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EFFICIENT FRONT END MODULE

[0001] PRIORITY CLAIM

[0002] The present application claims the benefit of pri-
ority of U.S. Provisional Patent Application Ser. No. 62/528,
393, titled “Efficient Front End Module,” filed on Jul. 3,
2017, which is incorporated herein by reference.

FIELD

[0003] The present disclosure relates generally to front
end modules for radio frequency (RF) communication sys-
tems.

BACKGROUND

[0004] The large amounts of data consumed in various
environments can strain wireless communication systems,
such as Wi-Fi wireless systems. Along with Wi-Fi based
internet usage for emails and web viewing, video streaming
is gaining in popularity. Multiple occupants in a typical
home can require high speed, high data rate connectivity to
multiple viewing screens including TV consoles, smart-
phones, laptops, tablets, and other devices. For wireless
connectivity throughout the home, Wi-Fi has become the
system of choice, and the 5 GHz band has become a standard
for high data rate streaming and video services. The Wi-Fi
protocol has continued to progress, for instance, from the
802.11b,g configuration up to, for instance, 802.11ax pro-
tocol. Depending on the country and region that the Wi-Fi
system is operating, there can be in excess of 800 MHz of
frequency spectrum to span in the 5 GHz band. This large
bandwidth brings the benefit of high data rates due to
available bandwidth and the difficulties of designing
RF/digital communication systems to service this bandwidth
efficiently. With multiple data and streaming users to service
in the home, frequency and time domain techniques can be
implemented to improve connectivity to the multiple users at
diverse locations throughout the home. Variable bandwidths
can and have been implemented in the Wi-Fi protocol to
provide a dynamic method of altering data rates at the
expense of radio modem complexity.

[0005] The RF FEM (Front-End Module) has continued to
grow in complexity along with the tuner architecture to keep
up with these increasing and variable bandwidth require-
ments. An RF FEM can be configured provide transmit and
receive functions and bridge the antenna system to the rest
of the transceiver/baseband sub-system. An RF FEM may
contain a low-noise amplifier (LNA) and power amplifier
(PA) along with switching to connect transmit and receive
paths to a common antenna.

SUMMARY

[0006] Aspects and advantages of embodiments of the
present disclosure will be set forth in part in the following
description, or may be learned from the description, or may
be learned through practice of the embodiments.

[0007] One example aspect of the present disclosure is
directed to a front end module. The front end module can
include a receive path. The receive path can include a low
noise amplifier operable to receive an RF signal from an
antenna. The receive path can include an analog to digital
converter (ADC) circuit operable to receive an analog signal
from the low noise amplifier and convert the analog signal
to a digital RF receive signal. The receive path can include
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an ADC post processing circuit operable to process the
digital RF receive signal in the digital domain. The receive
path can include a digital down converter circuit operable to
convert the digital RF receive signal to a digital baseband
receive signal. The front end module can include a transmit
path. The transmit path can include a digital up converter
circuit operable to convert the digital baseband transmit
signal to a digital RF transmit signal. The transmit path can
include a digital to analog converter circuit operable to
convert the digital RF transmit signal to an analog RF
transmit signal. The transmit path can include a power
amplifier configured to provide the analog RF transmit
signal to the antenna.

[0008] These and other features, aspects and advantages of
various embodiments will become better understood with
reference to the following description and appended claims.
The accompanying drawings, which are incorporated in and
constitute a part of this specification, illustrate embodiments
of the present disclosure and, together with the description,
serve to explain the related principles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Detailed discussion of embodiments directed to
one of ordinary skill in the art are set forth in the specifi-
cation, which makes reference to the appended figures, in
which:

[0010] FIG. 1 depicts an example front end module
according to example embodiments of the present disclo-
sure;

[0011] FIG. 2 depicts an example front end module
according to example embodiments of the present disclo-
sure;

[0012] FIG. 3 depicts an example front end module
according to example embodiments of the present disclo-
sure;

[0013] FIG. 4 depicts an example front end module
according to example embodiments of the present disclo-
sure;

[0014] FIGS. 5, 6 and 7 depict aspects of an example
modal antenna according to example embodiments of the
present disclosure.

DETAILED DESCRIPTION

[0015] Reference now will be made in detail to embodi-
ments, one or more examples of which are illustrated in the
drawings. Each example is provided by way of explanation
of the embodiments, not limitation of the present disclosure.
In fact, it will be apparent to those skilled in the art that
various modifications and variations can be made to the
embodiments without departing from the scope or spirit of
the present disclosure. For instance, features illustrated or
described as part of one embodiment can be used with
another embodiment to yield a still further embodiment.
Thus, it is intended that aspects of the present disclosure
cover such modifications and variations.

