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HARMONIC FREQUENCY CONVERSION CIRCUIT

Cross-reference to Related Applications

[0001] The present application claims the benefit of the US provisional patent
application No. 61/693,474 filed on 27 August 2012, the entire contents of which are

incorporated herein by reference for all purposes.

Technical Field

[0002] Embodiments relate generally to frequency converters, and more particularly

to a harmonic frequency conversion circuit.

Background
[0003] Frequency niodulators, demodulators and mixers are key functional circuits to
perform frequency conversion by multiplyiﬁg twovsignals. As it is a multiplication in the
time domain, fhese function circuits can carry both the phase and amplitude information,
Frequency converters using modulator, demodulator and mixer may take consideration of
or use not only the frequency conversion, but also the phase and amplitude information.
~ The vphase and_amplitude modulation technique is one of the key techniques used in
millimeter-wave communication system, especially for low power high-speed access
systems. Normally, it is achieved by a complex and costly down-converter or up-

converter chain, which includes baseband modulator, mixers, filters, and amplifiers etc.

Now this traditional system can be simplified by replacing up-converting mixers and
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associated filters with a vector modulator that directly modulates data onto a carrier
signal using oﬂhogoﬁal I (in-phase) and Q (quadrature phase) input signal from baseband
for simultaneous amplitude and phase convefsion. :

| [0004] Sub-harmonic, fourth-harmonic, and im’age-feje‘ct type mixers could also be
designed with proper arrangement .or generation 6f multiple phases through the phase
gerieration network connected to the local oscillator (LO). The sub-harmonic or fourth-
harmonic mixers design would lower down the required LO frequency to half or qixarter
of the LO frequency required by the traditional fundamental mixer. Therefore it will
simplify the LO chain and system integration. The image-reject mixer  or
modulator/demodulator can suppress the image frequency to certain level by using proper
phase combination and thus improve the system linearity. The harmonic and image
rejection frequency conversion techniques are especially important for millimeter-wave
aﬁd broadband communication and radar system.

[0005] There are 'many techniques of harmonic mixer to simplify the LO
requirements, but only a few. research works discuss about the millimeter wave
modulation and demodulation technique. Modulator and demodulator circuits have been
integrated using Semiconductor SiGe (silicon-germanium) HBT (heterojunction bipolar
transistor), GaAs (gallium aréenide) HBT and RF (radio frequency) CMOS
(corﬁplementary metal—oxide—semiconductor) technologies. Harmonic modulators and
demodulators ‘are seldom discussed, which bring more challenges for the phase control
and integration.

[0006] For modulators or demodulator, the current technologies are mostly based on

the fundamental operation, i.e. the fundamental carrier frequency is modulated with
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baseband signals, which are either IQ signals or differential IQ signals. The reason may
be that the operating frequency of the carrier frequengy is low and the- fundamental
modulator/demodulator are already very coinplex, which involve lots of amplitud.e and
phase control of high freQuency signals with goodi amplitude and phase balance
characteristics.

[0007] The sub-harmonic or harmonic mixers have been reported in GaAs design and
some on-board circuit implementation. Only recently, it becomes hot topic to be
implemented on the low cost silicon chipset. The sub-harmonic mixer and fourth-
harmonic mixer having been reported, which is majorly based on the Gerber cell

prototype with tail transistor or resistor to control the bias condition.

Summary

[0008] Various embodiments provide a harmonic frequency conversion circuit. The
harmonic frequency conversion circuit may include an inverter having a first terminal and
a second terminal. The inveﬂe’rv may include at least one of a resistor or a capacitor
connected between the first terminal and the second terminal, a P-channel transistor
having a first electrode, a second electrode and a third electrode; and a N-channel
transistor having a first electrode, a second electrode and third electrode. The first
elecfrode of the P-channel transistor and the first electrode of the N-channel transistor are
connected to the first terminal, and the second electrode of the P-channel transistor and
the second electrode of the N-channel transistor are connected to thé second terminal.
The - harmonic frequency conversion circuit may further include a transistor pair

connected to the inverter and including a first transistor and a second transistor; wherein
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the first transistor has a first ‘ele.ctrode, a second electrode and a third electrode; and the
sécond transistor has a first electrode, a second électrodq and a third electrode. The ﬁrst
electrode of the first transistor is connected to receive a ﬁr_st local oscillation signal and
the first electrode of the second transistor is conneéted to receive a sécond local
oscillation signal. The second electrode of the first transistor and the second electrode of
the second transistor are connected to each other at a third terminal. The third electrode of
the first transistor and the third electrode of the second transistor are connected to one of

the first terminal or the second terminal of the invérter.

Brief Description of the Drawings

[0009] In the drawings, like reference characteré generally refer to the same parts
throughout the different views. The drawings are not neéessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In thé
following descriﬁtion, various embodiments are described with reference to the followiﬁg
drawings, in which:

Fig. 1 shows a harmonic frequency conversion circuit 100 according to Vaﬁous
embodiments.

Fig. 2A shows a harmonic frequency up-conversion circuit according‘to various
embodiments. ”

Fig. 2B shows a harmonic frequency down-conversion circuit according to
various embodiments.

Fig. 3A Shows a harmonic fréquen’cy up-conversion circuit according té various

embodiments.
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Fig. 3B shows a harmonic frequency down-com)e_rsion circuit according to
various embodiments.

Fig. 4A shows‘ a harmonic frequency up-c.onversion circuit according to Vgrious
embodiments.

Fig. 4B shows a harmonic freq_uéncy down-conversion circuit according to
various embodiments.

~Fig. 5A shows a harmonic frequency up-converéion circuit according to various
embodiments.

Fig. 5B shows a harmonic frequency down-conversion circuit according to
various embodiments.

Fig. 6A shows a harmonic frequency up-conversion circuit according to various
embodirﬁents.

Fig. 6B shows a harmonic frequency down-conversion circuit according to
various embodiments.

Fjg. 7 shows an exempléry layout of an up-conversion sub-harmonic IQ SSB
(single sideband) modulafor together with an IQ network according to various
embodiments.

Fig. 8 shows a transceiver including a sub-harmonic IQ modulator/demodulator
accdrding to various embodiments.

Fig. 9 showé a differential 1Q sub-harmonic >up-conversion DSB (double
sideband) mixer/modulator 900 accordiﬁg to various embodiments. |

Fig. 10 shows an IQ fourth-harmonic down-conversion SSB mixer/demodulator

according to various embodiments.
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Description

[0010] Various embodiments provide a harmonic frequency conversion circuit, which
may bé configured to be used or included in-a modulator, a demodulatdr ora mixe.:r for a
transceiver. |

[0011] In an embodiment, a "circuit" in the context of this description may be
understood as any kind of é logic implementing ‘entity, which may be special purpose
circﬁitry or a processor executing software stored in a memory, firmware, or any
combination thereof. Thus, in an embodiment, a "circuit" may be a hard-wired. logic
circuit or a programmable logic circuit such as a programmable processor, e.g. a
microprocessor (e.g. a Complex Instruction Set Computer (CISC) processor or a Reduced
Instruction Set Computer (RISC) processor). A’ "circuit" may also be a processor
executing software, e.g. any kind of .computer prbgram, e.g. a computer program using a
virtual machine code such as e.g. Java. Any »c‘)ther kind of implementation of tfle
respective functions which will be described in more detail below may also be
understood as a "circuit” in accordance with an alternative embodiment.

[0012] Fig. 1 shows a harmonic frequency conversion circuit 100 according to
various embodiments.

