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ATTENUATION CIRCUITS WITH LOW INSERTION LOSS,
AND MODULES AND DEVICES USING SAME

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of an earlier filing date under 35 U.S.C. §119(e) and
claims the benefit of priority under PCT Article 8, as applicable, to co-pending U.S. Provisional
Patent Application No. 62/300,134 filed on February 26, 2016, and to co-pending U.S.
Provisional Patent Application No. 62/365,065 filed on July 21, 2016, each of which is

incorporated herein by reference in its entirety for all purposes.

BACKGROUND

Attenuators generally reduce the power of a signal without substantially distorting a
waveform of the signal. Attenuators may be fixed attenuators that provide a constant level of
attenuation or multi-step attenuators that are configurable between multiple levels of
attenuation. Multi-step attenuators are generally formed by cascading multiple attenuation
stages and connecting a single bypass switch in parallel with each attenuation stage. The
bypass switches may be controlled to bypass select attenuation stages to achieve a given level

of attenuation.

SUMMARY OF THE INVENTION

Aspects and examples are directed to attenuation circuits with a low insertion loss. In
particular, these attenuation circuits may present a lower insertion loss while operating in a
bypass mode where the attenuation stage is bypassed to provide an output signal with a power
level that is substantially similar to the power level of the input signal. The low insertion loss
may be achieved by, for example, isolating the attenuation stage from the rest of the attenuation
circuit during bypass mode with isolation switches. The isolation switches mitigate parasitic
losses caused by the attenuation stage that would otherwise occur during bypass mode. In
addition, various configurable attenuators are disclosed to combine the functionality of multiple

attenuation stages into a single configurable attenuation stage to reduce the size of the
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attenuation circuit while still maintaining the multi-step functionality. Further, the configurable
attenuators may be calibrated post manufacturing to compensate for any manufacturing
variances.

According to one aspect, an attenuation circuit is provided. The attenuation circuit
includes an input to receive an input signal, an output to provide an attenuated signal, an
attenuator selectively coupled between the input and the output, the attenuator being configured
to attenuate the input signal, a first isolation switch constructed and arranged to selectively
isolate the attenuator from at least one of the input and the output when in a bypass mode, and a
bypass switch coupled in parallel with the attenuator and the first isolation switch and
constructed and arranged to selectively couple the input to the output when in the bypass mode.

In various embodiments, the attenuator may be a fixed attenuator, a multi-step
attenuator, or a variable attenuator. The attenuator may have at least one fixed impedance and
at least one switched impedance. A switched impedance may be a switch coupled in series
with an impedance. The attenuator may be configurable among a plurality of levels of
attenuation, including configurable among one or more of a 3 decibel, 6 decibel, and 9 decibel
level of attenuation, or configurable among one or more of a 1 decibel, 2 decibel, and 3 decibel
level of attenuation. The attenuator may be a T network attenuator, a pi network attenuator,
and a bridged T network attenuator.

In certain embodiments, the first isolation switch includes a plurality of first transistors
connected in series. The first isolation switch may further include at least one second transistor
having a first terminal coupled between two of the plurality of first transistors and a second
terminal coupled to ground.

In embodiments, the first isolation switch is positioned between the input and the
attenuator and configured to selectively isolate the attenuator from the input. The attenuation
circuit may include a second isolation switch positioned between the output and the attenuator
and configured to selectively isolate the attenuator from the output. The bypass switch may
have a first terminal coupled between the input and the first isolation switch and a second
terminal coupled between the second isolation switch and the output.

In embodiments, the attenuator includes two first impedances coupled in series between
the input and the output. The attenuator may include a plurality of second impedances each

having a first terminal coupled between the two first impedances and a second terminal coupled
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to ground. One or more of the plurality of second impedances may be a fixed impedance and
one or more of the plurality of second impedances may be a switched impedance. The
attenuator may include a plurality of third impedances coupled in parallel between the input
and the output. One or more of the plurality of third impedances may be a fixed impedance and
one or more of the plurality of third impedances may be a switched impedance. The attenuator
may include a fourth impedance having a first terminal coupled between the two first
impedances and a second terminal coupled to ground. The fourth impedance may have a
higher impedance value than any impedance value of the plurality of second impedances. The
attenuator may include a fifth impedance coupled between the input and the output. The fifth
impedance may have a higher impedance value than any impedance value of the plurality of
third impedances.

According to another aspect, an electromagnetic coupler module is provided. The
electromagnetic coupler module includes an input, an output, and a coupled port; an
electromagnetic coupler connected between the input and the output, the electromagnetic
coupler being configured to electromagnetically couple a portion of a signal traveling between
the input and the output and to provide the coupled portion at the coupled port; an attenuator
selectively connected to the coupled port, the attenuator being configured to selectively
attenuate the coupled portion; a first isolation switch connected in series with the attenuator, the
first isolation switch constructed to selectively isolate the attenuator from the coupled port
when in a bypass mode; and a bypass switch connected in parallel with the attenuator and the
first isolation switch and configured to convey the coupled portion between the coupled port
and a node when in the bypass mode.

In embodiments, the attenuator may be a fixed attenuator, a multi-step attenuator, or a
variable attenuator. The attenuator may have at least one fixed impedance and at least one
switched impedance. A switched impedance may be a switch coupled in series with an
impedance. The attenuator may be a multi-step attenuator that is configurable among a
plurality of levels of attenuation, such as configurable between at least two of a 3 decibel, 6
decibel, and 9 decibel level of attenuation, or configurable between at least two of a 1 decibel, 2
decibel, and 3 decibel level of attenuation. The attenuator may be a T network attenuator, a pi

network attenuator, or a bridged T network attenuator.
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In certain embodiments, the first isolation switch includes a plurality of first transistors
connected in series. The first isolation switch may further include at least one second transistor
having a first terminal coupled between two of the plurality of first transistors and a second
terminal coupled to ground.

In embodiments, the first isolation switch is connected between the coupler and the
attenuator and configured to selectively isolate the attenuator from the coupler. A second
isolation switch may be connected between the attenuator and the coupled port and configured
to selectively isolate the attenuator from the coupled port. The bypass switch may be coupled
in parallel with the first isolation switch, the attenuator, and the second isolation switch.

In various embodiments, the attenuator may include two first impedances coupled in
series between the coupler and the coupled port. The attenuator may further include a plurality
of second impedances each having a first terminal coupled between the two first impedances
and a second terminal coupled to ground. One or more of the plurality of second impedances
may be a fixed impedance and one or more of the plurality of second impedances may be a
switched impedance. The attenuator may include a plurality of third impedances coupled in
parallel between the coupler and the coupled port. One or more of the plurality of third
impedances may be a fixed impedance and one or more of the plurality of third impedances
may be a switched impedance. The attenuator may include a fourth impedance having a first
terminal coupled between the two first impedances and a second terminal coupled to ground.
The fourth impedance may have a higher impedance value than any impedance value of the
plurality of second impedances. The attenuator may include a fifth impedance coupled
between the input and the output. The fifth impedance may have a higher impedance value
than any impedance value of the plurality of third impedances.

According to another aspect, an amplifier module having an input and an output is
provided. The amplifier module includes an amplifier coupled between the input and the
output, the amplifier being configured to amplify a signal received at the input; an attenuator
coupled in series with the amplifier, the attenuator being configured to selectively attenuate the
signal; a first isolation switch coupled in series with the attenuator and the amplifier, the first
isolation switch constructed to selectively isolate the attenuator from the amplifier; and a
bypass switch coupled in parallel with the attenuator and the first isolation switch and
configured to convey the signal when the attenuator is isolated from the amplifier.
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In embodiments, the attenuator may be a fixed attenuator, a multi-step attenuator, or a
variable attenuator. The attenuator may have at least one fixed impedance and at least one
switched impedance. A switched impedance may be a switch coupled in series with an
impedance. The attenuator may be a multi-step attenuator that is configurable among a
plurality of levels of attenuation, such as configurable between at least two of a 3 decibel, 6
decibel, and 9 decibel level of attenuation, or configurable between at least two of a 1 decibel, 2
decibel, and 3 decibel level of attenuation. The attenuator may be a T network attenuator, a pi
network attenuator, or a bridged T network attenuator.

