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(57) ABSTRACT

A folded Marchand Balun includes a first, a second, a third
port, and a first transmission line being folded into a first and
second intermediate transmission lines, the first intermediate
transmission line disposed on a first signal plane and elec-
trically connected through metal vias to the second inter-
mediate transmission line disposed on a second signal plane.
The first transmission line has one end as the first port and
an opposite end as an open circuit. The Balun includes a
second transmission line disposed on the first signal plane
and is adjacent to the first intermediate transmission line.
The second transmission line has one end as the second port
and an opposite end grounded. The Balun includes a third
transmission line disposed on the second signal plane and
adjacent to the second intermediate transmission line. The
third transmission line has one end as the third port and an
opposite end grounded.
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ULTRA COMPACT AND WIDE BAND

FOLDED MARCHAND BALUN FOR

MILLIMETER-WAVE AND BEYOND
WIRELESS COMMUNICATION

FIELD OF THE INVENTION

[0001] Embodiments of the present invention relate gen-
erally to wireless communication devices. More particularly,
embodiments of the invention relate to ultra compact and
wide band folded Marchand Baluns for millimeter-wave and
beyond wireless communication.

BACKGROUND

[0002] With the persistent market demand for higher data
rates, target precision, compact systems, and so on, wireless
research is rapidly progressing to embrace the millimeter-
wave (mmW) and beyond frequency bands. These bands are
inherently capable of satisfying these requirements and
thereby support the emerging applications such as 5G (fifth
generation) new radio, automotive radar, mmW imaging,
high speed indoor communications, and beyond.

[0003] Regardless of the technology in which these wire-
less systems are developed, the size of unavoidable passive
components embedded in these wireless systems typically
occupy a fairly large area than the active components. This
increases a footprint of the systems and proportionally the
cost.

[0004] One of the important passive components utilized
in wireless systems is a Balun that converts the single-ended
signal (unbalanced) to a differential signal (balanced) or vice
versa. Since some of the front-end circuits in a typical
wireless system rely on single-ended signals and others rely
on differential signals, in this regard, the transformation
between single-ended and differential signal and the corre-
sponding Balun is an indispensable module in wireless
systems.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Embodiments of the invention are illustrated by
way of example and not limitation in the figures of the
accompanying drawings in which like references indicate
similar elements.

[0006] FIG.1is ablock diagram illustrating an example of
a wireless communication device according to one embodi-
ment.

[0007] FIG. 2 is ablock diagram illustrating an example of
an RF frontend integrated circuit according to one embodi-
ment.

[0008] FIG. 3 is a block diagram illustrating an example of
a transceiver according to one embodiment.

[0009] FIG. 4 is a block diagram illustrating an example of
a single-channel transceiver circuit according to one
embodiment.

[0010] FIG. 5A illustrates a circuit diagram of a Balun.
[0011] FIG. 5B is a block diagram illustrating an example
of a single-channel transceiver circuit according to one
embodiment.

[0012] FIG. 6 illustrates a top view of a conventional
Marchand Balun.

[0013] FIGS. 7A-7B illustrates a perspective view and a
top view of a Marchand Balun with meandering transmis-
sion lines, FIG. 7C illustrates matching at port P, and
magnitude coupling from ports P, to P, and P, for the
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Marchand Balun of FIGS. 7A-7B, and FIG. 7D illustrates
phase difference at ports P, and P, for the Marchand Balun
of FIGS. 7A-7B.

[0014] FIG. 8A illustrates a reference plane and a top
signal plane of a folded Marchand Balun, FIG. 8B illustrates
the reference plane and a bottom signal plane of the folded
Marchand Balun, FIG. 8C illustrates a perspective view of
the folded Marchand Balun, FIG. 8D illustrates a top view
of the folded Marchand Balun, according to one embodi-
ment.

[0015] FIG. 8E illustrates a side view of a reference
ground and primary transmission line of a folded Marchand
Balun, FIG. 8F illustrates a side view of the reference
ground and second transmission lines of a folded Marchand
Balun, and FIG. 8G illustrates a side view of the reference
ground and primary/second transmission lines of a folded
Marchand Balun, according to one embodiment.

[0016] FIG. 8H illustrates matching at port P, and mag-
nitude coupling from ports P, to P, and P, for the folded
Marchand Balun of FIGS. 8A-8G, and FIG. 8I illustrates
phase difference at ports P, and P for the folded Marchand
Balun of FIGS. 8A-8G, according to one embodiment.
[0017] FIG. 9A illustrates simulation of amplitude imbal-
ance for comparison of meandered Marchand Balun of FIG.
7A and folded Marchand Balun of FIG. 8C, FIG. 9B
illustrates simulation of phase imbalance for comparison of
meandered Marchand Balun of FIG. 7A and folded March-
and Balun of FIG. 8C, according to one embodiment.
[0018] FIG. 10A illustrates a top signal plane of a folded
Marchand Balun, FIG. 10B illustrates a bottom signal plane
of the folded Marchand Balun, FIG. 10C illustrates a top
view of the folded Marchand Balun, according to one
embodiment.

[0019] FIG. 11A illustrates a top signal plane of a folded
Marchand Balun, FIG. 11B illustrates a bottom signal plane
of the folded Marchand Balun, FIG. 11C illustrates a top
view of the folded Marchand Balun, according to one
embodiment.

[0020] FIG. 12A illustrates a top signal plane of a folded
Marchand Balun, FIG. 12B illustrates a bottom signal plane
of the folded Marchand Balun, FIG. 12C illustrates a top
view of the folded Marchand Balun, according to one
embodiment.

DETAILED DESCRIPTION

[0021] Various embodiments and aspects of the inventions
will be described with reference to details discussed below,
and the accompanying drawings will illustrate the various
embodiments. The following description and drawings are
illustrative of the invention and are not to be construed as
limiting the invention. Numerous specific details are
described to provide a thorough understanding of various
embodiments of the present invention. However, in certain
instances, well-known or conventional details are not
described in order to provide a concise discussion of
embodiments of the present inventions.

