature-compensated circuit 100 that can be configured to provide one or
more desired functionalities between first (e.g., an input) and second (e.g., an
output) nodes (1 and 2).

[0031] In some embodiments, a temperature-compensated circuit can
be implemented as an impedance matching circuit. It will be understood that,
although various features and advantages are described herein in the context
such a matching circuit, one or more features of the present disclosure can also
be implemented in other types of radio-frequency (RF) or RF-related circuits.

[0032] Figures 2A and 2B show an example situation where an
impedance matching circuit can be utilized. In an example configuration 10 of

Figure 2A, an output matching circuit 14 without a temperature-compensating
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feature is shown to provide impedance matching of an output RF signal of a
power amplifier (PA) 12 with an electrical load (not shown) (e.g., an antenna) to
increase or maximize power transfer and/or to reduce or minimize reflections
from the load.

[0033] In an example configuration 110 of Figure 2B, an output
matching circuit 100 having a temperature-compensating feature is shown to
provide impedance matching of an output radio-frequency (RF) signal of a power
amplifier (PA) 112 with an electrical load (e.g., an antenna). As described herein,
such a temperature-compensating feature can facilitate improved performance
associated with the PA 112.

[0034] In power amplifier (PA) designs for RF applications, a number of
performance features can be considered. For example, in the context of linear
PAs, there is typically an important tradeoff between efficiency and adjacent
channel leakage ratio (ACLR) (or linearity). A PA is typically more efficient when
operated near saturation. However, a PA is typically more linear (e.g., has better
ACLR performance) when operated away from saturation. Thus, a typical PA
design can be configured to operate very close to saturation to meet a desired
linearity requirement while providing relatively high efficiency.

[0035] When a PA is operated very close to saturation, a small
variation in temperature can yield a significant change in linearity. Such a
change can lead to significant degradation in linearity performance. For example,
Figure 3 shows plots of a PA's measured ACLR1s as a function of measured
output power operated at approximately 1.980 GHz and at different temperatures
(approximately 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, 75 °C and 85 °C). The
example plots show that as temperature is increased from 25 °C to 35 °C, ACLR1
degrades by about 3 dB. The example plots also show that as temperature is
increased from 25 °C to 35 °C, the saturation power (Psat) is reduced by about
0.5 dB.

[0036] It is believed that the ACLR1 degradation results from the
change (e.g., reduction by 0.5 dB) in the maximum saturated output power (Psat)
of the amplifier. Such a reduction in Psat is believed to result from increased
losses associated with some or all of wiring, interconnect and/or passives, and

increased Vce,sat of transistors with temperature.
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[0037] The foregoing observation can be confirmed in Figure 4, where
the same data set of Figure 3 is presented so that ACLR1s are plotted versus
output power normalized to Psat. The plots in Figure 4 show that ACLR1
performances are substantially identical to about 2.75 dB below Psat. This
shows that the ACLR1 degradation with temperature is substantially or
completely a function of Psat drift.

[0038] In some situations, the foregoing performance degradation due
to temperature change can be addressed by designing a load line with enough
overhead power to support ACLR and/or gain at, for example, high temperatures.
For example, such an overhead can be configured to provide about 0.5 dB more
power than what is necessary at room temperature. However, and as shown in
Figure 5, designing for additional overhead power can degrade the power added
efficiency (PAE). In Figure 5 two curves (PAE versus output power)
representative of a given Psat (“Low Psat”) and an overhead-added Psat (“High
Psat”) are shown. The “Low Psat” configuration is shown to have a generally
higher PAE than that of the overhead-added (High Psat) configuration.

[0039] In some implementations, temperature-related performance
changes such as the foregoing examples of performance degradation can be
compensated by a matching circuit, without having to rely on the addition of
overhead power. In some embodiments, such temperature-compensation can be
achieved by use of one or more temperature-dependent components. By
selecting, among others, a desired temperature dependence of such
component(s), desired temperature-compensation characteristics of a circuit
(e.g., a matching circuit) can be implemented.

