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HYBRID-COUPLER-BASED RADIO
FREQUENCY MULTIPLEXERS

CROSS-REFERENCE TO RELATED
APPLICATIONS/INCORPORATION BY
REFERENCE

[0001] This patent application makes reference to, claims
priority to, and claims benefit from U.S. Provisional Appli-
cation No. 62/240,229, filed on Oct. 12, 2015. The above-
referenced application is hereby incorporated herein by
reference in its entirety.

FIELD OF THE DISCLOSURE

[0002] Certain embodiments of the present disclosure
relate to electromagnetic components, integrated circuits,
and/or wireless communication devices and systems. More
specifically, certain embodiments of the present disclosure
relate to methods and systems that use hybrid-coupler-based
radio frequency (RF) multiplexers.

BACKGROUND OF THE DISCLOSURE

[0003] Existing methods and systems for RF multiplexers
can be costly, cumbersome and inefficient. Further limita-
tions and disadvantages of conventional and traditional
approaches will become apparent to one of skill in the art,
through comparison of such systems with the present dis-
closure as set forth in the remainder of the present applica-
tion with reference to the drawings.

BRIEF SUMMARY OF THE DISCLOSURE

[0004] Systems and/or methods that use hybrid-coupler-
based radio frequency (RF) multiplexers, substantially as
shown in and/or described in connection with at least one of
the figures, as set forth more completely in the claims.
[0005] Various advantages, aspects and novel features of
the present disclosure, as well as details of an illustrated
embodiment thereof, will be more fully understood from the
following description and drawings.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

[0006] The drawings are of illustrative embodiments.
They do not illustrate all embodiments. Other embodiments
may be used in addition or instead. Details that may be
apparent or unnecessary may be omitted to save space or for
more effective illustration. Some embodiments may be prac-
ticed with additional components or steps and/or without all
of the components or steps that are illustrated.

[0007] FIG. 1A illustrates an embodiment of a duplexer
according to the present disclosure that supports two fre-
quency bands, where band 1 is centered at frequency f;, and
band 2 is centered at frequency f,.

[0008] FIG. 1B illustrates an embodiment of a duplexer
according to the present disclosure that supports two fre-
quency bands, where band 1 is centered at frequency f;, and
band 2 is centered at frequency f,.

[0009] FIG. 2 illustrates an embodiment of a duplexer
according to the present disclosure used in a front-end of a
frequency division duplexed wireless communication sys-
tem.

Oct. 25, 2018

[0010] FIG. 3 illustrates an embodiment of a multiplexer
according to the present disclosure that supports three fre-
quency bands.

[0011] FIG. 4A illustrates an embodiment of a multiplexer
according to the present disclosure that supports three fre-
quency bands.

[0012] FIG. 4B illustrates an embodiment of a multiplexer
according to the present disclosure that supports four or
more frequency bands.

[0013] FIG. 5A illustrates an embodiment of a multiplexer
according to the present disclosure that supports three fre-
quency bands.

[0014] FIG. 5B illustrates an embodiment of a multiplexer
according to the present disclosure that supports three fre-
quency bands.

[0015] FIG. 5C illustrates an embodiment of a multiplexer
according to the present disclosure that supports four fre-
quency bands.

[0016] FIG. 5D illustrates an embodiment of a multiplexer
according to the present disclosure that supports three fre-
quency bands.

[0017] FIG. 5E illustrates an embodiment of a multiplexer
according to the present disclosure that supports three fre-
quency bands.

[0018] FIG. 6 illustrates an embodiment of a multiplexer
in support of four or more frequency bands.

[0019] FIG. 7A illustrates an embodiment of a multiplexer
according to the present disclosure that supports three fre-
quency bands with equalizers.

[0020] FIG. 7B illustrates an embodiment of a multiplexer
according to the present disclosure that supports three fre-
quency bands with equalizers and impedance matching
networks.

[0021] FIG. 7C illustrates an embodiment of a multiplexer
according to the present disclosure that supports three fre-
quency bands with equalizers and impedance matching
networks.

[0022] FIG. 7D illustrates another embodiment of a mul-
tiplexer according to the present disclosure that supports
three frequency bands with equalizers and impedance
matching networks.

[0023] FIG. 8 illustrates an embodiment of a multiplexer
according to the present disclosure that supports five fre-
quency bands.

[0024] FIG. 9 illustrates tunable multiplexer according to
the present disclosure that supports three frequency bands.
[0025] FIG. 10 illustrates an exemplary application for an
embodiment of a multiplexer according to the present dis-
closure that supports four frequency bands.

[0026] FIG. 11 illustrates an exemplary application for an
embodiment of a multiplexer according to the present dis-
closure that supports four or more frequency bands.

[0027] FIG. 12A illustrates an embodiment of a frequency
response of a multiplexer according to the present disclosure
that supports three frequency bands.

[0028] FIG. 12B illustrates an embodiment of a frequency
response of a multiplexer according to the present disclosure
that supports four frequency bands.

[0029] FIG. 12C illustrates an embodiment of a frequency
response of a multiplexer according to the present disclosure
that supports five frequency bands.
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DETAILED DESCRIPTION OF THE
DISCLOSURE

[0030] As utilized herein the terms “circuit” and “cir-
cuitry” refer to physical electronic components (i.e., hard-
ware) and any software and/or firmware (“code”) which may
configure the hardware, be executed by the hardware, and/or
otherwise be associated with the hardware. As utilized
herein, “and/or” means any one or more of the items in the
list joined by “and/or”. As an example, “x and/or y”” means
any element of the three-element set {(x), (), (X, ¥)}. As
another example, “x, y, and/or z”” means any element of the
seven-element set {(x), (¥), (z), X, ¥), (X, 2), (¥, 2), (X, ¥, 2)}.
As utilized herein, the term “exemplary” means serving as
a non-limiting example, instance, or illustration. As utilized
herein, the terms “e.g.” and “for example™ set off lists of one
or more non-limiting examples, instances, or illustrations.
[0031] The drawings are of illustrative embodiments.
They do not illustrate all embodiments. Other embodiments
may be used in addition or instead. Details that may be
apparent or unnecessary may be omitted to save space or for
more effective illustration. Some embodiments may be prac-
ticed with additional components or steps and/or without all
of the components or steps that are illustrated.

