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LOW NOISE AMPLIFIER AND NOTCH FILTER

CLAIM OF PRIORITY

[0001] The present application claims priority from commonly owned U.S. Non-
Provisional Patent Application No. 14/835,569 filed on August 25, 2015, the contents of

which are expressly incorporated herein by reference in their entirety.

FIELD
[0002] The present disclosure is generally related to electronics, and more specifically

to wireless communication devices.

DESCRIPTION OF RELATED ART

[0003] Advances in technology have resulted in smaller and more powerful computing
devices. For example, there currently exist a variety of portable personal computing
devices, including wireless computing devices, such as portable wireless telephones,
personal digital assistants (PDAs), and paging devices that are small, lightweight, and
easily carried by users. More specifically, portable wireless telephones, such as cellular
telephones and Internet protocol (IP) telephones, can communicate voice and data
packets over wireless networks. Further, many such wireless telephones include other
types of devices that are incorporated therein. For example, a wireless telephone can
also include a digital still camera, a digital video camera, a digital recorder, and an
audio file player. Also, such wireless telephones can process executable instructions,
including software applications, such as a web browser application, that can be used to
access the Internet. As such, these wireless telephones can include significant
computing capabilities and may support increasing wireless communication capability,
particularly in downlink communications that provide information to the wireless

telephones.

[0004] In wireless telephones that can simultaneously transmit and receive wireless
communications, transmit (Tx) leakage can impose a performance limitation on receive
(Rx) circuitry. Tx leakage and other jammers in the Rx circuitry can be modulated and
down-converted to baseband along with a received wireless signal. Tx leakage and
jammers may have a relatively large voltage swing as compared to the received signal and
may saturate an output of a receiver that converts the received signal from radio-frequency

(RF) to baseband.
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[0005] In carrier aggregation (CA) architectures, blockers (TX leakage and jammers) are a
performance limitation of Rx circuitry. For intra-CA operation where a low noise amplifier
(LNA) is followed by a cascode device or a transconductance stage, the LNA output is a

high impedance node. The high impedance causes large blocker swing and linearity issues.
For concurrent CA operation, the noise figure in one CA receive path may be degraded if a

signal in another CA receive path is larger and acts as a jammer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 shows a wireless device that includes a notch filter coupled to an input of

an LNA, the wireless device communicating with a wireless system;

[0007] FIG. 2 shows a block diagram of the wireless device in FIG. 1 that includes a
notch filter coupled to an input of an LNA,;

[0008] FIG. 3 shows a block diagram of an exemplary embodiment of components
including a notch filter coupled to an input of an LNA that may be included in the

wireless device of FIG. 1;

[0009] FIG. 4 shows a block diagram of another exemplary embodiment of components
including a notch filter coupled to an input of an LNA that may be included in the

wireless device of FIG. 1;

[0010] FIG. 5 shows a block diagram of another exemplary embodiment of components
including a notch filter coupled to an input of an LNA that may be included in the

wireless device of FIG. 1;

[0011] FIG. 6 shows a block diagram of another exemplary embodiment of components
including a notch filter coupled to an input of an LNA that may be included in the

wireless device of FIG. 1;

[0012] FIG. 7 shows a block diagram of another exemplary embodiment of components

including multiple notch filters that may be included in the wireless device of FIG. 1;

[0013] FIG. 8 shows a block diagram of another exemplary embodiment of components

including multiple notch filters that may be included in the wireless device of FIG. 1;
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[0014] FIG. 9 shows a block diagram of another exemplary embodiment of components
including multiple notch filters that may be included in the wireless device of FIG. 1;

and

[0015] FIG. 10 illustrates a flowchart of a method that may be performed by the

wireless device of FIG. 1.

DETAILED DESCRIPTION

[0016] The detailed description set forth below is intended as a description of
exemplary designs of the present disclosure and is not intended to represent the only
designs in which the present disclosure can be practiced. The term “exemplary” is used
herein to mean “serving as an example, instance, or illustration.” Any design described
herein as “exemplary” is not necessarily to be construed as preferred or advantageous
over other designs. The detailed description includes specific details for the purpose of
providing a thorough understanding of the exemplary designs of the present disclosure.
It will be apparent to those skilled in the art that the exemplary designs described herein
may be practiced without these specific details. In some instances, well-known
structures and devices are shown in block diagram form in order to avoid obscuring the

novelty of the exemplary designs presented herein.

[0017] FIG. 1 shows a wireless device 110 communicating with a wireless
communication system 120. Wireless communication system 120 may be a Long Term
Evolution (LTE) system, a Code Division Multiple Access (CDMA) system, a Global
System for Mobile Communications (GSM) system, a wireless local area network
(WLAN) system, or some other wireless system. A CDMA system may implement
Wideband CDMA (WCDMA), CDMA 1X, Evolution-Data Optimized (EVDO), Time
Division Synchronous CDMA (TD-SCDMA), or some other version of CDMA. For
simplicity, FIG. 1 shows wireless communication system 120 including two base
stations 130 and 132 and one system controller 140. In general, a wireless system may

include any number of base stations and any set of network entities.

