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1
TUNING MATCHING CIRCUITS FOR
TRANSMITTER AND RECEIVER BANDS AS
A FUNCTION OF THE TRANSMITTER
METRICS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Notice: More than one reissue application has been filed
for the reissue of U.S. Pat. No. 8,798,555. The Reissue
applications are application Ser. No. 14/716,014, and the
present application filed herewith. This application is a
continuation [of co-pending] reissue application of U.S.
patent application Ser. No. 14/716,014, filed May 19, 2015,
which is an application for reissue of U.S. Pat. No. 8,798,
555, issued on Aug. 5, 2014, from U.S. patent application
Ser. No. 13/693,388, which is a continuation of U.S. patent
application Ser. No. 13/168,529, filed on Jun. 24, 2011, row
U.S. Pat. No. 8,428,523, which is a continuation of U.S.
patent application Ser. No. 11/940,309 filed on Nov. 14,
2007, now U.S. Pat. No. 7,991,363, the disclosures of all of
which are hereby incorporated by reference in their entirety.

FILED OF THE DISCLOSURE

The present invention is directed towards impedance
matching circuits and more particularly, adaptive impedance
matching circuits to improve transceiver operation in a
variety of scenarios.

BACKGROUND OF THE INVENTION

As more technology and features are incorporated into
small packages, engineering teams must get more and more
creative, especially in the face of lagging miniaturization of
parts and components. One of the areas that engineers focus
on is multipurpose circuitry or, circuitry that meets a variety
of functions. A good example of this focus is with regards to
antenna matching circuits within cellular telephone devices.

Cellular telephone devices have migrated from single
cellular technology supporting devices to multi-cellular
technology devices integrating a variety of other consumer
features such as MP3 players, color displays, games, etc.
Thus, not only are the cellular telephone devices required to
communicate at a variety of frequencies, they are also
subjected to a large variety of use conditions. All of these
factors can result in a need for different impedance matching
circuits for the antenna. However, by utilizing tunable
components, a single matching circuit can be used under a
variety of circumstances. Tunable matching circuits gener-
ally operate to adjust the impedance match with an antenna
over a frequency range to maximize the output power.
However, difficulties arise when attempting to tune the
matching circuit for signal reception. What is needed in the
art is an adaptive impedance matching module that can
operate to optimize performance of both the transmitter and
the receiver under a variety of circumstances. Further, what
is needed is an adaptive impedance matching module that
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2

optimizes performance of the transceiver based on optimiz-
ing the operation in view of a figure of merit.

BRIEF SUMMARY OF THE INVENTION

In general, embodiments of the invention include a tun-
able matching circuit and an algorithm for adjusting the
same. More particularly, the tuning circuit is adjusted pri-
marily based on transmitter oriented metrics and is then
applied to attain a desired tuning for both transmitter and
receiver operation. In a time division multiplexed (TDM)
system in which the transmitter and the receiver operate at
different frequencies but are only keyed in their respective
time slots (i.e. transmit time slot and receive time slot), this
is accomplished by identifying an optimal tuning for the
transmitter and then adding an empirically derived adjust-
ment to the tuning circuit in receive mode. In a frequency
division multiplexed (FDM) system in which the transmitter
and receiver operate simultaneously and at different frequen-
cies, this is accomplished by identifying a target operation
for the transmitter, and then adjusting the tuning circuit first
to the target value for the transmitter and then adjusting the
values to approach a compromised value proximate to an
equal or desired target value for the receiver.

An exemplary embodiment of the present invention pro-
vides a method for controlling a matching circuit for inter-
facing an antenna with a transceiver. The matching circuit
includes one or more tunable components. The tuning of the
matching circuit is based on a figure of merit that incorpo-
rates one or more operation metrics. One aspect of the
present invention is that the operation metrics can be trans-
mitter based but still provide desired adjustment results for
receiver operation. The operation metric(s) is monitored and
measured and then compared to the figure of merit. If the
desired operation is not attained, the variable component(s)
of the matching circuit is adjusted using one or more of a
variety of techniques to attain the figure of merit. This
process is performed to maintain operation at the figure of
merit.

In one embodiment of the invention more particularly
suited for TDM systems, an offset, scaling factor, translation
or other change or modification is applied to the adjustments
of the variable components when switching from the trans-
mit mode to the receive mode. This translation is a function
of the values obtained while adjusting during the transmit
time slot. The translation is then removed upon return to the
transmitter mode and the adjustment process is resumed.

In another embodiment of the invention particularly
suited for FDM systems, the figure of merit not only
incorporates the transmit metrics, but also incorporates an
element to attain a compromise between optimal transmitter
and optimal receiver operation. This is accomplished by
identifying a target operation goal, such as a desired trans-
mitter and receiver reflection loss and then identifying an
operational setting that is a close compromise between the
two. This embodiment thus incorporates not only transmitter
metrics but also tuning circuit settings or preferences into
the algorithm. The tuning preferences can be empirically
identified to ensure the desired operation.

These and other aspects, features and embodiments of the
present invention will be more appreciated upon review of
the figures and the detailed description.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 is a block diagram illustrating an exemplary
environment for deployment of one or more embodiments of
the present invention.
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FIG. 2 is a circuit diagram illustrating further details of an
exemplary matching circuit that could be included in the
AIMM in an exemplary embodiment of the present inven-
tion.

FIG. 3 is a flow diagram illustrating the general steps
taken in an exemplary embodiment of the present invention.

FIG. 4 and FIG. 4A are a plots of the transmitter reflection
losses for four operating frequencies.

FIG. 5 is a flow diagram illustrating the steps involved in
an exemplary embodiment of the present invention operat-
ing in a TDM environment.

FIG. 6 is a return loss contour diagram in the PTC plane
for a particular frequency (i.e., 825 MHz/870 MHz opera-
tion).

FIG. 7 is a flow diagram illustrating the steps involved in
an exemplary embodiment of the present invention in
obtaining the preference values for PTC1 and PTC2.

FIG. 8 is a contour plot showing the magnitude and the
phase of the reflection coefficient.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention, as well as features and aspects
thereof, is directed towards providing an impedance match-
ing circuit, module or component that in response to sensing
the matching condition by monitoring one or more metrics
or parameters of the transmitter, can be adjusted to optimize
the match.

