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SWITCHING CIRCUIT

Cross-Reference To Related Applications

[0001] This application claims the benefit of priority of US provisional application
No. 61/821,741, filed 10 May 2013, and US provisional application No. 61/822,946, filed

14 May 2013, contents of them being hereby incorporated by reference in their entirety

for all purposes.

Technical Field

[0002] Various embodiments relate to a switching circuit and a transceiver including the

switching circuit.

Background

[0003] The transmit/receive (T/R) switch is a crucial functional block in a radio
frequency (RF) transceiver front-end, which generally includes one transmission branch
and one reception branch. Along the reception branch, the received RF signals will be
passed through a bandpass filter (BPF) and then switched by a T/R switch to a low-noise
amplifier (LNA); while in the transmission branch, the transmitted RF signals will be
amplified by a power amplifier (PA), and then switched by the T/R switch to the antenna.
In particular, a T/R switch can be found in any time-division duplexing (TDD)-based
radio front-end, and it connects radio transmitter (TX) and receiver (RX) alternatively to
a shared antenna (ANT). A TDD radio system can inherently offer a number of
advantages and flexibilities that a frequency-division duplexing (FDD) radio system
cannot. These advéntages include channel reciprocity, dynamic bandwidth allocation, and
higher frequency diversity. TDD is dominant in 3G, 4G LTE/WiMAX, Bluetooth,
WLAN, UWB and 60 GHz radio systems and is expanding its share in cellular radio

systems.
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[0004] Many switches have been implemented to address the particular performance

- parameters. To achieve low insertion loss, most of the switches are implemented by

monolithic microwave integrated circuits with traveling wave techniques and discrete
active components suéh as PIN diodes and gallium arsenide (GaAs) pseudomorphic high-
electron-mobility transistors (PHEMTs), especially at high frequencies. For example,
transmission lines, stubs and PIN diodes may be adopted to realize discrete TDD T/R

switch. Prior art switches may use PIN diodes to implement low insertion loss switches.

However, these types of switches are too bulky to be integrated on-chip with the entire

transceiver. In addition, the cost of the process used is high.

[0005] T/R switches using a series-shunt topology with CMOS (complementary metal-
oxide-semiconductor) process have also been proposed, owing to the low cost and high
integration ability of the CMOS process. Floating bulk is also used in MOSFET
transistors of the switches to reduce the effects of parasitic diodes, leading to enhanced
linearity and power handling ability. However, due to the limitation of the CMOS process
and circuit topology, their operating bandwidth is limited to low-giga-hertz applications.
For high frequency applications, the traveling wave concept is used commonly to extend
the operating frequency. Nevertheless, for an operating frequency above 50 GHz,

switches are mostly dominated by GaAs switches.

Summary

[0006] According to an embodiment, a switching circuit is provided. The switching
circuit may include a transmission line arrangement including a plurality of transmission
lines coupled to each other by at least one of an electric coupling or a magnetié coupling,
and at least one switching element arrangement coupled to at least one transmission line
of the plurality of transmission lines, wherein, in a first mode of operation, the at least
one switching element arrangement is configured in a ﬁrs"c state, wherein, in a second
mode of operation, the at least one switching element arrangement is configured in a
second state, and wherein the transmission line arrangement is configured to, depending
on whether the at least one switching element arrangement is configured in the first state

or whether the at least one switching element arrangement is configured in the second
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state, generate a standing wave from an input signal received by the transmission line
arrangement, the standing wave being coupled between at least some of the plurality of
transmission lines through the at least one transmission line into an output signal, wherein
the output signal is transmitted from the transmission line arrangement.

[0007) According to an embodiment, a transceiver is provided. The transceiver may

include a switching circuit as described herein.

Brief Description of the Drawings

[0008] In the drawings, like reference characters generally refer to like parts throughout .
the different views. The drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. In the following
description, various embodiments of the invention are described with reference to the
following drawings, in which: |

[0009] FIG. 1 shows a schematic cross-sectional view of a switching circuit, according to
various embodiments. |

[0010] FIG. 2A shows a schematic diagram of a standing-wave switch, according to
various embodiments.

[0011] FIG. 2B shows a schematic diagram of a standing-wave switch, according to
various embodiments.

[0012] FIG. 2C shows examples of coupling between or among the composite loaded
lines of the switch of various embodiments.

[0013] FIG. 2D shows a schematic diagram of a standing-wave switch, according to
various embodiments.

[0014] FIG. 2E shows a schematic diagram of a standing—wave switch, according to
various embodiments.

[0015] FIG. 3 shows a schematic diagram of a set of composite loaded lines, according to
various embodiments.

[0016] FIG. 4 shows a schematic diagram of a standing-wave switch, according to

various embodiments.
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[0017] FIG. 5 shows plots of current and voltage distribution for a single quarter-
wavelength resonator of a standing-wave switch (SWS), according to various embodiments.
[0018] FIG. 6 shows a schematic diagram of a standing-wave switch, according to
various embodiments.

[0019] FIG. 7 shows a schematic diagram of a standing-wave switch, according to
various embodiments.

[0020) FIG. 8 shows a schematic diagram of a standing-wave switch, according to
various embodiments.

[0021] FIGS. 9A to 9D show schematic diagrams of transistor/diode networks with
NFET (n-channel field efféct transistor), according to various embodiments.

[0022] FIGS. 10A to 10C show schematic diagrams of transistor/diode networks with
PFET (p-channel field effect transistor), according to various embodiments.

[0023] FIGS. 11A to 11C show schematic diagrams of transistor/diode networks with
npn transistor, according to various embodiments.

[0024] FIGS. 12A to 12C show schematic diagrams of transistor/diode networks,
according to various embodiments.

[0025] FIGS. 13A to 13C show schematic diagrams of a standing-wave switch and its
corresponding operations, according to various embodiments.

[0026] FIGS. 14A and 14B show schematic diagrams of a standing-wave switch,
according to various embodiments. .

[0027] FIGS. 15A and 15B show schematic diagfams of respective standing-wave
switches, according to various embodiments.

[0028] FIGS. 16A and 16B show schematic diagrams of transistor modeling used for the

switches of various embodiments.

Detailed Description

[0029] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those

skilled in the art to practice the invention. Other embodiments may be utilized and
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structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.

[0030] Embodiments described in the context of one of the methods or devices are
analogously valid for the other methods or devices. Similarly, embodiments described in
the context of a method are analogously valid for a device, and vice versa.

[0031] Features that are described in the context of an embodiment may correspondingly
be applicable to the same or similar features in the other embodiments. Features that are
described in the context of an embodiment may correspondingly be applicable to the
other embodiments, even if not explicitly described in these other embodiments.
Furthermore, additions and/or combinations and/or alternatives as described for a feature
in the context of an embodiment may correspondingly be applicable to the same or
similar feature in the other embodiments.

[0032] In the context of various embodiments, the articles “a”, “an” and “the” as used

with regard to a feature or element include a reference to one or more of the features or

elements.

[0033] In the context of various embodiments, the phrase “at least substantially” may
include “exactly”” and a reasonable variance.

[0034} In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance.

[0035] As used herein, the term “and/or” includes any and all combinations of one or
more of the associated listed items.

[0036] As used herein, the phrase of the form of “at least one of A or B” may include A
or B or both A and B. Correspondingly, the phrase of the form of “at least one of A or B
or C”, or including further listed items, may include any and all combinations of one or
more of the associated listed items.

[0037] Various embodiments may provide a switch, for example a standing-wave switch.

The standing-wave switch may be implemented for Radio Frequency Integrated

Circuit (RFIC).
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[6038} Various embodiments may provide a technique named standing-wave
switch (SWS) for a switch design and its implementation for RFIC. The technology of
various embodiments for the standing-wave switch is based on the standing-wave
transmission or propagation rather than a conventional traveling wave switch, and may
have advantages over the conventional way, for example, in terms of low insertion loss
and compact size,

[0039] Generally, for conventional switches such as the traveling wave types of switches
or other types, the switch insertion loss highly relies or depends on the loss of the
transistor or diode loss of the switches. Normally, at high frequency up to ten-of-giga-
hertz, the equivalent on-resistance of the transistor for the “on” status of the switch is
high, thus the insertion loss is high. Different from the conventional method, various
embodiments provides a standing-wave switch (SWS) implementation method, which
may have less or even no dependence on the transistors’ equivalent on-resistance in the
switch. Thus, it may be possible to achieve very low insertion loss for high frequency
applications. The method may be used with various processes and the corresponding
switch may have a compact size.

[0040] Various embodiments may provide a standing-wave switch concept, which may
be different from conventional traveling-wave switches and other types of switches. The
switches of various embodiments may be based on the standing-wave mode of resonators
under the control of active elements. The principle or concept of various embodiments
may be applicable to quarter-wavelength, half-wavelength or above mode standing-wave
switches. In various embodiments, during the switch operation, the composite loaded
lines of the switches and their diode/transistor may operate under the resonant condition
to enable the switches to work under either the “on” status or the “off” status according to
one or more control signals. Various embodiments may provide advantages over the
conventional method, for example in terms of low insertion loss and compact size.

[0041] FIG. 1 shows a schematic cross-sectional view of a switching circuit 100,
according to various embodiments. The switching circuit 100 includes a transmission line
arrangement 102 including a plurality of transmission lines 120a, 120b coupled to each
other by at least one of an electric coupling or a magnetic coupling (the coupling being

indicated as “X” 112), and at least one switching element arrangement 104 coupled to at
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least one transmission line (e.g. 120b) of the plurality of transmission lines 120a, 120b,
wherein, in a first mode of operation, the at least one switching element arrangement 104
is-configured in a first state, wherein, in a second mode of operation, the at least one
switching element arrangement 104 is configured in a second state, and wherein the
transmission line arrangement 102 is configured to, depending on whether the at least one
switching element arrangement 104 is configured in the first state or whether the at least
one switching element arrangement 104 is configured in the second state, generate a
standing wave 190a from an input signal 192 received by the transmission line
arrangement 102, the standing wave 190a being coupled between at least some of the
plurality of transmission lines 120a, 120b through the at least one transmission line into
an output signal 194, wherein the output signal 194 is transmitted from the transmission
line arrangement 102.

[0042] In other words, the switching circuit (or switch) 100 may include a transmission
line arrangement-(e.g. one (set of) or a plurality of (sets of) composite loaded lines) 102.
The transmission line arrangement 102 may include at least two transmission lines 120a,
120b coupled to each other by an electric coupling and/or a magnetic coupling. The
plurality of transmission lines 120a, 120b may be arranged at least substantially parallel
to each other. It should be appreciated that the transmission line arrangement 102 may
include two, three, four or any higher number of transmission lines, which may be
coupled to each other by an electric coupling and/or a magnetic coupling. The switching
circuit 100 may further include at least one switching element arrangement (e.g. a
transistor/diode (T/D) network) 104 coupled to at least one transmission line of the
transmission line arrangement 102.

[0043] In a first mode of operation of the switching circuit 100, the at least one switching
element arrangement 104 may be configured in a first state, while in a second mode of

operation of the switching circuit 100, the at least one switching element

. arrangement 104 may be configured in a second state. Further, depending on the state

(i.e. whether in the first state or in the second state) of the at least one switching element
arrangement 104, the transmission line arrangement 102 may generate a standing
wave 190a from an input signal (e.g. an RF signal) received by the transmission line

arrangement 102, where the standing wave 190a may be coupled from the transmission
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signal 194, where the output signal 194 may be transmitted from the transmission line
arrangement]02.

[0044] In the context of various embodiments, the first state of the at least one switching
element arrangement 104 may refer to an “off” status, while the second state of the at
least one switching element arrangement 104 may refer to an “on” status.

[0045) In various embodiments, in the second mode of operation, the at least one
transmission line may be at least substantially non-transmissive to at least one of the
input signal 192 or the output signal 194. In other words, when the at least one switching
element arrangement 104 is configured in the second state (e.g. an “on” status), in
response to the second state of the at least one switching element arrangement 104, the
transmission line arrangement 102 may be configured to at least substantially prevent (or
block) transmission of at least one of the input signal 192 or the output signal 194
through (and out of) the at least one transmission line. This may mean that, in various
embodiments, in the second mode of operation, the transmission line arrangement 102
may be configured in a non-activated or passive state (e.g. an “off” status).

{0046} Accordingly, it may mean that in the first mode of operation of the switching
circuit 100, the at least one switching element arrangement 104 may be configured in the
first state (e.g. an “off” status), and in response to the first state of the at least one
switching element arrangement 104, the transmission line arrangement 102 may be
configured to generate the standing wave 190a from the input signal (e.g. an RF signal)
received by the transmission line arrangement 102, where the standing wave 190a may be
coupled from the transmission line 120a to the transmission line 120b as the standing
wave 190D, into an output signal 194, wherein the output signal 194 may be transmitted
from the transmission line anangcmcntIOZ. In other words, in various embodiments, in
the first mode of operation, the transmission line arrangement 102 may be configured in
an active or activated state (e.g. an “‘on” status).

[0047] In various embodiments, the input signal 192 may be provided to or fed through

the transmission line arrangement 102.
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[0048] The standing wave 190a may be coupled between at least some of the plurality of
transmission lines 120a, 120b by means of the electric coupling and/or magnetic coupling
between transmission lines of the plurality of transmission lines 120a, 120b.

[0049] In the context of various embodiments, the plurality of transmission lines 120a,
120b may be coupled to each other by means of at least one of a capacitor, which may
effect an electric coupling, or an inductor, which may effecf a magnetic coupling.

[0050] In various embodiments, the effect of employing a plurality of transmission
lines 120a, 120b coupled to each other may be to make the length of the transmission
lines 120a, 120b much shorter than quarter-wavelength and the quality factor may be
significantly improved. Furthermore, this may lead to a compact size and low loss.

[0051] In various embodiments, an end side of each transmission line 120a, 120b
opposite to the short end side (e.g. grounded) may be an open end side (e.g. where a node
may be positioned). The open end side may be connected to the at least one switching
element arrangement 104,

[0052] In various embodiments, the at least one switching element arrangement 104 may
be coupled to an open end side (e.g. where a node may be positioned) of the at least one
transmission line. |

[0053] In various embodiments, in the first mode of operation, when an input signal 192
or energy is injected into the transmission line arrangement 102, the energy may
propagate forward waves along at least one transmission line 120a toward a short end
side (e.g. ground) of the at least one transmission line 120a, where the energy may be
reflected into reverse waves. In steady state, the forward waves and the reverse waves
may superpose to form a standing wave 190a. This may mean that the incident (forward)
waves may be at least substantially completely reflected with an inverted phase, thereby
forming the standing wave 190a, which may have a maximum absolute voltage amplitude
at the open-end side of the transmission line 120a and a minimum voltage swing at the
short end side of the transmission line 120a.