[0040] Figure 6A shows an example matching circuit 100 that utilizes a
capacitor 200 having temperature-dependent capacitance Ctemp. Additional
details about such a capacitor are described herein in greater detail. It will be
understood that such a temperature-dependent capacitor can also be utilized in
other types of matching circuits. It will also be understood that other
temperature-dependent components can also be utilized to vyield desired
performance characteristics of matching circuits.

[0041] Figure 6B shows that the example matching circuit 100 of Figure
6A can be configured so that given an external load impedance of Zioad (depicted

as 128) on the RF_out side, the matching circuit 100 presents an impedance of Z
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(depicted as 122) on the RF_in side. Thus, by way of an example, if RF_in is
connected to an output of a power amplifier (PA) (e.g., 112 in Figure 2B), the PA
is presented with an impedance of Z instead of Zioad to, for example, desirably
impedance-match the PA output.

[0042] In the example matching circuit 100, a path 120 between RF_in
and RF_out is shown to include first and second inductances L1, L2. In some
embodiments, such inductances can be provided by, for example, discrete
inductors, wire connections, conductor traces, or any combination thereof.

[0043] The example matching circuit 100 is also shown to include a first
capacitive shunt branch 124 implemented between L1 and L2 and coupled to the
ground via a first capacitance (e.g., a capacitor) 200. In the example described
herein, the first capacitor 200 can be a temperature-dependent capacitor having
capacitance Ctemp that varies with temperature. A second capacitive shunt
branch 126 is shown to be implemented to couple the output node RF_out (e.qg.,
downstream of L2) to the ground via a second capacitance (e.g., a capacitor) C2.

[0044] Table 1 lists example values that can be implemented for the
foregoing components to achieve an example temperature-compensation
described herein. The values listed are approximate. Other values can also be

used.

Component Approximate value
Effective Z 4.5 Ohms
Effective Zioad 50 Ohms
L1 0.323 nH
L2 1.496 nH
Ctemp 9 pF to 10.2 pF
C2 3.75 pF
Table 1

[0045] In the context of the example configuration associated with
Figures 6A and 6B and Table 1, approximately 2-3% higher PAE can be
achieved for a power amplifier (e.g., for Band 1 of a high efficiency WCDMA

module) by providing an extra output power of about 0.5 dB at high temperature
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(e.g., 85 °C, versus lower temperature such as 25 °C) for linearity compensation.
Such an effect can be achieved by reducing a load line impedance from
approximately 4.5 Ohms to approximately 4.0 Ohms. The 4.5 Ohm load line
impedance can be achieved with the temperature-dependent Ctemp having a
value of approximately 9 pF at the lower temperature of 25 °C. The 4.0 Ohm load
line impedance can be achieved with the temperature-dependent Ctemp having a
value of approximately 10.2 pF at the higher temperature of 85 °C.

[0046] In some embodiments, a capacitor that can provide the
foregoing example temperature-dependent capacitance Ctemp can include
relatively high Q and relatively tight tolerance properties. For example, there are
temperature-dependent capacitors that have relatively large tolerances (e.g., +/-
15%) and having capacitance values between about 100 to 10° pF. Such
capacitors will likely not be useful for the example temperature-compensated
match circuit described in reference to Figures 6A and 6A and Table 1 due to, for
example, capacitance values and tolerances being too large. However, such
temperature-dependent capacitors may be utilized in other RF applications.

[0047] In some embodiments, a capacitor that can be utilized for
facilitating temperature compensation of an RF PA output matching circuit can
include a temperature-dependent capacitor having a tolerance of approximately
10% or less, or more preferably 5% or less. In some embodiments, such a
tolerance can be in a range of approximately 3% to 5%. Such a capacitor can
have a capacitance value that is, for example, less than 100 pF, less than 80 pF,
less than 60 pF, less than 50 pF, less than 40 pF, less than 30 pF, less than 20
pF, or less than 15 pF in its operating temperature range.