More specifically, embodiments of the present invention
include adaptive impedance matching circuits, modules,
1C’s etc., that operate to sense the matching condition of the
transmit signal or other transmitter related metric and then
optimizes the matching characteristics by adjusting the
values of one or more tunable devices in view of attaining
or reaching a figure of merit. The figure of merit can be
based on a variety of elements, such as the input return loss,
output power, current drain, linearity metrics, as well as
others. In the embodiments of the present invention that are
presented herein, the figure of merit is typically described or
defined as being based on the input return loss. However, it
is to be understood that this is just a non-limiting example
of the present invention, and although it may in and of itself
be considered as novel, other transmitter, or non-receiver,
related metrics may be incorporated into the figure of merit
in addition to or in lieu of the input return loss or reflection
loss.

In an exemplary embodiment, an adaptive impedance
matching module (AIMM) detects transmitter related met-
rics and optimizes the matching circuit keyed on the transmit
signal. A benefit associated with focusing on the transmit
signal, as well as other transmitter metrics, is that the
transmit signal is higher in power than the receive signal and
thus, is easier to detect. However, it will be appreciated by
those skilled in the art that it is desirable to improve the
matching conditions for both the transmit signal and the
receive signal. Advantageously, the present invention oper-
ates to optimize a figure of merit that achieves a desired
operation of both signals even though the matching adjust-
ments performed by the AIMM are only based on sensing
the transmitter related metrics.

One embodiment of the invention is particularly well
suited for operating in a time division multiplexed (TDM)
system. In a TDM system, the radio transmits and receives
in different time slots. Typically, the transmitter and receiver
also operate on different frequencies; however, it will be
appreciated that some systems utilize the same frequency for

10

15

20

25

30

35

40

45

50

55

60

65

4

transmission and reception. Nonetheless, in a TDM system,
the transmitter and receiver are not active at the same time.
In this environment, the AIMM can be adjusted to optimal
settings for the transmitter during a transmit time slot and
then the AIMM can be adjusted to optimal setting for the
receiver during the receive time slot. As such, the AIMM
tuner can be set differently during transmit and receive time
slots. During the transmit time slot, an adjustment algorithm
is applied to determine the appropriate settings of the AIMM
to optimize the match or attain a figure of merit that results
in achieving or approaching a desired level of operation.
Because any frequency offset between the transmit signal
and the receive signal is known, an adjustment or modifi-
cation of the setting of the AIMM in the form of a translation
or some other function is applied to the AIMM during the
receive time slot. The adjustment improves the matching
characteristics at the receiver frequency based on knowledge
determined during the transmit time slot and the general
operation of the receiver. During the next transmit time slot,
the translation is removed from the AIMM and the adjust-
ment algorithm regains control of the AIMM. Upon return-
ing to the receive time slot, the modification can be reapplied
or, if the settings during the transmit time slot have been
changed, then the new settings can be modified for the
subsequent receive time slot.

The adjustment applied to the AIMM during the receive
time slot can be obtained in a variety of manners. For
instance, in one embodiment the adjustment may be a
translation derived empirically by characterizing the tuner at
the transmitter and receiver frequencies and then deriving a
mapping function to describe the translation. Alternatively,
the translation may be derived by using the known (or
theoretical) S-parameters of the tuner network.

Another embodiment of the present invention is particu-
larly suited for a Frequency Division Multiplexed (FDM)
system. In an FDM system, the radio transmits and receives
at the same time but at different frequencies. Unlike the
embodiment suited for a TDM application, the FDM appli-
cation requires the AIMM to use the same tuning condition
for both transmitter and receiver operation. In this embodi-
ment, the tuner is adjusted to provide a desired compromise
between matching at the transmit frequency and matching at
the receive frequency. It will be appreciated that this com-
promise could be attained by simply defining a figure of
merit that incorporates both a transmitter metric and a
receiver metric. However, as previously mentioned, the
receive signal is typically lower than the transmit signal and
as such, it may be difficult to accurately sense and use as a
metric.

Thus, in this embodiment, non-receiver related metrics
are used to find a desired compromised state for tuning the
AIMM. It will be appreciated that the desired compromised
state can vary based on embodiment and operational require-
ments. For instance, in some embodiments, transmission of
data may be more important than reception and as such,
preference may be given to optimizing the transmitter. Such
a situation may exist in an emergency radio system that is
used by people in the field and that need to report back to a
central location, but are not necessarily dependent upon
information from that central location. In other embodi-
ments, the reception of data may be more important than the
transmission. For instance, the reception of weather related
information as an emergency warning system. In such an
embodiment, preference may be given to optimizing the
receiver. Yet in other embodiments, both the reception and
transmission of data may be equally important and as such,
a setting that gives a compromised performance or attempts
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to equalize the performance of both the transmitter and
receiver is desired. Such an embodiment is typical of cellular
telephone operation.

The FDM suitable embodiments of the present invention
operate to obtain a desired level of operation based on one
or more transmitter related metrics, and also incorporate
known characteristics about the tuning circuits to achieve
the desired operating state. The desired operating state
typically reflects a state of operation that is a compromise
from the optimal states for the transmitter and receiver. For
instance, one embodiment of the present invention may
include the tuning states of the tunable devices in the
matching circuit within a transmit signal based figure of
merit. Advantageously, this aspect of the present invention
enables improved performance in the receive band without
having to take a receiver measurement.

Another embodiment of the invention deployable within
an FDM environment is to tune the matching circuit to a
figure of merit that is based on a vector measurement of the
transmitter reflection coefficient. In this embodiment, the
phase information in the vector measurement is incorporated
into the figure of merit and the optimal compromise between
the transmitter and receiver operation occurs at a particular
phase of the transmitter reflection coefficient.

Now turning to the figures, the various embodiments,
features, aspects and advantages of the present invention are
presented in more detail.