In certain embodiments, the first isolation switch includes a plurality of first transistors
connected in series. The first isolation switch may further include at least one second transistor
having a first terminal coupled between two of the plurality of first transistors and a second
terminal coupled to ground.

In embodiments, the first isolation switch is coupled between the amplifier and the
attenuator and configured to selectively isolate the attenuator from the amplifier. A second
isolation switch may be coupled between the attenuator and one of the input and the output and
configured to selectively isolate the attenuator from the one of the input and the output. The
bypass switch may be coupled in parallel with the first isolation switch, the attenuator, and the
second isolation switch.

In various embodiments, the attenuator may include two first impedances coupled in
series. The attenuator may further include a plurality of second impedances each having a first
terminal coupled between the two first impedances and a second terminal coupled to ground.
One or more of the plurality of second impedances may be a fixed impedance and one or more
of the plurality of second impedances may be a switched impedance. The attenuator may
include a plurality of third impedances coupled in parallel with the two first impedances. One
or more of the plurality of third impedances may be a fixed impedance and one or more of the
plurality of third impedances may be a switched impedance. The attenuator may include a
fourth impedance having a first terminal coupled between the two first impedances and a
second terminal coupled to ground. The fourth impedance may have a higher impedance value
than any impedance value of the plurality of second impedances. The attenuator may include a
fifth impedance coupled between the input and the output. The fifth impedance may have a
higher impedance value than any impedance value of the plurality of third impedances.

5



10

15

20

25

30

WO 2017/147243 PCT/US2017/019044

According to another aspect, a wireless device is provided. The wireless device
includes a transceiver configured to produce a transmit signal and to receive a receive signal
and an attenuation circuit configured to selectively attenuate an input signal, the input signal
being at least one of the transmit signal, the receive signal, and a derived signal derived from at
least one of the transmit signal and the receive signal, the attenuation circuit including an input
to receive the input signal, an output to provide an attenuated signal, an attenuator selectively
coupled between the input and the output, a first isolation switch constructed and arranged to
selectively isolate the attenuator from at least one of the input and the output when in a bypass
mode, and a bypass switch coupled in parallel with the attenuator and the first isolation switch
and constructed and arranged to selectively couple the input to the output in the bypass mode.

Some embodiments include an antenna coupled to the transceiver and configured to
transmit the transmit signal and to receive the receive signal.

In embodiments, the attenuator may be a fixed attenuator, a multi-step attenuator, or a
variable attenuator. The attenuator may have at least one fixed impedance and at least one
switched impedance. A switched impedance may be a switch coupled in series with an
impedance. The attenuator may be a multi-step attenuator that is configurable among a
plurality of levels of attenuation, such as configurable between at least two of a 3 decibel, 6
decibel, and 9 decibel level of attenuation, or configurable between at least two of a 1 decibel, 2
decibel, and 3 decibel level of attenuation. The attenuator may be a T network attenuator, a pi
network attenuator, or a bridged T network attenuator.

In certain embodiments, the first isolation switch includes a plurality of first transistors
connected in series. The first isolation switch may further include at least one second transistor
having a first terminal coupled between two of the plurality of first transistors and a second
terminal coupled to ground.

In embodiments, the first isolation switch is positioned between the input and the
attenuator and configured to selectively isolate the attenuator from the input. The attenuation
circuit may include a second isolation switch positioned between the output and the attenuator
and configured to selectively isolate the attenuator from the output. The bypass switch may
have a first terminal coupled between the input and the first isolation switch and a second

terminal coupled between the second isolation switch and the output.
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In embodiments, the attenuator includes two first impedances coupled in series between
the input and the output. The attenuator may include a plurality of second impedances each
having a first terminal coupled between the two first impedances and a second terminal coupled
to ground. One or more of the plurality of second impedances may be a fixed impedance and
one or more of the plurality of second impedances may be a switched impedance. The
attenuator may include a plurality of third impedances coupled in parallel between the input
and the output. One or more of the plurality of third impedances may be a fixed impedance and
one or more of the plurality of third impedances may be a switched impedance. The attenuator
may include a fourth impedance having a first terminal coupled between the two first
impedances and a second terminal coupled to ground. The fourth impedance may have a
higher impedance value than any impedance value of the plurality of second impedances. The
attenuator may include a fifth impedance coupled between the input and the output. The fifth
impedance may have a higher impedance value than any impedance value of the plurality of
third impedances.

In various embodiments, the wireless device may include one or more of a sensor, a
memory, a baseband sub-system, a user interface, an antenna switch module, a power amplifier,
an electromagnetic coupler, and a battery.

According to some embodiments, the wireless device includes a power amplifier, the
output of the attenuation circuit coupled to an input of the power amplifier and configured to
selectively provide an attenuated signal to the power amplifier, the power amplifier configured
to amplify the attenuated signal.

According to some embodiments, the wireless device includes a power amplifier
configured to amplify at least one of the transmit signal, the receive signal, and the derived
signal to produce an amplified signal, and the attenuation circuit configured to selectively
attenuate the amplified signal.

According to some embodiments, the wireless device includes an electromagnetic
coupler configured to couple a portion of one of the transmit signal and the receive signal to
provide the derived signal, and the attenuation circuit configured to selectively attenuate the
derived signal to provide an attenuated signal. A sensor may be coupled to the output of the

attenuation circuit and configured to sense a parameter of the attenuated signal.
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Still other aspects, examples, and advantages of these exemplary aspects and examples
are discussed in detail below. Examples disclosed herein may be combined with other

examples in any manner consistent with at least one of the principles disclosed herein, and

PR ENNTS PR ENNTS PEENNTS

references to “an example,” “some examples,” “an alternate example,” “various examples,”
“one example” or the like are not necessarily mutually exclusive and are intended to indicate
that a particular feature, structure, or characteristic described may be included in at least one
example. The appearances of such terms herein are not necessarily all referring to the same

example.

BRIEF DESCRIPTION OF THE DRAWINGS

Various aspects of at least one example are discussed below with reference to the
accompanying figures, which are not intended to be drawn to scale. The figures are included to
provide illustration and a further understanding of the various aspects and examples, and are
incorporated in and constitute a part of this specification, but are not intended as a definition of
the limits of the invention. In the figures, each identical or nearly identical component that is
illustrated in various figures is represented by a like numeral. For purposes of clarity, not every
component may be labeled in every figure. In the figures:

FIG. 1 is a schematic equivalent circuit diagram of an example attenuation circuit;

FIGS. 2A-2B are schematic equivalent circuit diagrams of example isolation switches;

FIGS. 3A-3C are schematic equivalent circuit diagrams of example attenuators;

FIG. 4 is a schematic equivalent circuit diagram of an example multi-step attenuator;

FIGS. 5A-5C are schematic equivalent circuit diagrams of the example multi-step
attenuator of FIG. 4 in various states;

FIG. 6 is a schematic equivalent circuit diagram of an example multi-step attenuator
with tuning capability;

FIG. 7 is a block diagram of an example module including an attenuation circuit;

FIGS. 8A-8F are block diagrams of example coupler modules including an attenuation
circuit;

FIGS. 9A-9C are block diagrams of example amplifier modules including an

attenuation circuit; and
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FIG. 10 is a block diagram of an example device that may include one or more

attenuation circuits.

DETAILED DESCRIPTION

Aspects of the present disclosure are directed to attenuation circuits. Attenuation
circuits as disclosed herein may provide, for example, a lower insertion loss while operating in
a bypass mode. The lower insertion loss may be achieved by adding isolation switches
between the attenuator and the ports of the attenuation circuit. The isolation switches may be
opened when the attenuation circuit is operating in a bypass mode to isolate the attenuator from
the remainder of the attenuation circuit and closed when the attenuation circuit is operating in
an attenuation mode.

In addition, the attenuation circuits disclosed herein include, in some examples, a multi-
step attenuator that is capable of providing multiple levels of attenuation in a single stage. The
configurability may be achieved by, for example, switchably connecting one or more
impedances in parallel with a fixed impedance to alter the equivalent impedance between two
circuit nodes. Thereby, the equivalent resistance of various sections of the attenuator may be
altered resulting in different levels of attenuation. Further, the multi-step attenuator may
include additional switched impedances to correct for any deviations from the desired
attenuation levels introduced by, for example, manufacturing variation.