[0054) Each transmission line 120a, 120b may include an end side connected to ground,
and a node (which may be an open side or open end side). This may mean that each

transmission line 120a, 120b may have a short end side that may be connected to ground
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and an open end side. The open end side may be connected to the at least one switching
element arrangement 104 or may be connected to a capacitor or may be left as open.
[0055]) In various embodiments, each transmission line 120a, 120b may be or may
include a quarter-wavelength (A/4) transmission line or a half-wavelength (A/2)
transmission line.

[0056] In various embodiments, the at least one switching element arrangement 104 may
be coupled between the at least one transmission line (e.g. 120b) and ground.

[0057] In the context of various embodiments, each transmission line 120a, 120b may
include an end side connected to ground, and a node, wherein the at least one switching
element arrangement 104 may be coupled to at least one of the nodes, and wherein
adjacent transmission lines of the plurality of transmission lines 120a, 120b may be
arranged with their respective end sides arranged on a same side of the transmission line
arrangement 102. In various embodiments, each transmission line 120a, 120b may
include an inductive element (e.g. an inductor or a spiral inductor), and the adjacent
transmission lines méy define a transformer (including e.g. a multiple-port transformer).
[0058] In the context of various embodiments, each transmission line 120a, 120b may
include an end side connected to ground, and a node, wherein the at least one switching
element arrangement 104 may be coupled to at least one of the nodes, and wherein
adjacent transmission lines of the plurality of transmission lines 120a, 120b may be
arranged with their respective end sides arranged on opposite sides of the transmission
line arrangement 102.

[0059] In various embodiments, the at least one switching element arrangement 104 may
be coupled to at least one node, meaning that the at least one switching element
arrangement 104 may be coupled to at least one transmission line.

[0060] In the coxitext of various embodiments, the node of each transmission line 120a,
120b may be at an end region of the transmission line 120a, 120b opposite to the end side
of the transmission line 120a, 120b connected to ground. Alternatively, the node of each
transmission line 120a, 120b may be at other parts of the transmission line 120a, 120b,
and not necessérily at an end region of the transmission line 120a, 120b. In other words,

the switching element arrangement 104 may be coupled to other parts of the transmission

line 120a, 120b.
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[0061] In various embodiments, the switching circuit 100 may include a plurality of
switching element arrangements wherein a first switching element arrangement of the
plurality of switching element arrangements may be coupled to one transmission line
(e.g. 120a) of the plurality of transmission lines 120a, 120b, and wherein a second
switching element arrangement of the plurality of switching element arrangements may
be coupled to another transmission line (e.g. 120b) of the plurality of transmission
lines 120a, 120b. Each switching element arrangement may be as described in the context
of the switching element arrangement 104.

[0062] In the context of various embodiments, each transmission line of the plurality of
transmission lines 120a, 120b may include a resonator (or a resonant element). Therefore,
the switching circuit 100 may include a plurality of resonators. Employing a plurality of
resonators coupled to each other by an electric coupling and/or a magnetic coupling may
provide improved insertion loss and/or achieve compact size.

[0063] In various embodiments, each resonator may include a quarter-wavelength (A/4)
resonator or a half-wavelength (A/2) resonator. However, it should be appreciated that
other types of resonators may be employed, e.g. above mode standing-wave resonators.
[0064] Accordingly, in various embodiments, the transmission line arrangement. 102 may
be a quarter-wavelength (A/4) transmission line arrangement (e.g. the transmission line
may be a quarter-wavelength (A/4) transmission line or may include a quarter-wavelength
(A/4) resonator), or may be a half-wavelength (A/2) transmission line arrangement
(e.g. the transmission line may be a half-wavelength (A/2) transmission line or may
include a half-wavelength (A/2) resonator).

[0065] In various embodiments, each resonator may include an LC resonant circuit (or
LC tank). The LC resonant circuit may include an inductor (L) and a capacitor (C)
connected in parallel to each other.

[0066] In the context of various embodiments, each transmission line of the plurality of
transmission lines 120a, 120b may include an inductive element (e.g. an inductor or a
spiral inductor). |

[0067] In the context of various embodiments, each transmission line of the plurality of
transmission lines 120a, 120b may include a microwave transmission line. This may

mean that each transmission line 120a, 120b may be or may include a microwave
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transmission line, e.g. a distributed microwave transmission line such as a microstrip, a
copl.anar waveguide, a stripline, a coplanar stripline (CPS), etc.

[0068] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangement) may include at least one switching element
including at least one of a capacitor, a varactor, a diode, a resistor, a switch (e.g. a MEMS
switch) or a transistor. In various embodiments, the switching circuit 100 may further
include a capacitive element arrangement connected in parallel with the at least one
switching element.

[0069] In the context of various embodiments, the capacitive element arrangement may
include one (single) capacitor or a plurality of capacitors (e.g. a capacitor network). The
capacitive element arrangement may further include a switch connected in series with the
single capacitor or the capacitor network. The capacitor (or each capacitor) of the
capacitive element arrangement may be of various types of capacitors, inclﬁding
varactors. The switch of the capacitive element arrangement may include a switching
element arrangement as described herein. In various embodiments, the capacitive element
arrangement may be optional.

[0070] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangement) may include at least one transistor. The at least one
transistor (or each transistor) may be or may include a field effect transistor (FET)
(e.g. NFET or PFET) or a bipolar junction transistor (BJT) (e.g. npn BJT or pnp BJT). A
resistor may be provided, connected in series or in parallel to the at least one (or each)
transistor. »

[0071] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangefnent) may include at least one transistor connected
between the transmission line arrangement 102 and ground, wherein the at least one
transistor may be configured to receive at least one control signal to control the operation
of the transistor.

[0072] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangement) may include at least one transistor connected

between the transmission line arrangement 102 and a power supply, wherein the at least
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one transistor may be configured to receive at least one control signal to control the
operation of the transistor.

[0073] In various embodiments, a capacitive element arrangement as described herein
may be connected in parallel with the at least one transistor.

[0074] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangement) may include a transistor having a first terminal
(e.g. a source (S) terminal or an emitter (E) terminal) connected to ground, or configured
to receive a power supply voltage (e.g. connected to a power supply), a second terminal
(e.g. a drain (D) terminal or a collector (C) terminal) connected to the at least one
transmission line, and a third terminal (e.g. a gate (G) terminal or a base (B) terminal)
configured to receive a control signal, wherein the at least one switching element
arrangement 104 may be configured to be in the first state or the second state in response
to the control signal. The third terminal may be connected in series with a resistor (e.g. a
gate resistor or a base resistor). A capacitive element arrangement as described herein
may be connected in parallel with the transistor (e.g. connected between the first and
second terminals of the transistor).

[0075] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangement) may include at least two (or a plurality of)
transistors connected in series, éach transistor having a first terminal (e.g. a source (S)
terminal or an emitter (E) terminal), a second terminal (e.g. a drain (D) terminal or a
collector (C) terminal), and a third terminal (e.g. a gate (G) terminal or a base (B)
terminal), wherein the first terminal of a first transistor of the at least two transistors may
be connected to ground, wherein the second terminal of a last transistor of the at least two
transistors may be connected to the at least one transmission line, wherein the respective
third terminals may be configured to receive a respective control signal, and wherein the
at least one switching element arrangement 104 may be configured to be in the first state
or the second state in response to the respective control signals. Each third terminal may
be connected in series with a resistor (e.g. a gate resistor or a base resistor). The
respective control signals may be the same or may be different. The at least two
transistors may be identical or different A capacitive element arrangement as described

herein may be connected in parallel with the at least two transistors (e.g. connected
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between the first terminal of the first transistor and the second terminal of the last
transistor). In other words, a transistor network having the at least two series transistors
may be connected in parallel with the capacitive element arrangement.

[0076] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangement) may include at least two (or a plurality of)
transistors connected in series, each transistor having a first terminal (e.g. a source (S)
terminal or an emitter (E) terminal), a second terminal (e.g. a drain (D) terminal or a
collector (C) terminal), and a third terminal (e.g. a gate (G) terminal or a base (B)
terminal), wherein the second terminal of a first transistor of the at Ieaét two transistors
may be connected to the at least one transmission line, wherein the first terminal of a last
transistor of the at least two transistors may be configured to receive a power supply
voltage (e.g. connected to a power supply), wherein the respective third terminals may be
configured to receive a respective control signal, and wherein the at least one switching
element arrangement 104 may be configured to be in the first state or the second state in
response to the respective control signals. Each third terminal may be connected in series
with a resistor (e.g. a gate resistor or a base resistor). The respective control signals may
be the same or may be different. The at least two transistors may be identical or different.
A capacitive element arrangement as described herein may be connected in parallel with
the at least two transistors (e.g. connected between the second terminal of the first
transistor and the first terminal of the last transistor). In other words, a transistor network
having the at least two series transistors may be connected in parallel with the capacitive
element arrangement.

[0077] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangement) may include at least two (or a plurality of)
transistors connected in parallel, each transistor having a first terminal (e.g. a source (S)
terminal or an emitter (E) terminal), a second terminal (e.g. a drain (D) terminal or a
collector (C) terminal), and a third terminal (e.g. a gate (G) terminal or a base (B)
terminal), wherein the first terminals of the at least two transistors may be connected to
ground, or configured to receive a power supply voltage (e.g. connected to a power
supply); wherein the second terminals of the at least two transistors may be connected to

the at least one transmission line, wherein the respective third terminals may be
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configured to receive a respective control signal, and wherein the at least one switching
element arrangement 104 may be configured to be in the first state or the second state in
response to the respective control signals. Each third terminal may be connected in series
with a resistor (e.g. a gate resistor or a base resistor). The respective control signals may
be the same or'may be different. The at least two transistors méy be identical or different.
A capacitive element arrangement as described herein may be connected in parallel with
the at least two transistors (e.g. connected between the first terminals of the at least two
transistors and the second terminals of the at least two transistors). In other words, a
transistor network having the at least two parallel transistors may be connected in parallel
with the capacitive element arrangement.

[0078] In the context of various embodiments, where the first terminal of the transistor is
connected to ground, the transistor may be an NFET (n-channel field effect transistor) or
an npn transistor, and where the first terminal of the transistor is connected to a power
supply, the transistor may be a PFET (p-channel field effect transistor) or a pnp transistor.
[0079] In various embodiments, the switching circuit 100 may further include at least two
input/output (I/O) ports coupled to the transmission line arrangement 102, wherein the
input signal 192 may be received via one input/output port of the at least two input/output
ports, acting as an input port, and wherein the output signal 194 may be transmitted via
another input/output port of the at least two input/output ports, acting as an output port. In
other words, the input signal (e.g. RF signal) 192 may be received by the switching
circuit 100 via one of the input/output ports, and an output signal 194 may be transmitted
from the switching circuit 100 via at least one other port of the input/output ports. In
various embodiments, the at least two input/output ports may be coupled to the
transmission line arrangement 102 at any parts of the transmission line érrangement
(e.g. at any positions along a length direction of the transmission line arrangement),
depending on the bandwidth requirements.

[0080] In various embodiments, each input/output port may be coupled to the
transmission line arrangement 102 via at least one of an inductive element (e.g. an
inductor) or a capacitive element (e.g. a capacitor).

[0081] In various embodiments, a respective input/output port may be coupled to a

respective transmission line of the transmission line arrangement 102. The respective



10

15

20

25

30

16

input/output port may be coupled to the respective transmission line at any parts of the
respective transmission line (e.g. at any positions along a length direction of the
respective transmission line), depending on the bandwidth requirements.

[0082] In various embodiments, where two input/output ports may be provided, one port
may act as an input port while the other port may act as an output port. In this way, the
switching circuit 100 may be configured as a Single-Pole-Single-Throw (SPST)
switching circuit.

[0083] In various embodiments, where three input/output ports may be provided, one port
may act as an input port while the other ports may act as output ports. In this way, the
switching circuit 100 may be configured as a Single-Pole-Double-Throw (SPST)
switching circuit. v

[0084] It should be appreciated that any number of input/output ports more than two may
be provided such that the switching circuit 100 may be configured as a Single-Pole-
Multiple-Throw switching circuit.

[0085] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangement) may include an inductor connected in series with a
capacitor, wherein the inductor and the capacitor may be connected between the at least
one transmission line and ground. At least one of the inductor or the capacitor may be
variable. The inductor may be at leést one of a spiral inductor, a transmission line or a
transformer. |

[0086] In various embodiments, the at least one switching element arrangement 104 (or
each switching element arrangement) may include a diode arrangement connected
between the at least one transmission line and ground, wherein the at least one switching
element arrangement 104 may be configured to be in the first state or the second state in
response to a biasing voltage applied to the diode arrangement. In various embodiments,
a transmission line may be connected between the diode arrangement and the at least one
transmission line. In various embodiments, a resistor may be connected in series or in
parallel with the diode arrangement. In various embodiments, a capacitive element
arrangement as described herein may be connected in parallel with the diode

arrangement. In various embodiments, the diode arrangement may include one (single)
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diode or a plurality of diodes (e.g. a diode network). In various embodiments, the diode
arrangement may include one or more PIN diodes.

[0087) In various embodiments, the switching circuit 100 may further include a control
circuit adapted to provide at least one control signal to configure the at least one
switching element arrangement 104 to be in the first state or the second state. The at least
one control signal may configure the at least one switching element arrangement 102 to
be in the first state (e.g. “off” status), which in turn may control the end side (e.g. open
end side) of one or more transmission lines to be in an open status, which may thereby
configure the transmission line arrangement to be in an active or activated state (e.g. an
“on” status). Further, the at least one control signal may configure the at least one
switching element arrangement 102 to be in the second state (e.g. “‘on” status), which in
turn may control the end side (e.g. open end side) of one or more transmission lines to be
in a short status, which may thereby configure the transmission line arrangement 102 to
be in a non-activated or passive state (e.g. an “off” status).

[0088] Accordingly, in various embodiments, the at least one switching element
arrangement 104 and the transmission line arrangement 102 may be in opposite states or
status during operations. In other words, when the at least one switching element
arrangement 104 is configured to be in the second state (e.g. “on” status), the
transmission line arrangement 102 is configured to be in a non-activated or passive state
(e.g. an “off” status), and vice versa. »

[0089] In the context of various embodiments, each transmission line or resonator may be
in a standing wave status, where the plurality of transmission lines or resonators may be
coupled to each other. The overall effect of the multiple transmission lines or resonators
may enable the length of each transmission line or resonator to be made much shorter
than quarter-wavelength and the quality factor to be significantly improved. In various
embodiments, each transmission line or resonator may generate a separate standing wave.
[0090] In the context of various embodiments, the term “composite loaded lines” may
mean or may include transmission lines, where there may be coupling between or among
the transmission lines, which may be electric coupling, magnetic coupling or both. The
transmission lines may be implemented by resonators or may also be impleniented by

using lumped elements such as one or more inductors, one or more capacitors or their
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combination. The resonator may be of any loaded format such as periodic transmission
lvoading, capacitor loading or other type, and thus the resonator may not be required to be
at least substantially exactly quarter-wavelength but may be shorter than quarter-
wavelength. Nevertheless, the resonator may be configured to generate a standing wave.
[0091] In the context of various embodiments, it should be appreciated that any capacitor
employed in the switching circuit 100 may be any type of capacitors, including tunable
varactors. ‘

[0092] In the context of various embodiments, the transmission line arrangement 102
may be a standing-wave transmission line arrangement.