[0016] Example aspects of the present disclosure are
directed to RF front end modules (FEM) for use in RF
systems. An RF FEM can be connected to a modem sub-
system to modulate and demodulate the RF signal. On a
receive path, the demodulated signal can be digitized to
allow for signal processing and other processes to be applied
to the information. On a transmit path, a digital signal can be
converted to a modulated RF signal in preparation for
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radiating from the antenna system into the propagation
channel. This demarcation between RF and digital signals in
the RF FEM and modem is a common architecture used in
communication systems. Several drawbacks and limitations
of this FEM architecture can include the need for an FEM
per antenna in the communication system and the need for
a complex tuner when a variable bandwidth is required.
Additional complexity to the FEM configuration can be
required when features such as envelope tracking and auto-
matic gain control are implemented and coordination
between the baseband processor and the FEM is needed to
configure (e.g., optimize) these processes.

[0017] According to example embodiments of the present
disclosure, an FEM (e.g., an FEM for use in Wi-Fi appli-
cations) can include an analog to digital converter (ADC)
circuit and/or digital to analog converter (DAC) circuit to
provide for digital signal processing of RF signals in the
digital domain at the FEM. In some embodiments, the FEM
can include a multi-channel gigabit ADC circuit in a receive
path of the FEM. The gigabit ADC circuit can be located, for
instance, in the FEM in the receive path right after a low
noise amplifier (LNA). The ADC circuit can directly sample
the receive signal in the receive path to allow for digital
processing of the receive signal (e.g., filtering, down con-
verting to base band, calibrating, etc.). This digital process-
ing can be implemented in the digital domain at the FEM
before providing the signals to the digital baseband circuit.

[0018] In some embodiments, a similar digital processing
domain can be implemented in a transmit path of the FEM.
For instance, a transmit signal can be processed and up-
converted to RF in the digital domain before being con-
verted to analog using a gigabit DAC circuit. In the transmit
path of 5 GHz Wi-Fi applications, this architecture can
provide instantaneous access to approximately the entire
band (e.g., about 1 GHz) in contrast to commonly used
architectures that only provide narrower band channels (e.g.,
20, 40, 80 or 160 MHz band channels) through a fine-tuned
mixer.

[0019] FEMs according to example embodiments of the
present disclosure can provide a number of technical effects
and benefits. For example, FEMs according to example
embodiments of the present disclosure can reduce a need to
replicate the analog baseband (ABB) portions of RF circuits
for every antenna element by using a multi-channel gigabit
ADC structure (e.g., by time sharing the ADC modules).
This architecture reduces the need for an RF FEM per
antenna.

[0020] As another example, FEMs according to example
embodiments of the present disclosure can reduce the
requirement for mixed-signal gain calibration in the transmit
path by implementing calibration in the digital domain at the
FEM before providing the signal to the baseband processor.
As another example, FEMs according to example embodi-
ments of the present disclosure can provide digital pre-
distortion (DPD) processing and envelope tracking fully
within the FEM boundary without having to perform these
processes in conjunction with the baseband processor

[0021] As yet another example, the transmit path of an
FEM can access approximately the entire about 800 MHz to
about 1 GHz of frequency spectrum to span for different
Wi-Fi applications (e.g., about 4.9 GHz to about 5.9 GHz)
in the 5 GHz band. This can lead to an increase in spectrum
efficiency for the FEMs.
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[0022] As another example, system scheduler intelligence
can be enabled by approximately full band capture to
provide for dynamic frequency selection (DFS) capabilities.
For instance, the ability to sense emissions across approxi-
mately the entire band can allow for immediate and con-
tinuous identification of a radar channel. As a result, radar
detection and mitigation as part of DFS can be accomplished
in real-time or near real time without impact to throughput.

[0023] As yet another example, in some embodiments,
FEMs can accommodate clear channel assessment (CCA)
for per station channel allocation to reduce throughput
efficiencies by allowing for management of the entire spec-
trum by the Wi-Fi access point. The FEMs according to
example embodiments can provide for load balancing of
groups across channels in the FEM.

[0024] As yet another example, FEMs according to
example embodiments of the present disclosure can reduce
gain requirements of the power amplifier (PA) in the trans-
mit path. This can help with PA linearity and efficiency. As
a result, modulation schemes with a higher number of
constellation points can be used to accommodate more
advanced wireless standards.