[0018] Wireless device 110 may also be referred to as user equipment (UE), a mobile
station, a terminal, an access terminal, a subscriber unit, a station, etc. Wireless device

110 may be a cellular phone, a smartphone, a tablet, a wireless modem, a personal
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digital assistant (PDA), a handheld device, a laptop computer, a smartbook, a netbook, a
cordless phone, a wireless local loop (WLL) station, a Bluetooth device, etc. Wireless
device 110 may communicate with wireless system 120. Wireless device 110 may also
receive signals from broadcast stations (e.g., a broadcast station 134), signals from
satellites (e.g., a satellite 150) in one or more global navigation satellite systems
(GNSS), etc. Wireless device 110 may support one or more radio technologies for
wireless communication such as LTE, WCDMA, CDMA 1X, EVDO, TD-SCDMA,
GSM, 802.11, etc.

[0019] Furthermore, in an exemplary embodiment, the wireless device 110 includes a
notch filter coupled to an input of an LNA. A radio frequency (RF) signal may be
received at an antenna of the wireless device and amplified by an LNA in an LNA block
to generate an amplified signal. The amplified signal may include “desired” signal
components corresponding to one or more carrier frequencies of a receive signal and
may also include “non-desired” signal components. Examples of non-desired signal
components include “jammers” (e.g., another received signal at a frequency close to the
carrier frequency) and “transmitter leakage” caused by a transmitter within the wireless
device 110. For example, the wireless device 110 may wirelessly transmit first signals
while receiving second signals from one or more of the base stations 130, 132 and
receiving third signals from the broadcast stations. Transmission of the first signals
may introduce transmitter leakage noise into the received second signals, and the

received third signals may interfere with the received second signals as jammers.

[0020] The notch filter may attenuate the non-desired components of the amplified
signal at one or more notch frequencies by providing a low impedance at the notch
frequencies while providing a high impedance at the desired carrier frequencies to
generate a filtered signal. For example, the notch filter may have a notch frequency at a
transmitter local oscillator (Tx LO) frequency of the wireless device 110. The notch
filter may include a feedback stage that may provide improved filter performance by
enhancing the attenuation at the notch frequency. The filtered signal may be further
amplified by one or more LNAs within the LNA block and provided to a receiver in the
wireless device 110 for downconversion and further processing, as described in further

detail with respect to FIG. 2.
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[0021] FIG. 2 shows a block diagram of an exemplary design of wireless device 110 in
FIG. 1. In this exemplary design, wireless device 110 includes a transceiver 220
coupled to a primary antenna 210 via an antenna interface circuit 224, a transceiver 222
coupled to a secondary antenna 212 via an antenna interface circuit 226, and a data
processor/controller 280. Transceiver 220 includes multiple (K) receivers 230a to 230k
and multiple (K) transmitters 250a to 250k to support multiple frequency bands,
multiple radio technologies, carrier aggregation, etc. Transceiver 222 includes multiple
(L) receivers 231a to 231m and multiple (L) transmitters 251a to 251m to support
multiple frequency bands, multiple radio technologies, carrier aggregation, receive
diversity, multiple-input multiple-output (MIMO) transmission from multiple transmit

antennas to multiple receive antennas, etc.

[0022] In the exemplary design shown in FIG. 2, each receiver 230a to 230k and 231a
to 23 1m includes one of the LNA blocks 294a to 294k or 295a to 295m and one of the
receive circuits 242a to 242k or 243a to 243m. Each LNA block 294a to 294k and 295a
to 295m may include one of the LNAs 240a to 240k or 241a to 241m that is configured
to provide an RF signal to one of the notch filters 290a to 290k or 291a to 291m. Each
LNA block 294a to 294k and 295a to 295m also includes one of LNAs 244a to 244k or
245ato 245m. Each of the notch filters 290a to 290k and 291a to 291m includes a
feedback stage 292a to 292k and 293a to 293m and is configured to attenuate
components of a received signal at a notch frequency. In other implementations, one or
more (or all) of the notch filters 290a to 290k and 291a to 291m do not include a
feedback stage.

[0023] For data reception, antenna 210 receives signals from base stations and/or other
transmitter stations and provides a received RF signal, which is routed through the
antenna interface circuit 224. Antenna interface circuit 224 may include switches,
duplexers, transmit filters, receive filters, matching circuits, etc. An output of the
antenna interface circuit 224 is presented as an input RF signal to one or more of the
receivers 230a to 230k and 231a to 23 1m, such as via a first input signal path to receiver
230a or via a second input signal path to receiver 230k. Within the one or more of the
receivers 230a to 230k and 231a to 23 1m, the input RF signal is amplified and filtered
in the respective one or more LNA blocks 294a to 294k and 295a to 295m and provided
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to the respective one or more receive circuits 242a to 242k and 243a to 243m, as

described below.