[0022] Reference in the specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described in conjunction with the
embodiment can be included in at least one embodiment of
the invention. The appearances of the phrase “in one
embodiment” in various places in the specification do not
necessarily all refer to the same embodiment.
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[0023] Note that in the corresponding drawings of the
embodiments, signals are represented with lines. Some lines
may be thicker or have a slash over the lines, to indicate
more constituent signal paths, such as a differential signal,
and/or have arrows at one or more ends, to indicate primary
information flow direction. Such indications are not
intended to be limiting. Rather, the lines are used in con-
nection with one or more exemplary embodiments to facili-
tate easier understanding of a circuit or a logical unit. Any
represented signal, as dictated by design needs or prefer-
ences, may actually comprise one or more signals that may
travel in either direction and may be implemented with any
suitable type of signal scheme.

[0024] Throughout the specification, and in the claims, the
term “connected” means a direct electrical connection
between the things that are connected, without any interme-
diary devices. The term “coupled” means either a direct
electrical connection between the things that are connected,
or an indirect connection through one or more passive or
active intermediary devices. The term “magnetically
coupled” or “inductively coupled” means a configuration
between two conductors in such a way that change in current
through one conductor induces a voltage across the ends of
the other conductor through electromagnetic induction. The
term “circuit” means one or more passive and/or active
components that are arranged to cooperate with one another
to provide a desired function. The term “signal” means at
least one current signal, voltage signal or data/clock signal.
The meaning of “a”, “an”, and “the” include plural refer-
ences. The meaning of “in” includes “in” and “on”.

[0025] As used herein, unless otherwise specified the use
of the ordinal adjectives “first,” “second,” and “third,” etc.,
to describe a common object, merely indicate that different
instances of like objects are being referred to, and are not
intended to imply that the objects so described must be in a
given sequence, either temporally, spatially, in ranking or in
any other manner. The term “substantially” herein refers to
being within 10% of the target.

[0026] Embodiments of the specification disclose a folded
Marchand Balun having a meandered primary and second-
ary transmission lines folded onto two or more metal layers
to reduce the footprint and correspondingly the cost of the
Balun.

[0027] A Balun is a passive electrical component that
allows balanced and unbalanced lines to be interfaced.
Among different Balun configurations, Marchand Balun
promises a wide-band response and is suitable for integra-
tion with radio frequency (RF) circuits, such as, amplifiers,
mixers, antennas, impedance transformation circuits, etc. A
layout of conventional Marchand Balun 600 is shown in
FIG. 6, where the primary transmission line 601 with
single-ended port (P,) is a half-wavelength open circuit
transmission line, and the electromagnetically coupled sec-
ondary transmission line (603, 605) are short circuited
quarter-wavelength transmission lines with respective dif-
ferential ports (P,, P;). In operation, the signal at the
single-ended port P, is coupled to the two differential ports
P, and P, with an approximately equal magnitude, while the
differential ports have complementary signals that are 180
degrees out of phase. Although the conventional Marchand
Balun 600 of FIG. 6 exhibits good Balun performance, it
occupies a fairly large footprint.

[0028] For example, if Marchand Balun 600 of FIG. 6 is
implemented for operation from 36 GHz (e.g., wavelength
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7=8333 um) in Complementary Metal Oxide Semiconduc-
tor (CMOS) technology, the Marchand Balun 600 designed
in a single metal layer would occupy an area of approxi-
mately 44,000 um® (880 umx50 um) or 0.00063A,>. As
shown in FIG. 6, a topmost metal layer is used for the
transmission lines and the metal layers below are chosen as
the ground plane. Note that, instead of a design specification
at center frequency, a lowest operating frequency at 36 GHz
(Ao=8333 um) is referred as this defines the size of the
Marchand Balun.

[0029] In some embodiments, meandering of the primary
and/or electromagnetically coupled secondary transmission
lines reduces the overall footprint of the conventional
Marchand Balun. This meandering can be carried out by
modeling the primary and secondary conductors on the same
metal layer as shown in perspective and top views of FIGS.
7A and 7B respectively. The metal layers used for this
meandered Marchand Balun 700 are same as the Marchand
Balun 600. From simulations, the matching at P, (e.g., return
loss S, parameter 701 for port P,) and magnitude coupling
from P, to P, (e.g., insertion loss S,; parameter 703 for port
P, to P,) and from P, to P; (e.g., insertion loss S5, parameter
705 for port P, to P;) are shown in FIG. 7C. The phase
difference 707 of the signal at P, and P is shown in FIG. 7D.
As shown in FIG. 7D, there exists minimal phase imbalance
between the P, and P;, e.g., deviations from the ideal 180
degrees over the useful frequency bands of 36 to 84 GHz.

[0030] The area occupied by the meandered Marchand
Balun 700 configuration that is designed for operation from
36 GHz to 84 GHz requires a footprint of 30,000 um? (200
umx150 um) or 0.00043%,,%, which is approximately 30%
less than that of conventional Marchand Balun 600 of FIG.
6. The compactness of meandered Marchand Balun 700 is
realized at the expense of amplitude and phase imbalance as
shown in FIGS. 7C-7D. Nevertheless, in embodiments dis-
closed further below, the size of meandered Marchand Balun
700 can be further reduced by folding the Marchand Balun
structure over multiple layers.

[0031] According to a first aspect, a folded Marchand
Balun includes a first, a second, and a third port. The folded
Marchand Balun includes a first transmission line being
folded into a first and a second intermediate transmission
lines, the first intermediate transmission line disposed on a
first signal plane and the second intermediate transmission
line disposed on a second signal plane, where a first end of
the first intermediate transmission line is coupled to the first
port, a first end of the second intermediate transmission line
is open circuit, and a second end of the first intermediate
transmission line is coupled to a second end of the second
intermediate transmission line through inter-plane vias. The
folded Marchand Balun includes a second transmission line
disposed on the first signal plane and is adjacent to the first
intermediate transmission line, where an electromagnetic
field generated by the first intermediate transmission line
induces a signal in the second transmission line, where the
second transmission line has one end coupled to the second
port and an opposite end coupled to a reference plane. The
folded Marchand Balun includes a third transmission line
disposed on the second signal plane and is adjacent to the
second intermediate transmission line, where an electromag-
netic field generated by the second intermediate transmis-
sion line induces a signal in the third transmission line,
where the third transmission line has one end coupled to the
third port and an opposite end coupled to the reference
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plane. The folding of the primary and secondary transmis-
sion lines further reduces the footprint of the Marchand
Balun with no significant compromise in performance. As a
result, the folding and meandering configuration assists in
lowering the overall area, and correspondingly, the cost of
the Marchand Balun.