[0025] One example embodiment of the present disclosure
is directed to a front end module. The front end module can
include a receive path. The receive path can include a low
noise amplifier operable to receive an RF signal from an
antenna. The receive path can include an analog to digital
converter (ADC) circuit operable to receive an analog signal
from the low noise amplifier and convert the analog signal
to a digital RF receive signal. The receive path can include
an ADC post processing circuit operable to process the
digital RF receive signal in the digital domain. The receive
path can include a digital down converter circuit operable to
convert the digital RF receive signal to a digital baseband
receive signal. The front end module can include a transmit
path. The transmit path can include a digital up converter
circuit operable to convert the digital baseband transmit
signal to a digital RF transmit signal. The transmit path can
include a digital to analog converter circuit operable to
convert the digital RF transmit signal to an analog RF
transmit signal. The transmit path can include a power
amplifier configured to provide the analog RF transmit
signal to the antenna.

[0026] In some embodiments, the ADC circuit is operable
to convert analog RF signals across a span of about 800
MHz or greater in the 5 GHz band. In some embodiments,
the ADC circuit is a gigabit ADC circuit.

[0027] In some embodiments, the DAC circuit is operable
to provide digital to analog conversion of signals across a
span of 800 MHz or greater in the 5 GHz band. In some
embodiments, the DAC circuit is a gigabit DAC circuit.

[0028] In some embodiments, the ADC post processing
circuit is configured to process the digital RF signal in the
digital domain to provide one or more of phase adjustment,
amplitude adjustment, or jitter cancellation. In some
embodiments, the transmit path includes a pre-distortion
processing circuit configured to process the digital baseband
transmit signals to pre-compensate for non-linearity of the
power amplifier.

[0029] In some embodiments, the front end module
includes an envelope tracker configured to control power
delivery to the power amplifier. In some embodiments, the
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front end module includes a calibration engine operable to
control one or more gains associated with the low noise
amplifier.

[0030] In some embodiments, the ADC circuit includes a
multi-channel ADC circuit having M discrete ADC circuits,
the receive path comprising a multiplexer circuit configured
to distribute a plurality of N inputs among the M discrete
ADC circuits. In some embodiments, each of the N inputs
can be associated with a different low noise amplifier of a
plurality of low noise amplifiers. In some embodiments,
each of the plurality of low noise amplifiers can be associ-
ated with a different antenna of a plurality of antennas.
[0031] In some embodiments, the DAC circuit includes a
multi-channel DAC circuit having M discrete DAC circuits.
The transmit path can include a multiplexer circuit config-
ured to distribute a plurality of N inputs among the M
discrete DAC circuits. In some embodiments, each of the M
discrete DAC is associated with a different power amplifier
of a plurality of power amplifiers. In some embodiments,
each of the plurality of power amplifiers is associated with
a different antenna of a plurality of antennas.

[0032] In some embodiments, the antenna can include a
modal antenna operable in a plurality of different modes.
Each mode can be associated with a different radiation
pattern and/or polarization state. The front end module can
include an active element configured to control one or more
electrical characteristics associated with a parasitic element
for the modal antenna to configure the modal antenna in one
of the plurality of different modes.

[0033] Another example embodiment of the present dis-
closure is directed to a front end module having a transmit
path. The transmit path can include a pre-distortion process-
ing circuit configured to process one or more digital base-
band transmit signals to pre-compensate for non-linearity of
apower amplifier. The transmit path can includes a digital up
converter circuit operable to convert the digital baseband
transmit signal to a digital RF transmit signal. The transmit
path can include a digital to analog converter (DAC) circuit
operable to convert the digital RF transmit signal to an
analog RF transmit signal. The transmit path can include a
DAC post processing circuit is configured to process the
analog RF transmit signal to provide phase adjustment,
amplitude adjustment, or jitter cancellation. The DAC cir-
cuit can be operable for digital to analog conversion of
signals across a span of 800 MHz or greater in the 5 GHz
band.

[0034] In some embodiments, the DAC circuit includes a
multi-channel DAC circuit having M discrete DAC circuits.
The transmit path can include a multiplexer circuit config-
ured to distribute a plurality of N inputs among the M
discrete DAC circuits.

[0035] Another example embodiment of the present dis-
closure is directed to a front end module having a receive
path. The receive path includes a low noise amplifier oper-
able to receive an RF signal from an antenna. The receive
path includes an analog to digital conversion (ADC) circuit
operable to receive an analog signal from the low noise
amplifier and convert the analog signal to a digital RE
receive signal. The receive path includes an ADC post
processing circuit operable to process the digital RF receive
signal in the digital domain to provide phase adjustment,
amplitude adjustment, or jitter cancellation. The receive path
includes a digital down converter circuit operable to convert
the digital RF receive signal to a digital baseband receive
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signal. The ADC circuit can be operable to convert analog
RF signals across a span of about 800 MHz or greater in the
5 GHz band.