[0093] In the context of various embodiments, the switching circuit 100 may be a
standing-wave switch, based on the standing-wave mode of the transmission lines or
resonators of the switching circuit 100.

[0094] In the context of various embodiments, the switching circuit 100 may be
applicable to quarter-wavelength (A/4), half-wavelength (A/2) or above mode standing-
wave switches, or LC tank and transformer type switches.

[0095] The switch of various embodiments may be a reciprocal network, meaning that an
input signal provided via one port may be transmitted to another port if the selected path
is turned “on”. An output signal may be provided from the input signal but may be with
additional loss due to the switch losses.

[0096] Various embodimens may also provide a transceiver including a switching circuit
as described hérein.

[0097] Various embodiments may provide a standing-wave switch (SWS). The standing-
wave switch may include one (set of) or more (sets of) composite loaded lines (or
transmission line arrangement) and one or more transistor/diode (T/D) networks coupled
to the composite loaded lines. The composite loaded lines may include one or more
resonators which may be adapted or configured to generate a standing wave. The
transistor/diode A(T/D) networks may be operable in response to one or more control
signals.

[0098] The principle or concept of various embodiments may be applicable to quarter-
wavelength (A/4) resonators, half-wavelength (A/2) resonators or above mode standing-

wave resonators or LC (inductor-capacitor) tanks and transformer type switches.
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Examples of some types of quarter-wavelength standing-wave switches will be described
herein to illustrate the concept of various embodiments due to their compact size.
However, it should be appreciated that the descriptions herein may be applicable to other
types of standing-wave switches (SWS).

[0099] For a quarter-wavelength standing-wave switch (SWS), when energy is injected
into the composite loaded lines of the switch, the energy may propagate forward waves
along the quarter-wave transmission lines toward a short, where the energy may be
reflected into reverse waves. In steady state, the forward waves and the reverse waves
may superpose to form a standing-wave. The boundary conditions allow standing-wave
modes at / = n*)/4 (where n = 1, 3, 5,...), where / is the transmission line length. The
standing-wave switches of various embodiments may adopt or employ the fundamental
mode (/ = A/4) since higher modes may be of relative insignificance due to a substantial
high frequency loss associated with the higher modes. A

[0100] In the switch, the composite loaded lines with one resonant element, e.g. a / = M4
resonator or its’ modified structures, may perform a switching function of “on” or “off”
through the control of the corresponding “off” or “on” status of the diode/transistor
networks of the switch. The use of composite loaded lines with more than one resonant
element may enable the switch to perform a further type of loading and controlling to
provide a befter insertion loss and also to achieve a compact size. One or more high
quality factor capacitors may be connected to the open-end of the composite loaded lines
according to the connections of the diode/transistor networks.

[0101] Various embodiments will now be described by way of the following non-limiting
examples, with reference to the accompanying drawings. HoWever, it should be
appreciated that other designs, architectures and modifications may be possible.

[0102] FIG. 2A shows a schematic diagram of a standing-wave switch 200a, according to
various embodiments, illustrating an architecture of a Single-Pole-Single-Throw (SPST)
standing-wave switch. The switch 200a may include one or multiple composite loaded
lines 202a, 202b, 202n, a transistor/diode (T/D) network 204, RF (radio frequency) I/O
ports 206a, 206b and digital control interfaces 208, 210.

[0103] The standing-wave switch 200a may be an SPST standing-wave switch, meaning

that the switch 200a may include an input port and an output port. For example, the
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standing-wave switch 200a may include a first port 206a (e.g. Portl) which may be an
input port (or an output port) and a second port 206b (e.g. Port2) which may be an output
port (or an input port). The input signal received by the first port 206a or the second
port 206b may be an input RF signal.

[0104] The standing-wave switch 200a may include a plurality of composite loaded lines
(as part of a transmission line arrangement). The number of composite loaded lines may
be 2n+1 where n is an integer. For example, the switch 200a may include a first (set of)
composite loaded lines 202a, a second (set of) composite loaded lines 202b, up to an nth
(set of), where “n” may be 3, 4 or any higher number, composite loaded lines 202n. The
coupling, as represented by “X” 212, between or among the multiple composite loaded
lines 202a, 202b, 202n, may be electrical coupling, magnetic coupling or both, which
may be implemented using lumped elements such as one or more inductors, one or more
capacitors or any combination thereof.

[0105] As shown in FIG. 2C, at least one capacitive element (e.g. a capacitor) 212a may
be provided between adjacent sets of composite loaded lines to effect electrical coupling, -
while at least one inductive element (e.g. an inductor) 212b may be provided between
adjacent sets of composite loaded lines to effect magnetic coupling. Further, at least one
capacitive element 212a and at least one inductive element 212b may be connected in
series or in parallel to each other between adjacent sets of composite loaded lines to effect

electrical and magnetic coupling.

~ [0106] In various embodiments, each set of the composite loaded lines 202a, 202b, 202n

of the switch 200a may include or may be, but not limited to, a single resonator or a
plurality of resonators coupled to each other. In various embodiments, each resonator of
the composite loaded lines 202a, 202b, 202n of the switch 200a may include or may be,
but not limited to, a quarter-wavelength (A/4) resonator or a half-wavelength (1/2)
resonator. In various embodiments, each set of the composite loaded lines 202a, 202b,
202n of the switch 200a may include one or more quarter-wavelength (A/4) resonators
and/or one or more half-wavelength (A/2) resonators. The composite loaded lines 202a,
202b, 202n of the switch 200a may be as described further below, including in the

context of various embodiments illustrated in the corresponding figures.



10

15

20

25

30

21

[0107] The first port 206a and the second port 206b may be coupled to the composite
loaded lines 202a, 202b, 202n. For example, the first port 206a may be coupled to the
first composite loaded lines 202a, while the second port 206b may be coupled to the nth
composite loaded lines 202n. As a non-limiting example, an input RF signal may be fed
through the first composite loaded lines 202a, via the first port 206a, to the second
port 206b as the output port.

[0108] The switch 200a may further include a transistor/diode (T/D) network 204. The
T/D network 204 may include one or more transistors and/or one or more diodes. The
T/D network 204 of the switch 200a may be as described further below, including in the
context of various embodiments illustrated in the corresponding figures. The
transistor/diode (T/D) network 204 may be connected or coupled to the composite loaded
lines 202a, 202b, 202n, for example by means of respective interconnections 214.

[0109] The switch 200a may further include a node 208 and an interconnection 210
connecting the T/D network 204 and the node 208. The node 208 may be connected to a
control circuit (not shown) which may provide a control signal, Vctr, to the T/D
network 204 to control the operation of the T/D network 204, for example to switch the
T/D network 204 between an “on” status or an “off” status.

[0110] FIG. 2B shows a schematic diagram of a standing-wave switch 200b, according to
various embodiments, illustrating an architecture of a Single-Pole-Double-Throw (SPDT)
standing-wave switch. The switch 200b may include one or multiple composite loaded
lines 202a, 202b, 203b, 202n, 203n, a transistor/diode (T/D) network 204, RF 1/O
ports 206a, 206b, 206¢ and digital control interfaces 208, 210.

[0111] The standing-wave switch 200b may be an SPDT standing-wave switch, meaning
that the switch 200b may include an input port and two output ports. For example, the
standing-wave switch 200b may include a first port 206a (e.g. Portl), a second port 206b
(e.g. Port2) and a third port 206¢ (e.g. Port3), where one of these ports may be an input
port configured to receive an input signal (e.g. an input RF signal).

[0112] The standing-wave switch 200b may include a plurality of composite loaded lines
(as part of a transmission line arrangement). The number of composite loaded lines may
be 2n+1 where » is an integer. For example, the switch 200b may include a first (set of)

composite loaded lines 202a, and further (sets of) composite loaded lines which may be
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arranged on both sides of the composite loaded lines 202a. Referring to FIG. 2B, the
switch 200b may include second (sets of) composite loaded lines 202b, 203b, up to nth
(sets of), (where “n” may be 3, 4 or any higher number) composite loaded lines 202n,
203n. The coupling, as represented by “X” 212, between or among the multiple
composite loaded lines 202a, 202b, 202n, 203b, 203n may be electrical coupling,
magnetic coupling or both, as illustrated in FIG. 2C and as described in the context of the
switch 200a of FIG. 2A.

[0113] In various embodirhents, each set of the composite loaded lines 202a, 202b, 202n,
203b, 203n of the switch 200b may include or may be, but not limited to, a single
resonator or a plurality of resonators coupled to each other. In various embodiments, each
resonator of the co;nposite loaded lines 202a, 202b, 202n, 203b, 203n of the switch 200b
may include or may be, but not limited to, a quarter-wavelength (A/4) resonator or a half-
wavelength (A/2) resonator. In various embodiments, each set of the composite loaded
lines 202a,-202b, 202n, 203b, 203n of the switch 200b may include one or more quarter-
wavelength (A/4) resonators and/or one or more half-wavelength (A/2) resonators. The
composite loaded lines 202a, 202b, 202n, 203b, 203n of the switch 200b may be as
described further below, including in the context. of various embodiments illustrated in
the corresponding figures.

[0114] The first port 206a, the second port 206b and the third port 206c may be coupled
to the composite loaded lines 202a, 202b, 202n, 203b, 203n. For example, the first
port 206a may be coupled to the first composite loaded lines 202a, the second port 206b
may be coupled to the nth composite loaded lines 202n, while the third port 206¢ may be
coupled to the nth composite loaded lines 203n. As a non-limiting example, an input RF
signal may be fed through the first composite loaded lines 202a, via the first port 206a, as
shown in FIG. 2B, to the second port 206b and/or the third port 206¢ as the output ports.
[0115] The switch 200b may further include a transistor/diode (T/D) network 204. The
T/D network 204 may include one or more transistors and/or one or more diodes. The
T/D network 204 of the switch 200b may be as described further below, including in the
context of various embodiments illustrated in the corresponding figures. The

transistor/diode (T/D) network 204 may be connected or coupled to the composite loaded
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lines 202a, 202b, 202n, 203b, 203n, for example by means of respective
interconnections 214.

[0116] The switch 200b may further include a node 208 and an interconnection 210
connecting the T/D network 204 and the node 208. The node 208 may be connected to a
control circuit (not shown) which may provide a contro! signal, Vctr, to the T/D
network 204 to control the operation of the T/D network 204, for example to switch the
T/D network 204 between an “on” status or an “off” status.

[0117] FIG. 2D shows a schematic diagram of a standing-wave switch 200d, according to
various embodimeﬁts, illustrating an architecture of a Single-Pole-Single-Throw (SPST)
standing-wavé switch. The switch 200d may include one (set of) composite loaded
lines 202, a transistor/diode (T/D) network 204, RF (radio frequency) I/O ports 206a,
206b and digital control interfaces 208, 210.

[0118] The standing-wave switch 200d may be an SPST standing-wave switch, meaning
that the switch 200d may include an input port and an output port. For example, the
standing-wave switch 200d may include a first port 206a (e.g. Portl) which may be an
input port (or an output port) and a second port 206b (e.g. Port2) which may be an output
port (or an input port). The input signal received by the first port 206a or the second
port 206b may be an input RF signal.

[0119] The standing-wave switch 200d may include one (set of) composite loaded lines
(as part of a transmission line arrangement) 202. In various embodiments, the composite
loaded lines 202 of the switch 200d may include or may be, but not limited to, a single
resonator or a plurality of resoﬁators coupled to each other. In various embodiments, each
resonator of the composite loaded lines 202 of the switch 200d may include or may be,
but not limited to, a quarter-wavelength (A/4) resonator or a half-wavelength (1/2)
resonator. In various embodiments, the composite loaded lines 202 of the switch 200d
may include one or more quarter-wavelength (A/4) resonators and/or one or more half-
wavelength (A/2) resonators. The composite loaded lines 202 of the switch 200d may be
as described further below, including in the context of various embodiments illustrated in
the corresponding figures. The coupling between or among multiple composite loaded

lines may be electrical coupling, magnetic coupling or both, as illustrated in FIG. 2C. The
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coupling between or among multiple corﬁposite loaded lines may be as described in the
context of the switch 200a of FIG. 2A.

[0120] The first port 206a and the second port 206b may be coupled to the composite
loaded lines 202. As a non-limiting example, an input RF signal may be fed through the
first composite loaded lines 202, via the first port 206a, to the second port 206b as the
output port. .

[0121] The switch 200d may further include a transistor/diode (T/D) network 204. The
T/D network 204 may include one dr more transistors and/or one or more diodes. The
T/D network 204 of the switch 200d may be as described further below, including in the
context of various embodiments illustrated in the corresponding figures. The
transistor/diode (T/D) network 204 may be connected or coupled to the composite loaded
lines 202, for example by means of respective interconnections 214. |

[0122] The switch 200d may further include a node 208 and an interconnection 210
connecting the T/D network 204 and the node 208. The node 208 may be connected to a
control circuit (not. shown) which may provide a control sfgnal, Vctr, to the T/D
network 204 to control the operation of the T/D network 204, for example to switch the
T/D network 204 between an “on” status or an “off”’ status.

[0123] FIG. 2E shows a schematic diagram of a standing-wave switch 200e, according to
various embodiments, illustrating an architecture of a Single-Pole-Double-Throw (SPDT)
standing-wave switch. The switch 200e may include one (set of) composite loaded
lines 202, a transistor/diode (T/D) network 204, RF (radio frequency) I/O ports 206a,
206b, 206¢ and digital control interfaces 208, 210.

[0124] The standing-wave switch 200e may be an SPDT standing-wave switch, meaning
that the switch 200e may include an input port and two output ports. For example, the
standing-wave switch 200e may include a first port 206a (c.g. Portl), a second port 206b
(e.g. Port2) and a third port 206¢c (e.g. Port3), where one of these ports may be an input
port configured to receive an input signal (e.g. an input RF signal).