[0032] In one embodiment, the first port is a single-ended
port of the folded Marchand Balun at the first signal plane,
the reference plane is a ground for the single-ended port, and
the second and third ports are differential ports of the folded
Marchand Balun at the first and second signal planes,
respectively.

[0033] In one embodiment, the first and second signal
planes are interchangeable planes.

[0034] In one embodiment, the first transmission line is
folded orthogonally, where the first intermediate transmis-
sion line is substantially orthogonal to the second interme-
diate transmission line to minimize a electromagnetic cou-
pling between the first intermediate transmission line and the
second intermediate transmission line. In one embodiment,
the first intermediate transmission line is not orthogonal to
the second intermediate transmission line. In one embodi-
ment, the second transmission line is substantially orthogo-
nal to the third transmission line.

[0035] In one embodiment, the first and second signal
planes are metal layers of a first and a second respective
height from the reference plane.

[0036] Inone embodiment, the inter-plane vias comprise a
metal via to electrical short the first intermediate transmis-
sion line at the first signal plane to the second intermediate
transmission line at the second signal plane.

[0037] Inone embodiment, the second transmission line is
shorted to the reference plane through a first metal vias and
the third transmission line is shorted to the reference plane
through a second metal vias. In one embodiment, the second
and third transmission lines are shorted through a common
metal vias.

[0038] In one embodiment, the first intermediate transmis-
sion line is a portion of the first transmission line in a first
orientation and the second intermediate transmission line is
a remaining portion of the first transmission line that is
folded vertically and rotated in a second orientation.
[0039] In one embodiment, the first transmission line and
the second or third transmission lines are separated by a
substrate to increase the electromagnetic coupling between
the first transmission line and the second or third transmis-
sion lines.

[0040] In one embodiment, the first intermediate transmis-
sion line is of a first line width and the second and third
transmission lines are of the first line width or a second line
width, where the first intermediate transmission line is
separated from the second transmission line by a first
spacing and the second intermediate transmission line is
separated from the third transmission line by the first spac-
ing or a second spacing.

[0041] In one embodiment, the folded Marchand Balun is
implemented in complementary metal oxide semiconductor,
printed circuit board, or III-V (such as BN, BP, BAs, BSb,
AIN, AIP, AlAs, AISb, GaN, GaP, GaAs, GaSb, InAs, InN,
InP, or InSb) fabrication technologies.

[0042] In one embodiment, the folded Marchand Balun is
integrated to a mixer, amplifier, or a transmit/receive switch
of a receive chain or a transmit chain of a radio frequency
transceiver.
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[0043] In one embodiment, the first transmission line is
further folded to a third signal plane, wherein the first,
second, and third signal planes are a subset of a plurality of
signal planes where the first transmissions line is folded.

[0044] In one embodiment, the folding of the first trans-
mission line is used to match an impedance at the first or the
second and third ports of the folded Marchand Balun for an
operating frequency.

[0045] According to a second aspect, a radio frequency
(RF) transceiver includes an antenna, one or more differen-
tial transmit (Tx) components, one or more differential
receive (Rx) components, a transmit/receive switch having
a first port coupled/connected to the antenna, a first folded
Marchand Balun, and a second folded Marchand Balun. The
first Marchand Balun having a single-ended port connected
to a second port of the transmit/receive switch, and differ-
ential ports integrated with the one or more Rx components.
The second folded Marchand Balun having a single-ended
port connected to a third port of the transmit/receive switch,
and differential ports integrated with the one or more Tx
components. The first or/and second folded Marchand Balun
includes a first, a second, and a third port, a first transmission
line being folded into a first and a second intermediate
transmission lines, the first intermediate transmission line
disposed on a first signal plane and the second intermediate
transmission line disposed on a second signal plane, where
a first end of the first intermediate transmission line is
coupled to the first port, a first end of the second interme-
diate transmission line is open circuit, and a second end of
the first intermediate transmission line is coupled to a second
end of the second intermediate transmission line through
inter-plane vias. The first or/and second folded Marchand
Balun includes a second transmission line disposed on the
first signal plane and is adjacent to the first intermediate
transmission line, where an electromagnetic field generated
by the first intermediate transmission line induces a signal in
the second transmission line, where the second transmission
line has one end coupled to the second port and an opposite
end coupled to a reference plane. The first or/and second
folded Marchand Balun includes a third transmission line
disposed on the second signal plane and is adjacent to the
second intermediate transmission line, where an electromag-
netic field generated by the second intermediate transmis-
sion line induces a signal in the third transmission line,
where the third transmission line has one end coupled to the
third port and an opposite end coupled to the reference
plane.