[0036] As used herein, the use of the term “about” in
conjunction with a numerical value refers to within 20% of
the stated numerical value and including the stated numeri-
cal value. The use of the term “module” in conjunction with
“Front End Module” is not intended to invoke interpretation
under 35 U.S.C. 112(%).

[0037] FIG. 1 depicts an example FEM 100 according to
example embodiments of the present disclosure. The FEM
100 can be coupled to an antenna 102. The antenna 102 can
be any suitable antenna for RF communications. In some
embodiments, the antenna 102 is adapted for communicat-
ing in a Wi-Fi RF system. For instance, the antenna 102 can
be adapted for wide band communication in the 5 GHz band
(e.g., about 4.9 GHz to about 5.9 GHz).

[0038] Aspects of the present disclosure are discussed
with reference to Wi-Fi RF communication systems. Those
of ordinary skill in the art, using the disclosures provided
herein, will understand that FEMs according to example
embodiments of the present disclosure can be used in other
wide band applications.

[0039] The FEM 100 can be implemented as an integrated
circuit. The FEM 100 can include a receive path 110 and a
transmit path 140. The receive path 110 can be configured to
process RF signals received at antenna 102 and provide the
received RF signals to a baseband processor 180. In some
embodiments, the baseband processor 180 can be imple-
mented as a separate integrated circuit relative to the FEM
100.

[0040] The transmit path 140 can be configured to process
signals from the baseband processor 180 for transmission by
antenna 102 to remote devices. The FEM can include a
switch 170. The switch 170 can be configured to selectively
couple the receive path 110 and the transmit path 140 to the
antenna 102 to receive and transmit RF signals.

[0041] The receive path 110 can include a low noise
amplifier (LNA) 112. The LNA 112 can be coupled to
antenna 102 via switch 170. The LNA 112 can be coupled to
one switch port of switch 170 and can receive analog RF
receive signals from the antenna 102.

[0042] After amplification, the LNA 112 can provide an
analog RF receive signal to an analog to digital converter
(ADC) circuit 114. The ADC circuit 114 can be a gigabit
ADC circuit or multi-gigabit ADC circuit. The ADC circuit
114 can sample the RF receive signal and convert the RF
receive signal to a digital RF receive signal having one or
more bits. The ADC circuit 114 can sample at a high rate to
provide, for instance, a digital RF receive signal with a
resolution sufficient to accommodate the 5 GHz band for
Wi-Fi applications. The ADC circuit can be configured to
convert RF analog signals across a wide frequency band. For
instance, the ADC circuit 114 can be configured to convert
analog RF receive signals across approximately the entire
frequency spectrum of a Wi-Fi band (e.g., 4.9 GHz to 5.9
GHz).

[0043] The receive path 110 can include one or more ADC
post processing circuits 116 configured to receive the digital
RF receive signal from the ADC circuit 114. The ADC post
processing circuit(s) 116 can be configured to process the
digital RF receive signal in the digital domain to implement
one or more functions. For instance, in some embodiments,
the ADC post processing circuit(s) 116 can implement a
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digital filter to filter the digital RF receive signal. In some
embodiments, the ADC post processing circuit(s) 116 can
implement phase and/or amplitude adjustments to the digital
RF receive signal. In some embodiments, the ADC post
processing circuit(s) 116 can implement jitter cancellation in
the digital domain by processing the digital RF receive
signal. The ADC post processing circuit(s) 116 can imple-
ment other processing operations on the digital RF receive
signal in the digital domain.

[0044] After post processing, the receive path 110 can
provide the processed digital RF receive signal to a down-
sampling circuit 118. The downsampling circuit 118 can
downsample the digital RF signal to a digital baseband
receive signal for communication to a baseband processor
180. In some embodiments, the digital baseband receive
signal can have a resolution that is less than a resolution of
the digital RF receive signal.

[0045] The receive path 110 can include a calibration
engine 120. The calibration engine 120 can be one or more
processing circuits configured to implement logic to control
various aspects of the FEM 100. For instance, the calibration
engine 120 can, for instance, control gain of the LNA 112
based on signals from the baseband processor 180.

[0046] The receive path 110 can also include an ADC
controller circuit 122. The ADC controller circuit 122 can
implement logic to control the sampling of the ADC circuit
114 to convert the analog RF receive signal from the LNA
112 to the digital RF receive signal. The ADC controller
circuit 122 can receive a clock signal from an oscillator 124.
The oscillator 124 can be, for instance, a crystal oscillator.
The ADC controller circuit 122 can control sampling of the
ADC circuit 114 based on the clock frequency. The oscil-
lator 124 can also provide a clock signal to the baseband
processor 180.

[0047] The transmit path 140 can receive digital baseband
transmit signals from the baseband processor 180. The
transmit path 140 can include a digital pre-distortion pro-
cessing circuit 142 configured to process the digital base-
band transmit signals, for instance, to pre-compensate for
any non-linearity of power amplifiers used in the transmit
path 140.