[0125] The standing-wave switch 200e may include one (set of) composite loaded lines
(as part of a transmission line arrangement) 202. In various embodiments, the composite
loaded lines 202 of the switch 200e may include or may be, but not limited to, a single

resonator or a plurality of resonators coupled to each other. In various embodiments, each
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resonator of the composite loaded lines 202 of the switch 200e may include or may be,
but not limited to, a quarter-wavelength (A/4) resonator or a half-wavelength (A/2)
resonator. In various embodiments, the composite loaded lines 202 of the switch 200e
may include one or more quarter-wavelength (A/4) resonators and/or one or more half-
wavelength (A/2) resonators. The composite loaded lines 202 of the switch 200e may be
as described further below, including in the contéxt of various embodiments illustrated in
the corrésponding figures. The coupling between or among multiple composite loaded
lines may be electrical coupling, magnetic coupling or both, as illustrated in FIG. 2C. The
coupling between or among multiple composite loaded lines may be as described in the
context of the switch 200a of FIG. 2A.

[0126] The first port 206a, the second port 206b and the third port 206¢ may be coupled
to the composite loaded lines 202. As a non-limiting example, an input RF signal may be
fed through the first composite loaded lines-202, via the first port 206a, to the second
port 206b as the output port. Additionally or alternatively, the input RF signal may be fed
through the first composite loaded lines 202 to the third port 206¢ as the output port.
[0127] The switch 200e may further include a transistor/diode (T/D) network 204. The
T/D network 204 may include one or more transistors and/or one or more diodes. The
T/D network 204 of the switch 200e may be as described further below, including in the
context of various embodiments illustrated in the corresponding figures. The
transistor/diode (T/D) network 204 may be connected or coupled to the composite loaded
lines 202, for example by means of respective interconnections 214.

[0128] The switch 200e may further include a node 208 and an interconnection 210
connecting the T/D network 204 and the node 208. The node 208 may be connected to a
control circuit (not shown) which may provide a control signal, Vctr, to the T/D

network 204 to contro! the operation of the T/D network 204, for example to switch the

- T/D network 204 between an ‘“‘on” status or an “off” status.

[0129] FIG. 3 shows a schematic diagram of a set of composite loaded lines 302,
according to various embodiments, illustrating an example of a type of composite loaded
lines for a standing-wave switch (e.g. an SPDT standing-wave switch). The composite
loaded lines 302 may be quarter-wavelength (A/4) composite loaded lines. The composite

loaded lines 302 may include a plurality of quarter-wavelength (A/4) resonators. For
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example, the composite loaded lines 302 may include a first quarter-wavelength (A/4)
resbnator 320a, a second quarter-wavelength (A/4) resonator 320b, up to an mth (where |
“m” may be 3, 4 or any higher number) quarter-wavelength (A/4) resonator 320m.
However, it should be appreciated that a single quarter-wavelength resonator may instead
be provided.

[0130] There may be coupling between or among the different quarter-wave
resonators 320a, 320b, 320m. The coupling may be electrical coupling, magnetic
coupling or both, which may be implemented using one or more inductors, one or more
capacitors or any combination thereof. The coupling may be as illustrated in FIG. 2C. For
example, at least one capacitive element (e.g. a capacitor) may be provided between
adjacent resonators to effect electrical coupling, while at least one inductive element (e.g.
an inductor) may be provided between adjacent resonators to effect magnetic coupling.
Further, at least one capacitive element and at least one inductive element may be
connected in series or in parallel to each other between adjacent resoator to effect
electrical and magnetic coupling. The coupling strength may be strong or weak.

[0131] In various embodiments, each resonator 320a, 320b, 320m may be of any loaded
format such as periodic traﬁsmission loading, capacitor loading or other type, and thus the
resonator may not be required to be at least substantially exactly quarter-wavelength but
may be shorter than quarter-wavelength. Nevertheless, each resonator 320a, 320b, 320m
may be configured to generate a standing wave.

[0132] As shown in FIG. 3, a first end of the first resonator 320a may be connected to
ground (e.g. a "short" end) 322, while a second end of the first resonator 320a may be
connected to a node 324. Similarly, respective first ends of the resonator 320b, 320m may
be connected to ground (e.g. "short" ends) 322 while the respective second ends of the
resonator 320b, 320m may be connected to respective nodes 324. One or more nodes 324
may be connected to a T/D network (e.g. 204, FIGS. 2A, 2B, 2D, 2E) or may be left
unconnected (or in other words the second ends may be “open” ends). For example, at
least one node 324 of the first resonator 320a or the mth resonator 320m may be
connected to a T/D network, while the node 324 of the second resonator 320b may be

open-ended or may be connected to a capacitor.
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[0133] In various embodiments, the resonators 320a, 320b, 320m may be arranged such
that different ends of the respective resonators 320a, 320b, 320m may be positioned on
the same side. For example, the second end of the first resonator 320a that is connected to
the node 324 may be arranged adjacent to the first end of the second resonator 320b that
is connected to ground 322, and so forth.

[0134] The switch incorporating the composite loaded lines 302 may include a first port
(e.g. an RF port) 306a, a second port (e.g. an RF port) 306b and a third port (e.g. an RF
port) 306¢ coupled to the composite loaded lines 302, where one of these ports may be an
input port configured to receive an input signal (e.g. an input RF signal). For example, the
first port 306a may be coupled to the second resonator 320b, the second port 306b may be
coupled to the mth resonator 320m, while the third port 306¢c may be coupled to the first
resonator 320a.

[0135] In various embodiments, the design of the composite loaded lines 302 is to
properly set the feed I/O ports 306a, 306b, 306¢c as RF ports and design the proper
coupling between or among the different resonators 320a, 320b, 320m.

[0136} While the composite loaded lines 302 have been described in terms of quarter-
wavelength (A/4) composite loaded lines havihg quarter-wavelength (A/4) resonators, it
should be appreciated that in further embodiments, the composite loaded lines 302 may
be half-wavelength (A/2) composite loaded lines having one or a plurality of half-
wavelength (A/2) resonators. In other words, the quarter-wavelength resonators 320a,
320b, 320m may be replaced by half-wavelength resonators. In further embodiments, the
quarter-wavelength resonators 320a, 320b, 320m may be replaced by other types of

resonators.

[0137] The terms “Zijee”, “Zijoo™, “Bijoe” and “Bijoo” may refer to parameters (e.g. odd-
mode and even mode impedance) used for analysis based on the even- and odd mode

method. )

[0138] FIG. 4 shows a schematic diagram of a standing-wave switch 400, according to
various embodiments, illustrating an example of a type of composite loaded lines 402 for a
standing-wave switch such as the switch 400. The composite loaded lines 402 may be in
the form of a single resonator 420. The composite loaded lines 402 may be quarter-

wavelength (A/4) composite loaded lines connected to a transistor/diode (T/D)
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network 404 of the switch 400. Therefore, the switch 400 may include a single quarter-
wavelength resonator 420 and a loaded T/D network 404. The switch 400 may further
include related control circuits (not shown), for example for controlling the T/D
network 404.

[0139] The resonator 420 may be of any loaded format such as periodic transmission
loading, capacitor loading or other type, and thus the resonator 420 may not be required
to be at least substantially exactly quarter-wavelength but may be shorter than quarter-
wavelength. Nevertheless, the resonator 420 may be configured to generate a standing
wave.

[0140] A first end of the resonator 420 may be connected to ground (e.g. a "short"
end) 422, while a second end of the resonator 420 may be connected to a node 424. The
T/D network 404 may include a first node 430 that may be connected to the node 424 of
the resonator 420 via an interconnection 414, and a second node 432 that may be
connected to ground 434.

[0141] The T/D network 404 may include at least one of a diode 440, a capacitor (e.g. a
varactor) 442, a switch (e.g. a MEMS switch) 444 or at least one transistor 446. The
switch 400 may further include a node 408 and an interconnection 410 connecting the
T/D network 404 and the node 408. The node 408 may be connected to a control circuit
(not shown) which may provide a control signal, Vctr, to the T/D network 204 to control
the operation of the T/D network 404, for example to switch the T/D network 404
between an “on” status or an “off” status. As a non—limiting'example, the control signal,
Vctr, may be employed to turn on or turn off the transistor 446. The T/D network 404 of
the switch 400 may be as described further below, including in the context of various
embodiments illustrated in the corresponding figures.

[0142] While not shown, two I/O ports (e.g. RF ports) may be provided in the
switch 400, coupled to the resonator 420, which may thereby configure the switch 400 as
a SPST switch, or three /O ports (e.g. RF ports) may be provided in the switch 400,
coupled to the resonator 420, which may thereby configure the switch 400 as a SPDT
switch. The locations of the I/O port connections to the resonator 420 at positions along

the resonator 420 from the position “0” (indicated with dotted line “A”) to the position
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“” (indicated with dotted line “B”), based on electrical or magnetic coupling, may be
designed or determined according to bandwidth requirements.

[0143] While a quarter-wavelength resonator 420 has been employed in the switch 400, it
should be appreciated that the quarter-wavelength resonator 420 may be replaced by a
half-wavelength resonator or other types of resonator.

[0144] It should be appreciated that a plurality of resonators, for example as described in
the context of the composite loaded lines 302 (FIG. 3) may be provided for the composite
loaded lines 402.

[0145] FIG. 5 shows a plot 501a of voltage distribution and a plot 501b of c;urrent
distribution for a single quarter-wavelength resonator in composite loaded lines. For
example, the plots 501a, 501b may be applicable to the resonator 420 (FIG. 4), the
resonators 620a, 620b (FIG. 6) or other resonators described herein. At the ground end
(represented by the dotted line “A”), the voltage is zero while the absolute current is
maximum. At the open-end or the end (represented by the dotted line “B”) connected to a
transistor/diode (T/D) network, the absolute voltage is maximum while the current is
minimum. For a quarter-wavelength SWS, when energy is injected into the composite
loaded lines of the switch, the energy may propagate forward waves along the quarter-
wave transmission lines or resonators toward the short, where the energy may be
reflected into reverse waves. In steady state, the forward waves and the reverse waves
superpose to form standing wave. |

[0146] FIG. 6 shows a schematic diagram of a standing-wave switch 600, according to
various embodiments, illustrating an architecture having coupled quarter-wavelength
resonators with loaded transistor/diode networks. The switch 600 may include a first
resonator 620a and a second resonator 620b coupled to each other to form composite
loaded lines 602 for size reduction and performance improvement. The coupling, as
represented by “X” 612, between the resonators 620a, 620b, may be electrical coupling,
magnetic coupling or both. The coupling may be as illustrated in FIG. 2C. For example, -
at least one capacitive element (e.g. a capacitor) may be provided between the
resonators 620a, 620b to effect electrical coupling, while at least one inductive element
(e.g. an inductor) may be provided between the resonators 620a, 620b to effect magnetic

coupling. Further, at least one capacitive element and at least one inductive element may
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be connected in series or in parallel to each other between adjacent resoator to effect
electrical and magnetic coupling. The resonators 620a, 620b may be quarter-wavelength
or quasi-quarter-wavelength resonators. A quasi-quarter-wavelength resonator may mean
a resonator that may operate like a quasi-quarter-wavelength resonator, but which the
physical size and the structure may be different from a normal quarter-wavelength
resonator. _

[0147] Respective first ends of the resonators 620a, 620b may be connected to ground
(e.g. a “short” end) 622, while respective second ends of the resonators 620a, 620b may
be connected to respective nodes 624a, 624b. The resonators 620a, 620b may be arranged
such that different ends of the resonators 620a, 620b may be positioned on the same side.
For example, the second end of the first resonator 620a that is connected to the node 624a
may be arranged adjacent to the first end of the second resonator 620b that is connected
to ground 622.

[0148] The switch 600 may further include a first T/D network 604a having a first
node 630a that may be connected to the node 624a of the first resonator 620a via an
interconnection, and a second node 632a that may be connected to ground 634. The
switch 600 may further include a second T/D network 604a having a first node 630b that -
may be connected to the node 624b of the second resonator 620b via an interconnection,
and a second node 632b that may be connected to ground 634. The transistor/diode
networks 604a, 604b connected at the respective open ends or nodes 624a, 624b of the
resonators 620a, 620b may be or may inclide a capacitor, a varactor, a diode, a MEMS
switch, at least one transistor or any form of combination thereof. Each of the T/D
networks 604a, 604b may be as described in the context of the T/D network 404 (FIG. 4)
and/or as described later below, including in the context of various embodiments
illustrated in the corresponding figures.

[0149] The switch 600 may further include respective nodes 608a, 608b which may be

‘connected to respective T/D networks 604a, 604b. The respective nodes 608a, 608b may

be connected to a control circuit (not shown) or separate control circuits (not shown)
which may provide the same control signal, Vctr, or different control signals to the

respective T/D networks 604a, 604b to control the operation of the T/D network 604a,
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604b, for example to turn on or turn off respective transistors in the respective T/D
networks 604a, 604b.

[0150]) While not shown, two I/O ports (e.g. RF ports) may be provided in the
switch 600, coupled to the composite loaded lines 602, which may thereby configure the
switch 600 as a SPST switch, or three I/O ports‘ (e.g. RF ports) may be provided in the
switch 600, coupled to the composite loaded lines 602, which may thereby configure the
switch 600 as a SPDT switch. The locations of the VO port connections to the respective
resonators 620a, 620b at positions along the respective resonators 620a, 620b from the
corresponding position “0” (indicated with dotted line “A”) to the position “/ (indicated
with dotted line “B”), based on electrical or magnetic coupling, may be designed or
determined according to bandwidth requirements and performance requirements,

[0151] It should be appreciated that the resonators 620a, 620b may be replaced by half-
wavelength resonators or other types of resonator.

[0152] FIG. 7 shows a schelmatic diagram of a standing-wave switch 700, according to
various embodiments, il]ﬁstrating an example of a lumped element type of composite
loaded lines 702 for a standing-wave switch. The standing-wave switch 700 may
implement the use of one or more lumped elements. For example, an inductor or a spiral
inductive element (e.g. spiral inductor) 750 may be employed in the composite loaded
lines 702 to replace the transmission line or resonator described above so as to have a
more compact form factor. The switch 700 may further include a transistor/diode (T/D)
network 704 connected to the inductor 750.

[0153] A first end of the inductor 750 may be connected to ground (e.g. 2 “short”
end) 722, while a second end of the inductor 750 may be connected to a node 724. The
T/D network 704 may include a first node 730 that may be connected to the node 724 of

the inductor 750 via an interconnection 714, and a second node 732 that may be

connected to ground 834.

[0154) The T/D network 704 may include at least one of a diode 740, a capacitor (e.g. a
varactor) 742, a switch (e.g. a MEMS switch) 744 or at least one transistor 746. The
switch 700 may further include a node 708 and an interconnection 710 connecting the
T/D network 704 and the node 708. The node 708 may be connected to a control circuit

(not shown) which may provide a control signal, Vetr;, to the T/D network 704 to control
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the operation of the T/D network 704, for example to switch the T/D network 704
between an “on’” status or an “off” status. As a non-limiting example, the control signal,
Vetr, may be employed to turn on or turn off the transistor 746. The T/D network 704 of
the switch 700 may be as described further below, including in the context of various
embodiments illustrated in the corresponding figures.