[0013] As shown in Fig. 1, the harmdnic frequency conversion circuit 100 may
include an inverter 110 having a first terminal 102 and a second terminal 104. The
inverter 110 may include‘ at least one of a resistor 112 or a capacitor connected bétween
the ﬁrst terminal 102 and the second ‘terminal 104; wherein the resistor 112 is shown in

'Fig. 1. The inverter 110 may also include a P-channel transistor 114 having a first
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e;lectrode 122, a second clectrode 124 and a third electrode 126; and a N-channel
transistor 116 having a first electrodel32, a second elégtrode 134 ahd a third electrode
' 136. The first.electrode 122 of the P-channel transistor 114 and the first electrode 132 of
the N-channel transistor 116 are connected to the ﬁrét terminal 102, and thé 'second
electrode 124 of the P-channel transistor 114 and ‘the second electrodé 134 of the N-
channel transistor 116 are connected to the second terminal 104.

[0014], The harmonic frequency conversion circuit 100 may further include a
transistor pair 140 cénnected to the inverter 110, wherein the transistor pair 140 includes
a first transistor 142 and a second transistor 152. The ﬁrsf transistor 142 has a first
electrode 144, a second electrode 146 and a third electrode 148; and the second transistor
" 152 has a first electrode 154, a second electrode 156 and a thifd electrode 158. The first
electrode 144 of the first transistor 142 is coupled or connected to receive a first local
oscillation signal LO @1 and the first electrode 154 of the second transistor 152 is
coupled or connected to receive a second 1oca1 oscillation signal LO_@2. The second
electrode 146 of the first transistor 142 and the second electrode 156 of the second
transistor 152 are connected to each other at a third terminal 106.

[0015] In various embodiments, tﬁe first electrode 144 of the first transistor 142 may
be configured to receive the first local oscillation signal LO_@1. By way of example, the
ﬁrst.electrode 144 of the first transistor 142 may be coupled or connected to a signal
generator, e.g. a local oscillator (LO), to receive the first local oscillation signal LO_@1.
The first electrode 154 of the second transistor 152 may be configured to receive the

second local oscillation signal LO_@2. By way of example, the first electrode 154 of the
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second transistor 152 may be éoupled or connected to a signal generator, e.g. a local
oscillator (LO), to receive the second local oscillation signal LO_@2.

[0016] In various embodiments, the third electrode 148 of the first transistor 142 and
the third electrode 158 of the second transistor 152 a;e connected to one of the first
terminal 102 or thé second terminal 104 of the inverter 110. In the embodiments shown in
Fig. 1, the third electrode 148 of the first transistor 142 and the third electrode 158 of the
second transistor 152 are connected to the second terminal 104, i.e. the transistor pair 140
is connected to the second ferminal 104 of the inverter 110, so as to form a harmonic
frequency up-conversion circuit 100. In various embodiments as show in other figures
below, the transistor pair 140 may be .connected to the first terminal 102 of the inverter
110, to form a harmonic frequency down-conversion circuit.

[0017] The traﬁsistors of the harmonic frequency conversion circuit 100, including
the P-channel transistor 114, the N-channel trahsistor 116, the first transistor 142 and the
second transistor 152, may be various types of transisfors, such as FET (field effect
transistor, e.g. MOSFET (Metal >Oxide Semiconductor Field Effect Transistor) or JFET
(Junction Gate Field Effect Transistor), BJT (bipolar junction transistor), IGBT (Insulated
Gate Bipolar Transistor), and HEMT (I—iigh Electron Mobility Tranéistor), etc. By way of
example, the P-channel transistor 114 may be a P-MOS, a P-BJT, or a P-HEMT transistor, |
~and the N-channel transistor 116 may be a N-MOS, a N—BJT, or a N-HEMT transistor_.
[0018] In various embodiments, the transistors in the harmonic frequency conversion
circuit 100 may be same or different types of transistors. By way of examinle, the first

transistor 142 and the second transistor 152 of the transistor pair 140 may be BIT
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trahsistors, while the transistors 114 and 1-16 in the inverter 110 may be CMOS
(complementary metal-oxide—semiconductor) transistors..

10019] In various enibodiments, the inverter 110 may"include a resistor 112? dr a’
capacitor (not shown), or a resistor connected with a cépacitor in parallel, between the
first terminal 102 and the second terminal 104.

[0020] Depending on the types of transistors used for the P-channel transistor 114
and the N-channel transistor 116, the first electrode 122 of the P-channel transistof 114
and the first electrode 132 of the N-chénnel transistor 116 may be gate electrodes or base
-electrodes. For example, the first electrode 122 may be a gate electrode when the P-

channel transistor 114 is a FET. Similarly, the second electrode 124 of the P-channel

~ transistor and the second electrode 134 of the N-channel transistor may be one of drain

electrode or collector electrode. The fhird electrbde 126 of the P-channel transistor and
the third electrode 136 of the N-channel transistor may be one of source electrode or
emittef electrode. |

[0021] In various embodimehts, the third eleétrode 126 of the P-channel transistor
114 is coupled or connected to a DC supply (Vdd), and the third elec;trode 136 of the N- -
channel transistor 116 is connected to the ground.

[0022] Depending on the types of trénsistors used for the first transistor 142 and the
secohd transistor 152, the first electrode 144 of the first transistor and the first electrode
154 of the second transistor may be one of gate electrode or base electrode. Similarly, the

second electrode 146 of the first transistor and the second eléctro_de 156 of the second

transistor may be one of drain electrode or collector electrode. The third electrode 148 of
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the first transistor .and the third electrode 158 of the second transistor may be one of
source electrwode or emitter électrode.

[0023] In various embodiments, at leastr one DC source and necessary bias ﬁetwork
may be included in the harmonic frequency conversion circuit 100 to provide a bias
voltage for the operation of the transistors 114, 116, '142; 152.
| [0024] In various embodiments, the harmonic frequency conversion circuit 100 may
further include a DC bias (not shown) coupled or connected to the third terminal 106. The
DC bias may be supplied to the third terminal 106 though a resistor or an inductor, e.g.,
to avoid RF leakage to DC.

[0025] In various embodiments, the harmonic frequency conversion circuit 100 may
further include at least one of a resistor, an inductor, a LC tank or transmission lines
coupled or connected to the third terminal 106.

[0026] The first local oscillation signal LO_@1 and the second local oscillation signal
LO 2 may be the same signal or may be different signals. The first local oscillation
signal. LO &1 and the second.vlocal oscillation signal LO_@2 may have the ;ame
amplitude. In various embodiments, the first local oscillation signal LO_O1 and the
second local oscillation signal LO_@2 may have a 180-degree phase difference.

[0027] According to various embodiments, the third electrode 148 of the first
transistor 142 and fhe third electrode 158 of the second transistor 152 are connected to
the second terminal 104 of the ihverter 110, i.e. the transistor pair 140 is connected to the
second terminal 104 of the inverter 110. Accordingly, the harmonic‘frequency conversion
circuit 100 may be configured to receive an intermediate frequency (IF) signal at the first
terminal 102 of the inverter, and configured to output a radio frequency (RF) signal from |

the third terminal 106.

10
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[0028] In various embodiments, when the transistor pair 140 is connected to the
second terminal 104 of the inverter 110, the inverter 110 _and the transistor pair 140 form
a first sub-harmonic frequency up-c‘onverslion cell. The harmonic frequency convgrsion
circuit 100 may include a further inverter and a further‘transistor pair forming a 'second
sub-harmonic frequency up-conversion cell. The first cell may be .conﬁgured to receive a
0 degree phase shifted intermediate frequency (IF) signal (also referred to as an in-phase
TF signal) at the first terminal thereof. The second cell may be configured to receive a 90
degree phase shifted iﬁtermédiate frequency (IF) signal (also referred to as an quadrature
phase IF signal) at the first terminal thereof. The harmonic frequency conversion circuit

formed thereof may be referred to as a sub-harmonic IQ frequency up-conversion circuit.