[0048] In some embodiments, capacitance value of a temperature-
dependent capacitor having one or more features as described herein can
increase as temperature increases. In the example temperature range of 25 °C
to 85 °C described herein, the capacitance value can change by about 13-15%.
It will be understood that other operating ranges of temperature and/or relative
changes are also possible. It will also be understood that temperature-
dependence in which capacitance increases with temperature, decreases with
temperature, or any combination thereof (e.g., capacitance increases in one
range of temperature and decreases in another range of temperature) can be
utilized in a temperature-dependent capacitor and related RF circuit(s).

-9-
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[0049] In some embodiments, a temperature-dependent capacitor
having one or more features as described herein can have a Q value of, for
example, at least 100 at 1 GHz. In a more specific example, a Q value of at least
180 can be desirably high for the capacitor's reactance at a capacitance value of
approximately 9 pF. It will be understood that other values or ranges of Q and/or
capacitance can also be implemented.

[0050] Figures 7 and 8 show example effects of the change in
capacitance induced by temperature change (e.g., 25 °C to 85 °C). Figure 7
shows a Smith chart, where an S1,1 scattering parameter is shown to decrease
as temperature increases. Figure 8 shows a plot of the above-described
reduction in load line impedance from approximately 4.5 Ohms to approximately
4.0 Ohms as temperature-induced capacitance increases from approximately 9.0
pF to approximately 10.2 pF.

[0051] In some embodiments, a temperature-dependent capacitor
having some or all of the features described herein can be implemented as a
ceramic capacitor. Figures 9A and 9B show plan and side views of an example
ceramic capacitor 200 having overall dimensions of L (length), width (W) and
thickness (T). The capacitor 200 can include a ceramic dielectric block 202
disposed between first and second electrodes 204, 206.

[0052] In some embodiments, the foregoing ceramic capacitor 200 can
be implemented as, for example, a 0201 sized surface-mount device (SMD) with
a footprint size of approximately 0.6 mm x 0.3 mm. Other sizes and/or
configurations are also possible.

[0053] In some embodiments, the foregoing ceramic block 202 can be
configured to provide bulk dielectric constant in a range of, for example, about
4,500 and 7,000. Other ranges of bulk dielectric constant can also be used.

[0054] The ceramic block 202 can be configured to provide, for
example, X7R temperature characteristics (low temperature of -55 °C, high
temperature of +125 °C, and capacitance change of +/-15%). Other temperature
characteristics can also be utilized. For example, "Y" (low temperature of -30 °C)
or "Z" (low temperature of +10 °C) configuration can also be used in some
situations. For high temperature, "6" (high temperature of +105 °C) or "8" (high

temperature of +150 °C) configuration can also be used in some situations. For
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relative capacitance change, other ranges such as "P" (+/-10%) or "S" (+/-22%)
can also be used in some situations. Other configurations can also be utilized.

[0055] In some embodiments, the foregoing example ceramic capacitor
200 can be implemented with standard external cap electrodes, and without inner
electrodes. Other electrode configurations can also be implemented.

[0056] As described herein, one or more temperature-dependent
capacitors can be utilized in RF circuits such as an example impedance matching
circuit 100 of Figures 6A and 6B to obtain desirable performance benefits. In the
example of Figures 6A and 6B, the impedance matching circuit 100 generally has
a two-stage L-section configuration. It will be understood that such a
configuration is an example of an impedance matching circuit. Accordingly, one
or more temperature-dependent capacitors can be utilized in other types of
impedance matching circuits.

[0057] It will also be understood that impedance matching circuits
having one or more features as described herein are examples of RF circuits that
can include one or more temperature-dependent capacitors. Accordingly, one or
more temperature-dependent capacitors can be utilized in other types of RF
circuits. For example, an RF circuit can have a frequency response and/or a
resonance that depend on a capacitance value of a capacitor; and performance
related to such an RF circuit can be sensitive to relatively small variations in the
frequency response and/or the resonance. Accordingly, use of one or more
temperature-dependent capacitors in such an RF circuit can compensate for
undesirable temperature-related effects.