It is to be appreciated that examples of the methods and apparatuses discussed herein
are not limited in application to the details of construction and the arrangement of components
set forth in the following description or illustrated in the accompanying drawings. The
methods and apparatuses are capable of implementation in other examples and of being
practiced or of being carried out in various ways. Examples of specific implementations are
provided herein for illustrative purposes only and are not intended to be limiting. Also, the
phraseology and terminology used herein is for the purpose of description and should not be

PR3

regarded as limiting. The use herein of “including,” “comprising,” “having,” “containing,”
“involving,” and variations thereof is meant to encompass the items listed thereafter and
equivalents thereof as well as additional items. References to “or” may be construed as

inclusive so that any terms described using “or” may indicate any of a single, more than one,
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and all of the described terms. Any references to front and back, left and right, top and bottom,
upper and lower, and vertical and horizontal are intended for convenience of description, not to
limit the present systems and methods or their components to any one positional or spatial
orientation.

FIG. 1 illustrates an example attenuation circuit 100 constructed to receive an input
signal and provide an output signal. As illustrated in FIG. 1, the attenuation circuit 100
receives the input signal at an input 102 and provides the output signal at an output 104. It is
appreciated that the attenuation circuit 100 may be symmetrical and, thereby, receive the input
signal at either port and still function in the same manner.

The attenuation circuit 100 includes an attenuator 106 coupled in parallel with a bypass
switch 108. The attenuation circuit 100 may operate in attenuation mode by opening the
bypass switch 108 to send the input signal through the attenuator 106 to reduce a power level of
the input signal. The bypass switch 108 may be closed in a bypass mode to bypass the
attenuator and provide an output signal that is substantially similar to the input signal. It is
appreciated that the output signal is generally still slightly attenuated in the bypass mode of
operation due to, for example, losses through the bypass switch 108 and/or parasitic losses from
the attenuator 106. In the example illustrated in FIG. 1, these insertion losses are mitigated by
the introduction of one or more isolation switches 110 between the attenuator 106 and the input
102 and/or between the attenuator 106 and the output 104. The isolation switches 110 isolate
the attenuator 106 from the remainder of the attenuation circuit 100 and, thereby, reduce
parasitic losses caused by the attenuator 106 when operating in the bypass mode.

The isolation switches 110 may be constructed in a variety of manners depending upon
the particular implementation. FIGS. 2A and 2B illustrate two example constructions of the
isolation switch 110. In FIG. 2A, the isolation switch 200A is constructed by connecting a
plurality of transistors T; - T, in series. A plurality of series-connected transistors, as in the
isolation switch 200A, may provide additional isolation than may be provided over fewer
transistors or by only one transistor. Additionally, a higher number of transistors in series may
accommodate a higher input power as the input voltage level is distributed across more
transistors, reducing the possibility of voltage breakdown in any of the transistors. The
isolation switch 200B in FIG. 2B introduces a shunt transistor T3 between the transistors T; and
T, that are connected in series. In bypass mode, the shunt transistor Ts is closed (i.e., turned

10
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on) while the series transistors T and T, are open (i.e., turned off), and the shunt transistor T3
in the closed state further increases isolation by grounding the otherwise free floating electrical
connection between the transistors Ty and T,. In the attenuation mode, series transistors T; and
T, are turned on, and the shunt transistor T; is turned off. It is appreciated that the isolation
switch 110 may be formed from combinations of the example isolation switch 200A and the
example isolation switch 200B, with more or fewer series transistors and additional shunt
transistors, as well as other configurations may be employed to form the isolation switch 110
depending upon the particular implementation. Further, the transistors may be any type of
transistor including, for example, a field-effect transistor (FET) or a bipolar junction transistor
(BJT).

The introduction of the isolation switches 110 into the attenuation circuit 100 may
further attenuate the input signal beyond the attenuation applied by the attenuator 106 while in
attenuation mode. As described in more detail below, the attenuation provided by the
attenuator 106 may be designed to be slightly lower than the total desired attenuation to
compensate for the additional attenuation introduced by the isolation switches 110. For
example, the isolation switches 110 may introduce an additional 0.5 decibels (dB) of
attenuation and the attenuator 106 may be constructed to provide 2.5 dB of attenuation to
achieve a desired total attenuation of 3 dB.

As described above, the attenuation circuit 100 may include an attenuator 106 to
attenuate the input signal in the attenuation mode of operation. Various types of attenuators
may be employed depending upon the particular implementation. For example, the attenuator
106 may be a fixed attenuator that provides a single constant level of attenuation, a multi-step
attenuator that is configurable between a pre-defined set of attenuation levels, or a variable
attenuator that is configurable within a continuous range of attenuation levels.

FIGS. 3A-3C illustrate three different types of fixed attenuators that may be suitable to
employ as attenuator 106. FIG. 3A illustrates an example T network attenuator 300A. The T
network attenuator 300A includes two impedances R; connected in series and another
impedance R, with a first terminal coupled to ground and a second terminal coupled between
the two series connected impedances R;. The values for the impedances R; and R, may be

determined based on the relationships illustrated in equation (1) below.
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In equation (1), the value A is the desired attenuation level in dB and Z is the characteristic

™

impedance of the attenuator.

FIG. 3B illustrates an example pi network attenuator 300B. The pi network attenuator
300B includes an impedance R» connected between the input and the output. The pi network
attenuator 300B also includes an impedance R; connected between the input and ground in
addition to another impedance R; connected between the output and ground. The values for the
impedances R; and R, may be determined based on the relationships illustrated in equation (2)

below given a desired attenuation level A in dB and a characteristic impedance Z.

A
f A (10ﬁ—1>
Ry = Zo+ [ Y222 | | R, = Zg vt )

A A
1010-1 2+ 1010

FIG. 3C illustrates an example bridged T network attenuator 300C. The bridged T

network attenuator 300C includes two impedances R3 connected in series between the input
and the output in addition to an impedance R; with a first terminal coupled to ground and a
second terminal coupled between the two series connected impedances Rs. The bridged T
network attenuator 300C also includes an impedance R, coupled between the input and the
output. The values for the impedances R;, R,, and Rz may be determined based on the
relationships illustrated in equation (3) below given a desired attenuation level A in dB and a

desired characteristic impedance Z.

7 A
R1:—[Z |R2:ZO*(\1101°_1) | Rs = Z, 3)

10T0-1
In some examples, the attenuator 106 is a multi-step attenuator. In these examples, the
attenuator 106 may be configurable between multiple discrete attenuation levels. The
configurability may be achieved by, for example, changing the impedance values of the
impedances R; and/or R, in the T, pi, and bridged T networks described above. Table 1
illustrates example values of R; and R, to achieve various attenuation steps in bridged T
network attenuator 300C described above using equation (3) above assuming a bypass switch

loss of 0.2 dB and an isolation switch loss of 0.5 db.
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Total DesEred Attenl.lator Calculated R, Calculated R,
Attenuation Design Values Values

Step Attenuation Step

3dB 2.7 dB 137.14 Q 18.23 )

6 dB 5.7dB 53.91 Q 46.38 ()

9dB 8.7dB 29.02 Q) 86.14 O

Table 1

As illustrated in Table 1, the attenuator 106 may be designed for a slightly different amount of
attenuation than the total desired attenuation to account for the attenuation introduced by other
components (e.g., isolation switches 110).

The impedances R; and R, may be varied by a variety of methods depending upon the
particular implementation. For example, multiple switched impedances connected in parallel
may replace the single impedances Ry or Ro. In this example, the equivalent impedance of the
parallel connected switched impedances can be changed by selectively connecting or
disconnecting some of the switched impedances. This approach may be advantageous because
it avoids the use of small impedance values, which generally are more difficult to manufacture
with tight tolerances and/or may require more space. For example, the three impedance values
of Ry illustrated in Table 1 (i.e., 18.23 (), 46.38 (), and 86.14 ()) may be achieved without a
small 18.23 Q impedance. Rather, the three impedance values of R, may be achieved with a
fixed impedance of 86.14 () and two switched impedances of 100.48 () and 30.04 Q that are
connected in parallel with the fixed impedance. The 86.14 ) impedance for the 9 dB step may
be achieved by disconnecting both of the switched impedances leaving only the 86.14 Q fixed
impedance. The 46.38 () impedance for the 6 dB step may be achieved by connecting the
100.48 () impedance in parallel with the 86.14 () fixed impedance. In addition, the 18.23 Q
impedance for the 3 dB step may be achieved by connecting both the 100.48 () impedance and
the 30.04 ) impedance in parallel with the 86.14 () fixed impedance. As illustrated, by
connecting additional impedances in parallel to form smaller equivalent impedances, the
smallest impedance employed in the circuit configuration (e.g., 30.04 Q) is much larger than
the smallest impedance of R (e.g., 18.23 )) to achieve the desired attenuation levels.