[0024] The description below assumes that receiver 230a is selected to receive an RF
signal 296. The RF signal is received from the antenna 210 via the antenna interface
circuit 224 and is provided to the LNA 240a in the LNA block 294a. An amplified RF
signal 297 is generated by the LNA 240a, filtered by the notch filter 290a, and input to
the LNA 244a. Receive circuits 242a downconvert the filtered amplified RF signal 298
that is output by the LNA 244a from RF to baseband, amplify and filter the
downconverted signal, and provide an analog input signal to data processor/controller
280. Receive circuits 242a may include mixers, filters, amplifiers, matching circuits, an
oscillator, a local oscillator (LO) generator, a phase locked loop (PLL), etc. Each of the
receivers 230a to 230k and 231a to 23 1m in transceivers 220 and 222 may operate in a

similar manner as receiver 230a.

[0025] In the exemplary design shown in FIG. 2, each of the transmitters 250a to 250k
and 251a to 251m includes one of the transmit circuits 252a to 252k and 253a to 253m
and one of the power amplifiers (PAs) 254a to 254k and 255a to 255m. For data
transmission, data processor/controller 280 processes (e.g., encodes and modulates) data
to be transmitted and provides an analog output signal to a selected transmitter. The
description below assumes that transmitter 250a is the selected transmitter to transmit a
RF signal. Within transmitter 250a, transmit circuits 252a amplify, filter, and upconvert
the analog output signal from baseband to RF and provide a modulated RF signal.
Transmit circuits 252a may include amplifiers, filters, mixers, matching circuits, an
oscillator, an LO generator, a PLL, etc. A PA 254a receives and amplifies the
modulated RF signal and provides a transmit RF signal having the proper output power
level. The transmit RF signal is routed through antenna interface circuit 224 and
transmitted via antenna 210. Each of the transmitters 250a to 250k and 251a to 251m in

transceivers 220 and 222 may operate in a similar manner as transmitter 250a.

[0026] FIG. 2 shows an exemplary design of receivers 230a to 230k and 231a to 231m
and transmitters 250a to 250k and 251a to 251m. A receiver and a transmitter may also

include other circuits not shown in FIG. 2, such as filters, matching circuits, etc. All or
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a portion of transceivers 220 and 222 may be implemented on one or more analog
integrated circuits (ICs), RF ICs (RFICs), mixed-signal ICs, etc. For example, LNA
blocks 294a to 294k and 295a to 295m and receive circuits 242a to 242k and 243a to

243m may be implemented on one module, which may be an RFIC, etc.

[0027] Data processor/controller 280 may perform various functions for wireless device
110. For example, data processor/controller 280 may perform processing for data being
received via receivers 230a to 230k and 231a to 231m and data being transmitted via
transmitters 250a to 250k and 251a to 251m. Data processor/controller 280 may control
the operation of the various circuits within transceivers 220 and 222. A memory 282
may store program codes and data for data processor/controller 280. Data
processor/controller 280 may be implemented on one or more application specific

integrated circuits (ASICs) and/or other ICs.

[0028] Wireless device 110 may support multiple band groups, multiple radio
technologies, and/or multiple antennas. Wireless device 110 may include a number of
LNAs (e.g., the LNAs in the LNA blocks 294a to 294k and 295a to 295m) to support
reception via the multiple band groups, multiple radio technologies, and/or multiple
antennas. Exemplary embodiments of components that may be used in the wireless

device 110 are described in further detail with respect to FIGs. 3-9.

[0029] FIG. 3 illustrates an exemplary embodiment 300 of components that may be
included in the wireless device 110 and a graph 310 that illustrates an impedance
characteristic of the notch filter 290a of FIG. 2. The notch filter 290a may be
configured to receive the RF signal 297 from the antenna 210 of FIG. 2 via the antenna
interface circuit 224 and to generate a filtered RF signal that is received at an input 302
of the LNA 244a. The LNA 244a may be configured to generate the filtered amplified
RF signal 298. The filtered amplified RF signal 298 may be provided to the receiver
circuits 242a of FIG. 2. Although the notch filter 290a and the LNA 244a are depicted,
in an exemplary embodiment each of the notch filters 290a to 290k and 291a to 291m
and LNAs 244a to 244k and 245a to 245m operates in a similar manner as described