FIG. 1 is a block diagram illustrating an exemplary
environment for deployment of one or more embodiments of
the present invention. The illustrated embodiment includes
an adaptive impedance matching module (AIMM) 100,
however, it should be appreciated that the invention can be
incorporated into embodiments that utilize discrete compo-
nents, integrated circuits, a combination of software, firm-
ware and hardware, or the like, and that the embodiment
presented as a module is a non-limiting example. Further,
although the present invention is described within the con-
text of an AIMM, it will be appreciated that various aspects,
features and embodiments equally apply to other configu-
rations. The AIMM 100 includes a tuner 110 that includes a
matching circuit with one or more tunable elements or
components. An exemplary embodiment of a tuner includes
tunable capacitances and more specifically, two tunable
capacitances, but it will be appreciated that the present
invention can be applied to a wide variety of tunable
impedance matching circuits. Operating in conjunction with
sensor 127, a first detector 120 is used to detect the forward
transmit power and a second detector 125 is used to detect
the reflected transmit power. These values are measured in
order to determine the transmitter return loss (i.e., TXRL=20
LoglS111) where S11 is known by those skilled in the art to
be the ratio between the reflected and incident power on port
1. The environment may further include a high-voltage
ASIC (HV-ASIC) 130 containing a DC/DC converter and at
least two DAC:s to generate the high voltage bias signals 132
and 134 required to control the tunable components. A
micro-controller, microprocessor or other processing unit
(PU) 140 receives output signals from the forward detector
120 and the reflected detector 125 and can calculate the
reflected loss of the transmitted signal and thus, characterize
the impedance matching of the circuit. Not illustrated, the
PU 140 also interfaces or includes one or more memory
elements including, but not limited to various forms of
volatile and non-volatile memory. For instance, the PU may
periodically write values to memory and read values from
memory, such as settings for the variable components in the
AIMM.

10

15

20

25

30

35

40

45

50

55

60

65

6

FIG. 2 is a circuit diagram illustrating further details of an
exemplary matching circuit 200 that could be included in the
AIMM 100 for an exemplary embodiment of the present
invention. The illustrated matching circuit 200 includes a
first tunable capacitance PTC1, a first impedance [.1, a
second impedance 1.2 and a second tunable capacitance
PTC2 where PTC is a Paratek Tunable Capacitor. The first
tunable capacitance PTC1 is coupled to ground on one end
and to the output of a transceiver on the other end. The node
of PTC1 that is coupled to the transceiver is also connected
to a first end of the first impedance L1. The second imped-
ance L2 is connected between the second end of the first
impedance [.1 and ground. The second end of the first
impedance L1 is also coupled to a first end of the second
tunable capacitance PTC2. The second end of the second
tunable capacitance PTC2 is then coupled to an antenna 210.
The tunable capacitances can be tuned over a range such as
0.3 to 1 times a nominal value C. For instance, if the nominal
value of the tunable capacitance is 5 pF, the tunable range
would be from 1.5 to 5 pF. In an exemplary embodiment of
the present invention, PTC1 has a nominal capacitance of 5
pf and is tunable over the 0.3 to 1 times range, the first
impedance L1 as a value of 3.1 nH, and the second imped-
ance L2 has a value of 2.4 nH and the second tunable
capacitance PTC2 has a nominal value of 20 pF and can be
tuned over a range of 0.3 to 1 times the nominal value. It will
be appreciated that the tunable capacitances in the illustrated
embodiment could be tuned oar adjusted over their ranges in
an effort to optimize the matching characteristics of the
AIMM under various operating conditions. Thus, under
various use conditions, operating environments and at vari-
ous frequencies of operation, the tunable capacitances can be
adjusted to optimize performance or attain a desired level of
performance.

FIG. 3 is a flow diagram illustrating the general steps
taken in an exemplary embodiment of the present invention.
The basic flow of the algorithm 300 initially includes
measuring the performance parameters or metrics 310 used
as feedback pertaining to the performance of the AIMM or
the impedance match between a transceiver and an antenna.
The performance metrics utilized may vary over embodi-
ments of the present invention, over various usage scenarios,
over technology being utilized (i.e. FDM, TDM, etc.), based
on system settings and/or carrier requirements, etc. For
instance, in an exemplary embodiment of the present inven-
tion, the performance metrics include one or more of the
following transmitter related metrics: the transmitter return
loss, output power, current drain, and transmitter linearity.

Next, a current figure of merit (FOM) is calculated 320.
The current FOM is based on the one or more performance
metrics, as well as other criteria. The current FOM is then
compared to a target FOM 325. The target FOM is the
optimal or desired performance requirements or objective
for the system. As such, the target FOM can be defined by
a weighted combination of any measurable or predictable
metrics. For instance, if it is desired to maximize the
efficiency of the transmitter, the target FOM can be defined
to result in tuning the matching network accordingly. Thus,
depending on the goal or objective, the target FOM can be
defined to tune the matching network to achieve particular
goals or objectives. As a non-limiting example, the objec-
tives may focus on total radiated power (TRP), total isotro-
pic sensitivity (TIS), efficiency and linearity. Furthermore,
the target FOM may be significantly different for a TDM
system and an FDM system. It should be understood that the
target FOM may be calculated or selected on the fly based
on various operating conditions, prior measurements, and
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modes of operation or, the target FOM could be determined
at design time and hard-coded into the AIMM 100.

If it is determined that the current FOM is not equal to the
target FOM, or at least within a threshold value of the target
FOM 330, new tuning values for the AIMM 100 are calcu-
lated or selected 335. However, if the current FOM is equal
to or within the defined threshold, then processing continues
by once again measuring the performance metrics 310 and
repeating the process. Finally, if the current FOM needs to
be adjusted towards the target FOM, the AIMM 100 is
adjusted with the new tuning values in an effort to attain or
achieve operation at the target FOM 340. In some embodi-
ments, this new tuning value may also be stored as a new
default tuning value of the transmitter at the given state of
operation. For instance, in one embodiment, a single default
value can be used for all situations, and as such, the latest
tuning values could be stored in the variable location. In
other embodiments, a default tuning state may be main-
tained for a variety of operational states, such as band of
operation, use case scenario (i.e., hand held, antenna
up/down, slider in/out, etc.) and depending on the current
operational state, the new tuning values may be stored into
the appropriate default variable.