[0032] Some embodiments according to the present dis-
closure contemplate that, in electronic communications, in
order to correctly receive a desired signal, the desired signal
is separated from many other signals that are present on the
same medium. This is applicable to wired communication
systems and/or wireless communication systems. In the case
of wireless communication systems, for example, the task of
separating the desired signal from other signals can be a
substantial challenge since it might not be known what other
signals are present in the air which may interfere with the
receive circuitry. Further, the transmitter may also interfere
with the receive circuitry since the transmitter sits on the
same system as the receive circuitry and operates at a
frequency very close to the desired receive frequency. There
are many techniques to isolate a receiver from a transmitter.

[0033] Some embodiments according to the present dis-
closure contemplate using a duplexer, for example, and to
achieve isolation between the transmitter and the receiver.
An exemplary duplexer can use, for example, a pair of
quadrature hybrid couplers (QHC) and filters for the desir-
able frequency bands.

[0034] As demand for higher bandwidths and better con-
nectivity continues to grow, interest in carrier aggregation
has increased. In carrier aggregation, a wireless device may
receive the desired information at different frequency bands
(or channels) and/or may transmit the information at differ-
ent frequency bands (or channels).

[0035] In some embodiments of the present disclosure, a
component that separates different frequencies or frequency
bands is called a multiplexer. An RF multiplexer, in its
simplest form, is a 1xN passive network including 1 nominal
input and N nominal output ports (N is a positive integer)
where each output corresponds to a specific frequency band.
In other words, the transfer function from the input to each
of the N outputs resembles a filter tuned to a specific
frequency band. Furthermore, it is often desirable that the
output ports of the multiplexer are isolated. In other words,
the transfer functions from each of the output port to every
other output port should have a small magnitude at the
frequency bands corresponding to those two ports.

Oct. 25, 2018

[0036] Some embodiments of the present disclosure pro-
vide 1xN RF multiplexers that include RF band-pass filters
(BPF) with distinct passband frequencies that are connected
to a common port using a passive network or a number of
passive networks. The passive network or networks can
ensure proper impedance at all frequency bands of interest
and may assist in enhancing the frequency response.
[0037] Insome embodiments of the present disclosure, an
input port of an RF multiplexer may correspond to an
antenna interface and the output ports may correspond to
receive or transmit frequency bands.

[0038] In some embodiments of the present disclosure, a
duplexer may be considered a multiplexer with N=2. In
other words, a duplexer is a three-port device. A duplexer
can be used, for example, in wireless communication sys-
tems supporting frequency division duplexing (FDD).
[0039] Some embodiments of the present disclosure con-
template that the requirements for RF filters and multiplex-
ers have become more stringent in light of new communi-
cation standards where information channels and frequency
bands are closer to each other; new communication devices
such as smartphones where the footprint and cost of all
components are getting smaller as more components are
used in support of multiple standards and applications; and
co-existing communication systems where multiple commu-
nication transmitters and receivers work simultaneously.
[0040] Some embodiments of the present disclosure con-
template that linearity, noise, and power handling require-
ments might lead to utilization of passive RF filters and
multiplexers in many applications. The performance of
passive RF filters may be limited by the quality factor (Q) of
the components that are used in their realization. The filter
selectivity as well as passband requirement may lead to a
filter topology and filter order. For a given RF filter topology
and order, insertion loss may reduce with the increase of
component Q.

[0041] Some embodiments of the present disclosure con-
template various technologies can be used to realize passive
RF filters and duplexers. For instance, capacitors, inductors,
or transmission lines can be used to realize passive RF filters
and duplexers. Electromagnetic resonators, including wave-
guide, air cavity, and dielectric (e.g., ceramic) resonators,
can also be used to realize passive filters and duplexers. The
quality factor of such components is proportional to their
overall physical size. As such, it has been difficult to realize
compact low-loss selective passive RF filters and duplexers
using electromagnetic components and resonators.

[0042] In some embodiments of the present disclosure,
piezoelectric material can be used to realize compact high-Q
resonators. Surface acoustic wave (SAW) resonators can
provide compact low-loss selective RF filters and duplexers.
Bulk acoustic wave (BAW) resonators can also be used to
construct high-performance RF filters and duplexers.
[0043] Micro-electro-mechanical system (MEMS) resona-
tors with high quality factor can also be used in radio
frequency filtering applications.

[0044] Insome embodiments of the present disclosure, RF
SAW filters and duplexers can be used in wireless commu-
nications such as cellular phones, wireless local area net-
work (WLAN) transceivers, global positioning system
(GPS) receivers, cordless phones, and so forth. RF SAW
filters have been used as band-select filters, image-reject
filters, intermediate frequency (IF) filters, transmitter noise
or spur reduction filters, and so forth. A smartphone may
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have several SAW resonators, SAW filters, and SAW mul-
tiplexers to support various communication systems and
standards.

[0045] Some embodiments of the present disclosure pro-
vide resonators (e.g., BAW resonators) that have lower loss
(or higher Q) or are more compact, especially at higher
frequencies, compared with SAW resonators, for example.
Therefore, RF filters and duplexers that use BAW resonators
can have lower insertion loss, or higher selectivity, or
smaller form factor compared with those that utilize SAW
resonators, especially at higher frequencies. Thin film bulk
acoustic resonators (FBAR) and bulk acoustic wave solidly
mounted resonator (BAW SMR) are exemplary examples of
BAW resonators.