with respect to the notch filter 290a and the LNA 244a.
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[0030] As illustrated in the graph 310, the notch filter 290a is configured to provide an
approximately constant impedance across a frequency range and may provide a lower-
impedance “notch” 314 having impedance R at a notch frequency 312. For example,
the notch frequency 312 may correspond to a frequency of a transmitter local oscillator
in the wireless device 110 (e.g., a carrier frequency used by the transmitter 251a of FIG.
2 while the RF signal 296 is received at the receiver 230a). The notch filter 290a may
be coupled to a relatively high impedance node of the LNA block 294a, such as between
the output of the LNA 240a and the input 302 of the LNA 244a, as described in further
detail with respect to FIG. 4. The reduced impedance at the notch frequency 312
attenuates components of the RF signal 297 corresponding to the notch frequency 312.
For example, components of the RF signal 297 having the notch frequency 312 may be
attenuated by following the lower-impedance path to ground while other components of
the RF signal 297 do not encounter the lower-impedance path (because the notch filter

290a is frequency-specific).

[0031] In an exemplary embodiment in which the notch filter 290a includes the
feedback stage 292a, the feedback stage 292a is configured to provide reduced
impedance at the notch frequency 312 as compared to an implementation where the
notch filter 290a does not include the feedback stage 292a. For example, an
implementation of the notch filter 290a with the feedback stage 292a may produce a
notch 314 that has a lower impedance Rn than the impedance Rsw at the notch 316 and
may therefore provide more attenuation of undesired signal components at the notch
frequency 312 than in the exemplary embodiment depicted in FIG. 3 (note that the
graph 310 is not necessarily to scale). As an illustrative, non-limiting example, the
notch filter 290a including the feedback stage 292a may provide an approximately 19
decibel (dB) attenuation at the notch frequency 312 while the notch filter 290a without
the feedback stage 292a may provide an approximately 9 dB attenuation at the notch
frequency 312. An example of components that may be included in the notch filter

290a is described in further detail with respect to FIGs. 4-5.

[0032] FIG. 4 illustrates an exemplary embodiment 400 of a portion of a receiver path
of the wireless device 110 of FIG. 1 that includes the LNA block 294a with the notch
filter 290a. The RF signal 296 of FIG. 2 may be received at an input of an LNA 404
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(e.g., a LNA that precedes the LNA block 294a in FIG. 2), and an output of the LNA
404 is coupled to an input of a first LNA 240a in the LNA block 294a. The output of
the first LNA 240a is coupled to a node (e.g., a high-impedance node) 480, and an input
of a second LNA 244a in the LNA block 294a is coupled to the node 480. The notch
filter 290a is coupled to the output of the first LNA 240a at the node 480 and is
configured to attenuate a signal component at a notch frequency. The amplified filtered

RF signal 298 of FIG. 2 may be output by the LNA block 294a.

[0033] The notch frequency (e.g., the notch frequency 312 of FIG. 3) may correspond to
a transmit frequency (TX) of a transmitter of the wireless device 110 (e.g., the
transmitter 250a) to suppress TX leakage. Alternatively, the notch frequency may
correspond to another frequency to suppress a blocker in that frequency. As illustrated,
the RF signal 296 may include a component at a receive frequency (RX) and another
component due to transmitter leakage at the transmit frequency (TX). A front-end (FE)
gain applied to the RF signal 296 may equal the combined gain (G1) of the LNA 404
and the first LNA 240a added to the gain (G2) applied by the second LNA 244a.
Filtering the TX leakage or a blocker with the notch filter 290a reduces the magnitude
of the TX leakage or the blocker component, enabling greater sensitivity of the receiver
230a and increased front-end gain (e.g., G2 may increase due to the TX component

being reduced or removed).

[0034] The notch filter 290a provides a relatively low impedance path to attenuate
blocker components having the blocker frequency. In some implementations, the TX
leakage is the main blocker and the frequency of the notch filter 290a is set to TX
leakage. In other implementations, the notch frequency may be another frequency, such
as a blocker frequency. In some implementations where multiple notch filters 290a are
coupled to the output of the first LNA 240a, multiple notch frequencies may be used
(e.g., TX and one or more blocker frequencies), such as described in further detail with

respect to FIGs. 7-9.

[0035] As illustrated, the notch filter 290a is a single-port filter that is coupled to the
node 480, such as a high-impedance node, in the LNA block 294a. The notch filter

290a is configured to provide a low impedance (e.g., a low-impedance path to ground)
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at the notch frequency. An input of the notch filter 290a may be capacitively coupled to
the node 480 via a capacitor 428 to decouple the DC operation points of the LNA block
294a and the notch filter 290a.