In one exemplary embodiment, the AIMM 100 is adjusted
by tuning one or more of the tunable components 340,
measuring the new FOM (i.e., based on the transmitter
reflected loss) 320-330, and re-adjusting or retuning the
AIMM 100 accordingly 335-340 in a continuous loop. This
process is referred to as walking the matching circuit
because is moves the circuit from a non-matched state
towards a matched state one step at a time. This process is
continued or repeated to attain and/or maintain performance
at the target FOM. Thus, the process identified by steps 310
to 340 can be repeated periodically, a periodically, as
needed, or otherwise. The looping is beneficial because even
if performance at the target FOM is attained, adjustments
may be necessary as the mode of operation (such as usage
conditions) of the device change and/or the performance of
the transmitter, the antenna and the matching circuitry
change over time. In other embodiments, the tunable com-
ponents can be set based on look-up tables or a combination
of look-up tables and performing fine-tuning adjustments.
For instance, the step of calculating the AIMM tuning values
335 may involve accessing initial values from a look-up
table and then, on subsequent loops through the process, fine
tuning the values of the components in the AIMM 100.

In an exemplary embodiment of the present invention
operating within a TDM environment, the AIMM 100 can be
adjusted to optimize the operation of the transmitter during
the transmit time slot. In such an embodiment, the perfor-
mance metric may simply be the transmitter return loss. In
addition, the target FOM in such an embodiment may also
simply be a function of the transmitter return loss. In this
exemplary embodiment, the AIMM 100 can be tuned to
minimize the FOM or the transmitter return loss.

More particularly, for the circuit illustrated in FIG. 2, this
embodiment of the present invention can operate to tune the
values of PTC1 and PTC2 to minimize the transmitter return
loss during the transmit time slot. For this particular
example, the algorithm of FIG. 3 includes measuring the
transmitter return loss, calculating adjustment values for
PTC1 and PTC2 to optimize a FOM that is a function of the
transmitter return loss, tuning the AIMM 100 by adjusting
the values of PTC1 and PTC2 and then repeating the
process.

The adjustment values for PTC1 and PTC2 can be deter-
mined in a variety of manners. For instance, in one embodi-
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ment of the invention the values may be stored in memory
for various transmitter frequencies and usage scenarios. In
other embodiments, the values may be heuristically deter-
mined on the fly by making adjustments to the tuning circuit,
observing the effect on the transmitter return loss, and
compensating accordingly. In yet another embodiment, a
combination of a look-up table combined with heuristically
determined fine tuning can be used to adjust the AIMM 100.

During the receiver time slot, the AIMM 100 can be
readjusted to optimize or improve the performance of the
receiver. Although, similar to the adjustments during the
transmit time slot, particular performance parameters may
be measured and used to calculate a current FOM, as
previously mentioned it is difficult to measure such perfor-
mance parameters for the receiver. As such, an exemplary
embodiment of the present invention operates to apply a
translation to the tuning values of the AIMM 100 derived at
during the transmitter time slot, to improve the performance
during the receive time slot. During the design of the
transmitter and receiver circuitry, the characteristics of per-
formance between the transmitter operation and receiver
operation can be characterized. This characterization can
then be used to identify an appropriate translation to be
applied. The translation may be selected as a single value
that is applicable for all operational states and use cases or,
individual values can be determined for various operational
states and use cases.

FIG. 4 is a plot of the transmitter reflection losses for four
operating frequencies of a transceiver. The contours show
the increasing magnitude of the reflection loss in 1 dB
increments. For instance, in FIG. 4A, the inside contour for
the transmitter 406 is 20 dB and the bolded contour is 404
14 dB. Obviously, operation at the center of the contours 402
is optimal during transmitter operation. In the illustrated
example, it is apparent that simply by adjusting the value of
PTC2 by adding an offset, significant performance improve-
ments can be achieved in the receiver time slot by moving
the operation towards point 412. The translation varies
depending on a variety of circumstances and modes of
operation including the frequency of operation, and simi-
larly, may vary based on usage of the device housing the
circuitry. In the illustrated example, the performance is
determined to be greatly improved for the receiver time slot
if the value of PTC2 for receiver operation is adjusted to be
0.6 times the value of PTC2 used for the optimal transmitter
setting and the value of PTC1 remains the same. This is true
for each of the illustrated cases except at the 915 MHz/960
MHz operational state. At 960 MHz, it is apparent that
significant receiver improvement can be realized by also
adjusting the value of PTC1 from its transmitter value. In the
illustrated example, by examining the characteristics of the
circuitry it can be empirically derived that a suitable equa-
tion for operation of the receiver at 960 MHz is:

PTC1_Rx=PTC1_Tx+1-1.8*PTC2_Tx.

It should be noted that this equation is only a non-limiting
example of an equation that could be used for a particular
circuit under particular operating conditions and the present
invention is not limited to utilization of this particular
equation.

FIG. 5 is a flow diagram illustrating the steps involved in
an exemplary embodiment of the present invention operat-
ing in a TDM environment. During the transmitter time slot,
the AIMM algorithm presented in FIG. 3, or some other
suitable algorithm, can be applied on a continual basis to
move operation of the transmitter towards the target FOM.
However, when the receive time slot is activated 505, the
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AIMM should be adjusted to match for the receiver fre-
quency. The adjustment to the receiver mode of operation
may initially involve determining the current operating
conditions of the device 510. Based on the current operating
conditions, a translation for tuning of the various circuits in
the AIMM 100 are identified 520. For instance, various
states, components or conditions can be sensed and analyzed
to determine or detect a current state or a current use case for
the device. Based on this information, a particular transla-
tion value or function may be retrieved and applied. It
should also be appreciated that such translations can be
determined during the design phase and loaded into the
device. Finally, the translations are applied to the AIMM 100
530. When operation returns to the transmitter time slot 535,
the AIMM algorithm again takes over to optimize operation
based on the target FOM.

It should be understood that the translation applied to
tuning of the AIMM 100 during the receiver time slot is
based on the particular circuit and device and can be
determined during design or even on an individual basis
during manufacturing and testing. As such, the specific
translations identified herein are for illustrative purposes
only and should not be construed to limit the operation of the
present invention.

Thus, for TDM systems, embodiments of the present
invention operate to optimize operation of a device by
tuning the matching circuit for an antenna to optimize
operation based on a target FOM. During the receiver time
slot, a translation is applied to the tuned components to
improve receiver performance. The target FOM can be
based on a variety of performance metrics and a typical such
metric is the reflection loss of the transmitter. The values for
the tuned components can be set based on operational
conditions and using a look-up table, can be initially set by
using such a look-up table and then heuristically fine tuned,
or may be heuristically determined on the fly during opera-
tion. The translations applied during the receiver operation
are determined empirically based on the design of the
circuitry and/or testing and measurements of the operation
of the circuit. However, a unique aspect of the present
invention is tuning of the matching circuit during transmit
mode and based on non-receiver related metrics and then
retuning the circuit during receive mode operation based on
a translation to optimize or attain a desired level of receiver
operation.