[0046] In commercial systems, some embodiments of the
present disclosure contemplate that the choice of technology
may depend on the technical performance, such as power
consumption as well as economic and business consider-
ations such as cost, size, and time to market. For instance,
while one technology may provide better performance com-
pared with another technology, it might not be adopted for
a commercial system that is cost sensitive. In the case of RF
filters and duplexers, it may be desirable to use a technology
that leads to the lower cost and/or more compact solution, as
long as a predetermined performance criterion is met. In
other words, a more expensive or larger solution might not
be adopted, even if it provides better performance as com-
pared with an alternative solution that meets an acceptable
performance level at a lower cost and/or size. For instance,
while RF filters and multiplexers that use BAW resonators
may provide lower loss compared with RF filters and
multiplexers that use SAW resonators for a given set of
specifications, the higher relative cost of BAW technology,
as well as its relatively smaller number of suppliers, might
disfavor their usage in certain applications and standards.
Other considerations may include, for example, the ease of
integration with the rest of the components in a communi-
cation system. For instance, there may be performance,
business, or economic advantages for integrating RF filters
and multiplexers with low noise amplifiers (LNAs), power
amplifiers (PAs), transmit/receive (1T/R) or band-select
switches, impedance matching networks, etc. A wireless
communication device, such as a smartphone, can include a
number of SAW filters and multiplexers as well as a number
of BAW filters and duplexers. Each SAW filter or BAW filter
or duplexer may be used for a specific communication
application, standard, or frequency band.

[0047] Some embodiments of the present disclosure pro-
vide architectural solutions that enable realization of highly-
selective, low-loss multiplexers with high-isolation between
the ports. Some embodiments of the present disclosure use
a lower cost or more compact technology within an inno-
vative architecture that satisfies a comparable or better
specification compared to what can be achieved using a
more expensive or less compact technology. Exemplary
embodiments might include replacing BAW multiplexers
with SAW multiplexers using an innovative architecture, or
replacing ceramic or cavity multiplexers with BAW multi-
plexers using an innovative architecture.

[0048] Some embodiments of the present disclosure pro-
vide architectural solutions that enable realization of tun-
able, reconfigurable, and/or programmable RF multiplexers
that can satisfy the requirements of multi-standard commu-
nication systems.
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[0049] Some embodiments of the present disclosure over-
come technical difficulties related to using QHCs and filters
as described in U.S. Pat. Nos. 3,453,638 and 4,029,902,
which are incorporated by reference herein in their entirety.
Some technical difficulties overcome by some embodiments
of the present disclosure include, for example, incurring
extra loss and non-idealities as additional sub-circuits are
cascaded to support additional frequency bands, where the
extra loss and non-idealities are based on, for example, the
signal at some frequency bands traveling through several
QHCs and being reflected from several filters before reach-
ing a desired output.

[0050] Some embodiments of the present disclosure over-
come technical difficulties related to using QHCs and filters
in a tunable duplexer as described in U.S. Pat. No. 9,048,
805, which is incorporated by reference herein in its entirety.
Some technical difficulties overcome by some embodiments
of'the present disclosure include, for example, an extra QHC
and an extra pair of filters on one side of the QHC and a
single filter on the other side of the QHC to achieve carrier
aggregation for three bands. Because the output of the
antenna tuner is connected to two QHCs, impedance match-
ing becomes a challenge if not impossible. Further, each one
of the receive frequency bands is split into two. One half of
that incoming signal never reaches the intended output and
thus only half of the power of the incoming signal is usable.
[0051] In wireless communication, it can be desirable to
receive and transmit, or operate at two frequency bands, at
the same time using one antenna. To accomplish this, some
embodiments of the present disclosure provide that circuitry
is used to send most of the incoming signal from the antenna
to the receiver, and send most of the outgoing signal from
the transmitter to the antenna, while maintaining high iso-
lation between the transmit and receive paths. Two circuitry
options include circulators and/or duplexers.

[0052] Some embodiments of the present disclosure pro-
vide for receiving and transmitting simultaneously over
more than two frequency bands. Just like the case for two
frequency bands, it is desirable to have low insertion loss
from and to the antenna for each frequency band while
maintaining high isolation between frequency bands.
[0053] Some embodiments of the present disclosure pro-
vide a multiplexer for three or more frequency bands that are
used concurrently. Some embodiments provide that QHCs
and filters are used to separate multiple frequencies. An
advantage of some embodiments is that some embodiments
are modular and scalable in the number of frequency bands.
Accordingly, more frequency bands can be supported with-
out significant degradation in performance. Another advan-
tage of some embodiments is that some embodiments enable
low-cost, compact multiplexers for commercial wireless
communication systems in support of carrier aggregation,
multi-standard, multi-band, and multi-mode operation.
Another advantage of some embodiments is that some
embodiments enable low-cost compact tunable frequency
multiplexers that meet the requirements of commercial
wireless communication standards. Yet another advantage of
some embodiments is that some embodiments relax the
requirements for filters and associated components in a
multiplexer.

[0054] FIG. 1A illustrates an exemplary duplexer 110
using two similar band-pass filters 105 and 106, and two
QHCs 104 and 107. The signal at the common port 101 may
contain information in frequency bands f;, and f,. The
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duplexer 110 separates this signal to two signals: a signal at
port 102 that primarily includes the information at the f,
frequency band, and a signal at port at 109 that primarily
includes the information at the f; frequency band. Ports 102
and 109 may be designated to receiver and/or transmit ports.
Filters 105 and 106 pass signals in frequency band f;, but not
in frequency band f,. In fact, filters 105 and 106 reflect the
signal in frequency band f, at their inputs. A load 108,
usually but not always equal to the impedance of the other
ports such as 50 Ohms, for example, is coupled to the QHC
107 for correct termination of an unused port of the QHC
107. When designed properly, ports 102 and 109 are suffi-
ciently isolated from each other, and the insertion loss at
frequency band f, between ports 101 and 102 and the
insertion loss at frequency band f, between ports 101 and
109 is sufficiently low.

[0055] FIG. 1B illustrates an exemplary duplexer 111
using three band-pass filters 103, 105, and 106 and two
QHCs 104 and 107. The operation of FIG. 1B is similar to
that of FIG. 1A—the additional filter 103 for frequency band
f, improves the isolation between ports 102 and 109.