[0036] The notch filter 290a may include a mixer 422 having a first single-ended input
coupled to the output of the first LNA 240a via the node 480 and having a second
differential input configured to receive a transmit local oscillator signal (Tx LO) 426.
For example, Tx LO 426 may be a differential local oscillator signal to be applied to the
notch filter 290a to create a notch at a transmitter frequency, such as a transmitter
frequency of the transmit circuits 252a of FIG. 2. The mixer 422 provides a differential
output that is coupled to inputs of an operational amplifier 424, such as an operational
transconductance amplifier (OTA). When the operational amplifier 424 is configured to
introduce no gain at the received band frequency (e.g., a unity gain), the notch filter
290a does not degrade (or has little impact on) the noise figure of the receive path. The
notch filter 290a may provide rejection of blocker components of at least 10dB at the

notch frequency with relatively small additional circuit area and power consumption.

[0037] The feedback stage 292a provides enhanced rejection at the notch frequency.
The feedback stage 292a includes a second mixer 452 coupled to a transconductance
device 464. The second mixer 452 has a first set of mixer inputs coupled to receive the
Tx LO 426 and has a second set of mixer inputs coupled to outputs of the operational

amplifier 424.

[0038] An output of the second mixer 452 is coupled to an input of the
transconductance device 464 (e.g., a metal-oxide-semiconductor (MOS) transistor). The
output of the transconductance device 464 is coupled to the output of the first LNA
240a at the node 480 (e.g., a high-impedance node). The transconductance device 464
may serve as an isolation block with low noise injection into the receive path. The
notch filter 290a may exhibit enhanced performance when the Tx LO signals that drive
the mixer 422 are non-overlapping with the TX LO signals that drive the second mixer
452 as compared to filter performance when the Tx LO signals that drive the mixer 422
overlap with the TX LO signals that drive the second mixer 452. In some

implementations, the LO signals that drive the mixer 422 and the second mixer 452 are
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in-phase and quadrature (IQ) LO signals. Although FIG. 4 depicts a single balanced
architecture, in other implementations the notch filter 290a may include a double
balanced architecture. Although FIG. 4 depicts the notch filter 290a as including the
feedback stage 292a, in other implementations the notch filter 290a may not include the
feedback stage 292a (e.g., the outputs of the operational amplifier 424 may be coupled
to the inputs of the operational amplifier 424 via feedback resistors without also being

routed to other circuit components, such as depicted in FIG. 5).

[0039] In an exemplary embodiment, the notch filter 290a including the feedback stage
292a may have a 19 dB rejection at the notch frequency. As an illustrative, non-limiting
example, the feedback stage 292a may provide a 9 dB rejection improvement as
compared to implementation of the notch filter 290a that omits the feedback stage 292a.
To illustrate, a resistance at the notch frequency of the notch filter 290a without the
feedback stage 292a may be approximately equal to Rsw + aRrs/A(wrx- w1x), where
Rsw is the mixer switch resistance and Res represents the resistance of the feedback
resistors coupled between the inputs and the outputs of the operational amplifier 424,
A(s) represents the gain of the operational amplifier 424 at the frequency s, orx
represents a frequency of a receiver carrier signal, and wrx represents the notch

frequency. This resistance can be approximated by Rsw.

[0040] The feedback stage 292a reduces the resistance of the notch filter 290a at the
notch frequency to a value Rn that may be expressed as Rsw/(LoopGain), where

[0041] LoopGain=g, x — x ﬁ *Reg (Equation 1).

[0042] In Equation 1, gm indicates the transconductance of the transconductance device
464, and Ro,Lna represents the output impedance 422 of the first LNA 240a. Because
LoopGain has a value greater than one, the resistance (Rn) at the notch when the notch
filter 290a includes the feedback stage 292a is lower than the resistance (Rsw) at the
notch of an implementation of the notch filter 290a without the feedback stage 292a.
Reducing the resistance at the notch frequency 312 increases attenuation of components
of a signal at notch frequency 312. In addition, multiple notch filters may be used to

provide multiple notches at different frequencies, as described with respect to FIG. 7-9.
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[0043] Since the notch filter functions as a one-port load for the LNA stage, the notch
filter provides a low impedance at a blocker frequency to suppress the blocker.
Therefore, the rejection of the notch filter is dependent on the output impedance
presented by the LNA stage (Rorna). The larger RoLna, the larger the rejection at the
notch frequency. By adding the feedback stage, the impedance presented by the notch
filter is further reduced, and therefore the notch filter provides enhanced attenuation of

the blocker at the notch frequency even if RoLna is not large.

[0044] FIG. 5 illustrates an exemplary embodiment 500 of a portion of a receiver path
of the wireless device 110 of FIG. 1 that includes an implementation of the notch filter
290a that omits the feedback stage 292a of FIG. 2. The RF signal 296 of FIG. 2 may be
received at an input of the LNA 404 of FIG. 4, and an output of the LNA 404 is coupled
to an input of a first LNA 240a in the LNA block 294a. The output of the first LNA
240a is coupled to the node 480, and an input of the second LNA 244a is coupled to the
node 480. The notch filter 290a is coupled to the output of the first LNA 240a at the
node 480 and is configured to attenuate a signal component at a notch frequency. The

amplified filtered RF signal 298 may be output by the LNA block 294a.