~ [0029] In various embodiments, the harmonic frequency conversion circuit 100 may

further include a second sub-harmonic frequency up-conversion cell, a third sub-
harmonic frequency up-conversion cell, and a fourth sub-harmonic frequency up-
conversion cell, wherein each of the second cell, the third cell and the fourth cell includes
an inverter and a transistor pair éimilar to the inverter 110 and the transistor pair 140 of ‘
the first sub-harmonic frequency up-conversion cell described above. The first cell and
the second cell may be connected to each other at their third terminals, and the third cell
and the fourth cell may be connected to each at their third terminals. The first cell may be
conﬁgured to receive a 0 degree phase shifted intermediate frequency signal at the first
terminal thereof; the second cell may be configured to receive a 180 degree phase shifted
intermediate frequency signal at the first terminal thereof,i the third cell may be
configured to receive a 270 degree phase shifted intermediate frequency signal at the first

terminal thereof; and the fourth cell may be configured to receive a 90 degree phase

11
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shifted intermediate frequency signal at the first terminal thereof. The harmonic
frequency conversion circuit formed there‘of rﬁay be refgrred to as é differential 1Q sub-
harmonic frequency up-cqnversion cifcuit.

[0030] According to various embodiments, the third electrode 148 of the first
transistor 142 and the third electrode 1.58 of the second transistor 152 may be connected
to the first terminal 102 of the inverter 110, i.e. the transistor pair 140 is connected to the
first terminal 102 of the inverter 110. Accordingly, the harmonic frequency conversic;n
circuit 100 may be configured to receive a radio frequency (RF) signal at the third
terminal 106, and configured to output an intermediate frequency (IF) signal from the
second terminal 104 of the inverter 110.

- [0031] In various embodiments, when the transistor pair 140 is connected to the first
terminal 102 of the inverter 110, the inverter 110 glnd the transistor pair 140 form a first
sub-harmonic frequency down-conversion .cell.

[0032] In various embodiments, the harmonic frequency conversion circuit 100 may
further include a further invertér and a further transistor pair forming a second sub-
harmonic frequency down-conversion cell. The first cell may be configured to receive a 0
degree phase shifted radio frequency signal (also referred to as an in-phase RF signal) at
the third terminal thereof, and the second cell may be configured to receive a 90 degree
phasé shifted radio frequency signal (also referred to as a quadrature phase RF signal) at
the third terminal thereof. The harmonic frequency conversion circuit formed thereof may
be referred to as a sub-harmonic IQ frequency down-conversion circuit.

[0033] . In various embodiments, the harmonic frequency conversion circuit 100 may

further include a second sub-harmonic frequency down-conversion cell, a- third sub-

12
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harmonic frequency down-conversion cell, and a fourth sub-harmonic frequency down-
conversioﬁ cell, wherein each of the second cell, the third\ cell and the fourth cell includes
an inverter ahd a transistor pair similar to the inverter 110 and fhe transistor pair 1_40 of
the ﬁrstvsﬁb-harmonic frequency dowﬁ-conversion cell déscribed above. The ﬁrst cell and
the second cell may be connected to each other at their third terminals, and the third cell
and the fourth cell may be connected to each at their third terminals. The first cell and the
second cell may be configured to receive a 180 degree phase- shifted radio frequency
signal at their third terminalé, and the third cell and the fourth cell may be configured to
receive a 270 degree phase shifted radio frequency signal at their third te@inals. The
harmbnic frequency conversion circuit formed thereof may be referred to as a differential
IQ sub-harmonic frequency down-conversion circuit.

[0034]  According to various embodiments, the harmonic frequency conversion
circuit 100 may include a further transistor pair connected to the inverter 110, wherein
the transistor pair 140 and the further transistor pair are connected in parallel. The first
local oscillation signal received .by the transistor pair 140 and the first local oscillation
signél received by the further transistor pair may have a 90-degree phase difference, and
the second local oscillation signal received by the transistor pair 140 and the second local |
oscillation signal received by the further transistor pair may have a 90-degree phase
différence.

[0035] In further embodirﬁents; the harmonic frequency conversion circuit 100 may
include a second transistor pair, a third transistor pair and a fourth t%ansistor pair, wherein
the transistor pai'r 140, the second transistor pair, the third transistor pair and the fourth

transistor pair are connected with each other in parallel and are connected fo the inverter

13
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110. The first local oscillation 'signals received by the transistor pair 140, the second
transistor pair, the third transistor pair and the fourth transistor pair may have a 45-degree
phase difference in sequence. The second 1ocal oscillation signals received by the
transistor pair 140, the second transistor pair, the thifd transistor pair and the fourth
transistor pair have a 45-degree phasé difference in sequence.

[0036] Thé harmonic frequency conversion circuit 100 described in various
embodiments above may be coﬁﬁgured to be used in at least one of a modulator, a
demodulator or a mixer. Espécially for the harmonic conversion cells, we only use

[0037] Various embodiments of the harmonic frequency conversion circuit 100
described above will be described in more detail with reference to the figures below. In
* various embodiments, the symmetrical transistor pair 140 may include more than two
transistors, for example, the transistor pﬁir 140 may be a transistor array having any even
" number of the transistors, such as 4, 6, 8, ...transistors. In various embodiments, the
harmonic frequency conversion circuit 100 rﬁay include multiple inyerter combination
with the similar configuration a§ the inverter 110, or may include a single inverter 110
having multiple transistors inside of the inverter. The transistor pair 140 and frequency
inverter 110 show in Fig. 1 may be used as the fundamental blocks and may be combined
in various manner to form various types of harmonic frequency conversion circuits, as
willAbe described with regard to Figs. 2A-2B, 3A-3B, 4A-4B, 5A-5B, 6A-6B, 9 -10
below.

[0038] Various embodiments are based on the fundamental frequency conversion
vcircui_t including the transistor pair. and the inverter in éombination. By using the

fundamental frequency conversion circuit, different types of modulator, demodulator and

14
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mixer, including sub-harmonic, fourth-hannonic, 8th-harmonic conversions etc., are may
be provided in various embodiments.

[0039] Various embodiments may simplify the har‘r’n_onic circuits, in which the
fundamental sub-harmonic frequency conversion circﬁit is formed by the confronted
transistor pair together with the inverter. The invertér may be used for both up and down
frequency conve;Sion or modulation, and the required signal with different phases may be
input to or generated from the inverter. This may simplify the requirement for bofh the
bias and 1/O (input/outp\it) matching circuit, and may also benefit the layout
simplification.

[0040] The harmonic frequency conversion circuit of various emquiments may also
- provide better conversion gain and broad band input data or information, since the
inverter iﬁside of the frequency conversion circuit not only performs the functién of
impedance matching but also provides the necessary gain for the input or output IF signal
* or data. The basic isolation among the carrier, the IF/data and RF may also be provided
by the inverter.

[0041] The harmonic frequency conversion circuit of vérious embodiments -may
provide low power consumption, since the combination of the inverter and the harmonic
transistor pair may provide good DC bias condition without using the folded structures.
Thisv combination may simplify the circuit and layout for tradeoff the power consumptidn
reduction.