[0058] In some implementations, a device and/or a circuit having one or
more features described herein can be included in a module. An example of
such a module (300) is depicted in Figures 10A (a plan view) and 10B (a side
view).

[0059] In the example context of the output matching of amplified RF
signals, the example module 300 is shown to include a die 302 having a power
amplifier circuit 112 as described herein. Such a die can be fabricated using a
number of semiconductor process technologies. The die 302 can include a
plurality of electrical contact pads 304 configured to allow formation of electrical
connections 308 such as wirebonds between the die 302 and contact pads 306

formed on a packaging substrate 320 of the module 300.
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[0060] In the example module 300, the packaging substrate 320 can be
configured to receive a plurality of components such as the die 302 and one or
more SMDs (e.g., 310). In some embodiments, the packaging substrate 320 can
include, for example, a laminate substrate, a ceramic substrate, etc.

[0061] The module 300 is shown to include a temperature-
compensated match circuit 100 having one or more features described herein.
Such a circuit can include a temperature-dependent capacitor 200 and one or
more additional SMDs (e.g., non-temperature-dependent capacitor(s) and
resistor(s)). In some embodiments, inductances associated with the circuit 100
can be provided by discrete inductors and/or conductor paths associated with the
circuit 100. In some embodiments, some of such conductor paths can be located
below the surface of the packaging substrate 320. Accordingly, the circuit 100
can be on the surface of the packaging substrate 320; and in some situations,
can extend into a portion of the substrate 320.

[0062] The module 300 is shown to include a plurality of contact pads
330, 332 disposed on the side opposite from the side where the die 112 is
mounted on. Such a configuration can allow easy mounting of the module 300
on a circuit board such as a phone board of a wireless device. The example
contact pads 332 can be configured to provide a ground connection. The
example contact pads 330 can be configured to provide connections for power
and RF signals. For example, the example contact pads 330a and 330b can
provide input and output connections for RF signals into and out of the PA 112.

[0063] In some embodiments, the module 300 can also include one or
more packaging structures to, for example, provide protection and facilitate easier
handling of the module 300. Such a packaging structure can include an
overmold 340 formed over the packaging substrate 320 and dimensioned to
substantially encapsulate the various circuits thereon.

[0064] It will be understood that although the module 300 is described
in the context of wirebond-based electrical connections, one or more features of
the present disclosure can also be implemented in other packaging
configurations, including flip-chip configurations.

[0065] In some implementations, a device and/or a circuit having one or
more features described herein can be included in an RF device such as a

wireless device. Such a device and/or a circuit can be implemented directly in
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the wireless device, in a modular form as described herein, or in some
combination thereof. In some embodiments, such a wireless device can include,
for example, a cellular phone, a smart-phone, a hand-held wireless device with or
without phone functionality, a wireless tablet, etc.

[0066] Figure 11 depicts an example wireless device 400 having one or
more advantageous features described herein. In the context of an output match
circuit for a PA, a plurality of match circuits 100a, 100b, 100c, 100d having one or
more features described herein are shown to be connected to outputs of their
respective PAs 112a, 112b, 112¢, 112d. Such PAs can facilitate, for example,
multi-band operation of the wireless device 400. In embodiments where the PAs
and their matching circuits are packaged into a module, such a module can be
represented by a dashed box 300.

[0067] The PAs 112 can receive their respective RF signals from a
transceiver 410 that can be configured and operated in known manners to
generate RF signals to be amplified and transmitted, and to process received
signals. The transceiver 410 is shown to interact with a baseband application
processor 408 that is configured to provide conversion between data and/or voice
signals suitable for a user and RF signals suitable for the transceiver 410. The
transceiver 410 is also shown to be connected to a power management
component 406 that is configured to manage power for the operation of the
wireless device. Such power management can also control operations of the
baseband application processor 408 and the PA module 300.