In an exemplary embodiment of the present invention
operating within an FDM environment, the AIMM 100 can
be adjusted to so that the matching characteristics represent
a compromise between optimal transmitter and receiver
operation. Several techniques can be applied to achieve this
compromise. In one technique, the translation applied in the
TDM example could be modified to adjust the AIMM 100 as
a compromise between the optimal transmit and receive
settings. For instance, in the example illustrated in FIG. 2,
the value of PTC1 and PTC2 can be determined and adjusted
periodically, similar to TDM operation (even though such
action would temporarily have an adverse effect on the
receiver). Then, a translation could be applied to the values
of PTC1 and PTC2 for the majority of the operation time.
For instance, in the TDM example shown in FIG. 4, the
transmitter values were adjusted by multiplying the PTC2
value by 0.6 in three modes of operation and using the
above-identified equation during a forth mode of operation.
This same scheme could be used in the FDM mode of
operation however, the scaling factor would be different to
obtain operation that is compromised between the optimal
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transmitter setting and optimal receiver setting. For
example, multiplying the PTC2 value by 0.8 could attain an
acceptable compromise.

However, another technique of an embodiment of the
present invention is to apply an algorithm that operates to
attain a target FOM that is based on one or more transmitter
related metrics (such as return loss) and the values of the
adjustable components in the AIMM. Advantageously, this
aspect of the present invention continuously attempts to
maintain a compromised state of operation that keeps the
operation of the transmitter and the receiver at a particular
target FOM that represents a compromise performance
metric level.

In the particular example illustrated in FIG. 2, such an
algorithm could be based on a target FOM that is an
expression consisting of the transmitter return loss and the
values of PTC1 and PTC2. Because the algorithm is not
operating to minimize the transmitter return loss in this
embodiment of an FDM system, a compromised value is
specified. For instance, a specific target transmitter return
loss can be pursued for both transmitter and receiver opera-
tion by tuning the AIMM based on a FOM that is not only
a function of the return loss, but also a function of the values
of PTC1 and PTC2 that will encourage operation at a
specific level. The target FOM is attained when the actual
transmitter return loss is equal to the target transmitter return
loss and, specified preferences for PTC1 and PTC2 are
satisfied. The preferences illustrated are for the value of
PTC1 to be the highest possible value and the value of PTC2
to be the lowest possible value while maintaining the
transmit return loss at the target value and satisfying the
PTC1 and PTC2 preferences.

FIG. 6 is a return loss contour diagram in the PTC plane
for a particular frequency (i.e., 825 MHz/870 MHz opera-
tion). Obviously, optimal operation in an FDM system
cannot typically be attained because the settings for optimal
transmitter operation most likely do not coincide with those
for optimal receiver operation. As such, a compromise is
typically selected. For instance, a compromise may include
operating the transmitter at a target return loss value of —12
dB and at a point at which the transmitter —12 dB contour is
closest to a desired receiver contour (i.e., =12 dB).

The operational goal of the system is to attempt to
maintain the matching circuit at a point where the opera-
tional metrics for the transmitter are at a target value (eg.
-12 dB) and the estimated desired receiver operation is most
proximate. In an exemplary embodiment of the present
invention, an equation used to express the target FOM for
such an arrangement can be stated as follows:

Target FOM={f(Tx_RL,TX_RI._ Target)+f(PTC2,
PTC1)
Where: TX_RL is the measure transmitter return loss
TX_RL_Target is the targeted transmitter return loss
In an exemplary embodiment suitable for the circuit
provided in FIG. 2, the FOM may be expressed as:

FOM=(Tx_RL-Tx_RL_Target)+C2*PTC2-
C1*PTC1), where,

C1 and C2 are preference constants or scaled values, and
if Tx_RL>Tx_RL_Target then Tx_RIL=Tx_RI _Target.

In operation, exemplary embodiments of the present
invention optimize the transmitter based on the target
reflected loss to attain operation on the desired contour 610
(as shown in FIG. 6) and also adjusts the values of PTC1 and
PTC2 to attain operation at the desired location 630 (or
minimum FOM) on the contour. The portion of the FOM
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equation including the TxRL and TX_RL_Target values
ensures operation on the targeted RL contour 610 (i.e., the
-12 db RL contour). By observing the contour 610, it is quite
apparent that not all points on the target reflected loss
contour have the same value for the PTC1 and PTC2.
Because of this, the values of PTC1 and PTC2 can be
incorporated into the target FOM equation to force or
encourage operation at a particular location on the reflected
loss contour. In the illustrated example, the target FOM is
the point at which the reflected loss contour is closest to the
expected same valued reflected loss contour for the receiver.
However, it will be appreciated that other performance goals
may also be sought and the present invention is not limited
to this particular example. For instance, in other embodi-
ments, the target FOM may be selected to encourage opera-
tion at a mid-point between optimal transmitter performance
and expected optimal receiver performance. In yet another
embodiment, the target FOM may be selected to encourage
operation at a point that is mid-point between a desired
transmitter metric and an estimated or measured equivalent
for the receiver metric.

In the provided example illustrated in FIG. 6, the opti-
mum, compromised or desired point on the target contour is
the point that minimizes the value of PTC2 and maximizes
the value of PTC1 in accordance with the equation
C2*PTC2-C1*PTC1. Thus, the portion of the expression
including PTC1 and PTC2 ensures that operation is at a
particular location on the contour that is desired—namely on
the lower portion of the contour and closest to the RX_RL
contour 620. In general, the algorithm operates to optimize
the current FOM or, more particularly in the illustrated
embodiment, to minimize the expression of C2*PTC2-
C1*PTC1 as long as the desired TX_RIL parameter is also
met. It should be appreciated that the details associated with
this example are associated with a specific circuit design and
a wide variety of relationships between the adjustable com-
ponents of the AIMM would apply on a circuit by circuit
basis and as such, the present invention is not limited to this
specific example.