[0056] FIG. 2 illustrates an exemplary application of the
circuitry in FIG. 1B in the front-end of a wireless commu-
nication system that supports FDD. The antenna 201
receives and transmits signals. Sub-circuit 211 is a duplexer.
The duplexer 211 allows transmit signal (TX) to go from a
power amplifier (PA) 202 at a transmitter output to an
antenna 201 with little insertion loss, and receive signal
(RX) to go from the antenna 201 to a low noise amplifier
(LNA) 209 at a receiver input with little insertion loss, while
keeping the receiver LNA 209 well isolated from the trans-
mitter PA 202. The component at the interface of the receiver
with the duplexer 2011 may be different from an LNA.
Likewise, the component at the interface of the transmitter
with the duplexer 211 may be different from a PA. The
transmit signal that originates at the PA 202 goes through the
TX filter 203 where most of the non-TX band frequencies
are filtered out. The TX signal then goes through a QHC 204
where the TX signal is split into two signals that are 90°
different in phase. The TX frequency band portion of the
signals bounces back at the RX filters 205 and 206 because
of'the large impedance mismatch at the input ports of the RX
filters 205 and 206 at the TX frequency band. The RX
frequency band portion of the TX signal goes through the
RX filters 205 and 206 and then through a QHC 207 where
it constructively combines and is absorbed in a load 210. The
TX frequency band portion of the TX signal that is reflected
off the RX filters 205, 206 goes back through the QHC 204
and constructively combines at the antenna port of the QHC
204. The incoming receive signal is received by the antenna
201 and enters the QHC 204. The RX signal is split into two
signals with a 90° phase difference between them. Both split
signals go through the corresponding RX filters 205, 206 and
then enter the second QHC 207 where the signals are
constructively combined at the upper right port of QHC 207
and then enter the LNA 209. The isolation from the PA 202
to the LNA 209 is high since most of the TX signal goes to
the antenna 201 and the portion that does not, for example,
transmit noise in the RX frequencies, is mostly absorbed at
the load 210. A disadvantage of the circuitry in FIG. 2 is that
it separates only two bands. As such, by itself, it cannot be
used in communication systems supporting carrier aggrega-
tion.
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[0057] FIG. 3 illustrates exemplary circuitry that extends
the hybrid-based duplexer scheme of FIG. 1A to a multi-
plexer 300 supporting more frequency bands, such as three
frequency bands. The multiplexer 300 is based, in part, on
the duplexer architecture disclosed in U.S. Pat. No. 9,048,
805. There are several issues in this scheme. One issue arises
from the interface between common port 311 and the two
QHCs 307, 308. Since the common port 311 is connected to
one 50-Ohm node of the QHC 307 and one 50-Ohm node of
the QHC 308, it is a challenge, if not impossible, to connect
the common port 311 to a third node and to an antenna tuner
312 and still maintain an impedance match. This impedance
mismatch will cause degradation in the signal. Another issue
with this scheme is that the signal that is meant to go from
the common port 311 to a port 309 will be split into two
signals at the common port 311 and each of the two signals,
which are now half the power of the original signal, goes
through QHCs 307 and 308. Only the signal that goes
through QHC 307 ends up in the desired node 309 (through
reflections from RF filters 303 and 304) while the other half
of the signal that goes through QHC 308 does not make it to
port 309. This means there is an inherent 3 dB loss for any
signal going from the common port 311 to the output port
309. For a similar reason, there is also a 3 dB loss for any
signal going from the common port 311 to an output port
310. The above-described issues are further exacerbated if
the scheme were to be extended to support even more
frequency bands.

[0058] FIG. 4A illustrates an exemplary application of the
duplexer 110 of FIG. 1A to accommodate three frequency
bands f, f,, and f;. In this scheme, duplexers 403 and 404,
each based on the FIG. 1A scheme, are connected in
cascade. The duplexer 404 separates frequency band f; at
port 411 and sends frequency bands f, and f; to the duplexer
403. The duplexer 403 separates frequency band f, at port
410 and frequency band f; at port 402. One issue with this
scheme is that frequency bands f, and f; travel through two
duplexers and associated components prior to their separa-
tion at ports 410 and 402. As such, signals at these frequency
bands might incur more insertion loss and distortion. This
might not be acceptable in many communication systems
and standards.

[0059] FIG. 4B illustrates an exemplary application of the
duplexer 110 of FIG. 1A to accommodate four or more
frequency bands f), f,, {5, £, . . . . In this scheme, duplexers
404, 403, 414, . . ., each based on the FIG. 1A scheme, are
connected in cascade. The duplexer 404 separates frequency
band f, at port 411 and sends frequency bands f,, {5, f,, . .
. to the duplexer 403. The duplexer 403 separates frequency
band £, at port 410 and sends frequency bands f;, f,, . . . to
the duplexer 414. The duplexer 414 separates frequency
band f; at port 417 and sends frequency bands f,, to another
duplexer (not shown). In total, N-1 cascaded duplexers are
used to separate N frequency bands. One issue with this
scheme is that frequency bands must travel through several
duplexers and associated components prior to their separa-
tion. As such, signals at these frequency bands might incur
more insertion loss and distortion. For instance, frequency
band f, travels through at least duplexers 404, 403, 414
before getting properly separated out. This might not be
acceptable in many communication systems and standards.
[0060] FIG. 5A illustrates an embodiment of a multiplexer
according to the present disclosure. Referring to FIG. 5A, a
multiplexer 500a is configured to cover three frequency
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bands, and as such is also known as a triplexer. Coupling of
a first pair of filters 507, 508 (that are substantially similar)
and a first QHC 504 and a second QHC 510, by itself,
discriminates frequency bands f; and f,. Coupling of a
second pair of filters 505, 506 (that are substantially similar)
and the first QHC 504 and a third QHC 509, by itself,
discriminates frequency bands f; and f;. Together, judicious
coupling of QHCs 504, 509, 510 and filters 505, 506, 507,
508 enables discrimination of all frequency bands f;, f,, and
f; of interest. The signal at the common port 501, carrying
signals at frequency bands f, f,, and {5, is coupled to two
nodes each having two filters, namely, the filters 505 and
507, and the filters 506 and 508, respectively, through the
QHC 504. The filters 505, 506, 507, and 508 are designed to
absorb all the signal power at their designated passbands
while reflecting all the signal power at stopbands. For
instance, the filters 505 and 506 absorb signals at frequency
band f;, and reflect signals at frequency bands f; and f,.
Likewise, filters 507 and 508 absorb signals at frequency
band f,, and reflect signals at frequency bands f; and f;.
Therefore, collectively, filters 505 and 507, and filters 506
and 508, reflect the signals at frequency band f; back to QHC
504 and port 502.