[0048] The digital baseband transmit signal can be pro-
vided to an upsampling circuit 144. The upsampling circuit
144 can upsample the digital baseband transmit signal to a
digital RF transmit signal for a digital to analog converter
(DAC) circuit 146. The digital RF transmit signal can have
a higher resolution than the digital baseband transmit signal.
[0049] The DAC circuit 146 can be capable of converting
the digital RF transmit signal to an analog RF transmit
signal. The DAC circuit 146 can be a gigabit DAC circuit or
multi-gigabit DAC circuit. The DAC circuit 146 can be
capable of wide band digital to analog conversion. For
instance, the DAC circuit 146 can be configured to convert
digital signal to analog signals across approximately the
entire Wi-Fi band (e.g., 4.9 GHz to 5.9 GHz).

[0050] The transmit path 140 can include a DAC post
processing circuit 148 configured to process the analog RF
signals prior to providing the analog RF signals to a power
amplifier 150. The DAC post processing circuit(s) 148 can
be configured to process the analog RF transmit signal in the
analog domain to implement one or more functions. For
instance, in some embodiments, the DAC post processing
circuit(s) 148 can implement a filter to filter the analog RF
transmit signal. In some embodiments, the DAC post pro-
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cessing circuit(s) 148 can implement phase and/or amplitude
adjustments to the analog RF transmit signal. In some
embodiments, the DAC post processing circuit 148 can
implement jitter cancellation in the analog domain by pro-
cessing the analog RF transmit signal. The DAC post
processing circuit(s) 148 can implement other processing
operations on the analog RF transmit signal.

[0051] The analog RF transmit signal can be provided to
a power amplifier 150. The power amplifier can amplify the
RF transmit signal and communicate the signal via switch
170 to antenna 102 for communication to one or more
remote devices.

[0052] An envelope tracker 152 can be implemented as
part of the FEM 100. The envelope tracker 152 can assess
information from the baseband transmit signal and control
power supplied to the PA 150 to increase operating effi-
ciency of the PA 150. The envelope tracker 152 can be
implemented as part of the FEM 100 outside of the baseband
processor 180.

[0053] FIG. 2 depicts a FEM module 200 according to
example embodiments of the present disclosure. The FEM
module 200 is similar to that of FIG. 1. However, the FEM
module 200 includes a multi-channel ADC circuit 214 in the
receive path. The multi-channel ADC circuit 214 can have
M number of ADC circuits, each to accommodate RF signals
received from a different antenna and/or a different LNA. In
some embodiments, each of the M ADC circuits in the
multi-channel ADC circuit 214 can accommodate different
bands within a wide band capable of being accommodated
by the FEM 200. For instance, each of the M ADC circuits
in the multi-channel ADC circuit 214 can accommodate a
discrete frequency span with the overall frequency span of
about 800 MHz to about 1 GHz associated with the 5 GHz
Wi-Fi band.

[0054] A multiplexing circuit 215 can be used to control
the distribution of analog RF signals among the individual
ADC circuits in the multi-channel ADC circuit 214. For
instance, the multiplexing circuit 215 can receive N inputs
from N different LNAs 112. In some embodiments, the ratio
of N inputs to M ADC circuits can be 1:1. In some
embodiments, the number of N inputs can be greater than the
number of M ADC circuits. In some embodiments, the
number of N inputs can be less than the number of M ADC
circuits. The multiplexing circuit 215 can be controlled (e.g.,
by ADC controller circuit 122) to distribute the N RF inputs
among the M ADC circuits in the multi-channel ADC circuit
214.

[0055] In FIG. 2, each of the N inputs to the multiplexing
circuit 215 can be associated with a different LNA 112 of a
plurality of LNAs 112. Each LNA 112 can be coupled to a
single antenna 102. Each LNA 112 can be associated with a
different frequency span in the overall wide band accom-
modated by the FEM 200.

[0056] FIG. 3 depicts an example FEM 300 configured to
accommodate RF communication using a plurality of anten-
nas 102. The FEM 300 is similar to that of FIG. 2. More
particularly, each of the N inputs to the multiplexing circuit
215 can be associated with a different LNA 112 of a plurality
of LNAs 112. In FIG. 3, however, each LNA 112 is coupled
to a different antenna 102 of a plurality of antennas 102.
[0057] Referring back to FIG. 2, the FEM 200 can include
a multi-channel DAC circuit 246 in the transmit path 140.
The multi-channel DAC circuit 246 can have M number of
DAC circuits, each to accommodate RF signals for a dif-
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ferent antenna and/or a different PA. In some embodiments,
each of the M DAC circuits in the multi-channel DAC
circuit 246 can accommodate different bands within a wide
band capable of being accommodated by the FEM 200. For
instance, each of the M DAC circuits in the multi-channel
DAC circuit 246 can accommodate a discrete frequency
span with the overall frequency span of about 800 MHz to
1 GHz associated with the 5 GHz Wi-Fi band.