[0045] As illustrated, the notch filter 290a is a single-port filter that is coupled to the
node 480, such as a high-impedance node, in the LNA block 294a. The notch filter
290a is configured to provide a low impedance (e.g., a low-impedance path to ground)
at the notch frequency. An input of the notch filter 290a may be capacitively coupled to
the node 480 via the capacitor 428 to decouple the DC operation points of the LNA
block 294a and the notch filter 290a.

[0046] The notch filter 290a may include the mixer 422 having a first single-ended
input coupled to the output of the first LNA 240a via the node 480 and having a second
differential input configured to receive the transmit local oscillator signal (Tx LO) 426.
The mixer 422 provides a differential output that is coupled to inputs of the operational
amplifier 424. When the operational amplifier 424 is configured to introduce no gain at
the received band frequency (e.g., a unity gain), the notch filter 290a does not degrade
(or has little impact on) the noise figure of the receive path. In the exemplary

embodiment of FIG. 5, the notch filter 290a may provide rejection of blocker



WO 2017/034724 PCT/US2016/043890

—13 -

components of at least 10 dB at the notch frequency with smaller circuit area and power
consumption as compared to the exemplary embodiment of FIG. 4 that includes the

feedback stage 292a.

[0047] Although FIGs. 2, 4, and 5 illustrate the notch filter 290a in the LNA block 294a
and coupled to the output of the first LNA 240a, in other implementations the notch
filter 290a may instead be coupled to other nodes within the LNA block 294a. FIG. 6
depicts an exemplary embodiment 600 where the notch filter 290a of FIG. 4 is coupled
to a node 680 at the input of the first LNA 240a (e.g., at the output of the LNA 404).
For example, even though the output of the LNA 404 may present a lower impedance to
the notch filter 290a than the output of the first LNA 240a, the reduced impedance of
the notch filter 290a at the notch frequency may be sufficiently small (e.g., due to the
feedback stage 292a) to enable blocker filtering when the notch filter 290a is coupled to
the output of the LNA 404,

[0048] An exemplary embodiment 700 of the LNA block 294a including multiple notch
filters is illustrated in FIG. 7. The notch filter 290a having the first feedback stage 292a
and a second notch filter 790 having a second feedback stage 792 are coupled to the
node 480. The notch filter 290a and the second notch filter 790 are configured to
attenuate components of a radio frequency signal (e.g., the RF signal 297 of FIG. 2)
received from an amplifier output (e.g., the output of the first LNA 240a). The notch
filter 290a generates a low impedance at the node 480 for signal components at a first
frequency TX LOI 426, which may be a frequency of a first transmitter local oscillator
of the wireless device 110 or another frequency, such as a first jammer frequency. The
second notch filter 790 includes a mixer 722, an opamp 724, a second mixer 752, and a
transconductance stage 764 and may operate in a substantially similar manner as the
notch filter 290a. The second notch filter 790 is configured generate a low impedance
at the node 480 to attenuate signal components at a second notch frequency TX LO2
726, which may be a frequency of a second transmitter local oscillator of the wireless

device 110 or another frequency, such as a second jammer frequency.

[0049] Although FIG. 7 depicts two notch filters 290a and 790 in the LNA block 294a,

in other implementations three or more notch filters may be included in the LNA block
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294a. For example, four notch filters may be included in the LNA block 294a to

attenuate components of an RF signal at four different notch frequencies.

[0050] In implementations that include multiple notch filters in the LNA block 294a,
such as depicted in FIG. 7, one or more of the notch filters may be coupled to different
nodes within the LNA block 294a than illustrated in FIG. 7. For example, FIG. 8
depicts an exemplary embodiment 800 in which the first notch filter 290a and the
second notch filter 790 of FIG. 7 are coupled to the node 680 at the output of the LNA
404. As another example, FIG. 9 depicts an exemplary embodiment 900 in which the
first notch filter 290a is coupled via the node 680 to the input of the first LNA 240a and
the second notch filter 790 of FIG. 7 is coupled via the node 480 to the input of the
second LNA 244a and to the output of the first LNA 240a, as an illustrative, non-
limiting example. The first notch filter 290a is configured to attenuate a radio frequency
signal 902 at a first notch frequency (e.g., TX LO1), and the second notch filter 790 is
configured to attenuate an output signal 904 of the first LNA 240a at a second notch
frequency (e.g., TX LO2). Although FIGs. 1-9 depict exemplary embodiments of notch
filters in the context of the notch filter 290a coupled to an input of an LNA, such as the
LNA 244a of FIG. 2, some or all of the others of the LNA blocks 294a to 294k and
295a to 295m may also include one or more notch filters that operate in a similar

manner as the notch filter 290a in the LNA block 294a.