[0061] In some embodiments, the impedance looking into
a common node 519 of filters 505 and 507 is primarily
determined by the filter 505 at frequency band f; and by the
filter 507 at frequency band f,. The same holds for the
impedance looking into a common node 520 of filters 506
and 508. In practice, filters 505 and 507 are co-designed to
ensure proper impedance level at their common node 519
while providing the desired frequency response. Filters 506
and 508 are co-designed to ensure proper impedance level at
their common node 520 while providing the desired fre-
quency response. In some embodiments, additional passive
circuitry may be added at the common node of the filters to
improve the impedance matching. One advantage of this
scheme according to some embodiments is that information
in each desired frequency band only travels through one pair
of QHCs and appropriate filters, thereby eliminating the
above-described extra insertion loss and distortion of other
realizations. Filters 505, 506, 507, 508 collectively reflect
the portions of the common port signal that reside at
frequency band f; back to the QHC 504 towards the first port
502. Each of the first port 502, the second port 513, and the
third port 511 may be an input port, an output port, or an
input/output port. In other words, each of the ports 502, 511,
and 513 may correspond to a transmitter port, a receiver
port, or a transceiver port. The common port 501 may
accommodate all three frequency bands f, f,, and f;. In a
wireless communication system, this common port 501 may
correspond to an antenna port. In some embodiments, one or
more of the filters 505, 506, 507, 508 may have one or more
passbands, and/or may specifically include one or more
stopbands (notches) to eliminate undesired frequency bands.

[0062] FIG. 5B illustrates another embodiment of a mul-
tiplexer according to the present disclosure where an addi-
tional filter 503 with a passband at frequency band f, is
added between port 502 of the scheme in FIG. 5A and Band
1 Port 522. While the band discrimination operation of FIG.
5B is similar to that of FIG. 5A, the additional filter 503 filter
improves the isolation between ports 522 and 511, and the
isolation between ports 522 and 513. In some embodiments,
filter 503 may have one or more passbands, and may
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specifically include one or more stopbands (notches) to
eliminate undesired frequency bands.

[0063] FIG. 5C illustrates another embodiment of a mul-
tiplexer according to the present disclosure. Referring to
FIG. 5C, a multiplexer 500¢ is configured to cover four
frequency bands, and as such is also known as a quadplexer.
Filter 516, with a passband frequency band £, is added to the
port 502 of the QHC 504. Filters 503 and 516 are designed
to absorb all the signal power at their designated passbands
while reflecting all the signal power at stopbands. For
instance, the filter 503 absorbs signals at frequency band f;
and reflects signals at frequency band £,. Likewise, the filter
516 absorbs signals at frequency band {,,, and reflects signals
at frequency band f;. In some embodiments, the impedance
looking into the common node 502 of the filters 503 and 516
is primarily determined by the filter 503 at frequency band
f, and by the filter 516 at frequency band f,. In practice,
filters 503 and 516 are co-designed to ensure proper imped-
ance level at their common node 502 while providing the
desired frequency response. In some embodiments, addi-
tional passive circuitry may be added at the common node
502 of these filters 503, 516 to improve the impedance
matching.

[0064] FIG. 5D illustrates another embodiment of a mul-
tiplexer according to the present disclosure. Referring to
FIG. 5D, a multiplexer 5004 (specifically a triplexer)
includes, for example, circuitry block 503d. Circuitry block
503d is tuned to pass frequency band f; and stop frequency
band f, (e.g., via a bandstop at frequency band f,), and is
added between the port 502 of the scheme in FIG. 5A and
a Band 1 Port 523. The circuitry block 5034 serves at least
two purposes: it provides band-pass filtering at frequency
band f, between ports 502 and 523, and it provides a
stopband filtering at frequency band £, between the ports 502
and 523. As a result, the isolation between the port 523 for
frequency band f, and the port 513 for frequency band {, is
improved. In some embodiments, f, filter 5174 in the block
5034 may be the same or similar filter as the other f, filters
507 and 508, or it may be a different filter that has a passband
at frequency band f,. The filter 5174 does not strictly have
to be a passband filter. For example, as long as the filter 5174
includes circuitry that passes frequency band f, and blocks
frequency band f;, the circuitry may be used. In some
embodiments, one or more of the filters 505, 506, 507, 508,
and 5154 may have one or more passbands, and may
specifically include one or more stopbands (notches) to
eliminate undesired frequency bands.