[0042] The harmonic frequency conversion circuit of various embodiments may
lower down the requirements for the carrier, since the harmonic frequency conversion

scheme or modulation scheme can reduce the requirement of the LO (local oscillator)

15
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operation frequency by the targeted nﬁmber of the harmonic. For example, the sub-
harmonic may require half of the LO frequenc.y required by the fundamental scheme and
the 4th harmonic may require one quarter of the LO ' frequency required by the
fundamental frequency conversion scheme. The perfofinance of LO including power
consumption, phase noise etc. may be decreased wifh the increase of the LO frequency,
but the design complexity may be increased wifh the increase of the LO frequency. Thus,
various embodiments using the harmonic scheme may simplify the LO design. |
[0043] The harmonic fréquency conversion circuit of various embodiments may
simplify the overall transceiver architecture, since the harmonic frequency conversion
provides simplified LO for the mixer and modulator/demodulator operation. For example,
- for the modulator, baseband data may be directly modulated to RF/microwave/millimeter
data without carrying out the frequency conversion using up-conversion mixer. For the
dembdulator, RF/ microwave/ Millimeter-wave data may be directly demodvulated to
_baseband data without carrying out the frequeﬁcy conversion using down-conversion
mixer. |

[0044] Figs. 2A-2B show harmonic frequency conversion circuits according to
various embodiments.

[0045] Fig. 2A shows a harmonic frequency up-conversion circuit 200 according to
» varidus embodiments, which may be configured to be used in a up-conversion mixer or

modulator.

[0046] As shown in Fig. 2A, the harmonic frequency up-conversion circuit 200 is
similar to the harmonic frequency conversion circuit 100 of Fig. 1, and includes the

inverter 110 and the transistor pair 140. In this embodiment, the transistor pair 140 is

16
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connected to the second terminal of the inverter 110. Various embodiments described
with reference to Fig. 1 above are also valid for the harmonic frequency up-conversion
circuit 200. A
[0047] The P-transistor (Q1) 114, the N-transistor (sz) 116 and :[he resistor (R1) 112
form the inverter 110, which ié connected with the transistor pair 140 including the first
transistor (Q3) 142 and the second transistor (Q4) 152 at the second terminal 104, and is
configured to receive IF signal or IF data at the first teﬁninal 102. .The resistor (R1) 112
inside the inverter 110 may be used to tradeoff between the gain and input/output
matching. Though the resistor R1 is shown in the embodiments of Fig. 2A, it is
understood that a capacitor, or a resistor connected in parallel with a capacitor, may be
' proviaed between the first terminal 102 and the second terminal 104 of the inverter 110.
The “source” (or “emitter”) electrode 126 of the P-transistor Q1 inside the inyerter 110
may be coupled or connected to a DC supply (Vdd) directly or through lumped elements
or transmission line. The “source” (or “emitter”) electrode 136 of the N-transistor Q2
may be connected to the grouhd. |

[0048] In various embodiments, IF signal (e.g., for an up-conversion mixer) or IF
data (e.g., for an up-conversion modulator) from the baseband or other digital source may
be feed into the ‘“‘gate” (of “base”) electrodes 122, 132 of the transistors Q1 and Q2
throﬁgh the first terminal 102, as shown in Fig. 2A. The first transistor Q3 and the second
transistor Q4 are .connected inkconfront, with their “source” (or “emitter”) electrqdes 148,
158 connected with each other :i_nd their “drain” (or “collector”) electrodes 146, 156
connected with each other as shown in Fig. >2A. The “gate” (or “base”) elec;trodes 144,

154 of the transistors Q3 and Q4 are connected with the first LO signal LO-@1 and the
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second LO signal LO-92 with or without DC 260, respectively.v For sub-harmonic
\ freqﬁency conversion operat'ion, the LO signals LO-@l ‘and LO-92 may be anti-phase,
i.e., may have a 180-degree phase difference. The amplitude of the LO signals LO-01
and LO-@2 may be equal. The DC bias 206 may be appi.ied together with the LO signals
LO-@1 and LO-92 for the transistor “gate” (or “base”) bias purpose.

[0049] The haﬁnonic frequency up-conversion circuit 200 may cbnvert the IF signal
or data received at the first terminal 102 to a RF signal or data, and may output the RFY
signal or data from the third terminal 106. In various embodiments, the third terminal 106
may be coupled or connected to the DC bias 260, e.g. by connecting to a bias network or
a DC supply network or both. In various embodirﬂents, the third.termingl 106 (i.e. the
comnion node connected with the “drain” or “collector” electrodes: 146, 156 of the
transistor Q3 and Q4 may be further connected to inductors, resistors, LC tank,
transmission lines or their combination for matching and/or bias purpose.

[0050] Fig. 2B shows a harmonic frequency down-conversion circuit 290 according
to various embodiments, .which.may bé configured to be used in a down-conversion
mixer or demodulator.

[0051] As shown in Fig. 2B, the harmonic frequency down-convefsion circuit 290 is
similar to the harmonic frequency up-conversion circuit 200 of Fig. 2A, with the
différence that the trénsistor pair 1‘40 is connected to the first terminal 102 of the im‘/erter
110. Various embodiments describeci with reference to Fig. 2A above are also valid for
the harmonic frequency down-conversion circuit 290.

[0052] For the ‘down-conversion circuit 290, RF signal or data méy be received at the

third terminal 106 and may be converted to IF signal or data. The IF signal (e.g., for
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down-conversion mixer) or datailA (e-. g., for ddwn-conversion demodulator) to baseband or
other digital source may be outpﬁt from the “drain” (or ‘»‘collector”) clectrodes 124, 134
of the transistbrs QI and Q2 at the second terminal 104, as shqwn in Fig. 2B_. The
common node of “gaté” (or “base”) electrodes 122, 132 of transistors Q1 and Q2 are
connected to the common node of “source” (or “emitter”) electrodes 148, 158 of the
transistor Q3 and Q4 at the first terminal 102. The other connections and signals, such as
LO-01, iO-@Z, RF, DC, etc. are similar to the connections and signals for thé up-
conversion circuit 200.
[0053] The harmonic frequency conversion circuits 200, 290 of Figs. 2A-2B may. bei
referred to as a sub-harmonic frequency up-conversion circuit and a sub-harmo_rﬁé
frequency down-conversion circuit, respectively.
[0054] Figs. 3A-3B show harmonic frequency conversion circuits according to
various embodiments.
[0055] Fig. 3A' shows a harmonic frequency up-conversion circuit 300 according to
various embodiments, which may be configured to be used in an up-conversion mixer or
modulator. In the embodiments of Fig. 3A, the harmonic frequency up-conversion circuit
300 may be referred to as a fourth-harmonic up-conversion circuit. The fourth-harmonic
up-conversion circuit 300 is similar to the sub-harmonic up-conversion cifcuit 200 of Fig.
2A, ’with the difference that the fourth-harmonic ﬁp-conversion circuit 300 includes a
| further transistor pair 340 connecfed in parallel with the transistor pair 140. Various
embodiments described with reference to Fig. 2A are élso valid for the fourth-harmonic

up-conversion circuit 300.
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[0056] As shown in Fig. 3A, the inverter 110 is similar to the inverter 110 of the
circuit 200. The P-transistor transistor Ql, the N-transis’(br Q2 and the resistor R1 form
the inverter 110, which is connected with IF signal or data at the first terminal 102. The
inverter 110 is further connected to fhe transistor pair 140 (Q3 & Q4) and the further
transistor pair 340 (Q5 & Q6) ét the second terminai 104. The resistor R1 inside the
inverter 110 may Be used to tradeoff between thé gain and input/output matching. The
“source” (or “emitter”) electrodes 126 of the P-transistor Q1 is connected to the DC
supply (Vd&) directiy or through lumped elements or transmission line, and the “source”

(or “emitter”) electrodes 136 of the N-transistor Q2 is connected to the ground.