[0068] The baseband application processor 408 is shown to be in
communication with a user interface 402 to facilitate various input and output of
voice and/or data provided to and received from the user. The baseband
application processor 408 can also be in communication with a memory 404 that
is configured to store data and/or instructions to facilitate the operation of the
wireless device, and/or to provide storage of information for the user.

[0069] In the example wireless device 400, outputs of the match circuits
(100a-100d) are shown to be routed to an antenna 416 via their respective
duplexers 412a-412d and a band-selection switch 414. The band-selection
switch 414 can include, for example, a single-pole-multiple-throw (e.g., SP4T)
switch to allow selection of an operating band (e.g., Band 2). In some

embodiments, each duplexer 412 can allow transmit and receive operations to be
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performed simultaneously using a common antenna (e.g., 416). In Figure 11,
received signals are shown to be routed to "Rx" paths (not shown) that can
include, for example, a low-noise amplifier (LNA).

[0070] A number of other wireless device configurations can utilize one
or more features of the temperature-compensated match circuit described herein.
For example, a wireless device does not need to be a multi-band device. In
another example, a wireless device can include additional antennas such as
diversity antenna, and additional connectivity features such as Wi-Fi, Bluetooth,
and GPS.

[0071] Unless the context clearly requires otherwise, throughout the

” W@

description and the claims, the words “comprise,” “comprising,” and the like are to
be construed in an inclusive sense, as opposed to an exclusive or exhaustive
sense; that is to say, in the sense of “including, but not limited to.” The word
“coupled”, as generally used herein, refers to two or more elements that may be
either directly connected, or connected by way of one or more intermediate

” i

elements. Additionally, the words “herein,” “above,” “below,” and words of similar
import, when used in this application, shall refer to this application as a whole and
not to any particular portions of this application. Where the context permits,
words in the above Description using the singular or plural number may also
include the plural or singular number respectively. The word “or” in reference to a
list of two or more items, that word covers all of the following interpretations of the
word: any of the items in the list, all of the items in the list, and any combination
of the items in the list.

[0072] The above detailed description of embodiments of the invention
is not intended to be exhaustive or to limit the invention to the precise form
disclosed above. While specific embodiments of, and examples for, the invention
are described above for illustrative purposes, various equivalent modifications are
possible within the scope of the invention, as those skilled in the relevant art will
recognize. For example, while processes or blocks are presented in a given
order, alternative embodiments may perform routines having steps, or employ
systems having blocks, in a different order, and some processes or blocks may
be deleted, moved, added, subdivided, combined, and/or modified. Each of

these processes or blocks may be implemented in a variety of different ways.
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Also, while processes or blocks are at times shown as being performed in series,
these processes or blocks may instead be performed in parallel, or may be
performed at different times.

[0073] The teachings of the invention provided herein can be applied to
other systems, not necessarily the system described above. The elements and
acts of the various embodiments described above can be combined to provide
further embodiments.

[0074] While some embodiments of the inventions have been
described, these embodiments have been presented by way of example only,
and are not intended to limit the scope of the disclosure. Indeed, the novel
methods and systems described herein may be embodied in a variety of other
forms; furthermore, various omissions, substitutions and changes in the form of
the methods and systems described herein may be made without departing from
the spirit of the disclosure. The accompanying claims and their equivalents are
intended to cover such forms or modifications as would fall within the scope and

spirit of the disclosure.
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WHAT IS CLAIMED 1S:

1. A radio-frequency (RF) circuit comprising:

an input node;

a plurality of components interconnected to the input node and
configured to yield an impedance for an RF signal at the input node;

at least one of the plurality of components configured to have
temperature-dependence within a temperature range so that the

impedance varies to compensate for an effect of temperature change.

2. The RF circuit of claim 1 wherein the RF circuit includes an

impedance matching circuit.

3. The RF circuit of claim 2 further comprising an output node

configured to be connectable to a load.