[0065] FIG. 5E illustrates another embodiment of a mul-
tiplexer according to the present disclosure. Referring to
FIG. 5E, a multiplexer 500e (specifically a triplexer)
includes, for example, circuitry block 503e tuned to pass
frequency band f, and stop frequency bands f, and f; (e.g.,
via a bandstop at frequency bands f, and f;), and is added
between port 502 of the scheme in FIG. 5A and a Band 1
Port 524. The circuitry block 503e serves at least two
purposes: it provides band-pass filtering at frequency band f;
between the ports 502 and 524, and it provides stopband
filtering at frequency bands f, and f; between the ports 502
and 524. In some embodiments, the circuitry block 503¢
includes f; filter (first filter) 515e, £, filter (second filter)
517e, f; filter (third filter) 518e, and QHC (fourth QHC)
516e¢. As a result, the isolation between the port 524 for
frequency band f; and the port 513 for frequency band £, as
well the isolation between the port 524 for frequency band
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f, and the port 511 for frequency band f; is improved. In
some embodiments, f, filter 517¢ in the block 503¢ may be
the same or similar filter as the other f, filters 507 and 508,
or it may be a different filter that has a passband at frequency
band f,. The filter 517¢ does not strictly have to be a
passband filter. For example, as long as the filter 517¢
includes circuitry that passes frequency band f, and blocks
frequency band f,, the circuitry may be used. In some
embodiments, f; filter 518¢ in the block 503¢ may be the
same or a similar filter as the other {; filters 505 and 506, or
it may be a different filter that has a passband at frequency
band f;. The filter 518¢ does not strictly have to be a
passband filter. For example, as long as the filter 518e
includes circuitry that passes frequency band f; and blocks
frequency band f,, the circuitry may be used. In some
embodiments, one or more of the filters 505, 506, 507, 508,
and 515¢ may have one or more passbands, and may
specifically include one or more stopbands (notches) to
eliminate undesired frequency bands.

[0066] FIG. 6 illustrates one embodiment of a multiplexer
according to the present disclosure. Referring to FIG. 6, a
scalable multiplexer architecture 600 is configured to cover
multiple frequency bands (e.g., four bands). For every new
frequency band of interest, a pair of similar filters and a
QHC can be added and connected to nodes 620 and 621.
Every similar filter pair, such as filters 609, 610, filters 607,
608, or filters 605, 606, passes one of the frequency bands
of interest, such as frequency bands f,, f;, or f,, while not
passing (reflecting) other frequency bands of interest. These
filters need not be strictly band-pass filters with one pass-
band. Filter 603 improves the isolation between port 602 and
other ports, such as ports 618, 616, and 614, at frequency
band f, and the frequency bands f,, f;, and f, designated at
those ports. The filter 603 need not be only a band-pass at
frequency band f;, but may include one or more stopbands
at other frequency bands to further enhance the isolation.

[0067] FIG. 7A illustrates another embodiment of a mul-
tiplexer according to the present disclosure. Referring to
FIG. 7A, multiplexer 700q includes, for example, two pairs
of equalizers 709, 710 and 711, 712 that are added to the
scheme of FIG. 5B. These equalizers 709, 710, 711, 712 may
be used to compensate for the imperfections of the QHCs
704, 713, and 714 and filters 703, 705, 706, 707, and 708.
Each of these equalizers 709, 710, 711, 712 may include, for
example, a phase shifter and an attenuator. The phase shifter
and the attenuator may be fixed or variable, depending on
the application and design. One or more of the equalizers
709, 710, 711, 712 may include one or more time delay
elements, and may include one or more phase shifters and/or
attenuators. In some embodiments, the equalizers 709, 710,
711, 712 in the multiplexer 700a may be fully passive (to
ensure high linearity), low noise, and low power consump-
tion. In some embodiments, the equalizers 709, 710, 711,
712 in the multiplexer 700a may include transmission lines
with appropriate length and characterization impedance to
enhance the isolation or reduce the insertion loss in presence
of QHCs imperfections.

[0068] FIG. 7B illustrates another embodiment a multi-
plexer according to the present disclosure. Referring to FIG.
7B, multiplexer 7005 includes, for example, impedance
matching networks 719 and 720 that are added to the scheme
of FIG. 7A to compensate for unwanted impedance mis-
matches that may occur between f; filters 705, 706 and QHC
704. Although shown explicitly as separate circuitry blocks,
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some embodiments provide that impedance matching net-
works 719, 720 may be embedded in {; filters 705 and 706,
respectively.

[0069] FIG. 7C illustrates another embodiment of a mul-
tiplexer according to the present disclosure. Referring to
FIG. 7C, multiplexer 700¢ includes, for example, impedance
matching networks 721 and 722 that are added to the scheme
of FIG. 7B to compensate for unwanted impedance mis-
matches that may occur between {, filters 707, 708 and QHC
704. Although shown explicitly as separate circuitry blocks,
some embodiments provide that impedance matching net-
works 721, 722 may be embedded in {, filters 707 and 708,
respectively.

[0070] FIG. 7D illustrates another embodiment of a mul-
tiplexer according to the present disclosure. Referring to
FIG. 7D, multiplexer 7004 provides, for example, that
termination resistors 716 and 718 in FIG. 7C are replaced
with tunable impedances 7164 and 7184, respectively, to
enhance the isolation between ports 717 (f,) and 702 (f)),
and also between ports 715 (f;) and 702 (f;). In some
embodiments, the values of the tunable impedances 7164
and 7184 may be set manually or automatically, and may
depend on an antenna impedance. Tunable impedances 7164
and 7184 may include, for example, tunable capacitors,
tunable inductors, tunable resistors, and/or tunable resona-
tors.

[0071] FIG. 8 illustrates another embodiment of a multi-
plexer according to the present disclosure. Referring to FIG.
8, multiplexer 800 is configured to accommodate five fre-
quency bands, and is constructed from a cascade connection
of triplexer 801 (based on the scheme of FIG. 5A) and
triplexer 802 (based on the scheme of FIG. 5B). Other
multiplexer configurations may also be constructed in a
similar way by cascade connection of any number of mul-
tiplexers disclosed in the present disclosure.