[0058] A multiplexing circuit 245 can be used to control
the distribution of digital RF transmit signals among the
individual DAC circuits in the multi-channel DAC circuit
246. For instance, the multiplexing circuit 245 can receive N
inputs from the upsampling circuit 144. In some embodi-
ments, the ratio of N inputs to M DAC circuits can be 1:1.
In some embodiments, the number of N inputs can be greater
than the number of M DAC circuits. In some embodiments,
the number of N inputs can be less than the number of M
DAC circuits.

[0059] In FIG. 2, each of the M DAC circuits in the
multi-channel DAC circuit 246 can be associated with a
different PA 150 of a plurality of PAs 152. Each PA 150 can
be coupled to a single antenna 102. Each PA 150 can be
associated with a different frequency span in the overall
wide band accommodated by the FEM 200.

[0060] FIG. 3 depicts an example FEM 300 configured to
accommodate RF communication using a plurality of anten-
nas 102. The FEM 300 is similar to that of FIG. 2. More
particularly, each of the M DAC circuits can be associated
with a different PA 150 of a plurality of PAs 150. In FIG. 3,
however, each PA 150 is coupled to a different antenna 102
of a plurality of antennas 102.

[0061] In some embodiments, the full band data capture
process can be improved in terms of signal transmission and
reception in the propagation channel by implementing and
controlling a modal antenna system from the FEM. A modal
antenna can be configurable in one of a plurality of different
modes. Each mode can be associated with a different radia-
tion pattern and/or polarization state for the antenna. In some
embodiments, the modal antenna can include a radiating
element and one or more parasitic elements. The modal
antenna can be configured in one of a plurality of modes by
controlling electrical characteristics of the parasitic ele-
ments.

[0062] For instance, in some embodiments a modal
antenna can include a parasitic element coupled to a switch
or other active element. The switch or other actively con-
trolled element be used to selectively couple the parasitic
element to ground, to a voltage source, or to varying
different reactance. As a result, control of the parasitic
element via the switch or other active element can configure
the modal antenna in one of a plurality of different modes.
One example modal antenna is described with reference to
FIGS. 5-7 below.

[0063] FIG. 4 depicts an example FEM 400 configured to
accommodate a modal antenna 220 according to example
embodiments of the present disclosure. The FEM 400 is
similar to that shown in FIG. 1. The FEM 400 can addi-
tionally include an active element 402 (e.g., four-port
switch) coupled to a parasitic element of the antenna 102.
The active element 402 can be controlled to adjust the
parasitic element to configure the antenna 102 in one of a
plurality of modes, with each mode having a distinct radia-
tion pattern and/or polarization state.
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[0064] The FEM 400 can further include logic (e.g.
instructions executed by one or more processing circuits)
configured to control the active element 402. The logic can
control the active element 402 to configure the antenna 102
in one of a plurality of modes. In the embodiment of FIG. 4,
the logic can be implemented as part of the calibration
circuit 122. However, the logic can be implement as its own
circuit or component within FEM or as part of different
components of the FEM without deviating from the scope of
the present disclosure.

[0065] Insomeembodiments, the logic can receive signals
from, for instance, the baseband processor indicative of
channel quality index (CQI). The CQI can include or can be
based on metrics such as signal-to-noise ratio (SNR), signal
to interference-plus-noise ratio (SINR), receive signal
strength indicator (RSSI), bit error rate (BER) and/or other
metrics. The logic can implement a control routine that
selects a mode for operating the modal antenna based on the
CQI (e.g., to reduce interference, to implement active steer-
ing of radiation patterns, etc.).

[0066] In some embodiments, the logic can be imple-
mented as part of the calibration engine 120. The logic can
be implemented as a separate component or as part of a
different component of the FEM 400 without deviating from
the scope of the present disclosure.

[0067] FIG. 5 illustrates an example embodiment of a
modal antenna 510 that can be used in accordance with
aspects of the present disclosure. The modal antenna 510
may include a circuit board 512 (e.g., including a ground
plane) and a driven antenna element 514 disposed on the
circuit board 512. An antenna volume may be defined
between the circuit board (e.g., and the ground plane) and
the driven antenna element.