Another embodiment of the present invention may take
into consideration historical performance of the tunable
components as well as current values. As an example, as the
tunable components are adjusted, changes in the current
FOM will occur in a particular direction (i.e., better or
worse). As an example, if the AIMM adjustments 26 result
in the current FOM falling on the top portion of a desired
performance contour, making a particular adjustment may
result in making the current FOM worse or better. If the
adjustment was known to cause a certain result when the
current FOM is located on the bottom of the contour and this
time, the opposite result occurs, then this knowledge can
help identify where the current FOM is located on the
contour. Thus, knowing this information can be used in
combination with the operation metric to attain the operation
at the target FOM. For instance, the target FOM may be a
function of the operational metrics, the current states of the
tunable components, and the knowledge of previous results
from adjusting the tunable components.

Stated another way, when a current FOM is calculated, the
adjustments to reach the target FOM may take into consid-
eration past reactions to previous adjustments. Thus, the
adjustment to the tunable components may be a function of
the FOM associated with a current setting and, the change in
the current FOM resulting from previous changes to the
tunable components.

In another embodiment of the present invention operating
in an FDM environment, the FOM may be optimized similar
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to operation in the TDM environment. For example, the
FOM may be a function of the transmitter reflected loss
metric and the system may function to optimize the FOM
based on this metric. Once optimized, the tunable compo-
nents can be adjusted based on a predetermined translation
to move the FOM from the optimized for the transmitter
position to a position that is somewhere between the optimal
transmitter setting and the optimal receiver setting.

FIG. 7 is a flow diagram illustrating the steps involved in
an exemplary embodiment of the present invention in
obtaining the preference values for PTC1 and PTC2. Ini-
tially, the process 700 involves plotting of the return loss
contours for the various modes of operation, or a reasonable
subset thereof 710. FIG. 6 is an example of such a plot
generated as a result of performing this step. Next, the
compromised tuning location is identified 720. As previ-
ously mentioned, a variety of factors may be weighed to
determine the compromised tuning location and one
example, as illustrated in FIG. 6, is the point at which a
target reflected loss for the transmitter is the most proximate
to a target reflected loss for the receiver. In a typical
embodiment, this is the point at which the target transmitter
and receiver contours at the desired reflected loss are closest
to each other and nearly parallel. Once the compromised
location is determined, the preference values can be char-
acterized 730. For instance, in the example in FIG. 6, by
drawing a perpendicular line between the two contours and
passing through the compromised location, the slope and
hence the preferences can be identified. These preference
values can then be determined and then applied across the
broad spectrum of frequencies and usage scenarios 740.

It should be appreciated that the values of C1 and C2 are
constants and can vary among embodiments of the inven-
tion, as well as among devices employing the invention. As
such, the values are determined empirically as described
above. In an exemplary embodiment, the values of C1 and
C2 are 0.7 and 2 respectively for a given circuit and a given
antenna, given mode of operation, etc. Thus, any given set
of constants are determined empirically and only apply to a
specific antenna design, circuit and mode of operation and,
although the use of these specific values may in and of itself
be considered novel, the present invention is not limited to
the particular expression. In fact, depending on particular
goals, design criteria, operational requirements, etc. differ-
ent values may be required to attain the compromised
performance. It will also be appreciated that in various
embodiments, it may be desired to have a different targeted
reflection loss for the transmitter than for the receiver.

In another embodiment of the present invention, rather
than analyzing the transmitter reflected power as the per-
formance metric, the reflection coefficient vector may be
measured. In this embodiment, the phase information of the
reflection coefficient may be included within the FOM. For
example, FI1G. 8 is a contour plot showing the magnitude and
the phase of the reflection coefficient. The preferred point of
operation 830 is shown as falling on the —-12 dB contour 810
and at a phase of 45 degrees. In such an embodiment, the
components of the matching circuit of the AIMM 100 can be
adjusted to meet a reflected loss value that falls on the —12
db contour and that also approaches the specific point on the
contour—namely at the point where the reflection coeflicient
differs by 45 degrees.

As mentioned, mobile and transportable transceivers are
subjected to a variety of use cases. For instance, a typical
cellular telephone could be operated in various scenarios
including speaker phone mode, ear budded, with the antenna
in the up position or the down position, in the user’s hand,
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holster, pocket, with a slider closed or extended, in a holster
or out of a holster, etc. All of these scenarios, as well as a
variety of other environmental circumstances can drastically
alter the matching characteristics of the cellular telephone’s
antenna circuitry. As such, not only do the various embodi-
ments of the present invention operate to tune the matching
circuitry based on the operational frequency, but in addition,
adjust the matching characteristics based on changes in the
modes of operation. Advantageously, this greatly improves
the performance of the device without requiring separate
matching circuitry for the various modes of operation of the
device. Thus, it will be appreciated that various other
parameters can be monitored to identify various use cases
and then adjustments to the tuning circuitry can be imme-
diately deployed followed by fine tuning adjustments to
optimize the FOM. The other parameters in which the
embodiments of the present invention may function are
referred to as modes of operation. The various modes of
operation include the use cases as previously described,
along with operating environments, bands of operation,
channel frequencies, modulation formats and schemes, and
physical environments. Thus, the various embodiments of
the present invention may make changes, select default
values, calculate adjustment values, etc., all as a function of
one or more of the modes of operation.

One embodiment of the present invention may maintain a
set of initial starting values based on the various use cases
and operational environments. For instance, each use case
may include a default value. Upon detection or activation of
the device in a new use case, the default value is obtained
from memory and the components in the AIMM are tuned
accordingly. From that point on, the adjustment algorithm
can then commence fine tuning of the operation. As previ-
ously mentioned, each time the target FOM is attained for a
particular use case, the new values may be written into the
default location as the new default values. Thus, every time
the operational state of the device changes, such as changing
between bands of operation etc., the default values are
obtained and applied, and then adjustments can resume or,
operation can simply be held at the default value.

Numerous specific details have now been set forth to
provide a thorough understanding of the invention. How-
ever, it will be understood by those skilled in the art that the
present invention may be practiced without these specific
details. In other instances, well-known methods, procedures,
components and circuits have not been described in detail so
as not to obscure the present invention.