[0046] According to a third aspect, a radio frequency (RF)
frontend circuit includes a digital signal processing unit, and
a transceiver coupled to the digital signal processing unit to
transmit and receive signals to and from the digital signal
processing unit. The transceiver includes an antenna, one or
more differential transmit (TX) components, one or more
differential receive (Rx) components, a transmit/receive
switch having a first port coupled/connected to the antenna,
a first folded Marchand Balun, and a second folded March-
and Balun. The first folded Marchand Balun having a
single-ended port coupled to a second port of the transmit/
receive switch, and differential ports coupled to the one or
more Rx components. The second folded Marchand Balun
having a single-ended port coupled to a third port of the
transmit/receive switch, and differential ports coupled to the
one or more Tx components. The first or/and second folded
Marchand Balun includes a first, a second, and a third port,
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a first transmission line being folded into a first and a second
intermediate transmission lines, the first intermediate trans-
mission line disposed on a first signal plane and the second
intermediate transmission line disposed on a second signal
plane, where a first end of the first intermediate transmission
line is coupled to the first port, a first end of the second
intermediate transmission line is open circuit, and a second
end of the first intermediate transmission line is coupled to
a second end of the second intermediate transmission line
through inter-plane vias. The first or/and second folded
Marchand Balun includes a second transmission line dis-
posed on the first signal plane and is adjacent to the first
intermediate transmission line, where an electromagnetic
field generated by the first intermediate transmission line
induces a signal in the second transmission line, where the
second transmission line has one end coupled to the second
port and an opposite end coupled to a reference plane. The
first or/and second folded Marchand Balun includes a third
transmission line disposed on the second signal plane and is
adjacent to the second intermediate transmission line, where
an electromagnetic field generated by the second interme-
diate transmission line induces a signal in the third trans-
mission line, where the third transmission line has one end
coupled to the third port and an opposite end coupled to the
reference plane.

[0047] FIG.1is ablock diagram illustrating an example of
a wireless communication device according one embodi-
ment of the invention. Referring to FIG. 1, wireless com-
munication device 100, also simply referred to as a wireless
device, includes, amongst others, an RF frontend module
101 and a baseband processor 102. Wireless device 100 can
be any kind of wireless communication devices such as, for
example, mobile phones, laptops, tablets, network appliance
devices (e.g., Internet of thing or IOT appliance devices),
etc.

[0048] In a radio receiver circuit, the RF frontend is a
generic term for all the circuitry between the antenna up to
and including the mixer stage. It consists of all the compo-
nents in the receiver that process the signal at the original
incoming radio frequency, before it is converted to a lower
frequency, e.g., IF. In microwave and satellite receivers it is
often called the low-noise block (LNB) or low-noise down-
converter (LND) and is often located at the antenna, so that
the signal from the antenna can be transtferred to the rest of
the receiver at the more easily handled intermediate fre-
quency. A baseband processor is a device (a chip or part of
a chip) in a network interface that manages all the baseband
processing functions to process baseband signals.

[0049] In a radio transmitter circuit, the RF frontend is a
generic term for all the circuitry between the mixer stage up
to and including the antenna. It consists of all the compo-
nents in the transmitter that processes the signal at the more
easily handled intermediate frequency, IF, before it is con-
verted to a radio frequency, e.g., RF, for transmission. In
microwave and satellite transmitters it is often called the
block upconverter (BUC), which makes up the “transmit”
side of the system, and is often used in conjunction with an
LNB, which makes up the “receive” side of the system.
[0050] In one embodiment, RF frontend module 101
includes one or more RF transceivers, where each of the RF
transceivers transmits and receives RF signals within a
particular frequency band (e.g., a particular range of fre-
quencies such as non-overlapped frequency ranges) via one
of'a number of RF antennas. The RF frontend IC chip further
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includes an 1Q generator and/or a frequency synthesizer
coupled to the RF transceivers. The 1Q generator or genera-
tion circuit generates and provides an L.O signal to each of
the RF transceivers to enable the RF transceiver to mix,
modulate, and/or demodulate RF signals within a corre-
sponding frequency band. The RF transceiver(s) and the 1Q
generation circuit may be integrated within a single IC chip
as a single RF frontend IC chip or package.

[0051] FIG. 2 is a block diagram illustrating an example of
an RF frontend integrated circuit according to one embodi-
ment of the invention. Referring to FIG. 2, RF frontend 101
includes, amongst others, an 1Q generator and/or frequency
synthesizer 200 coupled to a RF transceiver 211. Transceiver
211 is configured to transmit and receive RF signals within
one or more frequency bands or a broad range of RF
frequencies via RF antenna 221. In one embodiment, trans-
ceiver 211 is configured to receive one or more LO signals
from frequency synthesizer 200. The LO signals are gener-
ated for the one or more corresponding frequency bands.
The LO signals are utilized to mix, modulate, demodulated
by the transceiver for the purpose of transmitting and
receiving RF signals within corresponding frequency bands.
Although there is only one transceiver and antenna shown,
multiple pairs of transceivers and antennas can be imple-
mented, one for each frequency bands.

[0052] FIG. 3 is a block diagram illustrating an example of
a transceiver according to one embodiment. Transceiver 300
may represent RF transceiver 211 of FIG. 2. Referring to
FIG. 3, transceiver 300 includes a number of single-channel
transceivers (e.g., single-channel TRX #1 . . . single-channel
TRX #N), analog-digital converters (ADCs), digital-analog
converters (DACs), and a digital signal processing unit. The
digital signal processing unit can process digital signals in a
digital domain. The single-channel transceivers each can
include an up-conversion TX chain, a down-conversion RX
chain, a T/R switch, and an antenna. The single-channel
transceivers can each receive/transmit a respective analog
stream simultaneously from/to one or more remote devices
(e.g., a cellular mobile device, user equipment, and/or a
cellular mobile device site) independent of the rest of the
single-channel transceivers. Each of the ADCs can convert
an analog signal to a digital signal. Each of the DACs can
convert a digital signal to an analog signal. As shown, pairs
of ADCs and DACs are coupled to each one of the single-
channel transceivers to convert data streams from/to an
analog domain to/from the digital domain. In one embodi-
ment, the DSP unit is configured to generate a first set of
digital data streams simultaneously and each of the first set
of digital data streams is converted by a respective one of the
DACs into an analog data stream to be transmitted to a
remote device by a respective one of the single-channel
transceiver.