[0068] Insome embodiments, a first parasitic element 515
may be positioned at least partially within the antenna
volume. A first active element 516 may be coupled with the
parasitic element 515. The first active tuning element 516
can be a passive or active component or series of compo-
nents and may be configured to alter a reactance on the first
parasitic element 515 either by way of a variable reactance,
or shorting to ground, resulting in a frequency shift of the
antenna. As discussed above, the first active element 516 can
be implemented as part of a front end module according to
example embodiments of the present disclosure.

[0069] In some embodiments, a second parasitic element
518 may be disposed proximate the circuit board 512 and
may be positioned outside of the antenna volume. The
second parasitic element 518 may further include a second
active element 520 which may individually include one or
more active and/or passive components. The second active
element 520 can be a passive or active component or series
of components and may be configured to alter a reactance on
the second parasitic element 518 either by way of a variable
reactance or shorting to ground, resulting in a frequency
shift of the antenna. As discussed above, the second active
element 520 can be implemented as part of a front end
module according to example embodiments of the present
disclosure. The second parasitic element 518 may be posi-
tioned adjacent the driven element 514 and may also be
positioned outside of the antenna volume.

[0070] The described configuration may provide an ability
to shift the radiation pattern characteristics of the driven
antenna element by varying a reactance thereon. Shifting the
antenna radiation pattern can be referred to as “beam steer-
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ing”. In instances where the antenna radiation pattern com-
prises a null, a similar operation can be referred to as “null
steering” since the null can be shifted to an alternative
position about the antenna (e.g., to reduce interference). In
some embodiments, the second active element 520 may
include a switch for connecting the second parasitic to
ground when “On” and for terminating the short when “Off”.
It should however be noted that a variable reactance on
either of the first or second parasitic elements, for example
by using a variable capacitor or other tunable component,
may further provide a variable shifting of the antenna pattern
or the frequency response. For example, the first active
element 916 and/or second active element 520 may include
at least one of a tunable capacitor, MEMS device, tunable
inductor, switch, a tunable phase shifter, a field-effect tran-
sistor, or a diode.

[0071] FIG. 6 illustrates a two-dimensional antenna radia-
tion pattern associated with the modal antenna of FIG. 5.
The radiation pattern may be shifted by controlling an
electrical characteristic associated with at least one of the
first and/or second parasitic elements 515, 518 of the modal
antenna 510. For example, in some embodiments, the radia-
tion pattern may be shifted from a first mode 522 to a second
mode 524, or a third mode 526.

[0072] FIG. 7 illustrates an example frequency plot of the
modal antenna of FIG. 5 according to example aspects of the
present disclosure. The frequency of the antenna can be
shifted by controlling an electrical characteristic associated
with at least one of the first and/or second parasitic elements
515, 518 of the modal antenna 510. For example, a first
frequency (f,) of the antenna may be achieved when the first
and second parasitic elements are switched “Off”; the fre-
quencies (f;) and (f5) may be produced when the second
parasitic is shorted to ground; and the frequencies (f,; f;)
may be produced when the first and second parasitic ele-
ments are each shorted to ground. It should be understood
that other configurations are possible within the scope of this
disclosure. For example, more or fewer parasitic elements
may be employed. The positioning of the parasitic elements
may be altered to achieve additional modes that may exhibit
different frequencies and/or combinations of frequencies.
[0073] FIGS. 5-7 depict one example modal antenna hav-
ing a plurality of modes for purposes of illustration and
discussion. Those of ordinary skill in the art, using the
disclosures provided herein, will understand that other
modal antennas and/or antenna configurations can be used
without deviating from the scope of the present disclosure.
As used herein, a “modal antenna” refers to an antenna
capable of operating in a plurality of modes where each
mode is associated with a distinct radiation pattern and/or
polarization state. Example modal antennas are described in
U.S. Pat. Nos. 9,748,637, 9,240,634, 8,648,755, 8,362,962,
and 7,911,402, which are incorporated herein by reference.
[0074] While the present subject matter has been
described in detail with respect to specific example embodi-
ments thereof, it will be appreciated that those skilled in the
art, upon attaining an understanding of the foregoing may
readily produce alterations to, variations of, and equivalents
to such embodiments. Accordingly, the scope of the present
disclosure is by way of example rather than by way of
limitation, and the subject disclosure does not preclude
inclusion of such modifications, variations and/or additions
to the present subject matter as would be readily apparent to
one of ordinary skill in the art.
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1-20. (canceled)

21. A front end module comprising:

a receive path comprising one or more low noise ampli-
fiers, the receive path configured to receive analog RF
receive signals across a span of about 800 MHz or
greater in a 5 GHz band from the one or more low noise
amplifiers and convert the analog RF receive signals to
digital RF receive signals for post processing in a
digital domain; and

a transmit path comprising one or more power amplifiers,
the transmit path operable to convert digital RF trans-
mit signals to analog RF transmit signals across a span
of about 800 MHz or greater in the 5 GHz band and to
provide the analog RF transmit signals to the one or
more power amplifiers.