4. The RF circuit of claim 3 wherein the impedance matching circuit
includes a power amplifier (PA) output matching circuit, and the load includes an

antenna.

5. The RF circuit of claim 4 wherein the PA output matching circuit
includes a first L-section having a first inductance between the input node and the
output node, and a first capacitive shunt implemented between a node adjacent
the first inductance and a ground, the first capacitive shunt including a
temperature-dependent capacitor configured to provide the temperature-

dependence within the temperature range.

6. The RF circuit of claim 5 wherein the node adjacent the first

inductance is a node after the first inductance.

7. The RF circuit of claim 5 wherein the PA output matching circuit
further includes a second L-section having a second inductance in series with the

first inductance, and a second capacitive shunt implemented between a node
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adjacent the second inductance and the ground, the second capacitive shunt

including a capacitor.

8. The RF circuit of claim 7 wherein the node adjacent the second

inductance is a node after the second inductance.

9. The RF circuit of claim 7 wherein the capacitor of the second

capacitive shunt is a non-temperature dependent capacitor.

10. The RF circuit of claim 7 wherein the first L-section and the second

L-section are arranged to form a two-stage L-section configuration.

11.  The RF circuit of claim 5 wherein the temperature-dependent

capacitor includes a ceramic capacitor.

12.  The RF circuit of claim 11 wherein the ceramic capacitor is

configured so that its capacitance increases with an increase in temperature.

13.  The RF circuit of claim 12 wherein the capacitance increases by

about 13 to 15% when the temperature range is approximately 25 °C to 85 °C.

14.  The RF circuit of claim 12 wherein the ceramic capacitor includes a

ceramic block with a dielectric constant in a range of 4,500 to 7,000.

15. The RF circuit of claim 12 wherein the ceramic capacitor is a

surface mount device.

16.  The RF circuit of claim 12 wherein the capacitance varies in a range

having an upper limit that is less than about 50 pF.

17.  The RF circuit of claim 16 wherein the capacitance varies in a range

having an upper limit that is less than about 20 pF.
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18. The RF circuit of claim 12 wherein the increase in capacitance

results in a decrease in the impedance of the circuit.

19.  The RF circuit of claim 18 wherein the effect of temperature change
includes a degradation in a power saturation level at a higher temperature, and
the decrease in impedance is selected to increase the power saturation level to
compensate for the degradation.

20. The RF circuit of claim 19 wherein the power saturation level is
increased by about 0.5 dB at the higher temperature to maintain an acceptable

linearity at or near the power saturation level.

21.  Aradio-frequency (RF) module comprising:

a packaging substrate configured to receive a plurality of
components;

a die mounted on the packaging substrate and having a power
amplifier circuit configured to generate an amplified RF signal at its output
node;

a matching circuit implemented on the packaging substrate and
connected to the output node of the power amplifier circuit, the matching
circuit configured to provide impedance-matching for the amplified RF
signal and including at least one component configured to have
temperature-dependence within a temperature range so that an
impedance associated with the matching circuit varies to compensate for
an effect of temperature change on the amplified RF signal; and

a plurality of connectors configured to provide electrical connections
between the power amplifier circuit, the matching circuit, and the
packaging substrate.

22. The RF module of claim 21 wherein the at least one temperature-

dependent component includes a temperature-dependent capacitor.
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23.  Aradio-frequency (RF) device comprising:

a transceiver configured to process RF signals;

an antenna in communication with the transceiver and configured to
facilitate transmission of an amplified RF signal;

a power amplifier circuit connected to the transceiver and
configured to generate the amplified RF signal; and

a matching circuit implemented between the power amplifier circuit
and the antenna, and configured to provide impedance-matching for the
amplified RF signal, the matching circuit having at least one component
configured to have temperature-dependence within a temperature range
so that an impedance associated with the matching circuit varies to
compensate for an effect of temperature change on the amplified RF

signal.

24. The RF device of claim 23 wherein the RF device includes a

wireless device.

25. The RF device of claim 24 wherein the at least one temperature-

dependent component includes a temperature-dependent capacitor.