[0053] In one embodiment, the single-channel transceiv-
ers, e.g., single-channel TRX #1 . . . single-channel TRX #N,
have identical channels. In one embodiment, the RF fron-
tend circuit is part of a cellular handheld user mobile device.
In another embodiment, the RF frontend circuit is part of a
cellular mobile device site which can stream data to one or
more cellular handheld user mobile devices. In another
embodiment, the identical channels can stream data to one
or more cellular handheld user mobile devices by transmit-
ting and receiving a respective independent data streams.
[0054] In one embodiment, the single-channel transceiv-
ers each can include an antenna which can include a direc-
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tional antenna. The directional antenna of each of the
single-channel transceivers can correspond to a different
radiation angle or a similar radiation angle in comparison
with the other directional antennas of the RF frontend. For
example, different radiation angles can track a user moving
within many corresponding radiation angles while similar
radiation angles can track two or more users moving within
a corresponding radiation angle or similar radiation angles.

[0055] In one embodiment, the DSP unit is further con-
figured to receive a second set of digital data streams from
the ADCs. In one embodiment, each of the second set of
digital data streams is received by a respective one of the
single-channel transceiver via a specific radiation angle. In
one embodiment, the second set of digital data streams can
be received simultaneously. In one embodiment, the second
set of digital data streams are synchronized in time. In one
embodiment, the first set of digital streams are synchronized
in time.

[0056] FIG. 4is a block diagram illustrating an example of
a single-channel transceiver circuit according to one
embodiment. Referring to FIG. 4, single-channel transceiver
400 may represent single-channel TRX #1 of FIG. 3. Trans-
ceiver 400 is configured to transmit/receive RF signals for a
single-channel. The single-channel can be a single fre-
quency channel. In one embodiment, in the TX chain,
transceiver 400 can include a power amplifier (PA), in-
phase/quadrature (I/Q) up-conversion mixer(s), a local oscil-
lator (LO) buffer, a LO 1/Q generation network, IF variable-
gain amplifiers (VGAs), and an IF I/Q generation network.
The TX chain can include two paths, 1) I path for processing
in-phase component signals and 2) Q-path for processing
quadrature component signals. In one embodiment, IF 1/Q
quadrature network can generate a I component signal and
a Q component signal based on an intermediate signal to be
transmitted (e.g., TXin signal). The 1 and Q component
signals can be further amplified by IF VGA. Up-conversion
mixers for each of the I-path and the Q-path receives the
amplified | and Q component signals and the LO 1/Q signals
(generated by the LO 1/Q generation network based on an
TX LO signal) and mixes/modulates the IF I/Q-path com-
ponent signals to a higher frequency band. The higher
frequency I and Q component signals are then recombined
and amplified by the PA before being transmitted to the
antenna via a T/R switch to be radiated by the antenna.

[0057] In one embodiment, for the RX chain, transceiver
400 can include a low-noise amplifier (LNA), I/Q down-
conversion mixer(s), a LO buffer, an LO I/Q quadrature
generation network, an IF I/Q quadrature generation net-
work, and IF VGAs. The TX chain and RX chain can be
coupled by a T/R switch, which is coupled to the antenna.
Similar to the TX chain, the RX chain can include two paths,
1) I path for processing in-phase component signals and 2)
Q-path for processing quadrature component signals. In one
embodiment, the RX chain receives an RF signal, via the
antenna, from a remote device and the RF signal is amplified
by the LNA (which may or may not include a band pass
filter). The I-path down-convert mixer and the Q-path down-
convert mixer mixes/demodulates the RF signal into I-path
signals and Q-path signals using the LO 1/Q components
(e.g., generated by LO I/Q generation network based on an
RX LO signal). The I-path and Q-path signals can be further
amplified by I-path and Q-path IF VGAs. The IF 1/Q
quadrature generation network can then generate an RXout
signal based on the amplified I-path and Q-path signals. In
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one embodiment, the RXout signal may be further amplified
by additional amplifiers or VGAs.

[0058] Inone embodiment, the TX L.O and RX L.O signals
are generated by an on-chip LO power divider using an LO
signal. The LO signal may be provided by a crystal oscil-
lator. In one embodiment, the TX LO and RX LO signals are
buffered by LO buffers. In one embodiment, the single-
channel TRX includes a bias interface which can provide
bias voltage sources for the single-channel TRX. In another
embodiment, a pair of ADC and DAC are integrated with the
single-channel TRX and the single-channel TRX can
include a digital interface to interface with the digital
domain of a digital signal processing unit (such as the digital
signal processing unit of FIG. 3).

[0059] In some embodiments, the circuit blocks (mixers,
LNA, PA, IF VGA, etc.) of transceiver 400 are single-ended
units. In some embodiments, the circuit blocks (mixers,
LNA, PA, IF VGA, etc.) of transceiver 400 are differential
units. Instead of singled-ended signals that is referenced to
a fixed potential (ground), differential circuits use differen-
tial signals, that are measured between two nodes that have
equal and opposite signal excursions about a fixed potential.
Differential signals can reject common noise from environ-
ment and the power supply providing resilience to the
transceiver circuit blocks.

[0060] A Balun can interface single-ended signals to dif-
ferential signals, and vice versa. FIG. 5A illustrates a circuit
diagram of a Balun 500. The circuit diagram illustrates
Balun 500 having three ports. The single-ended port P1 is
connected to a primary winding. The primary winding is
electromagnetically coupled to second winding, and the
second winding are connected to differential ports P2 and
P3. An implementation of a conventional Marchand Balun
using transmission lines are shown in FIG. 6 and FIGS.
7A-B.

[0061] FIG. 5B is a block diagram illustrating an example
of'a single-channel transceiver circuit 400B according to one
embodiment. Single-channel transceiver 4008 can represent
transceiver 400 of FIG. 4, but with balanced (differential)
circuit components. Balanced circuit components be highly
resilient against environmental and power supply noise. For
example, transceiver 400B can include balanced up-conver-
sion TX chain, a balanced down-conversion RX chain,
and/or T/R switch.