[0155] 1/O coupling (e.g. /O ports) to the inductor or spiral inductive element 750 may
be via one or more spiral inductive elements, and/or one or more capacitors connected to
the inductor or spiral inductive element 750. The inductor or spiral inductive element 750
and the one or more spiral inductive elements connected thereto may operate like a
transformer. The I/O coupling may also be a metal plate coupling to the inductor or spiral
inductive element 750.

[0156] FIG. 8 shows a schematic diagram of a standing-wave switch 800, according to
various embodiments, illustrating an example architecture employing a lumped element.
FIG. 8 shows an example of standing-wave switch implementation using coupled lumped-

elements.

[0157] The switch 800 may include a first inductor or spiral inductive element (e.g. spiral
inductor) 850a and a first T/D network 804a connected to each other, and a second
inductor or spiral inductive element (e.g. spiral inductor) 850b and a second T/D network
804b connected to each other. Each of the inductors 850a, 850b may be as described in
the context of the inductor 750 (FIG. 7). Each of the T/D network 804a, 804b may be as
described in the context of the T/D network 704 (FIG. 7). Accordingly, the first
inductor 850a and the first T/D network 804a connected to each other may be as
described in the context of the switch 700 (FIG. 7). Similarly, the second inductor 850b
and the second T/D network 804b connected to each other may be as described in thé
context of the switch 700 (FIG. 7).

[0158] The first inductor 850a and the second inductor 850b may be coupled to each
other. The coupled inductors 850a, 850b may define a transformer. The coupling, as
represented by “X” 812, between the inductors 850a, 850b, may be electrical coupling,
magnetic coupling or both. The coupling may be as illustrated in FIG. 2C. For example,
at least one capacitive element (e.g. a capacitor) may be provided between the

inductors 850a, 850b to effect electrical coupling, while at least one inductive element
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(e.g. an inductor) may be provided between the inductors 850a, 850b to effect magnetic
coupling. Further, at least one capacitive element and at least one inductive element may
be connected in series or in parallel to each other between adjacent resoator to effect
electrical and magnetic coupling.

[0159] The coupled inductors 850a, 850b, which may defined a trans.former may be
employed to replace the transmission line or resonator described above in the composite
loaded lines so as to have a more compact form factor.

[0160] /O coupling (e.g. I/O ports) to the inductors or spiral inductive elements 850a,
850b may be via one or more spiral inductive elements, and/or one or more capacitors
connected to the inductors 850a, 850b. Each inductor or spiral inductive element 850a,
850b and the one or more spiral inductive elements connected thereto may operate like a
transformer. The /O coupling may also be a metal plate coupling to each inductor or
spiral inductive element 850a, 850b.

[0161] In various embodiments, the coupled inductors 850a, 850b or transformer may be
a three, four or multiple-port transformer with proper connections to the I/O ports and/or
the T/D networks 804a, 804b. '

[0162] Non-limiting examples of transistor/diode networks that may be employed in the
standing-wave switch of various embodiments will now be described with reference to
FIGS. 9A to 9D, 10A to 10C, 11A to 11C and 12A to 12C.

[0163] FIG. 9A shows a schematic diagram of a transistor/diode (T/D) network 904a
having an NFET (n-channel field effect transistor) 960. The NFET 960 includes a
source (S) terminal connected to ground 934, a drain (D) terminal that may be connected
to the composite loaded lines as described herein, and a gate (G) terminal that may
receive a control signal, “ctrl” (or Vcir) via a gate resistor, R, 964 connected to the gate
terminal. The gate terminal may be connected to a control circuit (not shown) that may
provide the control- signal, ctrl. The control signal, ctrl, may turn on or turn off the
NFET 960. A capacitor (or capacitor network), C,, 966 may be connected between the
drain (D) terminal and the source (S) terminal bf the NFET transistor 960 to enhance the
SWS switch isolation performance.

[0164] FIG. 9B shows a schematic diagram of a transistor/diode (T/D) network 904b

having a plurality of NFETs (n-channel field effect transistors) connected in series. ‘For



10

15

20

25

30

34

example, the T/D network 904b may include a first NFET (NFET1) 960a, up to an nth
(where “n” is an integer, for example 2, 3, 4 or any higher number) NFET (NFETn) 960n.
[0165] The plurality of NFETs 960a, 960n may be connected in series such that the
source (S) terminal of one NFET may be connected to the drain (D) terminal of an
adjacent NFET. Further, the source (S) terminal of the first NFET 960a may be connected
to ground 934 while the drain (D) terminal of the nth NFET 960n may be connected to
the composite loaded lines as described herein. The respective gate (G) terminals of the
plurality of NFETs 960a, 960n may receive respective control signals, “ctrl 1” (or
Vetr_1), “ctrl_n” (or Vctr_n) via respective gate resistors, R,; 964a, R, 964n. The
respective control signals, ctrl_1 and ctrl n, may turn on or turn off the respective
NFETs 960a, 960n. In various embodiments, ctrl 1 may be at least substantially the same
as ctrl_n or may be different. The respective gate (G) terminals may be connected to a
control circuit (not shown) or respective control circuits (not shown) that may provide the
control signals, ctrl 1, ctrl_n. Further, the respective gate (G) terminals may receive »
control signals, just one control signal, or several control signals (e.g. a number less than
n). | _

[0166] A capacitor (or capacitor network), C,, 966 may be connected between the
drain (D) terminal of the nth NFET 960n and the source (S) terminal of the first
NFET 960a.

[0167] In various embodiments, the plurality of NFETs (e.g. 960a, 960n) of the T/D
network 904b may be identical or may be different (e.g. in terms of size).

[0168] FIG. 9C shows a schematic diagram of a transistor/diode (T/D) network 904c
having a plurality of NFETs (n-channel field effect transistors) connected in parallel. For
example, the T/D network 904c may include a first NFET (NFET1) 960a, up to an nth
(where “n” is an integer, for example 2, 3, 4 or any higher number) NFET (NFETn) 960n.
[0169] The plurality of NFETs 960a, 960n may be connected in parallel such that the
respective source (S) temlir_lals of the NFETs 960a, 960n may be connected to
ground 934, while the respective drain (D) terminals of the NFETs 960a, 960n may be
connected to the composite loaded lines as described herein. The respective gate (G)
terminals of the plurality of NFETs 960a, 960n may receive a control signal, “ctr]” (or

Vctr) via respective gate resistors, Rg; 964a, Ry, 964n or not via the respective gate
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resistors, Ry 964a, Ry, 964n. It should be appreciated that the respective gate resistors,
Rg; 964a, R,, 964n, may be optional. The gate terminals may be connected to a control
circuit (not 'shownv) that may provide the control signal, ctrl. The control signal, ctrl, may
turn on or turn off the respective NFETs 960a, 960n. ‘

[0170] A capacitor (or capacitor network), C,, 966 may be connected between the
drain (D) terminals and the source (S) terminals of the plurality of NFETs 960a, 960n.
[0171] In various embodiments, the plurality of nFETs (e.g. 960a, 960n) of the T/D
network 904c may be identical or may be different (e.g. in terms of size). |

[0172] FIG. 9D shows a schematic diagram of the capacitor network 966 that may be
employed for the T/D networks 904a, 904b, 904c. The C, network 966 may include a
single capacitor 966a in series with a switch 968. However, it should be appreciated that
the C, network 966 may also be a single capacitor or a capacitor network (e.g. having a
plurality of capacitors), or a capacitor. network (e.g. havihg a plurality of capacitors) in
series with a switch. The capacitor (e.g. 966a) employed in the C, network 966 may be
various types of capacitors, including varactors. The switch (e.g. 968) in the C,
network 966 may be any type of switch, or may be of the same type of any T/D network
as described herein or a different type of T/D network. .

[0173] The NFET transistors (e.g. 960, 960@, 960n) described in the context of FIGS. 9A
to 9C may have a floating bulk, or some of the NFET transistors may have a floating
bulk, while some other NFET transistors may not have a floating bulk. The gate resistors
(e.g. 964, 964a, 964n) in the NFET transistor networks described in the context of
FIGS. 9A to 9C may be set to any appropriate values, including 0. All the gate resistors
(e.g. 964, 964a, 964n) in the NFET transistor networks described in the context of
FIGS. 9A to 9C may not necessary be identical. The C, network 966 described in the
context of FIGS. 9A to 9C may be optional.

[0174] FIG. 10A shows a schematic diagram of a transistor/diode (T/D) network 1004a
having a PFET (p-channel field effect transistor) 1060. The PFET 1060 includes a
source (S) terminal connected to a voltage supply, vdd, a drain (D) terminal that may be
connected to the composite loaded lines as described herein, and a gate (G) terminal that
may receive a control signal, “ctrlﬁ” (or Vctr) via a gate resistor, R, 1064 connected to

the gate terminal. The gate terminal may be connected to a control circuit (not shown)
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that may provide the control signal, ctrlp. The control signal, ctrlp, may turn on or turn
off the PFET 1060. A capacitor network, C, network 1066, may be connected between
the drain (D) terminal and the source (S) terminal of the PFET transistor 1060 to enhance
the SWS switch isolation performance. The C, network 1066 may include at least one
capacitor 1066a connected in series with a switch 1068. The C, network 1066 may be as
described in the context of the C, network 966 (FIG. 9D).

[0175] FIG. 10B shows a schematic diagram of a transistor/diode (T/D) network 1004b
having a plurality of PFETs (p-channel field effect transistors) connected in series. For
example, the T/D network 1004b may include a first PFET (PFET1) 1060a, up to an nth
(where “n” is an integer, for example 2, 3, 4 or any higher number) PFET
(PFETn) 1060n.

[0176] The plurality of PFETs 1060a, 1060n may be connected in series such that the
drain (D) terminal of one PFET may be connected to the source (S) terminal of an
adjacent PFET. Further, the source (S) terminal of the nth PFET 1060n may be coﬁnected
to a voltage supply, vdd, while the drain (D) terminal of the first PFET 1060a may be
connected to the composite loaded lines as described herein. The respective gate (G)
terminals of the plurality of PFETs 1060a, 1060n may receive respective control signals,
“ctrlp_1” (or Vctr_1), “ctrlp_n” (or Vctr_n) via respective gate resistors, Ry; 1064a,
Rgn 1064n. The respective control signals, ctrl |1 and ctrl_n, may turn on or turn off the
respective PFETs 1060a, 1060n. In various embodiments, ctrlp 1 may be at least
substantially the same as ctrlp_h or may be different. The respective gate (G) terminals
may be connected to a control circuit (not shown) or respective control circuits (not
shown) that may provide the control signals, ctrlp 1, ctrlp n. Further, the respective
gate (G) terminals may receive n control signals, just one control signal, or several
control signals (e.g. a number less than n).

[0177] A capacitor network, C, network 1066, may be connected between the drain (D)
terminal of the first PFET 1060a and the source (S) terminal of the nth PFET 1060n. The
C, network 1066 may include at least one capacitor 1066a connected in series with a
switch 1068. The C, network 1066 may be as described in the context of the C,
network 966 (FIG. 9D).
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[0178] In various embodiments, the plurality of PFETs (e.g. 1060a, 1060n) of the T/D
network 1004b may be identical or may be different (e.g. in terms of size).

[0179] FIG. 10C shows a schematic diagram of a transistor/diode (T/D) network 1004c
having a plurality of PFETs (p-channel field effect transistors) connected in parallel. For
example, the T/D network 1004c may include a first PFET (PFET1) 1060a, up to an nth
(where “n” is an integer, for example 2, 3, 4 or any higher number) PFET
(PFETn) 1060n.

[0180] The plurality of PFETs 1060a, 1060n may be connected in parallel such that the
fespective source (S) terminals of the PFETs 1060a, 1060n may be connected to a voltage
supply, vdd, while the respective drain (D) terminals of the PFETs 1060a, 1060n may be
connected to the composite loaded lines as described herein. The respective gate (G)
terminals of the plurality of PFETs 1060a, 1060n may receive a control signal, “ctrlp” (or
Vctr) via respective gate resistors, R, 1064a, R, 1064n or not via the respective gate
resistors, Ry 1064a, R, 1064n. It should be appreciated that the respective gate resistors,
R 1064a, R, 1064n, may be optional. The gate terminals may be connected to a control
circuit (not shown) that may provide the control signal, ctrlp. The control signal, ctrlp,
may turn on or turn off the respective PFETs 1060a, 1060n. |

[0181] A capacitor network, C, network 1066, may be connected between the drain (D)
terminals and the source (S) terminals of the plurality of PFETS 1060a, 1060n. The C,
network 1066 may include at least one capacitor 1066a connected in series with a
switch 1068. The C, network 1066 may be as described in the context of the C,
network 966 (FIG. 9D).

[0182] In various embodiments, the plurality of PFETs (e.g. 1060a, 1060n) of the T/D
network 1004c may be identical or may be different (e.g. in terms of size).

[0183] The PFET transistors (e.g. 1060, 1060a, 1060n) described in the context of
FIGS. 10A to 10C may have a floating bulk, or some of the PFET transistors may have a
floating bulk, while some other PFET transistors may not have a floating bulk. The gate
resistors (e.g. 1064, 1064a, 1064n) in the PFET transistor networks described in the
context of FIGS. 10A to 10C may be set to any appropriate values, including 0. All the
gate resistors (e.g. 1064, 1064a, 1064n) in the PFET transistor networks described in the
context of FIGS. 10A to 10C may not necessary be identical. The C, network 1066
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described in the context of FIGS. 10A to 10C may be optional. In various embodiments,
the C, network 1066 may be a single capacitor or a capacitor network (e.g. having a
plurality of capacitors), or may be a single capacitor in series with a switch or a capacitor
network (e.g. having a plurality of capacitors) in series with a switch. The capacitor
(e.g. 1066a) employed in the C, network 1066 may be various types of capacitors,
including varactors. The switch (e.g. 1068) in the C, network 1066 may be any type of
switch, or may be of the same type of any T/D network as described herein or a different
type of T/D network.

[0184) FIG. 11A shows a schematic diagram of a transistor/diode (T/D) network 1104a
having an npn transistor 1160. The npn transistor 1160 includes an emitter (E) terminal
connected to ground 1134, a collector (C) terminal that may be connected to the
composite loaded lines as described herein, and a base (B) terminal that may receive a
control signal, “ctr]” (or Vctr) via a base resistor, R;, 164 connected to the base terminal.
The base terminal may be connected to a control circuit (not shown) that may provide the
control signal, ctrl. The control signal, ctrl, may turn on or turn off the npn
transistor 1160. A capacitor network, C, network 1166, may be connected between the
collector (C) terminal and the emitter (E) terminal of the npn transistor 1160 to enhance
the SWS switch isolation performance. The C, network 1166 may include at least one
capacitor 1166a connected in series with a switch 1168. The C, network 1166 may be as
described in the context of the C, network 966 (FIG. 9D).