-19-



WO 2015/184233 PCT/US2015/033136

1/9
'/1 00
1 2
o TEMPERATURE—COMPENSATED 5
CIRCUIT
FIG.1

14 10
12 \\ A/f

PA OUTPUT MATCH ———
FIG.2A
100
110
112 A i
TEMPERATURE-
PA COMPENSATED

OUTPUT MATCH

FIG.2B

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/033136

WO 2015/184233

2/9

¢

G'0¢

0¢

¢ol
(wgp) 1NOd~SYAN

G6l 6 G8C 8

¢ GLld L

¢ G9¢ 9¢ GG

— e

=

777

G2'8C :LINT L3N
G —:LINI1 ZYOH—
S o

0861 -8/
086 -G9—
0861 -GG+
086157+
0861-GE —\
0861 -G¢—

NOLLVIHVA

a7/

410V 8PS 17 ¥ 7/

w\\\

N

Y/

/474 94

/

2

/1y

068 0L OS¢ WOY

JUNLIVeIdNAL

ONISVIHONI

JG8 0L 3G¢ WO
NOILONA3Y PS4 G0

(ogP) XV LYTOV SYAN

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/033136

WO 2015/184233

3/9

1bsd MO14d 8PS.L°¢C
JONVNYO4ddd Ly10V IVOILNAA
ATIVIINVISENS ——

0 §0- 1= G- ¢= G¢- £ G¢= y- G- G- GG - G9- [-

120 E
(wgp) LNOd~SVANW

) 565

]

G[- 8-

o c

\

9 58]

J5L]

——

A

R

Je

6sZ 14 g9

GL¢—LNIT LH3A
GE—LINIT Z4OH—
8C—LINIT Z4OH—
0861—-GB—+
0861 —G/——
0861 —G9—
0861 —GG—
0861 -Gy —
0861—-G¢ —=
0861—-GC—

————

J5C

N

NN

[{e]
i
(ogp) XYW~ LYT1OV SYaN

1bsd Q3ZI'v

AYON

‘SA

Y10V

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/033136

WO 2015/184233

4/9

G¢ 0¢

G

Gal

(wgp) ¥3IMod Ind1lno
Z 0¢ Gl

0l

dIMOd ALV ——\,
1bSd HIH

3084 >>o._|/

/

™

10Sd IMOT HLIM dIMOd
d31vY IV AON3I0I443 dIAOHdNI

diMOd INdINO "SA 3vd

09

SUBSTITUTE SHEET (RULE 26)



WO 2015/184233

RF_in

5/9

[1 00

PCT/US2015/033136

RF_out

120
L1 g L2
Y Y YN\
124/ | 126 |
(;<Ctemp C2 1~
200
FIG.6A
me
120
L1 S L2
rYYYy Y Y Y\
124/ 126 |
(/\Ctemp C2 ™~
200
FIG.6B

SUBSTITUTE SHEET (RULE 26)



WO 2015/184233 PCT/US2015/033136

6/9
LOAD LINE-Z0=4.5 Ohms

INCREASINE TEMP

freq (1.950Hz to 1.950GHz)

FIG./

Load Line vs. Ctemp

4.6 i i
45 1 INCREASING TEMP
4.4 i \\ >
S 4.3 \\
S 497 N
42 ~
4.1
4-0 I I I ) ) )
9.0 9.2 9.4 9.0 9.8 10.0 10.2
Ctemp
FIG.8

SUBSTITUTE SHEET (RULE 26)



WO 2015/184233 PCT/US2015/033136

7/9
-} L -
A
200\
w
\ | \ |
T < |
204 206
FIG.9A
- L -

N

o

N
——

206

SUBSTITUTE SHEET (RULE 26)