[0062] Transceiver 400B can be configured to transmit/
receive RF signals from an antenna for a single-channel. The
single-channel can be a single frequency channel. In one
embodiment, in the balanced TX chain having balanced
circuit components, a differential signal can be amplified by
a balanced PA. The amplified differential signal can be
converted to singled-ended signal by Balun 500B. The
singled-ended signal is sent as a RF signal over the air to a
receiving unit (not shown), via the antenna. In one embodi-
ment, in the balanced RX chain having balanced circuit
components, an RF signal can be received from a sending
unit (not shown), via the antenna. The received RF signal
can then be converted from single-ended to balanced (or
differential) signal by Balun 500A. The balanced signal is
then amplified by a balanced LNA of the balanced RX chain.
Thus, instead of singled-ended signals that is referenced to
a fixed potential (ground), differential signals are used by
balanced RX and/or TX components at the balanced RX
and/or TX chains.
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[0063] In one embodiment, the T/R switch is a balanced
T/R switch (T/R switch and Baluns 500A-B), as illustrated
by FIG. 5B. In this case, T/R switch provides differential
signal to balanced LNA of the RX chain and receives
differential signal from balanced PA of the TX chain.
Although the Baluns are shown coupled to the balanced TX
and RX chains, any subset of the components (T/R switch,
LNA, PA, mixers, VGA, etc.) in the TX and/or RX chains
can be balanced, and Balun 500 can be coupled to the
subsets of balanced circuit components to convert single-
ended signals to differential signals, or vice versa. Imple-
mentations of different configurations of a Marchand Balun
is further disclosed in FIGS. 7A-12D.

[0064] Marchand Baluns have a wide-band response and
are suitable for integration with RF components, including
amplifiers, mixers, antennas, and impedance matching cir-
cuits, etc. For a Marchand Balun, the primary transmission
line has to electromagnetically couple efficiently with cor-
responding secondary transmission lines and minimally
electromagnetically couple with itself to achieve desirable
performances. In the case of a folded configuration, a
horizontal folding of a top half over the bottom half of a
Marchand Balun, such as meandered Marchand Balun 700
in FIG. 7A, will result in significant self-coupling, e.g.,
electromagnetic coupling between a same transmission line.
In this regard, an orthogonal folding approach is proposed
which exhibits minimal electromagnetic coupling between
the same transmission lines. It is known that orthogonal
electromagnetic fields ideally do not couple amongst each
other and, thus, would achieve a maximum amount of
isolation for any layout arrangements.

[0065] FIG. 8A illustrates a reference plane and a top
signal plane of a folded Marchand Balun, FIG. 8B illustrates
the reference plane and a bottom signal plane of the folded
Marchand Balun, FIG. 8C illustrates a perspective view of
the folded Marchand Balun, FIG. 8D illustrates a top view
of the folded Marchand Balun, according to one embodi-
ment. folded Marchand Balun 800 can represent conven-
tional Marchand Balun 500 of FIG. 5. folded Marchand
Balun 800 can be realized by rotating the meandered sec-
ondary transmission line and a portion of the primary
transmission line of meandered Marchand Balun 700 and
folding the rotated portions over the rest of meandered
Marchand Balun 700 of FIG. 7A.

[0066] The top and bottom signal layers of the folded
Marchand Balun 800 is shown in FIGS. 8A and 8B, respec-
tively, where the top and bottom signal layers are inter-
changeable. In one embodiment, the signal layers are metal
layers. In one embodiment, the reference plane is a substrate
or a reference metal plane. Refer to FIG. 8A, the top layer
includes a first intermediate transmission line 801A and a
first secondary quarter wavelength transmission line 803.
FIG. 8A, the top layer includes a second intermediate
transmission line 801B and a second secondary quarter
wavelength transmission line 805. The first intermediate
transmission line 801A and second intermediate transmis-
sion line 801A are the two folded portions of the half
wavelength primary transmission line 801. In one embodi-
ment, single ended port P, is at the bottom metal layer, while
the differential ports P, and P, are at top and bottom layers
respectively, as shown in FIG. 8C. In another embodiment,
the single ended port P, is at the top metal layer, while the
differential ports P, and P; are at bottom and top layers,
respectively. The electrical shorting required between the
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primary transmission lines in two metal layers can be
realized through inter-plane or inter-metal vias 811, as
shown in FIGS. 8E and 8G. Similarly, the secondary trans-
mission lines 803, 805 are grounded through inter-metal vias
813, 815, as shown in FIGS. 8F-8G. The primary transmis-
sion line has an opposite end from the port P1 that is open
circuit, e.g., not touching the ground plane. The open circuit
and structural supports for any of the transmission lines can
be implemented as electrically isolating substrates (such as
Silicon dioxide) between the top, bottom, and/or reference
ground planes/layers.