FIG. 4 illustrates an example multi-step attenuator 400 including multiple switched
impedances to change the equivalent impedance values for Ry and R, to achieve various

attenuation steps. As illustrated, the multi-step attenuator 400 is a bridged T network attenuator
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with the impedance R; being replaced with a fixed impedance R, and two switched
impedances Rj, and Ry in addition to the impedance R, being replaced with a fixed impedance
R, and two switched impedances Ry, and Ry.. It is appreciated that the multi-step attenuator
400 may have any number of switched impedances connected in parallel with the fixed
impedance depending upon the particular implementation. In addition, the multi-step
attenuator 400 may be implemented using configurations other than the bridged T network.
For example, the fixed T network attenuator 300A and the fixed pi network attenuator 300B
may each be converted into multi-step attenuators by replacing each instance of the impedances
R and R, with a fixed impedance connected in parallel with one or more switched impedances.

The switched impedances Rip, Ric, Rap, and Ry include one or more switches coupled
in series with an impedance. The switches may be transistors including, for example, FETs and
BJTs. As illustrated, the switched impedances R, and R each include an impedance coupled
in series with a single switch and the switched impedances Ra, and R each include an
impedance coupled between two switches. It is appreciated that the specific configuration of
the switched impedances in FIG. 4 is for illustration only and other configurations may be
employed. For example, the switched impedances Ry, and Ry may each only include a single
switch coupled in series with an impedance.

The multi-step attenuator 400 may achieve various attenuation levels by connecting and
disconnecting the switched impedances Rjp, Ric, Rop, and Ry.. FIGS. SA-5C illustrate the
multi-step attenuation 400 with the switched impedances R, Ric, Rop, and Ry, in various states
to achieve three different attenuation levels. An example set of impedance values for Ry, - Ry¢
and R,, - Ry is illustrated in Table 2 below to achieve the 3 dB, 6 dB, and 9 dB levels of
attenuation shown in Table 1 above. The 3 dB, 6 dB, and 9 dB levels of attenuation correspond

to the configurations in FIGS. 5A, 5B, and 5C, respectively.

Resistance
Impedance Value
Rla 13714 Q
R 88.83 0
Ric 62.86 ()
RZa 8614 Q
Rab 100.48 Q
RZC 3004 Q
Table 2
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FIG. 5A shows the multi-step attenuator 400 with switched impedances R, and Ry
both disconnected and the switched impedances Ry, and Ry both connected. By connecting the
switched impedances Ry, and Ry in parallel with the fixed impedance R,,, the equivalent
impedance of R, is lowered. Disconnecting the impedances R, and R, makes the equivalent
impedance of R; equal to the fixed impedance Ri,. Given the impedance values illustrated in
Table 2, this configuration yields a 137.14 Q impedance for R; and a 18.23 ) impedance for R,
suitable for the 3 dB attenuation level illustrated in Table 1.

FIG. 5B shows the multi-step attenuator 400 with switched impedance R;, connected
and switched impedance R, disconnected relative to the configuration in FIG. 5A. Thereby,
the equivalent impedance of R is decreased by adding R, in parallel with Ry,. In addition, the
equivalent impedance of R is increased by disconnecting Ro.. Given the impedance values
illustrated in Table 2, this configuration yields a 53.91 ) impedance for R; and a 46.38 Q)
impedance for R; suitable for the 6 dB attenuation level illustrated in Table 1.

FIG. 5C shows the multi-step attenuator 400 with switched impedance R connected
and switched impedance Roy, disconnected relative to the configuration in FIG. 5B. Thereby,
the equivalent impedance of R is further decreased by adding R in parallel with Ry, and Ry,
In addition, the equivalent impedance of R; is further increased by disconnecting Ra,. Given
the impedance values illustrated in Table 2, this configuration yields a 29.02 Q impedance for
R; and a 86.14 () impedance for R, suitable for the 9 dB attenuation level illustrated in Table 1.

It should be appreciated that although the multi-step attenuator 400 of FIG. 4 has been
described with respect to three attenuation levels of 3 dB, 6 dB, and 9 dB, other levels of
attenuation and a different number of levels may alternatively be provided, as aspects of the
present disclosure are not limited to any specific set of attenuation levels, nor limited to any
specific number of levels or steps of attenuation.

In some examples, the attenuator 106 may be constructed to be calibrated to reduce the
impact of any manufacturing variations. For example, the precise impedance values of any of
the impedances Ri, - Ric and Ry, - Ra. may vary slightly from the desired values due to
manufacturing variances. These minor deviations may be accounted for by the further addition
of one or more switched calibration impedances as illustrated by the multi-step attenuator 600
in FIG. 6. The multi-step attenuator 600 adds two calibration impedances Ricy and Rocy

relative to the multi-step attenuator 400 in FIG. 4. The calibration impedance R, may have
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an impedance value that is greater than any of impedances Ri,-Ric. Similarly, the calibration
impedance Rac, may have an impedance value that is greater than any of impedances Ra,-Rac.
Given the example impedances values for Ry, - Rj. and Ry, - Ry in Table 2, the impedance of
Rica may be 1,500 Q and the impedance of Ry may be 200 (). By employing larger
impedance values for Rj., and Ry, the adjustment to the total impedances R; and R, is
relatively small when either Ricy or Rocy is connected resulting in minor adjustments to the
total attenuation at any given step (e.g., 0.1 dB of change). Thereby, small variations in the
impedance of a given impedance value can be mitigated by switching the calibration
impedances R, and Ryy.

Thus, aspects and examples provide various circuit designs to reduce insertion losses of
attenuation circuits operating in a bypass mode by, for example, incorporating isolation
switches between the attenuator and input/output ports of the attenuation circuits. In addition,
example multi-step attenuators have been provided that incorporate the functionality of
multiple attenuation stages into a single configurable attenuation stage and account for
manufacturing variances.

According to other aspects, any of the attenuators disclosed herein, isolable and
configurable, may be incorporated into various packages, modules, or devices to create a
commercial production unit. FIGS. 7-9 illustrate examples of modules that can include any of
the configurable attenuators discussed herein. These example modules can include any
combination of features associated with the attenuators disclosed herein, including isolation,
step values, and compensation for manufacturing variations.

FIG. 7 is a block diagram of one example of a module 700 that includes an embodiment
of the attenuators disclosed herein, e.g., attenuator 100, 400, 600, as attenuator 710. The
module 700 may include a substrate 708 and may include one or more dies, upon which
circuitry of attenuator 710 and other circuitry are implemented. In some embodiments, the
module 700 can include one or more packaging structures to provide protection and facilitate
easier handling of the module 700. Such a packaging structure can include an overmold
formed over a packaging substrate and dimensioned to substantially encapsulate the various
dies and components thereon. The module 700 further includes connectivity from the
attenuator 710 to the exterior of the module 700 to provide signal and control interconnections,
such as input 702, output 704, and control interface 706. The connections 702, 704, and 706
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may include contacts, wirebonds, solder bumps, balls, lands, pins, sockets, etc. The control
interface 706 provides an interface to communicate to or control the configurable nature of the
attenuator 710, for example, isolation settings, attenuation step values, and compensation, as
discussed herein. Any of the aspects and embodiments of the attenuators discussed herein may
allow for bi-directional operation, such that, for example, the input 702 and the output 704
might be interchangeable in any given module.