[0057] In the fourth-harmonic up-conversion circuit 300, the IF signal (fbr up-
conversion mixer) or data (for up-conversion modulator) from baseband or other digital
source is feed into the “gate” (or “base”) electrodes 122, 132 of the transistors Q1 and Q2
as shown in Fig. 3A. The transistor pair Q3 and Q4 are connected in confront §vith their
“source” (or “emitter”) electrodes connected each other and their “drain” (or “collectof”)
electrodes connected each other. The “gate” (or “base”) electrodes of the transistors Q3
and Q4 are connected .with two LO signals LO-@kl and LO-@2 with or without DC
respectively. The further transistor pair 340 also includes a first transistor Q5 342 and a
second transistor Q6 352. The connection between the transistors Q5 and Q6 may. be
similar to the eonnection between the transistors Q3 and Q4 of the transistor pair 340
described above. The first transistor Q5 and the second transistor Q6 of the further
transistor pair 340 may be connected, with their “source” (or -“emitter”) electrodes
connected with each other and their “drain” (or “collector”) electrodes connected With

each other as shown in Fig. 3A. The “gate” (or “base”) electrodes of the transistors Q5
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and Q6 are connected with a third LO signal LO-@3 and a fourth LO signal LO-@4 with

or without DC 260, respectively.

[0058] Fort fourth-harmonic conversion operation, the LO signals LO-@1 and LO-@.’Z
of the transistor pair 140 may be anti-phase, i.e., may hav.e a 180-degree phase-diff.erence,
and the amplitude of the LO signals LO-@1 and LO;®2 may be equal. Similarly, the LO
sighal§ LO-@3 and LO-@4 of the transistor pair 340 may have a 180-degree phase
difference, and the amplitudé of the LO signals LO-@3 and LO-@4 may be equal. The
LO signals of different transistor pairs, e.g., LO-@1 and LO-@3, may have a 90-degree
phase difference, and the LO signals LO-@2 and LO-@4 may have a 90-degree phase
difference. In various embodiments, the LO signals of LO-@1, LO-@3, LO-@2 and LO-
04 may have the same amplitude and may have phase difference of 90 degrees in
sequence. By way of example, LO-@1 may be 0 degree phase shifted, LO-@2 may be 180
degree phase shifted, LO-@3 may be 90 degree phase shifted, and LO-@34 méy be 27‘0

degree phase shifted. The DC 260 may be applied'together with LO-@1, LO-@2, LO-03
and LO-@4 for the transistor “gate” (or “base”) bias purpose. The common node 106
connected with “drain” (or “collector”) electrodes of the transistors Q3, Q4, Q5 and Q6
may bre coupled or connected to a RF connection node and/or a DC bias 260, and may be
further connected to inductors, resistors, LC tank, transmission lines or their combination

for matching and/or bias purpose.

[0059] Fig. 3B shows a harmonic frequency down-conversion circuit 390 according
~ to various embodiments, which may be configured to be used in a down-conversion

mixer or demodulator.
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[6060] .As,shown in Fig. 3B, the harmonic frequency down-conversi.on circuit 390
(also referred to as a fourth-harmonic down-conversion c?rcuit) is similar to the harmonic
frequency up-conversion circuit 300 of Fig. 3A, with the difference that the transistqr pair
140 and the further transistor pair 340 are connected to the first terminal 102 of the
inverter 110. Various embodiments described with reference to Fig. 3A above are also
valid for the harmonic freqﬁency down-conversion circuit 390.

[0061] In the down-conversion circuit 390, the IF signal (e.g., for down-coﬁversion
mixer) or data (e.g. for down-conversion demodulatpr) to baseband or other digital source
may be output from the “drain” (or “collector”) electrodes 124, 134 of the transistors Q1
and Q2 at the second terminal 104 as. shown in Fig. 3B. The common node of “gate” (or
“base”) electrodes 122, 132 of transistors Q1 and Q2 are connected to the common node
of “source” (or “emitter”) electrodes of the transistors Q3, Q4, QS aﬁd Q6 at the first
terminal 102. The other connections and signals, such as LO-@1, LO-@2, LOI-®3, LO-
@4, RF, DC etc. are similar to the connections and signals for the up-conversion circuit

300.

[0062] Figs. 4A-4B show harmonic frequency conversion circuits according to
various embodiments.

[0063] Fig. 4A shows a harmonic frequency up-conversion circuit 400 according to
various embodiments, which may be conﬁguredvto be used in an up-conversion mixer or
modulator. In the embodiments of Fig. 4A, the harmonic frequency up-conversion circuit
400 may be referred to as a 8th-harmonic up-conversion circuit. The 8th-harmonic up-
conversion circuit 400 is similar to the sub-harmonic up-conversion circuit 200 of Fig.

2A and the fourth-harmonic up-conversion circuit 300 of Fig. 3A, with the difference that
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the 8th-harmonic up-conversic‘)n‘ circuit 400 includes four transistor pairs 140,‘ 340, 440,
450 connected in parallel with eachrother. Various embodjmepts descﬁbed with reference
to Fig. ZA and Fig. 3A are also valid for the 8th\-harmonivc"v up-conversion circui'( 400.
Although the circuit 400 shown in Fig. 4A includ‘es four" transistor pairs con;lected to the
inverter to form the 8th-harmonic up-conversion circuit, it is understood that fnore than
four transistor pairs may be connected to the inverter in the analogous manner to form
various harmonic up-conversion circuit, such as 16th-harmonic and 32-th harmoni;: up-
conversion circuit. In various embodiments, the harmonic conversign circuit of up to N-th
harmonics may be formed, wherein N/2 transistor pairs may be ‘provided to connect to
one inverter, and N LO signals having the same amplitude but having phase difference by
360degree/N in sequence may be provided to the N-th harmonic conversion circuit.

[0064] As shown in Fig. 4A, the inverter 110 is similar to the inverter 110 of the
circuits 200, 300. The P-transistor transistor Q1, the N-transistor Q2 and the resistor R1
form the invérter 110, which is connected with IF signal or data at the first terminal 102.
The inverter 110 is further connécted toa ﬁrst. transistor pair. 140 (Q3 & Q4), a second
transistor pair 340 (Q5 & Q6), a third transistor pair 440 (Q3 & Q4) and a fourth
transistor pair 450 (Q5 & Q6) at the second terminal 104. The resistor R1 inside the
inverter 110 may be used to tradeoff ‘ between the gain and input/output matching. The
“soﬁrce” (or “emitter”) electrodes 126 of the P-transistor Q1 is connected to the‘DC
supply (Vdd) directly or through lumped elements or transmission line, and the “source”

(or “emitter”) electrodes 136 of the N-transistor Q2 is connected to the ground.

[0065] In various embodiments, the LO signals within the same transistor pair may

have a 180-degree phase difference, and may have the same or substantially the same
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amplitude. By way of exaihple, the first transistor pair 140 may receive LO signals LO 0

and LO_180 having a 180-degree phase difference between each other.

[0066] For 8th-harmonic conversion operation, the LO signals LO_0, LO 45,
LO_90, LO_135, LO_130, LO_22§, LO 270, LO_315imay have the same amblitude,
and may have phase difference of 45 degrees in se(juence (i.e. 0, 45, 90, 135, 180, 225,
270, 315 degree phase shifted). By way of example, the first transistor pair 140 may
receive LO signals LO 0 and LO_180, the second transistor pair 340 may receive LO
sigﬁals LO_90 and LO_270, the third transistor pair 440 may receive LO signals LO_45
and LO 225, and the fourth transistor pair 450 may receive LO signals LO 135 and
LO_315, as shown in Fig. 4A. The DC 260 may be applied together with the LO signals
LO 0, LO 45, LO 90, LO 135, LO_180, LO 225, LO 270 and LO_315 for the
transistor “gate” (or “base”) bias purpose. The common node 106 connected with “drain” |
(or “collector”) electrodes of the transistor pairs 140, 340, 440, 450 may be céupled or
connected to a RF connection node and/or the DC bias 260, and may be further connected
to inductors, resistors, LC tank, transmission lines or their combination for matching

and/or bias purpose.