[0185] FIG. 11B shows a schematic diagram of a transistor/diode (T/D) network 1104b
having a plurality of npn transistors connected in series. For example, the T/D
network 1104b may include a first npn transistor (npn;) 1160a, up to an nth (where “n” is
an integer, for example 2, 3, 4 or any higher number) npn transistor (npn,) 1160n.

[0186] The plurality of npn transistors 1160a, 1160n may be connected in series such that
the emitter (E) terminal of one npn transistor may be connected to the collector (C)
terminal of an adjacent npn transistor. Further, the emitter (E) terminal of the first npn
transistor 1160a may be connected to ground 1134 while the collector (C) terminal of the
nth npn transistor 1160n may be connected to the corﬁposite loaded lines as described
herein. The respective base (B) terminals of the plurality of npn transistors 1160a, 1160n

may receive respective control signals, “ctrl 1 (or Vetr_1), “ctrl n” (or Vctr_n) via
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respective base resistors, Ry, 1164a, Ry, 1164n. The respective control signals, ctrl_1 and
ctrl_n, may turn on or turn off the respective npn transistors 1160a, 1160n. In various
embodiments, ctrl_1 may be at least substantially the same as ctrl_n or may be different.
The respective base (B) terminals may be connected to a control circuit (not shown) or
respective control circuits (not shown) that may provide the control signals, ctrl I, ctrl n.
Further, the respective base (B) terminals may receive n control signals, just one control
signal, or several control signals (e.g. a number less than 7).

[0187) A capacitor network, C, network 1166, may be connected between the
collector (C) terminal of the nth npn transistor 1160n and the emitter (E) terminal of the
first npn transistor 1160a. The C, network 1166 may include at least one capacitor 1166a
connected in series with a switch 1168. The C, network 1166 may be as described in the
context of the C, network 966 (FIG. 9D).

[0188] In various embodiments, the plurality of npn transistors (e.g. 1160a, 1160n) of the
T/D network 1104b may be identical or may be different (e.g. in terms of size).

[0189] FIG. 11C shows a schematic diagram of a transistor/diode (T/D) network 1104c
having a plurality of npn transistors connected in parallel. For example, the T/D
network 1104c may include a first npn transistor (npn;) 1160a, up to an nth (where “n” is
an integer, for example 2, 3, 4 or any higher number) npn transistor (npn,) 1160n.

[0190] The plurality of npn transistors 1160a, 1160n may be connected in parallel such
that the respective emitter (E) terminals of the npn transistors 1160a, 1160n may be
connected to ground 1134, while the respective collector (C) terminals of the npn
transistors 1160a, 1160n may be connected to the composite loaded lines as described
herein. The respective base (B) terminals of the npn transistors 1160a, 1160n may receive
a control signal, “ctrl” (or Vctr) via respective base resistors, R, 1164a, R, 1164n or not
via the respective base resistors, R, 1164a, R, 1164n. It should be appreciated that the
respective gate resistors, R, 1164a, R, 1164n, may be optional. The base terminals may
be connected to a control circuit (not shown) that may provide the control signal, ctrl. The
control signal, ctrl, may turn on or turn off the respective npn transistors 1160a, 1160n.
[0191] A capacitor network, C, network 1166, may be connected between the collector
(C) terminals and the emitter (E) terminals of the plurality of npn transistors 1160a,

1160n. The C, network 1166 may include at least one capacitor 1166a connected in series
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with a switch 1168. The C, network 1166 may be as described in the context of the C,
network 966 (FIG. 9D).

[0192] In various embodiments, the plurality of npn transistors (e.g. 1160a, 1160n) of the
T/D network 1104c may be identical or may be different (e.g. in terms of size).

[0193] The base resistors (e.g. 1164, 1164a, 1164n) in the npn transistor networks
described in the context of FIGS. 11A to 11C may be set to any appropriate values,
including 0. All the base resistors (e.g. 1164, 1164a, 1164n) in the npn transistor
networks described in the context of FIGS. 11A to 11C may not necessary be identical.
The C, network 1166 described in the context of FIGS. 11A to 11C may be optional. In
various embodiments, the C, network 1166 may be a single capacitor or a capacitor
network (e.g. having a plurality of capacitors), or may be a single éapacitor in series with
a switch or a capacitor network (e.g. having a plurality of capacitors) in series with a
switch. The capacitor (e.g. 1166a) employed in the C, network 1166 may be various
types of capacitors, including varactors. The switch (e.g. 1168) in the C, network 1166
may be any type of switch, or may be of the same type of any T/D network as described
herein or a different type of T/D network.

[0194] In various embodiments, the npn transistors (e.g. 1160, 1160a, 1160n) described
in the vcontext of FIGS. 11A to 11C may b¢ replaced with pnp transistors. When
employing pnp transistors, the emitter (E) terminals of the pnp transistors may be
connected to a voltage supply, vdd, while the collector (C) terminals may be connected to
the composite loaded lines as described herein.

[0195] FIG. 12A shows a schematic diagram of a transistor/diode (T/D) network 1204a
having an inductor 1270 connected in series with a capacitor 1272. The LC series
network may be connected with one port to ground 1234, while the other may be
connected to the composite loaded lines as described herein. In various embodiments, the
inductor 1270 and/or the capacitor 1272 may be variable. In various embodiments, the
inductor 1270 may be one or more spiral inductors, or a transmission line, or one or more
transformers or any combination thereof.

[0196] FIG. 12B shows a schematic diagram of a transistor/diode (T/D) network 1204b
having a diode 1274 connected between the composite loaded lines as described herein

and ground 1234. A voltage, Vyis, may be used to control the operation of the diode 1274
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to an ‘“on” status or an “off” status. The voltage, Vyias, méy be provided by a control
circuit (not shown). A capacitor network, C, network 1266, may be connected in parallel
with the diode 1274. The C, network 1266 may include at least one capacitor 1266a
connected in series with a switch 1268. The C, network 1266 may be as described in the
context of the C, network 966 (FIG. 9D). The C, network 1266 may be oiational.

[0197] FIG. 12C shows a schematic diagram of a transistor/diode (T/D) network 1204c
having a diode 1274 connected in series with a transmission line or transmission line
section 1276. The diode 1274 and the transmission line section 1276 may be connected
between the composite loaded lines as described herein and ground 1234. A voltage,
Vbias, Mmay be used to control the operation of the diode 1274 to an “on” status or an “off”
status. The voltage, Vs, may be provided by a control circuit (not shown). A capacitor
network, C, network 1266, may be connected in parallel with the diode 1274. The C,
network 1266 may include at least one capacitor 1266a connected in series with a
switch 1268. The C, network 1266 may be as described in the context of the C,
network 966 (FIG. 9D). The C, network 1266 may be optional.

[0198] In various embodiments, the C, network 1266 may be a single capacitor or a
capacitor network (e.g. having a plurality of capacitors), or may be a single capacitor in
series with a switch or a capacitor network (e.g. having a plurality of capacitors) in series
with a switch. The capacitor (e.g. 1266a) employed in the C, network 1266 may be
various types of capacitors, including varactors. The switéh (e.g. 1268) in the G,
network 1266 may be any type of switch, or may be of the same type of any T/D network
as described herein or a different type of T/D network.

[0199] FIGS. 9A to 9D, 10A to 10C, 11A to 11C and 12A to 12C illustrate some non-
limiting examples of T/D networks that may be employed for the standing-wave switch
of various embodiménts. However, it should be appreciated that T/D networks that may
be employed may not be limited to the forms presented in the above-mentioned
embodiments. In various embodiments, the transistor/diode network may be different types
of diodes, MEMS switches, transistors, resistors or their combination network. Further, the
diodes, MEMS switches, transistor, resistors or their combination network may be connected

with different types of capacitors in series or in parallel.
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[0200] FIGS. 13A to 13C show schematic diagrams of a standing-wave switch 1300 and
its corresponding operations, according to various embodiments. FIG. 13A illustrates a
topology of a Single-Pole-Single-Throw (SPST) standing-wave switch including one (set
of) composite loaded lines 1302, in the form of a switchable artificial resonator (SAR)
and two input/output ports (e.g. Port! 1306a and Port2 1306b) coupled to the SAR 1302.
An input signal (e.g. RF signal) may be received via either Portl 1306a or Port2 1306b.
The switch 1300 further includes at least one transistor/diode (T/D) network (illustrated
as a transistor group Qa) 1304 coupled between the SAR 1302 and ground (GND) 1334,
The switch 1300 may further inc]ude a node 1308, which may be connected to a control
circuit (not shown) which may provide a control signal, Vctrl, to the transistor/diode
(T/D) network 1304 to contro! the operation of the T/D network 1304, for example to
switch the T/D network 1304 between an “on” status or an “off” status.

[0201] In details, the SAR 1302 may include a plurality of transmission lines, in the form
of ground stubs. For illustration purposes, three ground stubs are shown in FIG. 13A and
the switch 1300 will be described based on such topology. However, it should be
appreciated that any number of ground stubs may be employed. The SAR 1302 may
include a first ground stub (GS1) 1320a, a second ground stub (GS2) 1320b, and a third
ground stub (GS3) 1320c. Port! 1306a may be coupled to the first ground stub 1320a,
while Port2 1306b may be coupled to the third ground stub 1320c.

[0202] There may be coupling, as represented by “X” 1312, between or among the
different ground stubs 1320a, 1320b, 1320c. The coupling may be electrical coupling,
magnetic coupling or both, which may be implemented using one or more inductors, one
or more capacitors or any combination thereof. The coupling may be as illustrated in
FIG. 2C. For example, at least one capacitive element (e.g. a capacitor) may be provided
between adjacent ground stubs to effect electrical coupling, while at least one inductive
element (e.g. an inductor) may be providéd between adjacent ground stubs to effect
magnetic coupling. Further, at least one capacitive element and ét least one inductive
element may be connected in series or in parallel to each other between adjacent ground
stubs to effect electrical and magnetic coupling.

[0203] In vartous embodiments, the three ground stubs 1320a, 1320b, 1320c used in the

switchable artificial resonators may be defined in metal layers M6, MS and a combination
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of metal layers M4 and M3 (M4 + M3), respectively. The three ground stubs (GS1, GS2
and GS3) 1320a, 1320b, 1320c, which may be inter-digitally coupled to each other in
broadside, may be employed to form or define the SAR 1302. By employing a plurality
of transmission lines or ground stubs 1320a, 1320b, 1320c coupled to each other, the

SAR 1302 may be much shorter and may have a lower loss as compared to the the

. smallest transmission line resonator of a quarter-wavelength.

[0204] As shown in FIG. 13A, a first end of the first ground stub 1320a may be
connected to ground (e.g. a "short" end) 1322, while a second end of the first ground
stub 1320a may be connected to a node 1324a. Similarly, respective first ends of the
ground stubs 1320b, 1320c may be connected to ground (e.g. "short" ends) 1322 while
the respective second ends of the ground stubs 1320b, 1320c may be connected to
respective nodes 1324b, 1324c, as open ends. Each node 1324a, 1324b, 1324c may be
connected to a respective T/D network 1304a, 1304b, 1304c. The respective T/D
networks 1304a, 1304b, 1304c may be coupled between the respective ground
stubs 1320a, 1320b, 1320c and ground (GND) 1334. The respective T/D networks 1304a,
1304b, 1304c may also be coupled to respective nodes 1308a, 1308b, 1308c of the
switch 1300, which may be connected to one or more control circuits (not shown) which
may provide a respeétive control signal, Vctrl, to the respective T/D networks 1304a,
1304b, 1304c to control the operation of the respective T/D networks 1304a, 1304b,
1304c, for example to switch the respective T/D networks 1304a, 1304b, 1304c¢ between
an “on” status or an “off” status. A

[0205] Each T/D network 1302a may include two transistors (e.g. npn transistors, e.g.
BJT transistor LN232) and a resistor. Using ihe T/D network 1304a as an example, the
T/D network 1304a may include a transistor Q1 having a collector (C) terminal connected
to the node 1324a and an emitter (E) terminal that is connected to fhe emitter (E) terminal
and the collector (C) terminal of the transistor Q2 as well as to ground (GND) 1334. The
base (B) terminals of the transistors Q1, Q2 may be coupled together and connected to
the node 1308a via a base resistor, R1. Therefore, the open end of the first ground
stub 1320a may be connected to transistors Q1, Q2, the open end of the second ground
stub 1320b may be connected to transistors QS, Q6, while the the open end of the third



10

15

20

25

30

44

ground stub 1320c may be connected to transistors Q3, Q4. It should be appreciated that
the transistors Q2, Q3 and Q5 may be dummy transistors.

[0206] For a single ground stub 1320a, 1320b, 1320c, incident waves at a fundamental
resonant frequency may be at least substantially completely reflected with an inverted
phase, thereby forming a standing wave, with a maximum absolute voltage amplitude at
the open-end of the ground stub and a minimum voltage swing at the shorted end of the
ground- stub. For example, the voltage distribution of the ground stub in a a quarter-
wavelength transmission line or resonator is always zero voltage at the ground end, while
the open-end may be a negative or positive maximum voltage, Vmax.

[0207] FIGS. 13B and 13C show an operétion mechanism of the switch 1300, With the
collector (C) terminals of the respective transistors Q1, Q4, Q6 connected to the open-
ends of the respective ground stubs (which in various embodiments may be quarter-wave

resonators) 1320a, 1320c, 1320b, the operation condition may be changed by setting the

" “base” voltage at “Vetrl”.

[0208] As shown in FIG. 13B, when the transistors Q1 to Q6 are in an “off” condition,
the switchable artificial resonator (SAR) 1302 may operate in the “on” condition, i.e.
operating at the frequency of interest with the parasitic capacitance Ct of the transistor
Q1/Q4/Q6. Thus, the SPST switch 1300 may be “on” in the resonant frequency range.
[0209] As shown in FIG. 13C, when the transistors Q1 to Q6 are in an “on” condition,
the switchable artificial resonator (SAR) 1302 may operate in the “off” condition, i.e. the
respective open ends of the ground stubs 1320a, 1320b, 1320c may be shorted to ground
through the “on” resistor, Ron, of the transistor Q1/Q4/Q6. Thus, the switch 1300 may
operate in the “off”’ condition.