[0067] From simulation results, the folded Marchand
Balun 800 of FIG. 8C that is designed for operation from 36
GHz occupies an approximate area of 18,000 um?® (120
pmx150 um) or 0.00026,,> (as shown in FIG. 8D) which is
40% lower than that of the meandered Marchand Balun 700
of FIG. 7A. The matching bandwidth at P, 821 is over 80%
(36 GHz to 84 GHz) with signal coupling 823 from port P,
to port P, and signal coupling 825 from port P, to port P,
as shown in FIG. 8H. The phase difference 827 of signals at
differential ports P, and P; is shown in FIG. 8I. The simu-
lation results show that the performance characteristics of
folded Marchand Balun 800 are minimally degraded.
[0068] Moreover, the amplitude and phase imbalances of
the differential ports P, and P; are evaluated for meandered
Marchand Balun 700 and folded Marchand Balun 800 and
are compared in FIGS. 9A-9B. As shown, amplitude imbal-
ance plot 901 corresponds to meandered Marchand Balun
700 (plot 901 is equal to plot 705 of FIG. 7C subtract plot
703). Amplitude imbalance plot 903 corresponds to folded
Marchand Balun 800 (plot 903 is equal to plot 825 of FIG.
8H subtract plot 823). As shown in FIGS. 9A-9B, the
amplitude 903 and phase imbalance 827 of folded Marchand
Balun 800 is lower than the amplitude 901 and phase
imbalance 707 of meandered Marchand Balun 700. The
amplitude loss for folded Marchand Balun 800 can be
lowered even further by reducing the self-coupling between
the folded portions, 801A and 801B, of the primary trans-
mission line and 803 and 805 of secondary transmission line.
This can be achieved by increasing the spacing between the
lines 801A and 801B (and lines 803 and 805), or by
increasing the spacing between the top and bottom plane
layers. Henceforth, the wide-band performance along with
minimal differential signal imbalance of folded Marchand
Balun 800 within a compact space is a promising solution to
implement in a wide range of mmW and beyond circuits.
[0069] In fact, the implementation of folded Marchand
Balun 800 of FIG. 8C can be generalized and is not
restrictive to the technology of implementation, operating
frequency, or folding configurations. For example, folded
Marchand Balun 800 can be implemented in complementary
metal oxide semiconductor, printed circuit board, or I1I-V
fabrication technologies, etc. Moreover, other folded March-
and Balun topologies can be implemented. The potential
folding configuration of the primary and secondary trans-
mission lines are shown in FIGS. 10A-12C. The GND/
reference plane, metal via connections, single-ended and
differential ports can be similarly implemented as Marchand
Balun 800 but are not illustrated in FIGS. 10A-12C.
[0070] FIG. 10A illustrates a top signal plane of a folded
Marchand Balun 1000 having first intermediate transmission
line 1001A and a first secondary transmission line 1003,
FIG. 10B illustrates a bottom signal plane of the folded
Marchand Balun 1000 having second intermediate transmis-
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sion line 1001B and a second secondary transmission line
1005, FIG. 10C illustrates a top view of the folded Marchand
Balun 1000, according to one embodiment. FIG. 11A illus-
trates a top signal plane of a folded Marchand Balun 1100
having first intermediate transmission line 1101 A and a first
secondary transmission line 1103, FIG. 11B illustrates a
bottom signal plane of the folded Marchand Balun 1100
having second intermediate transmission line 1101B and a
second secondary transmission line 1105, FIG. 11C illus-
trates a top view of the folded Marchand Balun 1100,
according to one embodiment. FIG. 12A illustrates a top
signal plane of a folded Marchand Balun 1200 having first
intermediate transmission line 1201A and a first secondary
transmission line 1203, FIG. 12B illustrates a bottom signal
plane of the folded Marchand Balun 1200 having second
intermediate transmission line 1201B and a second second-
ary transmission line 1205, FIG. 12C illustrates a top view
of the folded Marchand Balun 1200, according to one
embodiment. The different configurations of the folded
Marchand Baluns 1000-1200 vary the meandering, spac-
ings/overlap between the folds of the primary transmission
line, and placements of the secondary transmission lines to
minimize the footprints of the folded Marchand Baluns
1000-1200. Although the configurations of the folded
Marchand Baluns 1000-1200 in FIGS. 10A-12D are shown
with implementation of two signal layers, any number of
signal layers can be used to realize the folded folded
Marchand Balun circuits (e.g., 3 signal layers, 4 signal
layers, etc.). In some embodiments, the width of the primary
transmission line, and/or the width of the first and second
secondary transmission lines can be the same or different.
The spacings between the primary (first) and the secondary
(second and/or third) transmission lines can be the same or
different.

[0071] In the foregoing specification, embodiments of the
invention have been described with reference to specific
exemplary embodiments thereof. It will be evident that
various modifications may be made thereto without depart-
ing from the broader spirit and scope of the invention as set
forth in the following claims. The specification and drawings
are, accordingly, to be regarded in an illustrative sense rather
than a restrictive sense.

What is claimed is:

1. A Marchand Balun, comprising:

a first port, a second port, and a third port;

a first transmission line being folded into a first and a
second intermediate transmission lines, the first inter-
mediate transmission line disposed on a first signal
plane and the second intermediate transmission line
disposed on a second signal plane, wherein a first end
of the first intermediate transmission line is coupled to
the first port, a first end of the second intermediate
transmission line is open circuit, and a second end of
the first intermediate transmission line is coupled to a
second end of the second intermediate transmission line
through inter-plane vias;

a second transmission line disposed on the first signal
plane and is adjacent to the first intermediate transmis-
sion line, wherein an electromagnetic field generated
by the first intermediate transmission line induces a
signal in the second transmission line, wherein the
second transmission line has one end coupled to the
second port and an opposite end coupled to a reference
plane; and
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a third transmission line disposed on the second signal
plane and is adjacent to the second intermediate trans-
mission line, wherein an electromagnetic field gener-
ated by the second intermediate transmission line
induces a signal in the third transmission line, wherein
the third transmission line has one end coupled to the
third port and an opposite end coupled to the reference
plane.

2. The Marchand Balun of claim 1, wherein the first port
is a single-ended port of the Marchand Balun at the first
signal plane, the reference plane is a ground for the single-
ended port, and the second and third ports are differential
ports of the Marchand Balun at the first and second signal
planes, respectively.

3. The Marchand Balun of claim 2, wherein the first and
second signal planes are interchangeable planes.

4. The Marchand Balun of claim 1, wherein the first
transmission line is folded orthogonally, wherein the first
intermediate transmission line is substantially orthogonal to
the second intermediate transmission line to minimize an
electromagnetic coupling between the first intermediate
transmission line and the second intermediate transmission
line, wherein the second transmission line is substantially
orthogonal to the third transmission line.

5. The Marchand Balun of claim 1, wherein the first and
second signal planes are metal layers with a first and a
second respective height from the reference plane.

6. The Marchand Balun of claim 1, wherein the inter-
plane vias comprise a metal via to electrical short the first
intermediate transmission line at the first signal plane to the
second intermediate transmission line at the second signal
plane.

7. The Marchand Balun of claim 1, wherein the second
transmission line is shorted to the reference plane through a
first metal vias and the third transmission line is shorted to
the reference plane through a second metal vias. Wherein,
the second and third transmission lines are shorted through
same metal vias.

8. The Marchand Balun of claim 1, where the first
intermediate transmission line is a portion of the first trans-
mission line in a first orientation and the second intermediate
transmission line is a remaining portion of the first trans-
mission line that is folded vertically and rotated in a second
orientation.