[0051] An exemplary method 1000 that may be performed in the wireless device 110 of
FIG. 1 is shown in FIG. 10. The method 1000 includes amplifying a radio frequency
(RF) signal to generate an amplified RF signal, at 1002. For example, the LNA 240a
may amplify an RF signal (e.g., the RF signal 296 of FIG. 2) that is received from the

antenna 210 via the antenna interface circuit 224 of FIG. 2.

[0052] The method 1000 also includes attenuating the amplified RF signal at a notch
frequency using a notch filter that is coupled to an input of an LNA, at 1004.
Attenuating the amplified RF signal at the notch frequency includes attenuating
components of the amplified RF signal that have the notch frequency without
attenuating (or with reduced attenuation of ) other components of the amplified RF

signal having frequencies outside of the “notch” of the notch filter. Components of the
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amplified signal may be attenuated at the notch frequency at a high-impedance node in
an amplifier block by providing a low impedance at the notch frequency. To illustrate,
the amplified RF signal at the node 480 of FIG. 4, 5, 7, or 9 may be attenuated at the
notch frequency by the notch filter 290a that may include the feedback stage 292a. By
attenuating components of a received RF signal at the notch frequency, such as a
transmitter leakage component or a jammer component, a sensitivity of a later amplifier
(e.g., at the second LNA 244a) to a receive carrier signal may be enhanced. Increasing
the sensitivity of the later amplifier (e.g. LNA 244a) to the receive carrier signal enables

enhanced amplification of the receive carrier signal with reduced amplifier distortion.

[0053] In conjunction with the described embodiments, an apparatus may include
means for amplifying a radio frequency signal. For example, the means for amplifying
may correspond to one or more of the LNAs 240a to 240k or 241a to 241m of FIG. 2,
one or more of the LNAs 244a to 244k or 245a to 245m of FIG. 2, the LNA 240a of
FIGs. 4-9, the LNA 244a of FIGs. 4-9, one or more other devices, circuits, or any

combination thereof.

[0054] The apparatus may include means for attenuating the radio frequency signal at a
notch frequency. The means for attenuating is coupled to an input of the means for
amplifying. For example, the means for attenuating may include one or more of the
notch filters 290a to 290k or 291a to 291m of FIG. 2, the notch filter 290a of FIGs. 3-9,
the notch filter 790 of FIGs. 7-9, one or more other devices, circuits, or any combination

thereof.

[0055] The means for attenuating may include means for mixing the radio frequency
signal and a transmit local oscillator signal, the transmit local oscillator signal having
the notch frequency. For example, the means for mixing may include the mixer 422 of
FIGs. 4-9, the mixer 722 of FIGs. 7-9, one or more other devices, circuits, or any

combination thereof.

[0056] The means for attenuating may include means for generating a feedback signal.
The means for generating a feedback signal may correspond to one or more of the
feedback stages 292a to 292k or 293a to 293m of FIG. 2, the feedback stage 292a of
FIG. 4 or FIGs. 6-9, the feedback stage 792 of FIGs. 7-9, one or more other devices,
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circuits, or any combination thereof. The means for generating the feedback signal may
include a second means for mixing. For example, the second means for mixing may
include the mixer 452 of FIG. 4 or FIGs. 6-9, the mixer 752 of FIGs. 7-9, one or more

other devices, circuits, or any combination thereof.

[0057] The means for attenuating may include second means for amplifying coupled to
an output of the means for mixing and further coupled to an input of the second means
for mixing. The second means for amplifying may include the operational amplifier
424 of FIGs. 4-9, the operational amplifier 724 of FIGs. 7-9, one or more other devices,

circuits, or any combination thereof.

[0058] The means for attenuating may be coupled via a high-impedance node to the
means for amplifying. For example, the high-impedance node may include the node
480 of FIGs. 4-5, 7, or 9, the node 680 of FIGs. 6, 8, or 9, one or more other devices,
circuits, or any combination thereof. The apparatus may also include means for
capacitively coupling an input of the means for attenuating to the high-impedance node.
For example, the means for capacitively coupling may correspond to the capacitor 428

of FIGs. 4-6, one or more other devices, circuits, or any combination thereof.

[0059] The apparatus may include a third means for amplifying having an output
coupled to the means for amplifying. For example, the third means for amplifying may
include one or more of the LNAs 240a to 240k and 241a to 241m of FIG. 2, the LNA
240a of FIGs. 4-9, the LNA 404 of FIGs. 4-9, one or more other devices, circuits, or any

combination thereof.

[0060] The apparatus may include means for transmitting at a transmit frequency. The
notch frequency may correspond to the transmit frequency. For example, the means for
transmitting may correspond to one or more of the transmitters 250a to 250k or 251a to

251m of FIG. 2, one or more other devices, circuits, or any combination thereof.