[0210] The control logic of the switch of various embodiments, including the
switch 1300, may be reversed as compared to conventional switch designs using MOS
transistors, where the conventional switch is “on” when the series switch transistor is
“on” and the switch is “off” when the series switch transistor is “off”. Therefore, the
parasitic capacitance to ground of the conventional switch transistors must be reduced so
as to avoid serious insertion loss degradation. However, for the switch (e.g. 1300) of
various embodiments, it may not be necessary to reduce the parasitic capacitance to

ground of the transistor Q1/Q4/Q6.
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[0211] Table 1 below shows a summary of the switch status versus the transistor status
for the switch of various embodiments and a conventional switch.
Table 1: Control logic and the corresponding status of the switch of various embodiments

and a conventional switch with a series switch transistor

c . Status of switch of | Status of conventional switch
12’;20 various embodiments | with series switch transistor
Transistor | Switch | Tramsistor Switch
1 On Off On On
0 Off On Off Off

[0212] As described above, the switch (e.g. 1300) and the trahsistor, and therefore the
T/D network (e.g. 1304a, 1304b, 1304c) may have their respective “on” and “off” status.
In various embodiments, in relation to the switch, in the “on” status, a signal (e.g. an RF
signal) may propagate or pass through a path through the composite loaded lines (or
transmission line arrangement), while in the “off” status, the signal may not pass through
the path. In relation to the transistor, the “on” status means that the transistor is turned on
(e.g. the gate or base voltage is turned on) while the other terminals of the transistor may
be properly biased, while the “off” status means that the transistor is turned off (e.g. the
gate or base voltage is turned off) while the other terminals of the transistor may be
properly biased.

[0213] Accordingly, when the switch is “on”, the switch is tuned on, while the transistors
of the T/D network in the standing wave resonator or switch are “off” and the open-end
side of the transmission line resonator is close to an “open” status. When the switch is
“off”, the switch is turned off, while the transistors of the T/D network in the standing
wave resonator or switch are “on” and the open-end side of the transmission line
resonator is close to a “short” status.

[0214] It should be appreciated that the descriptions in the context of FIGS. 13A to 13C
may be applicable to various embodiments as described herein and illustrated in the
corresponding figures.

[0215] The standing-wave switch 1300 may be employed as a standing-wave Tx/Rx
(transmit/receive) switch. Switchable artificial resonators may be further extended for a
Tx/Rx switch design with filtering response. A further non-limiting example of a

standing-wave Tx/Rx switch may be as illustrated in FIGS. 14A and 14B. However, it
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should be appreciated that other architectures may be provided for the swﬁch to be
employed as a standing-wave Tx/Rx switch.

[0216] FIG. 14A illustrates a topology of a Tx/Rx Single-Pole-Double-Throw (SPDT)
switch 1400 with switchable artificial resonators (SARs). The switch 1400 may include a
plurality of composite loaded lines, in the form of switchable artificial resonators (SARs).
For illustration purposes, three SARs 1402a, 1402b, 1402b are shown in FIG. 14A and
the switch 1400 will be described based on such topology. The three switchable artificial
resonators, i.c. SAR1 1402a, SAR2 1402b and SAR3 1402¢ are used to form the SPDT
switch 1400. However, it should be appreciated that any number of SARs may be
employed. The design of each SAR may be similar to that of the SPST switch 1300.
[0217] The switch 1400 may include three input/output ports (e.g. Portl 1406a,
Port2 1406b and Port3 1406c) coupled respectively to the first SAR (SAR1) 1402a,
second SAR (SAR2) 1402b and third SAR (SAR3) 1402c. An input signal (e.g. RF
signal) may be received via either Portl 1406a, Port2 1406b or Port3 1406¢c. The
switch 1400 may further include two transistor/diode (T/D) networks, where one T/D
network (illustrated as a transistor group Qa in FIG. 14A) 1404a is coupled between the
second SAR 1402a and ground (GND) 1434, and another T/D network (illustrated as a
transistor group Qb in FIG. 14A) 1404c¢ is coupled between the third SAR 1402¢ and
ground (GND) 1434. The switch 1400 may further include nodes 1408a, 1408c, which
may be connected to a control circuit (not shown) which may provide a control signal,
Vetrl, to the transistor/diode (T/D) network 1404a to control the operation of the T/D
network 1404a, and control signal, Vctr2, to the transistor/diode (T/D) network 1404c to
control the operation of the T/D network 1404c.

[0218] There may be coupling, as represented by “X” 1412, between or among the
different SARs 1402a, 1402b, 1402c. The coupling may be electrical coupling, magnetic
coupling or both, which may be implemented using one or more inductors, one or more
capacitors or any combination thereof. The coupling may be as illustrated in FIG. 2C. For
example, at least one capacitive element (e.g. a capacitor) may be provided between
adjacent SARSs to effect electrical coupling, while at least one inductive element (e.g. an
inductor) may be provided between adjacent SARs to effect magnetic coupling. Further,

at least one capacitive element and at least one inductive element may be connected in
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series or in parallel to cach other between adjacent SARs to effect electrical and magnetic
coupling.

[0219] FIG. 14B shows a schematic diagram of the second SAR 1402b of FIG. 14A, and
which may also be applicable to the third SAR 1402¢. The second SAR 1402b may

~include a plurality of transmission lines, in the form of ground stubs. For illustration

purposes, three ground stﬁbs are shown in FIG. 14B and the switch 1400 will be
described based on such topology. The second SAR 1402b may include a first ground
stub (GS1) 1420a, a second ground stub (GS2) 1420b, and a third ground stub
(GS3) 1420c. Port2 1406a may be coupled to the first ground stub 1420a. There may be
coupling, as represented by “X” 1412, between or among the different ground
stubs 1420a, 1420b, 1420c, which may be as described above in the context of coupling,
as represented by “X” 1412, between or among the different SARs 1402a, 1402b, 1402c¢.
The ground stubs 1420a, 1420b, 1420c inside each switchable artificial resonator may be
strongly coupled among each other.

[0220] In various embodiments, the three ground stubs 1420a, 1420b, 1420c used in the
switchable artificial resonators may be defined in metal layers M6, M5 and a combination
of metal layers M4 and M3 (M4 + M3), respectively. The three ground stubs (GS1, GS2
and GS3) 1320a, 1320b, 1320c, which may be inter-digitally coupled to each other in
broadside, may be employed to form or define the second SAR 1402b. By employing a
plurality of transmission lines or ground stubs 1420a, 1420b, 1420c coupled to each
other, the second SAR 1402b may be much shorter and may have a lower loss as
compared to the the smallest transmission line resonator of a quarter-wavelength. The
total effect of each switchable artificial resonator is equivalent to a resonator with a
physical length much less than that of the smallest transmission line resonator - a quarter-
wave length resonator. »

[0221] As shown in FIG. 14B, a first end of the first ground stub 1420a may be
connected to ground (e.g. a “short” end) 1422, while a second end of the first ground
stub 1420a may be connected to a node 1424a. Similarly, respective first ends of the
ground stubs 1420b, 1420c may be connected to ground (e.g. “short” ends) 1422 while
the respective second ends of the ground stubs 1420b, 1420c may be connected to
respective nodes 1424b, 1424c, as open ends. The node 1424a may be connected to the
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T/D network 1404a, while the nodes 1424b, 1424c may be left as open. The T/D
network 1404a may be coupled between the first ground stub 1420a and ground
(GND) 1434. The T/D network 1404a may also be coupled to the node 1408a of the
switch 1400, which may be connected to a control circuit (not shown) which may provide
a control signal, Vctrl, to the T/D network 1404a to control the operation of the T/D
network 1404a, for example 1o switch the T/D network 1404a between an “on” status or
an “off” status.

[0222] The T/D network 1404a may include two transistors (e.g. npn transistors, e.g. BIT
transistor LN232) and a resistor. The T/D network 1404a may include a transistor Q1
having a collector (C) terminal connected to the node 1424a and an emitter (E) terminal
that is connected to the emitter (E) terminal and the collector (C) terminal of the transistor
Q2 as well as to ground (GND) 1434. The base (B) terminals of the transistors Ql, Q2
may be coupled together and connected to the node 1408a via a base resistor, R2.
Therefore, the open end of the first ground stub 1420a may be connected to transistors
Q1, Q2. It should be appreciated that the transistor Q2 may be a dummy transistor. The
transistors Q1, Q2 may be employed to control the “on” and “off” status of the T/D
network 1404a as well as the corresponding status of the switch 1400.

[0223] As illustrated in FIG. 14A, the first SAR 1402a is not connected to a transistor or
a T/D network. In other words, the first SAR 1402a is always “on”.

10224] The operation of the standing-wave switch 1400 may be as follows: when the
control signal Vctrl is high and the control signal Vctr2 is low, the transistor group Qa
(having transistors Q!, Q2) may be “on” while the transistor group Qb may be “off”. A
input RF signal may be fed to the first SAR 1402a and coupled into the third SAR 1402¢

. in the frequency range of interest and thus the switch path from Portl 1406a to

Port3 1406¢c may be on or activated. At this condition, the second SAR 1402b is off or
not activated in the frequency range of interest. Vice versa, when the control signal Vctrl
is low and the control signal Vctr2 is high, the switching path from Portl 1406a to
Port2 1406b may be on activated while the switch path from Portl 1406a to Port3 1406¢c

is off or not activated.
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[0225] FIGS. 13A, 14A and 14B show how the transmission branch (ground stubs (GS)
such as GS1, GS2 and GS3) may be connected to the associated. transistors and how
switches may be formed.

[0226] Various embodiments may provide a standing-wave switch (SWS)
implementation method, which may have less or even no dependence on the transistors’
equivalent on-resistancé in the switch. Thus, it may be possible to achieve very low
insertion loss for high frequency applications. .

[0227] Using the embodiments of FIGS. 13A, 14A and 14B as non-limiting examples, as
the ground stub operates in the standing-wave status, the open end, which is connected
with the collector terminal of the transistor, has a maximum absolute voltage Vmax. The
absolute voltage drop between the collector terminal and the grounded emitter may also
be Vmax. FIGS. 16A and 16B show schematic diagrams of transistor modeling used for
the switches of various embodiments, illustrating simplified equivalent circuits of an
emitter grounded BJT transistor. FIG. 16A illustrates the equivalent circuits when the
transistor 1604 is “on” while FIG. 16B illustrates the equivalent circuits when the
transistor 1604 is “off’. The collector (C) terminal of the transistor 1604 may be
connected to a node 1624, the emitter (E) terminal of the transistor 1604 may be
connected to ground 1634 while the base (B) terminal of the transistor 1604 may receive
a control signal, Vctrl. The term “Rsub” may refer to the substrate resistance, the term
“Rch” may refer to the channel resistance, the term “Ccb” may refer to the capacitance

between the collector terminal and the base terminal of the transistor 1604, the term

“Cbe” may refer to the capacitance between the emitter terminal and the base terminal of

the transistor 1604, while the term “Ccs” may refer to the capacitance between the
collector terminal of the transistor 1604 and the substrate. For high frequency
applications, a consideration of the switch transistor 1604 may include the parasitic
capacitance and the resistance. The parasitic base-to-emitter capacitance, Cbe, which is
the sum of the depletion capacitance of the base-emitter junction and the diffusion
capacitance, and the depletion capacitance Ccb of the collector-base junction, are the two
major parasitic capacitances. Another large capacitor Ccs, which is larger than either Ccb
(collector-base junction capacitance) or Cbe (collector-emitter junction capacitance),

models the capacitance of the collector-substrate junction. Since the impedance of the
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junction capacitance is very low at millimeter-wave frequencies, the substrate resistance
network from the junction to the substrate ground is may be an issue.
[0228] According to the transistor parasitic circuit in FIGS. 16A and 16B, for the same

input power, the power dissipation, Pgis; and Pgisz, of the transistor may be written as

V2 . . .
P, ==—"%, when the transistor is “off” (Equation 1),
2R,
(Req +Rch ngax . TR .
g2 = ————————, when the transistor is “on (Equation 2),
2R, R,

where Req refers to the equivalent resistance and Ry, refers to the channel resistance. The
equivalent resistance, R.q, and the equivalent capacitance, C.q, may be determined as
follows

40’ R2,C? +1
“~ " R _C?

sub ™ §

(Equation 3),

C, +20°R.,C} , _
= AT RECl 11 +C, (Equation 4).

sub ™ j

[0229] It may be observed that for a same voltage, Vmax (the breakdown voltage for a
selected transistor may be about 2.2 V), as Req >> (Req // Ren) (Where “Req // Rey” refers to
a resistance equivalent to a combination of the resistances Req and Ry, in parallel, and
where the calculated Req and “Req // Ry are about 438 €2 and about 7 Q respectively for
a LN232 10.16 pmi transistor), Pgis; (about 5.5 mW) << Py;» (about 344 mW), where Pyisi
corresponds to the status of “off” transistor and “on” switch, while Pgis; corresponds to
the status of “on” transistor and “off’ switch. When the switch input RF power is
increased, the voltage on the transistor may be increased. It may be observed that in the
transistor “off” status, the transistor méy have much high power handling capability due
to the smaller power dissipétion at the same voltage. According to Equations 1 and 2,
Pais; and Py, may also be increased with the relationshp of Pyjs; << Pyisp. For the same RF
input power (e.g. RF breakdown power), the power dissipation across the transistor in the
“on” or “off” paths may determine the breakdown powers (or handling power) of the

switch as
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V2 ' '
B, =2 (Equation 5),
2R,
(82w
P, =10'1 ik (Equation 6),

2R, /R,)

where Pyon refers to the breakdown power when the switch is in an “on” path and Py
refers to the breakdown power when the switch is in an “off” path.

[0230] For the breakdown power, Ppof, in a switch “off” path, the switch isolation (ISO)
may decrease the delivering power to the switch “off” path, thus increasing the power
handling Pyor as given in Equation 6 (e.g. for a switch with approximately 20 dB ISO, Py¢
= 100Pg4s@broken). From Equations 5 and 6, it is clear that for the same input RF power,
the power dissipation across the transistors of switches of various embodiments may be
much less than conventional switches. It is also clear that the switchable artificial
resonator-based switch of various embodiments may have a higher P1dB (where P1dB
refers to the 1 dB compression point) and power handling capability for a filtering switch
operation.

[0231] FIG. 15A shows a schematic diagram of a standing-wave switch 1500a, according
to various embodiments, illustrating a topology of a Single-Pole-Single-Throw (SPST)
standing-wave switch. The switch 1500a may include one (set of) composite loaded
lines 1502, in the form of a switchable artificial resonator (SAR), two input/output ports
(e.g. Portl 1506a and Port2 1506b) coupled to the SAR 1502, at least one transistor/diode
(T/D) network (illustrated as a transistor group Qb) 1504 coupled between the SAR 1502
and ground (GND) 1534, as well as a node 1508, where these elements or features may
be as described in the context of the corresponding features of the embodiment of
FIG. 13A. The switch 1500a may further include an inverter (e.g. a CMOS inverter) 1580
connected between the node 1508 and another node 1509. A signal, Vctr, may be applied
to the node 1509 connected to an input side of the inverter 1580, which may then be
inverted by the inverter 1580 to form a signal, Vctrl, to be applied to the transistor/diode
(T/D) network 1504 via the node 1508 connected to an output side of the inverter 1580.
[0232] FIG. 15B shows a schematic diagram of a standing-wave switch 1500b, according
to various embodiments, illustrating a topology of a Single-Pole-Double-Throw (SPDT)

standing-wave switch. The switch 1500b may include a plurality of composite loaded
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lines 1502a, 1502b, 1502¢, in the form of switchable artificial resonators (SARs), with
coupling (represented by *“X” 1512) to each other, three input/output ports
(e.g. Portl 1506a, Port2 1506b, Port3 1506c¢), a T/D network (illustrated as a transistor
group Qa in FIG. 15) 1504a coupled between the second SAR 1502a and ground
(GND) 1534, and another T/D network (illustrated as a transistor group Qb in FIG. 15A)
1504c coupled between the third SAR 1502¢ and ground (GND) 1434, as well as
nodes 1508a, 1508c, where these elements or features may be as described in the context
of the corresponding features of the embodiments of FIGS. 14A and 14B.