9. The Marchand Balun of claim 1, wherein the first
transmission line and the second or third transmission lines
are separated by a substrate to increase the electromagnetic
coupling between the first transmission line and the second
or third transmission lines.

10. The Marchand Balun of claim 1, wherein the first
intermediate transmission line is of a first line width and the
second and third transmission lines are of the first line width
or a second line width, wherein the first intermediate trans-
mission line is separated from the second transmission line
by a first spacing and the second intermediate transmission
line is separated from the third transmission line by the first
spacing or a second spacing.

11. The Marchand Balun of claim 1, wherein the March-
and Balun is implemented in complementary metal oxide
semiconductor, printed circuit board, or III-V fabrication
technologies.
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12. The Marchand Balun of claim 1, wherein the March-
and Balun is integrated to a mixer, amplifier, or a transmit/
receive switch of a receive chain or a transmit chain of a
radio frequency transceiver.

13. The Marchand Balun of claim 1, wherein the first
transmission line is further folded to a third signal plane,
wherein the first, second, and third signal planes are a subset
of a plurality of signal planes where the first transmissions
line is folded.

14. The Marchand Balun of claim 1, wherein the folding
of the first transmission line is used to match an impedance
at the first or the second and third ports of the Marchand
Balun for an operating frequency.

15. A radio frequency (RF) transceiver comprising:

an antenna,

one or more balanced transmit (Tx) components;

one or more balanced receive (Rx) components;

atransmit/receive switch having a first port coupled to the
antenna,

a first Marchand Balun having a single-ended port
coupled to a second port of the transmit/receive switch
and differential ports coupled to the one or more
balanced Rx components; and

a second Marchand Balun having a single-ended port
coupled to a third port of the transmit/receive switch
and differential ports coupled to the one or more
balanced Tx components, wherein the first or second
Marchand Balun comprises:

a first port, a second port, and a third port;

a first transmission line being folded into a first and a
second intermediate transmission lines, the first
intermediate transmission line disposed on a first
signal plane and the second intermediate transmis-
sion line disposed on a second signal plane, wherein
a first end of the first intermediate transmission line
is coupled to the first port, a first end of the second
intermediate transmission line is open circuit, and a
second end of the first intermediate transmission line
is coupled to a second end of the second intermediate
transmission line through inter-plane vias;

a second transmission line disposed on the first signal
plane and is adjacent to the first intermediate trans-
mission line, wherein an electromagnetic field gen-
erated by the first intermediate transmission line
induces a signal in the second transmission line,
wherein the second transmission line has one end
coupled to the second port and an opposite end
coupled to a reference plane; and

a third transmission line disposed on the second signal
plane and is adjacent to the second intermediate
transmission line, wherein an electromagnetic field
generated by the second intermediate transmission
line induces a signal in the third transmission line,
wherein the third transmission line has one end
coupled to the third port and an opposite end coupled
to the reference plane, wherein the first port is the
single-ended port of the respective Marchand Balun
at the first signal plane, the reference plane is a
ground for the single-ended port, and the second and
third ports are the differential ports of the respective
Marchand Balun at the first and second signal planes,
respectively.

16. The RF transceiver of claim 15, wherein the first and
second signal planes are interchangeable planes.
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17. The RF transceiver of claim 15, wherein the first
transmission line is folded orthogonally, wherein the first
intermediate transmission line is substantially orthogonal to
the second intermediate transmission line to minimize a
electromagnetic coupling between the first intermediate
transmission line and the second intermediate transmission
line, wherein the second transmission line is substantially
orthogonal to the third transmission line.

18. A radio frequency (RF) frontend circuit, comprising:

a digital signal processing unit; and

a transceiver coupled to the digital signal processing unit

to transmit and receive signals to and from the digital

signal processing unit, the transceiver comprising:

an antenna,

one or more balanced transmit (Tx) components;

one or more balanced receive (Rx) components;

a transmit/receive switch having a first port coupled to
the antenna;

a first Marchand Balun having a single-ended port
coupled to a second port of the transmit/receive
switch and differential ports coupled to the one or
more balanced Rx components; and

a second Marchand Balun having a single-ended port
coupled to a third port of the transmit/receive switch
and differential ports coupled to the one or more
balanced Tx components, wherein the first or second
Marchand Balun comprises:

a first port, a second port, and a third port;

a first transmission line being folded into a first and
a second intermediate transmission lines, the first
intermediate transmission line disposed on a first
signal plane and the second transmission line
disposed on a second signal plane, wherein a first
end of the first intermediate transmission line is
coupled to the first port, a first end of the second
intermediate transmission line is open circuit, and
a second end of the first intermediate transmission
line is coupled to a second end of the second
intermediate transmission line through inter-plane
vias;

a second transmission line disposed on the first
signal plane and is adjacent to the first interme-
diate transmission line, wherein an electromag-
netic field generated by the first intermediate
transmission line induces a signal in the second
transmission line, wherein the second transmis-
sion line has one end coupled to the second port
and an opposite end coupled to a reference plane;
and

a third transmission line disposed on the second
signal plane and is adjacent to the second inter-
mediate transmission line, wherein an electromag-
netic field generated by the second intermediate
transmission line induces a signal in the third
transmission line, wherein the third transmission
line has one end coupled to the third port and an
opposite end coupled to the reference plane,
wherein the first port is a single-ended port of the
respective Marchand Balun at the first signal
plane, the reference plane is a ground for the
single-ended port, and the second and third ports
are differential ports of the respective Marchand
Balun at the first and second signal planes, respec-
tively.
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19. The RF frontend circuit of claim 18, wherein the first
and second signal planes are interchangeable planes.

20. The RF frontend circuit of claim 18, wherein the first
transmission line is folded orthogonally, wherein the first
intermediate transmission line is substantially orthogonal to
the second intermediate transmission line to minimize an
electromagnetic coupling between the first intermediate
transmission line and the second intermediate transmission
line, wherein the second transmission line is substantially
orthogonal to the third transmission line.

#* #* #* #* #*
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