[0067] Fig. 4B shows a harmonic frequency down-conversion circuit 490 according
to various embodiments, which may be configured fo be used in a down-conversion
mixer or demodulator. |

[0068] | As shown in Fig. 4B, the harmonic frequency down-conversion circuit 490
(also referred to as a 8th-harmonic down-conversion circuit) is similar to the harmonic
freqﬁenpy up-conversion circuit 400 of Fig. 4A, with the difference that the fransistor

- pairs 140, 340, 440, 450 are connected to the first terminal 102 of the inverter 110.
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- Various embodiments describcd with reference to Fig. 4A above areb also valid for the
‘harmonic frequency down-conversion circuit 490.

[0069] In the down-conversion circuit 490, thg.IF signal (for down-conversion mixer)
or data (for down-conversion démodulator) to bas'eband or other digital source may be
output from the “drain” (or “collector”) electrodes 124, 134 of the transistors Q1. and Q2
at the second tennjnal 104 as shown in Fig. 4B. The common nbde of “gate” (or “base”)
electrodes 122, .132 of transistors Q1 and Q2 are connected to the common node of
“source” (or ;‘emitter”) clectrodes of the transistor Q3, Q4, Q5 and Q6 at the first
terminal 102. Thé other connections and signals, such as LO_0, LO_45, LO_90, LO_135,
LO_180, LO_225, LO 270 and LO_315, RF, DC etc. may be similar to the connections
- and signals for the up-conversion circuit 400. In various embodiments, the transistors
with the same name may be different, for example, the transistors Q3, Q4 of the first
transistor pair 140 may be different from the transistors Q3, Q4 of the third transistor pair

440.

[0070] Figs. 5A-5B show harmonic frequency conversion circuits according to
various embodiments.

[0071] Fig. SA shows a harmonic frequency up-conversion circuit 500 according to
various embodiments, which may be configured to be used in an up-conversion mixer or
modulator. The harmonic frequency up-conversion circuit 500 may include the sﬁb-
harmonic up-conversion circuit 200 of Fig. 2A having an inverter 110 and a transistor
pair 140. Various embodiments described with reference to Fig. 2A are also valid for the

harmonic frequency up-conversion circuit 500.
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[0072] The harmonic frequehcy up-conversion circuit 500 may include a further sub;
harmonic up-conversion circuit similar to the sub-harmqnic up-conversion ciréuit 200,
wherein the further sub-harmonic up-conversion circuit includes an inverter 510 and a
transistor pair 540 having similar components and conﬁections as those of the inverter
110 and the transistor pair 140. In various embodiments, the inverter 510 may include a
P-transistor (Q1) 514, a N-transistor (Q2) 5 16 and a resistor (R) 512, and may be
connected with the transistor pair 540 including a first transistor (Q3) 542 and a sécénd
transistor (Q4) 552 at the second terminal 504. The inverter 510 may be configured to
receive IF signal of IF data at the first terminal 502. The resistor R 512 inside the inverter
510 may be used to tradeoff between the gain and input/output matching. Though the
" resistor R1 is shown in the embodiments of Fig. 5A, it is understood that a capacitor, or a
resistor connected in parallel with' a capacitor, may be provided between the first terminal
502 and the second terminal 504 of the inverter 510. The “source” (or ‘;emitter”)
elelctrode of the P-traﬁsistor 514 inside the inverter 510 may be coupled or connected to a
DC ‘supply (Vdd) directly or throﬁgh lumped elements or transmission liﬁe. The “source”

(or “emitter”) electrode of the N-transistor 516 may be connected to the ground.

[0073] . In various embodiments, the inverter 110 may be configured to receivé‘ in-
phase signal/data (i.e. “I” signal/data) and the inverter 512 may be configured to receive
quadrature phase signal/data (i.e. “Q” signal/data). By way of example, the inverter 110
may receive 0 degree phase shifted IF signal (denoted by IF_0) or 0 degree phase shifted
[F data (denoted by Data 0) at its first terminal 102; and may be connected to the
transistor pair 140 at its second terminal 104. The transistor pair 140 may output 0 degree

phase shifted RF signal (denoted by RF_0) at the third terminal 106. By way of example,
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the inverter 510 may receive 90.degree phase shifted IF signal (denoted by IF_90) or 90
degree ‘phase shifted IF data‘ (denoted by Data_90) at itg first tenninél 502, and may Be
connected to the 'transistor pair 540 at its sécond. terminal 504. The transistor pair 540
may output 90 degree phase shifted RF signal (denoted ..by RF_90) at the third términal

506.

[0074] The third terminal 106 of the transistor pair 140 and the third_terminal 506 of
the transistor pair 540 may Be connected to inductors, resistors, LC tank, transmission
lines or their combination fér matching and/or bias purpose. The third terminals 106, 506
may be connected to inductors for DC bias and RF blocking. In the embodiments shown
in Fig. 5A, the common node 106 connected with “drain” (or “collector”) electrodes 146,
" 156 of the transistor pair 140 may be coupled or coﬁnect‘ed to a DC bias 560 (VDD)
through an inductor L1 562, and the common node 506 connected with “drain” (or
“collector”) electrodes of the transistor pair 540 may be coupled or connected fo the DC
bias 560 (VDD) thrdugh an inductor L2 564. The inductors L1 and L2 may have the

same or different values or parameters.

[0075] In various embodiments as shown in Fig. 5A, the harmonic frequency up-
conversion circuit 500 may further include a 90 degree hybrid coupler 566, wherein the
nodes 106, 506 for output RF 0 and RF_90 may be connected to two ports of the four-
- port 90 degree hybrid coupler 566 through fwo capacitors C1 and C2, respectively. The
other two ports i.e. oﬁtput port and isolation port, of the 90 degree hybrid coupler 566
may be used for upper sideband (USB) frequency conversiqn signal or low sideband
| (LSE) vfrequenc#y conversion signal'. In this manner; the harmonic frequéncy up-

cohversion circuit 500 may be configured to generate upper side band (USB)
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mixed/modulated signal or low Side band (LSB) mixed/modulated signal for conversion

from in-phase and quadrature-phase IF signal/data.

[0076] ~ The harmonic frequency up-conversion circuit 500 according to the
embodiments of Fig. 5A may be referred to or used as a sub-harmonic IQ frequency up-

conversion SSB (single sideband) mixer/modulator.

[0677] Fig. 5B shows a harmonic frequency down-conversion circuit 590 according
to Vaﬁous_ embodiments, which may be configured to be used in a down-conversion
mixer or demodulator.

[0078] As shown in Fig. 5B, the harmonic frequency down-conversion circuit 590 is
similar to the harmonic frequency up-conversion circuit 500 of Fig. SA, with the
difference that the transistor pairs 140, 540 are respectively connected to the first terminal
102, 502 of the inverters 110, 510. Various embodiments described with reference to Fig.

SA above are also valid for the harmonic frequency down-conversion circuit 590.