Unless specifically stated otherwise, as apparent from the
description, it is appreciated that throughout the specifica-
tion discussions that different electronic devices could be
used to create a variable tuner network. The embodiments
used in the examples discussed were specific to variable
capacitor devices, however variable inductors, or other
tunable networks, built out of elements such as Micro-
Electro-Mechanical Systems (MEMS) and/or other tunable
variable impedance networks could be used in such an
AIMM system.

Unless specifically stated otherwise, as apparent from the
description, it is appreciated that throughout the specifica-
tion discussions utilizing terms such as “processing,” “com-
puting,” “calculating,” “determining,” or the like, refer to
the action and/or processes of a microprocessor, microcon-
troller, computer or computing system, or similar electronic
computing device, that manipulate and/or transform data
represented as physical, such as electronic, quantities within
the computing system’s registers and/or memories into other
data similarly represented as physical quantities within the
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computing system’s memories, registers or other such infor-
mation storage, transmission or display devices.

Embodiments of the present invention may include appa-
ratuses for performing the operations herein. An apparatus
may be specially constructed for the desired purposes, or it
may comprise a general purpose computing device selec-
tively activated or reconfigured by a program stored in the
device. Such a program may be stored on a storage medium,
such as, but not limited to, any type of disk including floppy
disks, optical disks, compact disc read only memories (CD-
ROMs), magnetic-optical disks, read-only memories
(ROMs), random access memories (RAMs), electrically
programmable read-only memories (EPROMs), electrically
erasable and programmable read only memories (EE-
PROMs), magnetic or optical cards, or any other type of
media suitable for storing electronic instructions, and
capable of being coupled to a system bus for a computing
device.

The processes presented herein are not inherently related
to any particular computing device or other apparatus.
Various general purpose systems may be used with programs
in accordance with the teachings herein, or it may prove
convenient to construct a more specialized apparatus to
perform the desired method. The desired structure for a
variety of these systems will appear from the description
below. In addition, embodiments of the present invention are
not described with reference to any particular programming
language. It will be appreciated that a variety of program-
ming languages may be used to implement the teachings of
the invention as described herein. In addition, it should be
understood that operations, capabilities, and features
described herein may be implemented with any combination
of hardware (discrete or integrated circuits) and software.

Use of the terms “coupled” and “connected,” along with
their derivatives, may be used. It should be understood that
these terms are not intended as synonyms for each other.
Rather, in particular embodiments, “connected” may be used
to indicate that two or more elements are in direct physical
or electrical contact with each other. “Coupled” may be used
to indicated that two or more elements are in either direct or
indirect (with other intervening elements between them)
physical or electrical contact with each other, and/or that the
two or more elements co-operate or interact with each other
(e.g. as in a cause an effect relationship).

In the description and claims of the present application,
each of the verbs, “comprise,” “include,” and “have”, and
conjugates thereof, are used to indicate that the object or
objects of the verb are not necessarily a complete listing of
members, components, elements, or parts of the subject or
subjects of the verb.

The present invention has been described using detailed
descriptions of embodiments thereof that are provided by
way of example and are not intended to limit the scope of the
invention. The described embodiments comprise different
features, not all of which are required in all embodiments of
the invention. Some embodiments of the present invention
utilize only some of the features or possible combinations of
the features. Variations of embodiments of the present
invention that are described and embodiments of the present
invention comprising different combinations of features
noted in the described embodiments will occur to persons of
the art.

It will be appreciated by persons skilled in the art that the
present invention is not limited by what has been particu-
larly shown and described herein above. Rather the scope of
the invention is defined by the claims that follow.

What is claimed is:
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1. A method comprising:

obtaining, by a processor of a communication device, an
operational metric for a transceiver of the communica-
tion device;

identifying a desired transmitter performance and a

desired receiver performance;
determining, by the processor, a target figure of merit
based on a compromise between the desired transmitter
performance and the desired receiver performance;

determining, by the processor, a current figure of merit
based on the operational metric;

[comparing, by the processor, the current figure of merit

to the target figure of merit;] and

adjusting, by the processor, a variable reactance compo-

nent of [an impedance matching circuit] a variable
tuner network operably coupled with an antenna of the
communication device, the adjusting of the variable
reactance component being performed based on [the
comparing of] the current and the target figures of
merit, wherein the obtaining of the operational metric
is during a transmit mode of the transceiver of the
communication device, wherein the variable reactance
component is adjusted without utilizing operational
metrics measured during a receive mode of the com-
munication device.

[2. The method of claim 1, wherein the obtaining of the
operational metric is during a transmit mode of the trans-
ceiver, wherein the variable reactance component is adjusted
without utilizing operational metrics measured during a
receive mode of the communication device.]

3. The method of claim 1, comprising communicating, by
the communication device, utilizing frequency division mul-
tiplexing.

4. The method of claim 1, wherein the determining of the
target figure of merit includes selecting a mid-point between
the desired transmitter performance and the desired receiver
performance.

5. The method of claim 1, wherein the determining of the
current figure of merit is based on known parameters asso-
ciated with the variable reactance component and is not
based on phase information.

6. The method of claim 1, comprising:

storing a tuning value based on the adjusting of the

variable reactance component; and

utilizing the tuning value as a default value for subsequent

tuning of the antenna.

7. The method of claim 6, comprising:

determining an operational state of the communication

device; and

utilizing information associated with the operational state

as a default value for subsequent tuning of the antenna.

8. The method of claim 7, wherein the operational state
comprises a use case scenario selected from the group
consisting essentially of hand held operation, antenna posi-
tion and slider position.

9. The method of claim 1, wherein the compromise
between the desired transmitter performance and the desired
receiver performance is based on an evaluation of total
radiated power, isotropic power or a combination thereof.

10. The method of claim 1, wherein the compromise
between the desired transmitter performance and the desired
receiver performance is based on [an evaluation of total
isotropic sensitivity] a type of communication service.