[0233] The switch 1500b may further include two inverters (e.g. CMOS inverters) 1582,
1584 connected to the nodes 1508a, 1508c, 1509. An input side of the inverter 1582 is
connected to the node 1509, an output side of the inverter 1584 is connected to the
node 1508a, while the node 1508c is connected to an intersection between the two
converters 1582, 1584. A signal, Vctr, may be applied to the node 1509, which may then
be inverted by the inverter 1582 to form a signal, Vctr2, to be applied to the
transistor/diode (T/D) network 1504c via the node 1508c, and further inverted by the
inverter 1584 to form a signal, Vctrl, to be applied to the transistor/diode (T/D)
network 1504a via the node 1508a.

[0234] As described above, various embodiments of the switch may employ multiple
transmission lines or resonators, for example A/2 and/or /4 resonators to form one (set
of) composite loaded lines or artificial resonator, which may provide a much compact
size and low loss. The multiple resonators may be coupled to each other, by at least one
of electric coupling or magnetic coupling, to form a standing wave resonator. The
multiple resonators may be connected to one or more transistor/diode (T/D) networks,
and thus the power handling capability may be improved and the insertion loss may be
reduced. At least one PIN diode or at leaét one transistor may be employed in each T/D
network for the switch applications.

[0235] Various embodiments may provide the following featufes:

[0236] A standing-wave switch (SWS) which may be applicable for different types of
RF/Microwave/Millimeter-wave switches, for example based on single-pole-single-throw
(SPST) or single-pole-double-throw (SPDT) as shown in FIGS. 2A and 2B respectively.

The standing-wave switch may include composite loaded lines or multiple-coupled
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composite loaded lines and at least one transistor/diode network. Further, the standing-
wave switch may be of single-pole-multiple-throw types.

[0237) The composite loaded lines may be a single or multiple-coupled quarter-wave-
length periodic or non-periodic loaded transmission lines resonators or their modified
resonators with capacitor loaded at the open-end. The open end side of the quarter-wave
length resonator or its’ modified resonator may or may not connect to a transistor/diode
network. If not connected to the diode/transistor network, it may be open or connected to
one or moré capacitors. This may mean that the open end sides of some resonators may
not connect to a T/D network, but at least one open end of of the multiple resonators is
connected to a T/D network. The resonator not connected- to a T/D network may be open
or connected to capacitors.

[0238] The composite loaded lines may be replaced by inductors, a transformer or
multiple-port transformers with one end connected to the ground and the other end
connected to the diode/transistor network.

[0239] While various embodiments of the standing-wave switch have been described
based on quarter-wave standing-wave switches and the figures illustrate some types of
the quarter-wave standing-wave switches due to their compact size, the principle or
concept of various embodiments may also be applicable to half-wavelength standing-
wave switches or above mode standing-wave switches.

{0240} In various embodiments, the composite loaded lines may also be distributed
microwave transmission lines such as microstrips, coplanar waveguides, striplines,
coplanar stripline (CPS), etc. |

[0241] For forming the switches such as the embodiments illustrated in FIGS. 2A and 2B,
the number of multiple composite loaded lines may be any integers. The number of the
composite loaded lines provided may provide a tradeoff between the insertion loss and
isolation. The coupling between/among the multiple composite loaded lines may be
electric or magnetic coupling or their combinations.

[0242] The connection locations of the diode/transistor network may not necessary be to
the end of the transmission lines or resonators as illustrated in the figures, and may be at
any position along the transmission lines. Further, the input port and output ports may be

connected to any positions of the composite loaded lines.



10

15

20

25

30

54

[0243] The transmission lines in the composite loaded lines may not be of a uniform
format. The transmission lines may have different types of loading in the signal line or
the ground planes. The loading may be a periodic or a non-periodic format.

[0244] The composite loaded lines itself may form different switches such as SPST and
SPDT, etc. when the diode/transistor network is connected to different transmission lines
inside of the composite loaded lines to form a network for the switch operation.

[0245) The ground ends of the quarter-wave resonators in the composite loaded lines
may be interval or at one side to form different coupling types. This may mean that the
multiple lines may be overlapped, side by side or at an interval.

[0246] The control (ctr) circuit, which is to apply a control voltage through the
diode/transistor networks, may have a single line or multiple lines to control the diode
and/or the transistor to the “on” or “off” status, and thus control the open-end side of the
transmission line resonator to be at a short status or an open status.

[0247] The coupling between or among the (transmission) lines in the (set of) composite
loaded lines or between or among the different (sets of) composite loaded lines may be
electric or magnetic coupling or both of them. The coupling may also be replaced by one
or more capacitors and/or one or more inductors.

[0248] The transistor/diode network may include different types of diodes, MEMS
switches, transistors or their combination network. The transistor/diode network may
include diodes, MEMS switches, transistor or their combination network connected with
different types of capacitors in series or in parallel.

[0249] The diode(s) of the transistor/diode network may be of any type available and not
limited PIN diodes, or with a resistor in series or in parallel with the diode or any
combination, with or without control bits for tuning or programming.

[0250] The transistor(s) of the transistor/diode network may be of any type available and
not limited to PMOS or NMOS or npn BJT or pnp BJT or a resistor in series or in parallel
with the transistor or any combination, with or without control bits for tuning or
programming. This may provide flexible connection to the transistors of diodes.

[0251] The NMOS transistor (¢.g. NFET) of the transistor/diode network may be a single
NMOS transistor or several NMOS transistors connected in parallel or in series with each

other, as shown in FIGS. 9A to 9C. The NMOS transistors may not necessary be
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identical. The NMOS transistor network may be connected in parallel with a C, capacitor
network to enhance the SWS switch isolation.

[0252] The C, capacitor network in the diode/transistor network may be a single
capacitor or a capacitor network (e.g. having a plurality of capacitors), or may be a single
capacitor or a capacitor network (e.g. having a plurality of capacitors) connected in series
with a switch. The switch in the C, capacitor network may be “on” when the SWS switch
is “off” to enhance isolation, while the switch in the C, capacitor network may be “OFF’ -
when the SWS switch is “on” to reduce signal leakage to ground through the capacitor C,
to reduce insertion loss.

[0253] The switch in the C, capacitor network may be the same type of the
transistor/diode network described herein, or of other types.

[0254] The PMOS transistor (e.g. PFET) of the transistor/diode network may be a single
PMOS transistor or several PMOS transistors connected in parallel or in series with each
other, as shown in FIGS. 10A to 10C. The PMOS transistors may not necessary' be
identical. The PMOS transistor network may be connected in parallel with a C, capacitor
network to enhance the SWS switch isolation.

[0255] The npn BJT (bipolar junction transistor) transistor of the transistor/diode network
may be a single npn transistor or several npn transistors connected in parallel or in series
with each other, as shown in FIGS. 11A to 11C. The npn transistors may not necessary be
identical. The npn transistor network may be connected in parallel with a C, capacitor
network to enhance the SWS switch isolation. The npn transistors may be replaced with
pnp transistors with a slight circuit modification.

[0256] The transistor/diode network may be or may include an inductor connected in
series with a capacitor, as shown in FIG. 12A. The inductor may be one or more spiral
inductors, a transmission line or transformers, or their combination.

[0257] The transistor/diode network may be or may include a diode, or a diode in series
with a transmission line, as shown in FIGS. 12B and 12C respectively. The diode may be
connected in parallel with a C, capacitor network to enhance the SWS switch isolation.
[0258] The diode in the transistor/diode network may be a single diode or a diode

network (e.g. having a plurality of diodes).
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[0259] The transistor/diode network for the standing-wave switch of various
embodiments may not be limited to the forms as presented in FIGS. 9A to 9D, 10A to
10C, 11A to 11C, and 12A to 12C. The transistor/diode network may be of or may
include different types of diodes, MEMS switches, transistors, resistors, capacitors or
their combination network.

[0260] The capacitors described herein may be any type of capacitors, including tunable
varactors.

[0261] Various embodimebts are not only applicable to IC (integrated circuit) based
technologies such CMOS (complementary metal-oxide-semiconductor), MMIC
(monolithic microwave integrated circuit), or MEMS (microelectromechanical systems),
but may also be applicable to module leveled switches such as PCB (printed circuit
board) based switch or coaxial switches.

[0262] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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CLAIMS

1. A switching circuit comprising:

a transmission line arrangement comprising a plurality of transmission lines
coupled to each other by at least one of an electric coupling or a magnetic coupling; and

at least one switching element arrangement coupled to at least one transmission
line of the plurality of transmission lines,

wherein, in a first mode of operation, the at least one switching element
arrangement is configured in a first state,

wherein, in a second mode of operation, the at least one switching element
arrangement is configured in a second state, and

wherein the transmission line arrangement is configured to, depending on whether
the at least one switching element arrangement is configured in the first state or whether
the at least one switching element arrangement is configured in the second state, generate
a standing wave from an input signal received by the transmission line arrangement, the
standing wave being coupled between at least some of the plurality of transmission lines
through the at least one transmission line into an output signal, wherein the output signal

is transmitted from the transmission line arrangement.

2. The switching circuit as claimed in claim 1, wherein, in the second mode of
operation, the at least one transmission line is at least substantially non-transmissive to at

least one of the input signal or the output signal.

3. The switching circuit as claimed in claim 1, wherein the at least one switching

element arrangément is coupled between the at least one transmission line and ground.

4, The switching circuit as claimed in claim 1, wherein each transmission line
comprises:
an end side connected to ground; and

a node,
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wherein the at least one switching element arrangement is coupled to at least one
of the nodes, and

wherein adjacent transmission lines of the plurality of transmission lines are
arranged with their respective end sides arranged on a same side of the transmission line

arrangement.

5. The switching circuit as claimed in claim 1, wherein each transmission line
comprises:

an end side connected to ground; and

a node,

wherein the at least one switching element arrangement is coupled to at least one
of the nodes, and

wherein adjacent transmission lines of the plurality of transmission lines are
arranged with their respective end sides arranged on opposite sides of the transmission

line arrangement.

6. The switching circuit as claimed in claim 1, further comprising:

a plurality of switching element arrangements,

wherein a first switching element arrangement of the plurality of switching
element arrangements is coupled to one transmission line of the plurality of transmission
lines, and

wherein a second switching element arrangement of the plurality of switching
element arrangements is coupled to another transmission line of the plurality of

transmission lines.

7. The switching circuit as claimed in claim 1, wherein each transmission line of the

plurality of transmission lines comprises a resonator.

8. The switching circuit as claimed in claim 7, wherein the resonator comprises a

quarter-wavelength resonator or a half-wavelength resonator.
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9. The switching circuit as claimed in claim 7, wherein the resonator comprises an

inductor and capacitor (LC) resonant circuit.

10.  The switching circuit as claimed in claim 1, wherein each transmission line of the

plurality of transmission lines comprises an inductive element.

11.  The switching circuit as claimed in claim 1, wherein the at least one switching
element arrangement comprises at least one switching element comprising at least one of

a capacitor, a varactor, a diode, a resistor, a switch or a transistor.

12.  The switching circuit as claimed in claim 11, further comprising a capacitive

element arrangement connected in parallel with the at least one switching element.

13.  The switching circuit as claimed in claim 1, wherein the at least one switching
element arrangement comprises a transistor comprising:

a first terminal connected to ground or configured to receive a power supply
voltage;

a second terminal connected to the at least one transmission line; and

a third terminal configured to receive a control signal,

wherein the at least one switching element arrangement is configured to be in the

first state or the second state in response to the control signal.

14.  The switching circuit as claimed in claim I, wherein the at least one switching
element arrangement comprises at least two transistors connected in series, each
transistor comprising:

a first terminal;

a second terminal; and

a third terminal,

wherein' the first terminal of a first transistor of the at least two transistors is

connected to ground,
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wherein the second terminal of a last transistor of the at least two transistors is
connected to the at least one transmission line,

wherein the respective third terminals are configured to receive a respective
control signal, and

wherein the at least one switching element arrangement is configured to be in the

first state or the second state in response to the respective control signals.

15.  The switching circuit as claimed in claim 1, wherein the at least one switching
element arrangement comprises at least two transistors connected in series, each
transistor comprising:

a first terminal;

a second terminal; and

a third terminal,

wherein the second terminal of a first transistor of the at least two transistors is
connected to the at least one transmission line,

wherein the first terminal of a last transistor of the at least two transistors is
configured to receive a power supply voltage,

wherein the respective third terminals are configured to receive a respective
control signal, and

wherein the at least one switching element arrangement is configured to be in the

first state or the second state in response to the respective control signals.

16.  The switching circuit as claimed in claim 1, wherein the at least one switching
element arrangement comprises at least two transistors connected in parallel, each
transistor comprising:

a first terminal;

a second terminal; and

a third terminal,

wherein the first terminals of the at least two transistors are connected to ground

or configured to receive a power supply voltage,
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wherein the second terminals of the at least two transistors are connected to the at

least one transmission line,

wherein the respective third terminals are configured to receive a respective

control signal, and
wherein the at least one switching element arrangement is configured to be in the

first state or the second state in response to the respective control signals.

17.  The switching circuit as claimed in claim 1, further comprising:
at least two input or output ports coupled to the transmission line arrangement,
wherein the input signal is received via one input or output port of the at least two
input or output ports, and
wherein the output signal is transmitted via another input or output port of the at

least two input or output ports.

18.  The switching circuit as claimed in claim 1, wherein the at least one switching
element arrangement comprises an inductor connected in series with a capacitor, wherein
the inductor and the capacitor are connected between the at least one transmission line

and ground.

19.  The switching circuit as claimed in claim 1, wherein the switching element

arrangement comprises:

a diode arrangement connected between the at least one transmission line and

ground,
wherein the at least one switching element arrangement is configured to be in the

first state or the second state in response to a biasing voitage applied to the diode

arrangement.

20. A transceiver comprising a switching circuit as claimed in claim 1.