[0079] In Fig. 5B, the inverter 110 may be configured to output in-bhase signal/data
(i.e. “I” signal/data) and the inverter 512 may be configured to output quadrature phase
signal/data (i.e. “Q” signal/data). By way of example, the transistor pair 140 may receive
0 degree phase shifted RF éignal (denoted by RF _0) at the third terminal 106, and the
inverter 110 may output 0 degree phase shifted IF signal (denoted by IF_0) or 0 degree
phase shifted IP: data (denoted by Data 0) at its second terminal 104. By way of example,
the tr;Insistor pair 540 may receive 90 degree phase shifted RF signal (denoted by RF_90)
at the third terminal 506, and the inverter 510 may output 90 degrée phase shifted IF
signal (denoted by IF_90) or 90 degree phase shifted IF data (denoted by Data 90) at its

second terminal 504.
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{0080} The third terminal 106 of the transistor pair 140 and the third terminal 506 of
| the transistor pair 540 may be connected to inductors, r\esistors, LC tank, transmission
lines or their combination for matching and/or bias purpose. In the embodiments shown
in Fig. 5B, the common node 106 connected with “drain.’..’ (or “collector”) electrodes 146,
156 of the transistor pair 140. may be coupled or connected to the DC bias 560 (VDD)
through the inductor L_l 562, and the common node 506 connected with “drain” (or
“collector”) electrodes of the transistor pair 540 may be coupled or connected to thé DC'
bias 560 (VDD) through the inductor L2 564. The inducfors L1 and L2 may have the

same or different values or parameters.

[0081] In various embodiments, the nodes 106, 506 for output RF_0 and RF_90 may
be connected to the 90 degree hybrid coupler 566 though two capacitors C1 and C2,
respéctively. In this manner, the harmonic frequency down-conversion circuit 590 may
be configured to add upper side band (USB) mixed/modulated signal or low side band -
(LSB) mixed/modulated signal for conversion to in-phase and quadrature-phase IF

signal/data.

[0082] The harmonic frequency down-conversion circuit 590 according to the
embodiments of Fig. SB may be referred to or used as a sub-harmonic IQ frequency

down-conversion SSB (single sideband) mixer/demodulator.

[6083] Figs. 6A-6B show harmonic frequency conversion circuits according to
various embodiments.

[0084) Fig. 6A shows a harmonic frequency up-conversion cifcuit 600 according to
various.embodiments, which may be configured to be used in an up-conversion mixer or

modulator with image rejection. The harmonic frequency up-conversion circuit 600 may
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include the sub-harmonic up-cdnversion circuit 200 of Fig. 2A having an inverter 110
and a transistor pair 140, is similar to the harmonic frequency up-conversion circuit 500
of Fig. 5A. Various embodiments described with reference to Fig. 2A and Fig. 5A are

also valid for the harmonic frequency up-conversion circuit 600.

[0085] The harmonic frequency up-conversion. circuit 600 may further include a
second sub-harmonic up-conversion circuit 200B, a third sub-harmonic up-conversion
cifcuit' 200C and a fourth suB-harmonic up-conversion circuit 200D. The circuits 200B,
200C, 200D are similar to the sub-harmonic up-conversion circuit 200, may each include
én inverter and a transistor pair having similar components and connections as those of
the inverter 110 and the transistor pair 140 of the sub-harmonic frequency up-convefsion

circuit 200.

[0086] In ¢ach of the sub-harmonic up-conversion circuits 200, 200B, 200C, 200D, a
P-transistor Q1, a N-transistor Q2 aﬁd a resistor R1/R forms an inverter, which may be
| configured to receive IF signal or data from basebémd or other digital sources. In varioﬁs
embodiments, the common node of “gate” (or ;‘base”) electrodes of transistors Q1 and Q2
of the inverters may be connected to differential “I” signal/data 01: differential. “Q”
signal/data input from baseband or other sources. The resistor R1/R inside the inverters
may be used to tradeoff between the gain and input/output matching. By way of example,
the sub-harmonic up-conversion circuit 200, 200B may be configured to receive
differential “I” signal/data, wherein the circuit 200 may receive 180 degree phase shifted
IF signal/data (denoted by IF_ISO or data _180) at its first terminal 102, and the circuit
ZOOE may receive 0 degree phase shifted IF signal/data (denoted by IF 0 or daté_O) at its

first terminal 102B. By way of example, the sub-harmonic up-conversion circuit 200C, |
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200D may be configured to receive differential “Q” signal/data, wherein the circuit 200C
may receive 270 degree phase shifted IF signal/data (denoted by IF_270 or data_270) at
its first terminal 102C, and the circuit 200D may receive 90 degree phase shifted IF

signal/data (denoted by IF 90 or data_90) at its first terminal 102D.

[0087]  For harmonic conversionvoperation, LO signals of LO_0, LO 90, LO 180 and
LO 270 provided to the sub-harmonic up-conversion circuits 200, 200B may have the
same amplitude, and may ha?e a phase difference of 90 degrees in sequence (i.e. 0, 90,
180, 270 degrees). The DC.bias may be applied together with LO_0, LO_90, LO 180
and LO_270 for the transistor “gate” (or “base™) bias purpose. The sub-harmonic up-
conversion circuit 200 and the second sub-harmonic up-conversion circuit 200B are
connected to each other at their third terminal 106. The common node 106 connected
with “drain” (or “collector”) electrodes of the transistor pairs in the circuits 200, 200B
may output a 180 degree phase shifted RF signal (denoted by RF_180). The.common
node 106 may be coupled or connected to the DC bias 560 through the inductor L1 562.
In.various embodiments, the common node 106 may also be connected to inductors,
resistors, LC tank, traﬁsmission lines or their combination for matching and/or bias
purpose.

[008,8] Similarly, L.O signals of LO_0, LO 90, LO 180 and LO_270 provided to the
sub-harmonic up-conversion circuits 200C, 200D may have the same amplitude, and may
have a phase difference of 90 degrees in sequence (i.e. 0, 90, 180, 270 degfees). The DC
bias may be applied together with LO 0, LO_90, LO_180 and LO 270 for the transistor
“gaté” (or “base;’) bias purpose. The fhird sub-harmonic up-conversion circuit 200C and

the fourth sub-harmonic up-conversion circuit 200D are connected to each other at their
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third terminal 606. The common node 606 connected with “drain” (or “collector”)
electrodes of the transistor pairs in the circuits 200C, .ZOOD may output a 270 degree
phase shifted RF signal (denoted by RF_270). The common node 606 may be coupled or
.connected to the DC bias .560 through the inductor L2 564 In various embodimeints, the
common node 606 may also be connected to inductors, résistors, LC tank, transmission
lines or their combination for matching and/or bias purpose. The inductors L1 and L2

may have the same or different values or parameters.

[0089] In various embodiments, the harmonic frequency up-conversion circuit 600
may further include a 90 degree hybrid coupler 566, wherein the nodes 106, 606 for
output RF 180 and RF 270 may be connected to the 90 degree hybrid coupler 566
through two capacitors C1 and C2, respectively. In thi.s manner, the harmonic frequency
up-conversion circuit 600 may be configured to generate upper side band (USB)
mixed/modulated signal or low side band (LSB) mixed/modulated signal for cénversion
from in-phase and quadrature-phase IF signal/data. The IF signal vor data input with
different phases may be combined with the different LO phases for the frequency up-
conversion operation with either LSB or USB. The operation performs the function with
image rejection frequency éonversion. In various embodiments, necessary biases and the
matching network may be included as described above. In various embodiments, the DC

block capacitor-or matching capacitor may be included into the circuit 600.