FIG. 8A is a block diagram of an example of a coupler module 800a that includes an
attenuator 810 configured to attenuate a signal from a coupler 806. Similar to module 700
above, the module 800a may include packaging and connectivity to external devices. In the
example module 800a of FIG. 8A, shown are connections for the input 802, output 804,
coupled output 808, and a control interface 812. The coupler 806 may provide a coupled
portion of an input signal received at the input 802 and provide it to the attenuator 8§10, which
attenuates the coupled signal in accordance with its current configuration. Module 800a allows
a configurable coupling factor, at least because the attenuator 810 allows for various
attenuation values of the coupled output signal.

FIG. 8B is a block diagram of another example of a coupler module 800b that includes
an attenuator 810 configured to attenuate a coupled signal. In this example, the coupler 806 is
configured for reverse operation, providing a coupled portion of an input signal received at the
input 804 to the attenuator 810, which attenuates the coupled signal in accordance with its
current configuration.

FIG. 8C is a block diagram of another example of a coupler module 800c. In this
example, the coupler 806 is configured to allow bi-directional switched coupling. When in the
configuration shown, the module 800c provides a forward coupled signal (coupled from a
forward signal received at the input 802) to an attenuator 810a, by switching a forward coupled
port to the attenuator 810a at switch 816a and by switching an isolation port to a termination
impedance 814b as switch 816b. A reverse coupled signal (from a reverse signal received at
the output 802) may be provided to another attenuator 810b by alternating the configuration of
the switches 816a, 816b. As shown, the termination impedances 814a and 814b may be
variable or adjustable impedances. The coupler module 800c, for example, has two attenuated

coupled outputs 808a and 808b for forward and reverse coupled signals, respectively.
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FIG. 8D is a block diagram of another example of a coupler module 800d. In this
example, the coupler 806 is configured to allow bi-directional switched coupling similar to
FIG. 8C with only a single attenuator 8§10 and a single termination impedance 814. The
coupler 806 of FIG. 8D is selectively switchable to couple a forward signal or a reverse signal,
and the attenuator 810 attenuates whichever coupled signal is provided by the coupler 806. In
particular, the coupler 806 may provide a coupled portion of a signal received at the input 802
or a signal received at the output 804.

FIG. 8E is a block diagram of another example of a coupler module 800e. In this
example, the coupler module 800e includes two couplers, 806a and 806b, that may be designed
to operate for different frequencies or frequency bands. The coupler module 800e is an
example of a dual-band attenuated coupler module. Each of the couplers 806a, 806b has an
input 802a, 802b, respectively, and an output 804a, 804b, respectively. As shown, the coupling
lines of the couplers 806a, 806b are connected in series and each provides a forward coupled
signal to an attenuator 810. A signal provided at coupled output 808 is an attenuated
combination of a coupled signal from the first coupler 806a in the first frequency band and a
coupled signal from the second coupler 806b in the second frequency band.

FIG. 8F is a block diagram of another example of a coupler module 800f. The coupler
module 800f may be an example of a tri-band attenuated coupler module. The coupler module
800f includes three couplers 806a, 806b, 806¢, that may be designed to operate for different
frequencies or frequency bands. The coupled output of each coupler 806a, 806b, 806¢, is
combined by a triplexer 818 that provides combined coupled signals to the attenuator 810.

While FIGS. 8A through 8F illustrate various embodiments of a coupler module with an
attenuator 810, other embodiments may be arranged differently. For example, a coupler
module may have any number of one or more couplers whose various ports may be provided in
various ways, and whose coupled outputs may be combined in various ways (e.g., by series
connection, by a combiner, etc.), and whose connectivity to termination impedances,
combiners, and/or attenuators may be selectively switched. Accordingly, any number of
couplers, attenuators, switches, combiners, and impedances may be arranged in various
fashions to accommodate various application needs and/or operational characteristics.

Additionally, a control circuit may control the various switches, adjustable impedances, and
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attenuation settings. Any of the modules may include packaging structures to provide
protection and facilitate handling of the modules.

FIG. 9A is a block diagram of an example of an amplifier module 900a that includes
two attenuators 910 configured to attenuate signals associated with a power amplifier 906.
Similar to module 700 and the modules 800a-f above, the module 900a may include packaging
and connectivity to the exterior. In the example module 900a of FIG. 9A, shown are
connections for the input 902 and output 904. A control interface 908 of the attenuators 910 is
also shown. The attenuators 910 may attenuate an input signal before the signal is amplified by
the power amplifier 906, or may attenuate an amplified signal provided by the power amplifier
906, or both. The module 900a may have an alternate arrangement having only one of the
attenuators 910. As shown, two (or more) attenuators 910 could be provided and connected
such that attenuation occurs on both the input and the output of the power amplifier 906, which
may yield flexibility in balancing or achieving total gain, noise figures, and other operational
parameters. Accordingly, the amplifier module 900a may act as a variable gain amplifier
because the ratio of the output signal to the input signal may be adjusted by the configurable
attenuators 910.

FIG. 9B is a block diagram of another example of an amplifier module 900b. The
amplifier module 900b includes two amplifiers 906 coupled in series on either side of a single
attenuator 910. The amplifiers 906 may be adjustable gain amplifiers. The amplifier module
900b may include packaging as discussed above. The arrangement of amplifiers 906 and the
attenuator 910 is one example of an arrangement that may allow flexibility in balancing or
achieving total gain, noise figures, and other operational parameters as a variable gain
amplifier. Alternate amplifier modules may include both multiple amplifiers and multiple
attenuators for increased flexibility, and may include switching components to flexibly route
signals.

FIG. 9C is a block diagram of an example of an intermediate frequency (IF) amplifier
module 900c that includes an attenuator 910. The IF amplifier module 900c is shown in an
example use with an antenna 912 that may receive a radio frequency (RF) signal and provide it
to the input 902, from which a low-noise amplifier 914 boosts the signal strength. The
amplified RF signal is mixed by a mixer 916 with an IF waveform from a local oscillator 918
and provided to an IF amplifier 906. In the example module 900c, the IF amplifier 906 has at

19



10

15

20

25

30

WO 2017/147243 PCT/US2017/019044

least one integrated attenuator 910, similar to the amplifier module of FIG. 9A, to allow
variable gain adjustment. The amplified IF signal may be provided to a demodulator 920
coupled to the output 904 of the IF amplifier module 900c. Similar to the example modules
previously described, the IF amplifier module 900c may have a control interface 908. Alternate
embodiments may include one or more attenuators 910 coupled to the input or output of
amplifier 906 rather than integrated with the amplifier 906.

While FIGS. 9A through 9C illustrate various embodiments of an amplifier module
with an attenuator 910, other embodiments may be arranged differently.

FIGS. 7-9 described above illustrate various example modules that include at least one
attenuator as disclosed herein. Other modules in accord with those disclosed herein may
include other components and features, such as, for example, a sensor, an antenna switch
module, a transmitter, receiver, or transceiver, and any combination of the disclosed or other
components. An attenuator of the types disclosed herein may be incorporated into any number
of packages, modules, or devices to accommodate changing operational parameters or specific
applications.

In an embodiment, an attenuator of the types disclosed herein may be incorporated into
an electronic device. An example of such a device is shown in FIG. 10, which is a block
diagram of a wireless device 1000 that can have one or more attenuators in accordance with
any of the principles and advantages discussed herein. The example wireless device 1000 may
be, for example, a mobile phone, a smart phone, a tablet, a wireless access point, a router, a
modem, or the like. A wireless device may include additional elements not shown in FIG. 10
and/or may include a sub-combination of those elements shown.

The example wireless device 1000 includes an antenna 1030 for transmitting and
receiving wireless radio frequency (RF) signals. A coupler 1060 may provide to a sensor 1062
a coupled signal of the RF signal going to or from the antenna 1030, for monitoring and
adjusting power levels and/or antenna mismatch characteristics. An antenna switch module
1050 may control or direct received RF signals from the antenna 1030 to a transceiver 1020,
and control or direct RF signals from a power amplifier 1040 to the antenna 1030. The
transceiver 1020 may be controlled by a baseband sub-system 1070 having a user interface
1072 and a memory 1074, and the example wireless device 1000 may have a power
management system 1080 and a battery 1082.
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One or more attenuators in accord with those disclosed herein may be incorporated in
the wireless device 1000 in a number of configurations in accord with desired operational
characteristics of the wireless device 1000. For example, an attenuator 1010 may be included
to attenuate an input signal to the power amplifier 1040. An attenuator 1012 may attenuate an
output signal of the power amplifier 1040. An attenuator 1014 and/or an attenuator 1016 may
attenuate a transmit or receive signal, or both, between the antenna switch module 1050 and the
antenna 1030, with or without a coupler 1060 in between. Additionally, a coupled output from
the coupler 1060 may be configured with an attenuator 1018. Any of the attenuators 1010,
1012, 1014, 1016, and 1018 may be present, or additional attenuators may be present, in
various additional or alternate arrangements, to attenuate a signal at varying locations to
accommodate changing operational parameters or applications.