11. The method of claim 1, wherein the compromise
between the desired transmitter performance and the desired
receiver performance is based on an evaluation of transmit-
ter linearity.
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12. The method of claim 1, wherein the compromise
between the desired transmitter performance and the desired
receiver performance is based on an evaluation of transmit-
ter efficiency.
13. A communication device comprising:
an antenna;
a transceiver;
[an impedance matching] a variable tuner network
coupled with the antenna [and the transceiver], wherein
the [impedance matching] variable tuner network
includes a variable reactance component;
a memory to store computer instructions; and
a controller coupled with the memory and the [impedance
matching] variable tuner network, wherein the control-
ler, responsive to executing the computer instructions,
performs operations comprising:
obtaining an operational metric associated with the
[transceiver] communication device,

identifying a desired transmitter performance and a
desired receiver performance;

determining a target figure of merit based on a com-
promise between the desired transmitter perfor-
mance and the desired receiver performance;

determining a current figure of merit based on the
operational metric; and

adjusting the variable reactance component of the
[impedance matching circuit] variable tuner network
based on [a comparison of] the current figure of
merit [with] and the target figure of merit, wherein
the obtaining of the operational metric is during a
transmit mode of the transceiver, and wherein the
variable reactance component is adjusted without
utilizing operational metrics measured during a
receive mode of the communication device.

14. The communication device of claim 13, fiurther com-
prising a transceiver, wherein the variable reactance com-
ponent includes a voltage tunable capacitor, and wherein the
operations of the controller further comprise:

determining a use case for the communication device; and

performing an initial adjustment of the voltage tunable
capacitor based on the use case without utilizing any
operational metrics associated with the transceiver,
wherein the initial adjustment of the voltage tunable
capacitor is performed prior to the adjusting based on
the comparison of the current figure of merit with the
target figure of merit.

15. The communication device of claim 13, wherein the
variable reactance component includes a Micro-Electro-
Mechanical Systems (MEMS) variable reactance compo-
nent.

16. The communication device of claim 13, wherein the
operations of the controller further comprise:

storing a tuning value based on the adjusting of the
variable reactance component; and

utilizing the tuning value as a default value for subsequent
tuning of the antenna.

[17. The communication device of claim 13, wherein the
obtaining of the operational metric is during a transmit mode
of the transceiver, and wherein the variable reactance com-
ponent is adjusted without utilizing operational metrics
measured during a receive mode of the communication
device.]

18. The communication device of claim 13, wherein the
adjusting of the variable reactance component is associated
with a communication session that utilizes frequency divi-
sion multiplexing.
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19. A method comprising:

obtaining an operational metric for a transceiver of a

communication device;

determining a target figure of merit based on transceiver

performance of the communication device;
determining a current figure of merit based on the opera-

tional metric, wherein the determining of the target

figure of merit is not based on phase information;

[comparing the current figure of merit to the target figure

of merit to determine a figure of merit comparison;] and

adjusting, by a processor of the communication device, a

variable reactance component of [an impedance match-
ing circuit] a variable tuner network operably coupled
with an antenna of the communication device, the
adjusting of the variable reactance component being
performed based on the [figure] current and target
Jigures of merit [comparison] and based on previous
tuning results associated with [previous adjusting of the
variable reactance component] the variable tuner net-
work, wherein the obtaining of the operational metric
is during a transmit mode of the transceiver, and
wherein the variable reactance component is adjusted
without utilizing operational metrics measured during
a receive mode of the communication device.

20. The method of claim 19, comprising monitoring the
previous tuning results by determining a change in the
current figure of merit based on different reactance values
for the variable reactance component.

21. The method of claim 19, wherein the operational
metric comprises a return loss.

22. The method of claim 19, wherein the variable reac-
tance component includes at least one of a Micro-Electro-
Mechanical Systems (MEMS) variable reactance component
and a voltage tunable capacitor.

23. The method of claim 19, wherein the current figure of
merit, the target figure of merit or both is according to a
vector measurement of a transmission reflection coefficient.

24. The method of claim 1, wherein the adjusting of the
variable reactance component is based on tuning values
stored in a lookup table.

25. A communication device comprising:

an antenna;

a transceiver;

a variable tuner network coupled with the antenna;

a memory that stores computer instructions; and

a controller coupled with the memory and the variable
tuner network, wherein the controller, responsive to
executing the computer instructions, performs
operations comprising:

obtaining a non-receiver operational metric;

identifyving a first desived performance of the commu-
nication device;

identifying a second desired performance of the com-
munication device;

determining a target figure of merit based on a com-
promise between the first desired performance and
the second desived performance;

determining a current figure of merit based on the
non-receiver operational metric; and
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adjusting a variable reactance of the variable tuner
network based on the current figure of merit and the
target figure of merit, wherein the obtaining of the
operational metric is during a transmit mode of the
transceiver, and wherein the variable reactance com-
ponent is adjusted without utilizing operational met-
rics measured during a receive mode of the commu-
nication device.

26. The communication device of claim 25, wherein the
target figure of merit is stored in a lookup table.

27. The communication device of claim 25, wherein the
first desired performance is associated with a first compo-
nent of the communication device, and whervein the second
desirved performance is associated with a second component
of the communication device.

28. The communication device of claim 25, wherein the
variable tuner network includes a Micro-Electro-Mechani-
cal Systems (MEMS) variable reactance component.

29. The communication device of claim 25, wherein the
variable tuner network includes a voltage tunable capacitor.

30. A communication device comprising:

an antenna;

a transceiver;

a variable tuner network coupled with the antenna;

a memory that stores computer instructions; and

a controller coupled with the memory and the variable

tuner network, wherein the controller, responsive to

executing the computer instructions, performs opera-

tions comprising:

obtaining an operational metric for communications of
a communication device;

determining a target figure of merit based on commu-
nications performance of the communication device;

determining a currvent figure of merit based on the
operational metric, wherein the determining of the
target figure of merit is not based on phase infor-
mation; and

adjusting the variable tuner network based on the
current and target figures of merit, wherein the
obtaining of the operational metric is during a
transmit mode of the transceiver, and wherein the
variable tuner network is adjusted without utilizing
operational metrics measured during a receive mode
of the communication device.

31. The communication device of claim 30, wherein the
adjusting of the variable tuner network is further based on
previous tuning results associated with previous adjusting of
the variable tuner network.

32. The communication device of claim 30, wherein the
operational metric comprises a return loss.

33. The communication device of claim 30, wherein the
communications performance is associated with total radi-
ated power, total isotropic sensitivity, linearity or a combi-
nation thereof.

34. The communication device of claim 30, wherein the
variable tuner network includes a Micro-Electro-Mechani-
cal Systems (MEMS) variable reactance component.

35. The communication device of claim 30, wherein the
variable tuner network includes a voltage tunable capacitor.
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