[0072] FIG. 9 illustrates another embodiment of a multi-
plexer according to the present disclosure. Referring to FIG.
9, a tunable multiplexer, such as a tunable triplexer 900, is
configured to support three frequency bands that might not
be fixed. To support frequency tunability, filters 903, 905,
906, 907, and 908 and QHCs 904, 909, and 910 may be
tunable. Not all of these circuitry blocks must be tunable to
realize a tunable multiplexer according to some embodi-
ments of the present disclosure. In some embodiments, the
QHCs 904, 909, and 910 may be wideband to support
multiple frequency bands. Any number of mechanisms
might be applied to enable tunability of the QHCs 904, 909,
and 910. The tunable filters 903, 905, 906, 907, and 908 may
include tunable components such as tunable capacitors,
tunable inductors, tunable resonators, etc. The control sig-
nals for the tunable circuitry blocks or components may be
initiated from a transceiver or a processing unit or an
algorithm, or may be set manually. Some embodiments of
the tunable multiplexer may be realized using tunable cir-
cuitry blocks or components in any of the multiplexer
structures or configurations of the present disclosure.
[0073] FIG. 10 illustrates an exemplary application of the
present disclosure where a multiplexer, such as a quadplexer
1000, is used in the front-end of a wireless communication
system that supports FDD and receive carrier aggregation. In
this exemplary application, frequency band f; is designated
as transmit frequency band and frequency bands f,, f;, and
f, are designated as receive frequency bands. A common port
1004 is connected to an antenna interface 1001 supporting
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all four frequency bands. In some embodiments, the LNAs
1011, 1012, and 1013 are realized monolithically in one
chip, or may be part of an integrated multi-band transceiver.
[0074] FIG. 11 illustrates another exemplary application
of the present disclosure where a multiplexer 1100 is used in
a front-end of a wireless communication system that sup-
ports FDD, receive carrier aggregation, and transmit carrier
aggregation. In this exemplary application, frequency bands
f, and f, are designated as transmit frequency bands and
frequency bands f;, and f; are designated as receive fre-
quency bands. A common port 1104 is connected to an
antenna interface 1101 supporting all four frequency bands.
In some embodiments, LNA 1102 and LNA 1119 are real-
ized monolithically in one chip, or may be part of an
integrated multi-band transceiver.

[0075] FIG. 10 and FIG. 11 illustrate only two of the
embodiments according to the present disclosure for which
the multiplexers may be used in the front-end of a wireless
communication system that supports FDD and/or carrier
aggregation. Transmit and receive frequency bands may be
designated to any of the multiplexer ports depending on the
application. Various considerations may be considered in
determining port designations such as insertion loss, power
handling, linearity, and isolation.

[0076] FIG.12Aillustrates a representative graph showing
the frequency response of an embodiment of a multiplexer
(e.g., a triplexer) according to the present disclosure that
supports three frequency bands (e.g., an embodiment shown
in FIG. 5A). The graph 1200a shows the S-parameters of an
exemplary hybrid-coupler-based multiplexer realized using
commercially available components. The solid lines corre-
spond to the transfer functions from the common port to
respective single band ports (e.g., in FIG. 5A, from port 501
to ports 502, 511, and 513). The dotted and dashed lines
correspond to transfer functions between respective pairs of
single band ports (e.g., in FIG. 5A, pairs of ports 502, 511,
and 513). It can be seen that a low insertion loss (solid lines)
and high port-to-port isolation (dotted and dashed lines)
have been achieved.

[0077] FIG.12B illustrates a representative graph showing
the frequency response of an embodiment of a multiplexer
(e.g., a quadplexer) according to the present disclosure that
supports four frequency bands (e.g., an embodiment shown
in FIG. 6). The graph 12005 shows the S-parameters of an
exemplary hybrid-coupler-based multiplexer realized using
commercially available components. The solid lines corre-
spond to the transfer functions from the common port to
respective single band ports. The dashed lines correspond to
transfer functions between respective pairs of single band
ports. It can be seen that a low insertion loss (solid lines) and
high port-to-port isolation (dashed lines) have been
achieved.

[0078] FIG.12C illustrates a representative graph showing
the frequency response of an embodiment of a multiplexer
according to the present disclosure that supports five bands
(e.g., an embodiment shown in FIG. 8). The graph 1200¢
shows the S-parameters of the disclosed hybrid coupler
based multiplexer realized using commercially available
components. The solid lines correspond to the transfer
functions from the common port to respective single band
ports. The dashed lines correspond to transfer functions
between respective pairs of single band ports. It can be seen
that a low insertion loss (solid lines) and high port-to-port
isolation (dashed lines) have been achieved.
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[0079] Insome embodiments, one or more of the QHCs in
the RF multiplexers according to the present disclosure may
be realized in an integrated passive device (IPD) technology,
or in a low temperature co-fired ceramic (LTCC) technology,
or on a printed circuit board (PCB). In some embodiments,
one or more of the filters may be stacked over one or more
of the QHCs.

[0080] Some embodiments of RF multiplexers according
to the present disclosure may be used or included in hand
portable devices supporting wireless communications such
as, for example, a cellular phone, a mobile phone, a mobile
cellular device, a mobile wireless communication device, a
smartphone, a tablet, a laptop, a smartwatch, etc. Some
embodiments of RF multiplexers according to the present
disclosure may be used or included in devices supporting the
wireless communication infrastructure such as base stations
(including macro-, micro-, pico-, and femto-base stations),
repeaters, etc. Some embodiments of RF multiplexers
according to the present disclosure enable compact multi-
band, multi-standard wireless communication devices, wire-
less communication devices that support carrier aggregation
and FDD. Some embodiments of RF multiplexers according
to the present disclosure enable multi-antenna wireless com-
munication devices.

[0081] Other embodiments of the present disclosure may
provide a non-transitory computer readable medium and/or
storage medium, and/or a non-transitory machine readable
medium and/or storage medium, having stored thereon, a
machine code and/or a computer program having at least one
code section executable by a machine and/or a computer,
thereby causing the machine and/or computer to perform the
steps as described herein for hybrid-coupler-based RF mul-
tiplexers.