Having described above several aspects of at least one example, it is to be appreciated
various alterations, modifications, and improvements will readily occur to those skilled in the
art. Such alterations, modifications, and improvements are intended to be part of this
disclosure and are intended to be within the scope of the invention. Accordingly, the foregoing
description and drawings are by way of example only, and the scope of the invention should be

determined from proper construction of the appended claims, and their equivalents.
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What is claimed is:

CLAIMS

1. An attenuation circuit comprising:

an input to receive an input signal;

an output to provide an attenuated signal;

an attenuator selectively coupled between the input and the output, the attenuator being
configured to attenuate the input signal;

a first isolation switch constructed and arranged to selectively isolate the attenuator
from at least one of the input and the output when in a bypass mode; and

a bypass switch coupled in parallel with the attenuator and the first isolation switch and

constructed and arranged to selectively couple the input to the output when in the bypass mode.

2. The attenuation circuit of claim 1 wherein the attenuator is one of a fixed attenuator, a

multi-step attenuator, and a variable attenuator.

3. The attenuation circuit of claim 1 wherein the attenuator is a multi-step attenuator that is

configurable among a plurality of levels of attenuation.

4. The attenuation circuit of claim 3 wherein the attenuator is a multi-step attenuator that is

configurable between at least two of a 3 decibel, 6 decibel, and 9 decibel level of attenuation.

5. The attenuation circuit of claim 3 wherein the attenuator is a multi-step attenuator that is

configurable between at least two of a 1 decibel, 2 decibel, and 3 decibel level of attenuation.

6. The attenuation circuit of claim 1 wherein the attenuator is one of a T network

attenuator, a pi network attenuator, and a bridged T network attenuator.

7. The attenuation circuit of claim 1 wherein the first isolation switch includes a plurality

of first transistors connected in series.
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8. The attenuation circuit of claim 7 wherein the first isolation switch includes at least one
second transistor having a first terminal coupled between two of the plurality of first transistors

and a second terminal coupled to ground.

9. The attenuation circuit of claim 1 wherein the first isolation switch is positioned
between the input and the attenuator and configured to selectively isolate the attenuator from

the input.

10. The attenuation circuit of claim 9 further comprising a second isolation switch
positioned between the output and the attenuator and configured to selectively isolate the

attenuator from the output.

11. The attenuation circuit of claim 10 wherein the bypass switch has a first terminal
coupled between the input and the first isolation switch and a second terminal coupled between

the second isolation switch and the output.

12. The attenuation circuit of claim 1 wherein the attenuator includes at least one fixed

impedance and at least one switched impedance.

13. The attenuation circuit of claim 12 wherein the at least one switched impedance

includes at least one switch coupled in series with an impedance.

14. The attenuation circuit of claim 1 wherein the attenuator includes two first impedances

coupled in series between the input and the output.
15. The attenuation circuit of claim 14 wherein the attenuator further includes a plurality of

second impedances each having a first terminal coupled between the two first impedances and a

second terminal coupled to ground.
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16. The attenuation circuit of claim 15 wherein at least one of the plurality of second
impedances is a fixed impedance and at least one of the plurality of second impedances is a

switched impedance.

17. The attenuation circuit of claim 15 wherein the attenuator includes a plurality of third

impedances coupled in parallel between the input and the output.

18. The attenuation circuit of claim 17 wherein at least one of the plurality of third
impedances is a fixed impedance and at least one of the plurality of third impedances is a

switched impedance.

19. The attenuation circuit of claim 17 wherein the attenuator includes a fourth impedance
having a first terminal coupled between the two first impedances and a second terminal coupled

to ground.

20. The attenuation circuit of claim 19 wherein the fourth impedance has a higher

impedance value than any impedance value of the plurality of second impedances.

21. The attenuation circuit of claim 19 wherein the attenuator includes a fifth impedance

coupled between the input and the output.

22. The attenuation circuit of claim 21 wherein the fifth impedance has a higher impedance

value than any impedance value of the plurality of third impedances.

23. An electromagnetic coupler module comprising:

an input, an output, and a coupled port;

an electromagnetic coupler connected between the input and the output, the
electromagnetic coupler being configured to electromagnetically couple a portion of a signal
traveling between the input and the output and to provide the coupled portion at the coupled

port;
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an attenuator selectively connected to the coupled port, the attenuator being configured
to selectively attenuate the coupled portion;

a first isolation switch connected in series with the attenuator, the first isolation switch
constructed to selectively isolate the attenuator from the coupled port when in a bypass mode;
and

a bypass switch connected in parallel with the attenuator and the first isolation switch
and configured to convey the coupled portion between the coupled port and a node when in the

bypass mode.

24. The coupler module of claim 23 wherein the attenuator is one of a fixed attenuator, a

multi-step attenuator, and a variable attenuator.

25. The coupler module of claim 23 wherein the attenuator is a multi-step attenuator that is

configurable among a plurality of levels of attenuation.

26. The coupler module of claim 25 wherein the attenuator is a multi-step attenuator that is

configurable between at least two of a 3 decibel, 6 decibel, and 9 decibel level of attenuation.

27. The coupler module of claim 25 wherein the attenuator is a multi-step attenuator that is

configurable between at least two of a 1 decibel, 2 decibel, and 3 decibel level of attenuation.

28. The coupler module of claim 23 wherein the attenuator is one of a T network attenuator,

a pi network attenuator, and a bridged T network attenuator.

29. The coupler module of claim 23 wherein the first isolation switch includes a plurality of

first transistors connected in series.
30. The coupler module of claim 29 wherein the first isolation switch includes at least one
second transistor having a first terminal coupled between two of the plurality of first transistors

and a second terminal coupled to ground.
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31. The coupler module of claim 23 wherein the first isolation switch is connected between
the coupler and the attenuator and configured to selectively isolate the attenuator from the

coupler.

32. The coupler module of claim 31 further comprising a second isolation switch connected
between the attenuator and the coupled port and configured to selectively isolate the attenuator

from the coupled port.

33. The coupler module of claim 32 wherein the bypass switch is coupled in parallel with

the first isolation switch, the attenuator, and the second isolation switch.

34. The coupler module of claim 23 wherein the attenuator includes at least one fixed

impedance and at least one switched impedance.

35. The coupler module of claim 34 wherein the at least one switched impedance includes

at least one switch coupled in series with an impedance.

36. The coupler module of claim 23 wherein the attenuator includes two first impedances

coupled in series between the coupler and the coupled port.

37. The coupler module of claim 36 wherein the attenuator further includes a plurality of
second impedances each having a first terminal coupled between the two first impedances and a

second terminal coupled to ground.

38. The coupler module of claim 37 wherein at least one of the plurality of second
impedances is a fixed impedance and at least one of the plurality of second impedances is a

switched impedance.

39. The coupler module of claim 37 wherein the attenuator includes a plurality of third

impedances coupled in parallel between the coupler and the coupled port.
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40. The coupler module of claim 39 wherein at least one of the plurality of third
impedances is a fixed impedance and at least one of the plurality of third impedances is a

switched impedance.

41. The coupler module of claim 39 wherein the attenuator includes a fourth impedance
having a first terminal coupled between the two first impedances and a second terminal coupled

to ground.

42. The coupler module of claim 41 wherein the fourth impedance has a higher impedance

value than any impedance value of the plurality of second impedances.

43. The coupler module of claim 41 wherein the attenuation includes a fifth impedance

coupled between the input and the output.

44, The coupler module of claim 43 wherein the fifth impedance has a higher impedance

value than any impedance value of the plurality of third impedances.