[0061] By attenuating the RF signal at the notch frequency, undesired components may
be reduced or removed from the RF signal during amplification. As a result, sensitivity

of the means for amplifying to a receive carrier signal may be enhanced. Increasing the
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sensitivity of the means for amplifying to the receive carrier signal enables enhanced

amplification of the receive carrier signal with reduced distortion.

[0062] Those of skill in the art would understand that information and signals may be
represented using any of a variety of different technologies and techniques. For
example, data, instructions, commands, information, signals, bits, symbols, and chips
that may be referenced throughout the above description may be represented by
voltages, currents, electromagnetic waves, magnetic fields or particles, optical fields or

particles, or any combination thereof.

[0063] Those of skill would further appreciate that the various illustrative logical
blocks, configurations, modules, circuits, and algorithm steps described in connection
with the embodiments disclosed herein may be implemented as electronic hardware,
computer software executed by a processor, or combinations of both. Various
illustrative components, blocks, configurations, modules, circuits, and steps have been
described above generally in terms of their functionality. Whether such functionality is
implemented as hardware or processor executable instructions depends upon the
particular application and design constraints imposed on the overall system. Skilled
artisans may implement the described functionality in varying ways for each particular
application, but such implementation decisions should not be interpreted as causing a

departure from the scope of the present disclosure.

[0064] The previous description of the disclosed embodiments is provided to enable a
person skilled in the art to make or use the disclosed embodiments. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the principles defined herein may be applied to other embodiments without
departing from the scope of the disclosure. Thus, the present disclosure is not intended
to be limited to the embodiments shown herein but is to be accorded the widest scope
possible consistent with the principles and novel features as defined by the following

claims.
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WHAT IS CLAIMED IS:

1. An apparatus comprising:

a low noise amplifier (LNA) having an input configured to receive a radio
frequency signal; and

a notch filter coupled to the input of the LNA and configured to attenuate the

radio frequency signal at a notch frequency.

2. The apparatus of claim 1, wherein the notch frequency corresponds to a

transmit frequency.

3. The apparatus of claim 1, the notch filter comprising a feedback stage.

4. The apparatus of claim 3, the notch filter further comprising a mixer, and the

feedback stage comprising a second mixer coupled to a transconductance device.

5. The apparatus of claim 4, the notch filter further comprising an operational
amplifier coupled to an output of the mixer and further coupled to an input of the second

mixer.

6. The apparatus of claim 1, the notch filter comprising a single-port filter that

is coupled to a high-impedance node and has a low impedance at the notch frequency.

7. The apparatus of claim 6, wherein an input of the notch filter is coupled to the

high-impedance node via a capacitor.

8. The apparatus of claim 6, the notch filter comprising a feedback stage having

an output coupled to the high-impedance node.

9. The apparatus of claim 1, further comprising a second notch filter coupled to
the input of the LNA, the second notch filter configured to attenuate the radio frequency

signal at a second notch frequency.



WO 2017/034724 PCT/US2016/043890

~ 19—

10. The apparatus of claim 1, wherein the LNA 1is a first LNA, and further
comprising:
a second LNA coupled to an output of the first LNA; and
a second notch filter coupled to the input of the first LNA, the second notch
filter configured to attenuate the radio frequency signal at a second notch

frequency.

11. The apparatus of claim 1, wherein the LNA is a first LNA, and further
comprising:
a second LNA coupled to an output of the first LNA; and
a second notch filter coupled to an input of the second LNA, the second notch
filter configured to attenuate an output signal of the first LNA at a

second notch frequency.

12. An apparatus comprising:
means for amplifying a radio frequency signal; and
means for attenuating the radio frequency signal at a notch frequency, the means

for attenuating coupled to an input of the means for amplifying.

13. The apparatus of claim 12, further comprising means for transmitting at a

transmit frequency, wherein the notch frequency corresponds to the transmit frequency.

14. The apparatus of claim 12, the means for attenuating comprising means for
mixing the radio frequency signal and a transmit local oscillator signal, the transmit

local oscillator signal having the notch frequency.

15. The apparatus of claim 14, the means for attenuating comprising means for

generating a feedback signal.

16. The apparatus of claim 15, the means for generating the feedback signal

comprising a second means for mixing.
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17. The apparatus of claim 16, the means for attenuating further comprising
second means for amplifying coupled to an output of the means for mixing and further

coupled to an input of the second means for mixing.

18. The apparatus of claim 12, the means for attenuating coupled via a high-

impedance node to the means for amplifying.

19. A method comprising:
amplifying a radio frequency (RF) signal to generate an amplified RF signal; and
attenuating the amplified RF signal at a notch frequency using a notch filter that

is coupled to an input of a low noise amplifier (LNA).

20. The method of claim 19, wherein the amplified signal is attenuated at the

notch frequency at a high-impedance node.
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