[0082] Accordingly, aspects of the present disclosure may
be realized in hardware, software, or a combination of
hardware and software. The present disclosure may be
realized in a centralized fashion in at least one computer
system or in a distributed fashion where different elements
are spread across several interconnected computer systems.
Any kind of computer system or other apparatus adapted for
carrying out the methods described herein is suited. A typical
combination of hardware and software may be a general-
purpose computer system with a computer program that,
when being loaded and executed, controls the computer
system such that it carries out the methods described herein.
[0083] Aspects of the present disclosure may also be
embedded in a computer program product, which comprises
all the features enabling the implementation of the methods
described herein, and which when loaded in a computer
system is able to carry out these methods. Computer pro-
gram in the present context means any expression, in any
language, code or notation, of a set of instructions intended
to cause a system having an information processing capa-
bility to perform a particular function either directly or after
either or both of the following: a) conversion to another
language, code or notation; b) reproduction in a different
material form.

[0084] While the present disclosure has been described
with reference to certain embodiments, it will be understood
by those skilled in the art that various changes may be made
and equivalents may be substituted without departing from
the scope of the present disclosure. In addition, many
modifications may be made to adapt a particular situation or
material to the teachings of the present disclosure without
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departing from its scope. Therefore, it is intended that the
present disclosure not be limited to the particular embodi-
ment disclosed, but that the present disclosure will include
all embodiments falling within the scope of the appended
claims.
What is claimed is:
1. A radio frequency multiplexer, comprising:
a plurality of ports including a common port, a first port
for a first frequency band, a second port for a second
frequency band, and a third port for a third frequency
band;
a plurality of quadrature hybrid couplers (QHCs) includ-
ing a first QHC, a second QHC, and a third QHC; and
a plurality of pairs of filters including a first pair of filters
and a second pair of filters, wherein:
the first pair of filters are coupled between the first
QHC and the second QHC, and are configured to
pass the second frequency band and not pass the first
frequency band and the third frequency band,

the second pair of filters are coupled between the first
QHC and the third QHC, and are configured to pass
the third frequency band and not pass the first
frequency band and the second frequency band,

the first QHC, the first pair of filters, and the second
QHC are configured to separate the first frequency
band from the common port to the first port, and
separate the second frequency band from the com-
mon port to the second port, and

the first QHC, the second pair of filters, and the third
QHC are configured to separate the first frequency
band from the common port to the first port, and
separate the third frequency band from the common
port to the third port.
2. The radio frequency multiplexer of claim 1, comprising
an additional filter coupled to the first port and configured to
pass the first frequency band.
3. The radio frequency multiplexer of claim 1, compris-
ing:
circuitry coupled to the first port, wherein:
the circuitry is configured to pass the first frequency
band, but not pass the second frequency band, and
not pass the third frequency band,

the circuitry includes a first filter tuned at the first
frequency band, a fourth QHC, a second filter tuned
at the second frequency band, and a third filter tuned
at the third frequency band, and

the second filter and the third filter are coupled in
parallel between two ports of the fourth QHC to
generate band-stop responses at the second fre-
quency band and the third frequency band.

4. The radio frequency multiplexer of claim 1, wherein
more frequency bands are supported in a configuration that
includes an additional QHC and an additional pair of filters
for an additional frequency band, wherein:

the additional pair of filters are coupled to the same two
ports of the first QHC to which the first pair of filters
and the second pair of filters are coupled,

the additional pair of filters are configured to pass the
additional frequency band, but do not pass remaining
frequency bands, and
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the first QHC, the additional pair of filters, and the
additional QHC are configured to separate the first
frequency band from the common port to the first port,
and separate the additional frequency band from the
common port to the additional port.

5. The radio frequency multiplexer of claim 1, wherein the
radio frequency multiplexer includes one or more pairs of
equalizers coupled to one or more of the pairs of filters.

6. The radio frequency multiplexer of claim 1, wherein the
radio frequency multiplexer includes one or more pairs of
impedance matching networks coupled to one or more of the
pairs of filters.

7. The radio frequency multiplexer of claim 1, wherein the
radio frequency multiplexer includes one or more tunable or
variable impedances coupled to one or more of the QHCs.

8. The radio frequency multiplexer of claim 1, wherein
one or more of the pairs of filters are tunable or reconfigu-
rable.

9. The radio frequency multiplexer of claim 1, wherein
one or more of the QHCs are tunable or reconfigurable.

10. The radio frequency multiplexer of claim 1, wherein
the radio frequency multiplexer is configured to provide a
cascade connection with one or more other radio frequency
multiplexers to form a radio frequency multiplexer configu-
ration.

11. The radio frequency multiplexer of claim 1, wherein
the radio frequency multiplexer is included in a front-end of
a wireless communication system that supports carrier
aggregation.

12. The radio frequency multiplexer of claim 1, wherein
the radio frequency multiplexer is included in a front-end of
a wireless communication system that supports frequency
division duplexing.

13. The radio frequency multiplexer of claim 1, wherein
the radio frequency multiplexer is included in a front-end of
a multiband communication system.

14. The radio frequency multiplexer of claim 1, wherein
the radio frequency multiplexer is included in a hand por-
table device supporting wireless communication.

15. The radio frequency multiplexer of claim 1, wherein
the radio frequency multiplexer is included in a base station
supporting a wireless communication infrastructure.

16. The radio frequency multiplexer of claim 1, wherein
the radio frequency multiplexer is included in a repeater
supporting a wireless communication infrastructure.

17. The radio frequency multiplexer of claim 1, wherein
one or more of the filters include one or more of surface
acoustic wave (SAW) filters and bulk acoustic wave (BAW)
filters.

18. The radio frequency multiplexer of claim 1, wherein
the first pair of filters and the second pair of filters are
coupled to the same two ports of the first QHC.

19. The radio frequency multiplexer of claim 1, wherein
one or more of the plurality of QHCs is realized in an
integrated passive device (IPD) technology, or in a low
temperature co-fired ceramic (LTCC) technology, or in a
printed circuit board (PCB).

20. The radio frequency multiplexer of claim 1, wherein
one or more filters of the plurality of pairs of filters are
stacked over one or more QHCs of the plurality of QHCs.

#* #* #* #* #*
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