45. An amplifier module having an input and an output comprising:

an amplifier coupled between the input and the output, the amplifier being configured to
amplify a signal received at the input;

an attenuator coupled in series with the amplifier, the attenuator being configured to
selectively attenuate the signal;

a first isolation switch coupled in series with the attenuator and the amplifier, the first
isolation switch constructed to selectively isolate the attenuator from the amplifier; and

a bypass switch coupled in parallel with the attenuator and the first isolation switch and

configured to convey the signal when the attenuator is isolated from the amplifier.

46. The amplifier module of claim 45 wherein the attenuator is one of a fixed attenuator, a

multi-step attenuator, and a variable attenuator.
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47. The amplifier module of claim 45 wherein the attenuator is a multi-step attenuator that

is configurable among a plurality of levels of attenuation.

48. The amplifier module of claim 47 wherein the attenuator is a multi-step attenuator that

is configurable between at least two of a 3 decibel, 6 decibel, and 9 decibel level of attenuation.

49. The amplifier module of claim 47 wherein the attenuator is a multi-step attenuator that

is configurable between at least two of a 1 decibel, 2 decibel, and 3 decibel level of attenuation.

50. The amplifier module of claim 45 wherein the attenuator is one of a T network

attenuator, a pi network attenuator, and a bridged T network attenuator.

51. The amplifier module of claim 45 wherein the first isolation switch includes a plurality

of first transistors connected in series.

52. The amplifier module of claim 51 wherein the first isolation switch includes at least one
second transistor having a first terminal coupled between two of the plurality of first transistors

and a second terminal coupled to ground.

53. The amplifier module of claim 45 wherein the first isolation switch is coupled between
the amplifier and the attenuator and configured to selectively isolate the attenuator from the

amplifier.

54. The amplifier module of claim 53 further comprising a second isolation switch coupled
between the attenuator and one of the input and the output and configured to selectively isolate
the attenuator from the one of the input and the output.

55. The amplifier module of claim 54 wherein the bypass switch is coupled in parallel with

the first isolation switch, the attenuator, and the second isolation switch.
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56. The amplifier module of claim 45 wherein the attenuator includes at least one fixed

impedance and at least one switched impedance.

57. The amplifier module of claim 56 wherein the at least one switched impedance includes

at least one switch coupled in series with an impedance.

58. The amplifier module of claim 45 wherein the attenuator includes two first impedances

coupled in series.

59. The amplifier module of claim 58 wherein the attenuator further includes a plurality of
second impedances each having a first terminal coupled between the two first impedances and a

second terminal coupled to ground.

60. The amplifier module of claim 59 wherein at least one of the plurality of second
impedances is a fixed impedance and at least one of the plurality of second impedances is a

switched impedance.

61. The amplifier module of claim 59 wherein the attenuator includes a plurality of third
impedances coupled in parallel with each other and coupled in parallel with the two first

impedances.

62. The amplifier module of claim 61 wherein at least one of the plurality of third
impedances is a fixed impedance and at least one of the plurality of third impedances is a

switched impedance.

63. The amplifier module of claim 61 wherein the attenuator includes a fourth impedance
having a first terminal coupled between the two first impedances and a second terminal coupled

to ground.

64. The amplifier module of claim 63 wherein the fourth impedance has a higher
impedance value than any impedance value of the plurality of second impedances.
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65. The amplifier module of claim 63 wherein the attenuation includes a fifth impedance

coupled in parallel with the two first impedances.

66. The amplifier module of claim 65 wherein the fifth impedance has a higher impedance

value than any impedance value of the plurality of third impedances.

67. A wireless device comprising:

a transceiver configured to produce a transmit signal and to receive a receive signal; and

an attenuation circuit configured to selectively attenuate an input signal, the input signal
being at least one of the transmit signal, the receive signal, and a derived signal derived from at
least one of the transmit signal and the receive signal, the attenuation circuit including an input
to receive the input signal, an output to provide an attenuated signal, an attenuator selectively
coupled between the input and the output, a first isolation switch constructed and arranged to
selectively isolate the attenuator from at least one of the input and the output when in a bypass
mode, and a bypass switch coupled in parallel with the attenuator and the first isolation switch
and constructed and arranged to selectively couple the input to the output when in the bypass

mode.

68. The wireless device of claim 67 further comprising an antenna coupled to the

transceiver and configured to transmit the transmit signal and to receive the receive signal.

69. The wireless device of claim 67 wherein the attenuator is one of a fixed attenuator, a

multi-step attenuator, and a variable attenuator.

70. The wireless device of claim 67 wherein the attenuator is a multi-step attenuator that is

configurable among a plurality of levels of attenuation.

71. The wireless device of claim 70 wherein the attenuator is a multi-step attenuator that is

configurable between at least two of a 3 decibel, 6 decibel, and 9 decibel level of attenuation.
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72. The wireless device of claim 70 wherein the attenuator is a multi-step attenuator that is

configurable between at least two of a 1 decibel, 2 decibel, and 3 decibel level of attenuation.

73. The wireless device of claim 67 wherein the attenuator is one of a T network attenuator,

a pi network attenuator, and a bridged T network attenuator.

74. The wireless device of claim 67 wherein the first isolation switch includes a plurality of

first transistors connected in series.

75. The wireless device of claim 74 wherein the first isolation switch includes at least one
second transistor having a first terminal coupled between two of the plurality of first transistors

and a second terminal coupled to ground.

76. The wireless device of claim 67 wherein the first isolation switch is positioned between

the input and the attenuator and configured to selectively isolate the attenuator from the input.

77. The wireless device of claim 76 further comprising a second isolation switch positioned
between the output and the attenuator and configured to selectively isolate the attenuator from

the output.
78. The wireless device of claim 77 wherein the bypass switch has a first terminal coupled
between the input and the first isolation switch and a second terminal coupled between the

second isolation switch and the output.

79. The wireless device of claim 67 wherein the attenuator includes at least one fixed

impedance and at least one switched impedance.

80. The wireless device of claim 79 wherein the at least one switched impedance includes at

least one switch coupled in series with an impedance.
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81. The wireless device of claim 67 wherein the attenuator includes two first impedances

coupled in series between the input and the output.

82. The wireless device of claim 81 wherein the attenuator further includes a plurality of
second impedances each having a first terminal coupled between the two first impedances and a

second terminal coupled to ground.

83. The wireless device of claim 82 wherein at least one of the plurality of second
impedances is a fixed impedance and at least one of the plurality of second impedances is a

switched impedance.

84. The wireless device of claim 82 wherein the attenuator includes a plurality of third

impedances coupled in parallel between the input and the output.

85. The wireless device of claim 84 wherein at least one of the plurality of third impedances
is a fixed impedance and at least one of the plurality of third impedances is a switched

impedance.

86. The wireless device of claim 84 wherein the attenuator includes a fourth impedance
having a first terminal coupled between the two first impedances and a second terminal coupled

to ground.

87. The wireless device of claim 86 wherein the fourth impedance has a higher impedance

value than any impedance value of the plurality of second impedances.

88. The wireless device of claim 86 wherein the attenuation includes a fifth impedance

coupled between the input and the output.

89. The wireless device of claim 88 wherein the fifth impedance has a higher impedance

value than any impedance value of the plurality of third impedances.
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90. The wireless device of claim 67 further comprising at least one of a sensor, a memory, a
baseband sub-system, a user interface, an antenna switch module, a power amplifier, an

electromagnetic coupler, and a battery.

91. The wireless device of claim 67 further comprising a power amplifier, the output of the
attenuation circuit coupled to an input of the power amplifier and configured to selectively
provide an attenuated signal to the power amplifier, the power amplifier configured to amplify

the attenuated signal.

92. The wireless device of claim 67 further comprising a power amplifier configured to
amplify at least one of the transmit signal, the receive signal, and the derived signal to produce
an amplified signal, and the attenuation circuit configured to selectively attenuate the amplified

signal.

93. The wireless device of claim 67 further comprising an electromagnetic coupler
configured to couple a portion of one of the transmit signal and the receive signal to provide the
derived signal, and the attenuation circuit configured to selectively attenuate the derived signal

to provide an attenuated signal.

94. The wireless device of claim 93 further comprising a sensor coupled to the output of the

attenuation circuit and configured to sense a parameter of the attenuated signal.