22. The front end module of claim 21, wherein the receive

path comprises:

an analog to digital converter (ADC) circuit operable to
receive the analog RF receive signals from the one or
more low noise amplifiers and to convert the analog RF
receive signals to digital RF receive signals;

an ADC post processing circuit operable to process the
digital RF receive signals in the digital domain; and

a digital down converter circuit operable to convert the
digital RF receive signals to digital baseband receive
signals.

23. The front end module of claim 21, wherein the

transmit path further comprises:

a digital up converter circuit operable to convert digital
baseband transmit signals to the digital RF transmit
signals;

a digital to analog converter circuit operable to convert
the digital RF transmit signals to the analog RF trans-
mit signals.

24. The front end module of claim 22, wherein the ADC
post processing circuit is configured to process the digital
RF signal to provide phase adjustment, amplitude adjust-
ment, or jitter cancellation.

25. The front end module of claim 23, wherein the
transmit path further comprises a pre-distortion processing
circuit configured to process the digital baseband transmit
signals to pre-compensate for non-linearity of the power
amplifier.

26. The front end module of claim 21, wherein the front
end module further comprises an envelope tracker config-
ured to control power delivery to the one or more power
amplifiers.

27. The front end module of claim 21, wherein the front
end module further comprises a calibration engine operable
to control one or more gains associated with the one or more
low noise amplifiers.

28. The front end module of claim 21, wherein the front
end module is coupled to an antenna, the antenna comprising
a modal antenna operable in a plurality of different modes,
each mode associated with a different radiation pattern or
polarization state.

29. The front end module of claim 28, wherein the front
end module comprises an active element configured to
control one or more electrical characteristics associated with
a parasitic element for the modal antenna.

30. A front end module having a transmit path, the
transmit path comprising:
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a pre-distortion processing circuit configured to process
one or more digital baseband transmit signals to pre-
compensate for non-linearity of a power amplifier.

a digital up converter circuit operable to convert the
digital baseband transmit signal to a digital RF transmit
signal;

a digital to analog converter (DAC) circuit operable to
convert the digital RF transmit signal to an analog RF
transmit signal;

an DAC post processing circuit is configured to process
the analog RF transmit signal to provide phase adjust-
ment, amplitude adjustment, or jitter cancellation.
wherein the DAC circuit is operable for digital to
analog conversion of signals across a span of 800 MHz
or greater in a 5 GHz band.

31. The front end module of claim 30, wherein the DAC
circuit comprises a multi-channel DAC circuit having M
discrete DAC circuits, the transmit path further comprising
a multiplexer circuit configured to distribute a plurality of N
inputs among the M discrete DAC circuits.

32. The front end module of claim 30, wherein the front
end module further comprises an envelope tracker config-
ured to control power delivery to the power amplifier.

33. The front end module of claim 30, wherein the front
end module is coupled to an antenna, the antenna comprising
a modal antenna operable in a plurality of different modes,
each mode associated with a different radiation pattern or
polarization state.

34. The front end module of claim 33, wherein the front
end module comprises an active element configured to
control one or more electrical characteristics associated with
a parasitic element for the modal antenna.

35. A front end module having a receive path, the receive
path comprising:
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a low noise amplifier operable to receive an RF signal
from an antenna;

an analog to digital conversion (ADC) circuit operable to
receive an analog signal from the low noise amplifier
and convert the analog signal to a digital RF receive
signal;

an ADC post processing circuit operable to process the
digital RF receive signal in a digital domain to provide
phase adjustment, amplitude adjustment, or jitter can-
cellation;

a digital down converter circuit operable to convert the
digital RF receive signal to a digital baseband receive
signal;

wherein the ADC circuit is operable to convert analog RF
signals across a span of about 800 MHz or greater in a
5 GHz band.

36. The front end module of claim 35, wherein the ADC
circuit comprises a multi-channel ADC circuit having a M
discrete ADC circuits, the receive path further comprising a
multiplexer circuit configured to distribute a plurality of N
inputs among the M discrete ADC circuits.

37. The front end module of claim 35, wherein the front
end module further comprises a calibration engine operable
to control one or more gains associated with the low noise
amplifier.

38. The front end module of claim 35, wherein the front
end module is coupled to an antenna, the antenna comprising
a modal antenna operable in a plurality of different modes,
each mode associated with a different radiation pattern or
polarization state.

39. The front end module of claim 38, wherein the front
end module comprises an active element configured to
control one or more electrical characteristics associated with
a parasitic element for the modal antenna.
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