WO 2015/184233 PCT/US2015/033136

8/9
300\ (320
MODULE )
302 306, ~— 1_00__

308 - I TEMPERATURE- |
E'l | COMPENSATED |

112 J:E’ | MATCH CIRCUIT |
g e rEEH [Cem

wl?
a
K
7

300
308 1124 \ (308 306 rZOO

340~ f\ \ /J\lr— ———+_}00
ik I N ] ! !

| 306 Tt ——
- L _ I 336 | ~334b
I U
330a %2 330b
FIG.10B

SUBSTITUTE SHEET (RULE 26)



PCT/US2015/033136

WO 2015/184233

9/9

INFNFOVNYIN 4IMOd —~—
! oy
o
il VARV 7 =
XY / m —] =<
o
P = 2
awiv = 3
Xd Y ) 5
2 B |
3 = | |g
M =
VALY = e
XY /n m —> =
‘AIE
w
il \VARY, = =
Xy
/,oN_¢_ o g0’ zor

40IA30 SSATFAIM

-907

oot

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2015/033136

A. CLASSIFICATION OF SUBJECT MATTER
HO04B 1/38(2006.01)i, HO3F 1/30(2006.01)i

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO04B 1/38; HO3G 3/30; HO3H 7/40; HO3H 11/28; HO3F 1/02; HO3F 3/68; HO3F 3/20; HO3F 1/30

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

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)
cKOMPASS(KIPO internal) & Keywords:RF circuit, temperature, compensate, power amplifier

C. DOCUMENTS CONSIDERED TO BE RELEVANT

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

X US 2003-0030504 A1 (NAGARAJ DIXIT et al.) 13 February 2003 1-4,21-25
See paragraphs [0002]-[0019]; and figure 1.

A 5-20

A US 2013-0187727 A1 (RESEARCH IN MOTION RF, INC.) 25 July 2013 1-25
See paragraphs [0021]-[0024]; and figure 1.

A US 7071783 B2 (IKUROH ICHITSUBO et al.) 04 July 2006 1-25
See column 3, line 37 - column 4, line 60; and figures 2-3.

A JP 2011-172206 A (PANASONIC CORP.) 01 September 2011 1-25
See paragraphs [0088]-[0090]; and figure 4.

A US 2004-0222848 A1 (CHUMING DAVID SHIH et al.) 11 November 2004 1-25
See paragraphs [0033]-[0037], [0141]-[0144]; and figure 3.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

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

"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

"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

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
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
18 September 2015 (18.09.2015)

Date of mailing of the international search report

21 September 2015 (21.09.2015)

Name and mailing address of the [SA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-10, Seo-gu, Daejeon Metropolitan City, 35208,
Republic of Korea

Facsimile No, +82-42-472-7140

Authorized officer

0
LEE, Jin Ick W
CR RN
TS
\\§\\~*i\\\\“~\‘\\\§
Telephone No. +82-42-481-5770 o

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2015/033136
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2003-0030504 Al 13/02/2003 CN 1541445 A 27/10/2004
EP 1415395 Al 06/05/2004
WO 03-015266 Al 20/02/2003
US 2013-0187727 Al 25/07/2013 US 2010-073103 Al 25/03/2010
US 2012-056689 Al 08/03/2012
US 2012-154069 Al 21/06/2012
US 2013-147681 Al 13/06/2013
US 2015-123870 Al 07/05/2015
US 8072285 B2 06/12/2011
US 8395459 B2 12/03/2013
US 8421548 B2 16/04/2013
US 8674783 B2 18/03/2014
US 8957742 B2 17/02/2015
US 7071783 B2 04/07/2006 US 2004-0012446 Al 22/01/2004
US 2005-0030101 Al 10/02/2005
US 2006-0202757 Al 14/09/2006
US 6822515 B2 23/11/2004
US 7253681 B2 07/08/2007
JP 2011-172206 A 01/09/2011 US 2011-0175681 Al 21/07/2011
US 2004-0222848 Al 11/11/2004 US 7158386 B2 02/01/2007

Form PCT/ISA/210 (patent family annex) (January 2015)




	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 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - wo-search-report
	Page 31 - wo-search-report