33



PCT/US2017/019044

WO 2017/147243

1/19

L

HOLIMS
NOLLY10S!
HOLYNNILLY i ;ﬂ 1NN
501 " 01

HOLIMS
NOLLYI0S!
1nd1no it
¥01
jpitle
NOILYNNILLY

0G1

\\MHMM@Egm
SSYdAS

8OL



WO 2017/147243

2/19

PCT/US2017/019044

2004
ISOLATION
SWITCH

FG.2A
2008
ISOLATION
SWITCH
11 12




PCT/US2017/019044

WO 2017/147243

3/19

I8 Ild

.

ViV
£y

VAVAV
£y

A
y

HOLVNNILLY

AUOMIAN 1 mm@@mm%

J00¢

JOIVNNALLY
AUOMLEN i
q200¢

Ve Old

HOLVINALLY
AUOMIEN L
vo0E



PCT/US2017/019044

WO 2017/147243

4/19

400
MULTI-STEP

f ATTENUATOR

Roe

i
1
1
4

~

A

~

|

i
i
i
L

R2b

|
1
T
]

~

A

~

R |

i
]
1
L




PCT/US2017/019044

WO 2017/147243

5/19

400
MULTI-STEP

f ATTENUATOR

Roe

|

R2b

R |




PCT/US2017/019044

1R2c
R2b

4

4

~

400
MULTI-STEP

f ATTENUATOR

6/19

A

~

|

R |

L
L

WO 2017/147243




PCT/US2017/019044

Roc
R2b

|
1
4
|
1

4

~
~

400

MULTI-STEP

f ATTENUATOR

7/19

A
A

e

~

i
i
A |
i
i

L
L

WO 2017/147243




PCT/US2017/019044

WO 2017/147243

8/19

600
MULTI-STEP

f ATTENUATOR

R2edl

i
i
i
K

~

A

e

|

i
i
i
L

Ro¢

|
1
T
]

~

A

~

|

i
i
1
L

R2b

i
|
1
4

~

~

A

i
i
1
L




WO 2017/147243

9/19

PCT/US2017/019044

290
/r?'()S
[’710
CONFIGURABLE ATTENUATOR
702 704
INPUT L ——L JOUTPUT
CONTROL
bﬁ-?%

FG.7



WO 2017/147243

10/19

PCT/US2017/019044

{BOGG
802 J 806 804

INPUTL I LHOUTPUT

|

MULTI—STEP E

DIGTAL | ———— e

ATTENUATOR g, b

CONTROL
808 812



WO 2017/147243 PCT/US2017/019044

11/19
(gﬁab
802 J 806 804
INPUT e IOUTPUT

B10 |

= MULTI-STERPL i

DIGITAL *“‘""@E ;

ATTENUATOR ! !

CONTROL

“\.g08 T\ 812

FlG.88



WO 2017/147243

802

INPUT Lz

PCT/US2017/019044
12/19
(8009
804
CAOUTPUT
“““““““““ ]
i
E
-
i i
i i
o
f i
P
MULTI-STEP MULTI-STEP -
DIGITAL DIGITAL CONTROL
ATTENUATOR ATTENUATOR
1 810b7 L L
“\808q T\gogb . \812



WO 2017/147243 PCT/US2017/019044

13/19

800d
[

802 J 806 804
TN Ty v S— : S OUTPUT

BTﬁﬁ\ﬁ E/S?ﬁb

F 1

[}

P
| é
i
1
i

i [:

i
i
{
1
i
i
i
e

MuLT-sTEp | 810

DIGITAL e o CONTROL
ATTENUATOR

il il
“\.808 T\g12




WO 2017/147243

802a
INPUT AL

14/19

8044
QUTPUT A L

PCT/US2017/019044

802b (8@@6

L INPUT B

'

804b
JOUTPUT B

MULT—sTEPL 810 |
DIGITAL | e : E
ATTENUATOR B
CONTROL
“\808 317



WO 2017/147243

8020
INPUT AL

PCT/US2017/019044

15/19

{BODf
(8060 (8065 806c | 804
] — OUTPUT
...‘E
814q
.;gﬁ, mmmmmmmmm
|
MULTI-STEP
DIGITAL = CONTROL
ATTENUATORPg10
il il
“\g808 “\g12



WO 2017/147243

PCT/US2017/019044
16/19
9000
(910 910
902 MULTH— MULT— 904
INPUT L] IEP AMPLIFIER > STEP 4 =ouTPUT
DIGITAL DIGITAL
ATTENUATOR ATTENUATOR
2

CONIROL ———— -

|

908




WO 2017/147243

902
INPUTL

17/19

PCT/US2017/019044

806
AMPLIFIER

F@?G

MULTI—
STEP

DIGITAL
ATTENUATOR

)
|
|
i

CONTROL

|

908

804

LA OUTPUT



WO 2017/147243 PCT/US2017/019044

18/19

912 860
v S

~ 916~ MIXER opa [0
902 LS
| T JLON-NOISES 11 [DEwODULATOR]
INPUT AMPUFE o~ "

| LOCAL ;

| 918~ OSCILLATOR fee— -

L CONTROL
iy
T \g08



PCT/US2017/019044

WO 2017/147243

19/19

K E

7801~ 0801~
INIWIOVNYA
ANALIVE ey
| L0L
=
3 i ™
90 yosnas ot = w [ S
s =
W B 202
B

8101 bt - :

P o
mgwa | = % &
[ 3 o | |5
4T1dN0D NSV 5 -
) ¥d D - 3
= Lo
[ Flol 3
00} 0301 ?ﬂ 5

YNNZLNY Locoi® 9" Lopoi 090 Lozor  Losor Lzsol

ﬁ@aa |

JOIA30 SETTHIM




International application No.

A A AR
INTERNATIONAL SEARCH REPORT PCT/US2017/019044

A. CLASSIFICATION OF SUBJECT MATTER
HO3H 11/24(2006.01)i, HO3H 7/25(2006.01)i, HO3G 1/00(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)
HO3H 11/24; HO1P 5/18; HO3H 11/16; HO1P 1/22; HO3H 7/25; HO3G 1/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & keywords: attenuator, circuit, switch, bypass, coupler

C. DOCUMENTS CONSIDERED TO BE RELEVANT

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

Y US 2001-0033206 A1 (CORNELIUS CONSTANTINE et al.) 25 October 2001
See paragraphs [0003], [0023]-[0029]; claim 1 and figures 3-9.

1-94

Y US 2015-0326205 A1 (SKYWORKS SOLUTIONS, INC.) 12 November 2015
See paragraphs [0005], [0042]-[0091]; and figures 2-5B.

1-22,24-30,45-94

Y EP 2722984 A2 (FREESCALE SEMICONDUCTOR, INC.) 23 April 2014 12-22,34-44,56-66

See paragraphs [0017]-[0026]; claim 1; and figure 2. ,79-89

Y US 2010-0194489 A1 (BRIAN KEARNS et al.) 05 August 2010 23-44,93-94
See paragraphs [0047]-[0053]; claim 1; and figure 5.

A US 2015-0171828 A1 (PEREGRINE SEMICONDUCTOR CORPORATION) 18 June 2015 1-94

See paragraphs [0028]-[0039]; and figures 6-7.

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

See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search
23 May 2017 (23.05.2017)

Date of mailing of the international search report

24 May 2017 (24.05.2017)

Name and mailing address of the [SA/KR

International Application Division

Korean Intellectual Property Office

189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer

KIM, Seong Woo

Telephone No.

+82-42-481-3348

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




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2017/019044
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2001-0033206 Al 25/10/2001 US 6504449 B2 07/01/2003
US 2015-0326205 Al 12/11/2015 US 9584096 B2 28/02/2017
EP 2722984 A2 23/04/2014 CN 103731119 A 16/04/2014
EP 2722984 A3 04/01/2017
JP 2014-082755 A 08/05/2014
US 8674746 Bl 18/03/2014
US 2010-0194489 Al 05/08/2010 US 7961064 B2 14/06/2011
US 2015-0171828 Al 18/06/2015 US 9184731 B2 10/11/2015

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 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - wo-search-report
	Page 55 - wo-search-report