[0090] The harmonic frequency up-conversion circuit 600 according to the
embodiments of Fig. 6A may be referred to or used as a differential IQ sub-harmonic

frequency up-conversion SSB mixer/modulator with image rejection.
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[0091] Invvarious embodiménts, more than four sub-harmonic frequency conversion
circuits 200 may be connected in parallel. A power divider or a balun may be used to
‘ carry out frequency conversion with different phase combination of the IF/data and the
LO signals for up;conversion, or with different phase cémbihation of LO signal and RF

signals for down-conversion.

[0092] In' various embodiments, for different phase signal generation, both the
passive network and transistor network may be used for the required signal generation.
The passive network, such as transmission line, lumped coupler or poly phasé filter, may
be used. In various embodiments, active transistor network, such as active balun or phase
shifter may be used. The differential or quadrature VCO (voltage-controlled oscillator)

may be used to generate either differential or differential quadrature signals.

[0093] Fig. 6B shows a harmonic frequency down-conversion circuit 690 according
to various embodiments, which may be configured to be used in a down-conversion
mixer or demodulator with image rejection. |

[0094] As shown in_ Fig. 6B, the harmonic frequ¢ncy dowh—conversion circuit 690 is
similar to the harmonic frequency up-conversion circuit 600 of Fig. 6A, with the
difference that the circuit 690 includes the harmonic down-conversion circuit 290 of Fig.
2B and additional three harmonic down-conversion circuits 290B, 2'9OC, 290D having
the similar cdnﬁguratjon as the harmonic down-conversion circuit 290. Various
embodiments describéd with reference to Fig. 2B and Fig. 6A abbve are also valid for the

" harmonic frequency down-conversion circuit 690.

[0095] . In each of the harmonic down-conversion circuits 290, 290B, 290C, 290D, the

common node of “gate” (or “base”) of transistors Q1 and Q2 may be connected to the
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common node of “source” (or “emitter”) of the transistor Q3 and Q4, as shown in Fig.

6B.

[0096] In various embodiments, the inverters of »the- harmonic down-conversibn
circuits 290, 290B, 290C, 290D may be configured to output differential “I” sigﬁal/data
(e.g. differential “I” IF signal or data of 0 degre.e denbted by IF_0 or Data 0, and
differential “I” IF signal or data of 180 degree denoted by IF_180 or Data_180), or output
differential “Q” signal/data (é.g. different/ial “Q” IF signal or data of 90 degree denoted
by IF_90 or Data 90, and differential “Q” IF signal or data of 270 degree denoted by
IF 270 and Data_270). The resistors R1/R inside the inverters may be used to tradeoff
| between the gain and input/output matching. The “source” (or “emitter”’) electrodes of the
P-transistors inside of the inverters may be connected to Vdd (DC supply) directly or

through lumped elements or transmission lines etc.

[0097] For harmonic conversion operation, LO signals of LO_0, LO 90, LO_180 and
LO_270 may have the same amplitude and may have phase difference of 90 degrees 1n .
sequence (i.e. AO, 90, 180, 270 degrees), similar to the embodiménts of Fig. 6A above. The
DC can be applied together with LO_0, LO_90, LO_180 and LO_270 for the transistor
“gate;’ (or “base”) bias purpose. The common node 106, 606 connected with “drain” (or
“collector”) of the transistor pairs‘ may b.e connected to inductors, resistors, LC tank,

transmission lines or their combination for matching and/or bias purpose.

[0098] The harmonic frequency down-conversion circuit 690 according to the
embodiments of Fig. 6B may be referred to or used as a differential IQ sub-harmonic

frequency down-conversion SSB mixer/demodulator with image rejection.
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[0099] Fig. 7 shows an_exémplary layout 700 of an up-conversioﬂ sub-harmonic
Differential IQ SSB modulator together with a Differential IQ network according to

various embodiments, which may be used in a transceiver.

[00100]  As shown in Fig. 7, a passive Differential IQvnetwork 710 (also referred to as
a DQ network) is provided to convert the input differential LO signal (LO_0, LO_180)
into differential quadrature 6utput LO signals (LO-0, LO_180, LO_90 and LO_270) with
phases of 0, 180, 90 and 270 Idegrees‘,. The output LO signals may be supplied to the sub-
harmonic differential 1Q modulator 600 (also referred to as sub-harmonic DQ modulator).
The sub-harmonic differential IQ modulator may be the harmonic frequency up-
conversion circuit 600 described in Fig. 6A above, including four sub-harmonic
| frequency conversion cells 200 of Fig. 2A, and including two spiral inductors below the
90 degree hybrid coupler for DC bias purpose as well as for RF signal blocking to avoid
the RF .leakage to DC. The DC supply circuits may be used, but are not deécribed in
detail. The 90 degree hybrid coupler is integrated with the core modulator 600 as in Fig,
6A. The GSSGSSG pads 720 afe used for probe touching for differential quadrature
IF/déta inputs. The GSSG pads 730 at the bottom is to feed in differentiél LO signals
LO_0and LO_180. Thé GSGSG Pads 740 on the top are used to obtain either LSB signal
or USB signal. The harmonic frequency conversion circuits of various embodiments may
be capable of suppressing the sub-harmonic: leakage and image signal to provide good

linearity and spectrum purity for the modulator as well as for the transmitter.

[00101] Fig. 8 shows a transceiver 800 including a sub-harmonic Differential IQ

modulator/ demodulator according to various embodiments.
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[00102] As an exemplary embodiment for the hamonic modulator/demodulator
application in the transceiver front end, Fig. 8 shows the gpplication of the sub-harmonic
Differential IQ modulator/demodulator (also referred to as sub-harmonic_ DQ
modulator/demodulator) in the transceiver 800. The use Ibf the sub-harmonic Différentialv
IQ modulator 810.(e.g. IQ modulator 500, 600 of Figs. 5A and 6A) and the sub-harmonic
Differential IQ demodulator 820 (e.g. IQ demodulator 590, 690 of Figs. 5B andv6B) of
various embodiments ab'ove. may dramatically simplify the transceiver architecture by
reducing the components and LO chain, and thus reducing the chip area and the total
power consumption. The required LO frequency may be reduced to half of that of the

normal fundamental modulator.

- [00103] As shown in Fig. 8, a synthesizer 830 for LO drive may be shared by both the
transmitter side and the receiver side. The Differential IQ networks 832, 834 (also
referred to as DQ networks) may be used to convert the differential LO signals (LO_0
and LO_180) from the synthesizer 830 to differential quadrature LO signals (LO_O,
LO_90, LO_180, LO_270), as shown in Fig. 8. In various embodiments, the Differential
IQ networks 832, 834 may be intégrated with the IQ modulator/demodulator, similar to
the embodiment of Fig. 7. When USB is needed for the transceiver system, the LSB may
be connected to 50ohm load. At the transmitter side, the USB may be connected to a
power amplifier 840. At the receiver sidé, the USB may be connected to a low-noise

amplifier 850.

[00104] Fig. 9 shows a differential IQ sub-harmonic up-conversion DSB (double

sideband) mixer/modulator 900 according to various embodiments.
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[00105] In Fig. 9, the differential IQ sub-harmonic \frequéncy conversion circuit of
various embodiments ;nay be used in a modulator or mi?(er with double side band. The
differential 1Q sub-harmonic up-conversion DSB -mixer/m(_)dulator 900 is similar to the
circuit 600 of Fig. 6A, with the difference that the 90, dégree hybrid 566 is replaced by a
power combiner/divider 966-to collect both USB and LSB as the DSB. The power

combiner/divider.966 may also be replaced by a transformer for power combination.

[00106] In various embodiments, the 90 degree hybrid coupler 566 in the circuits 500,
590, 690 of Figs. 5A, 5B, 6B may also be replaced by a power combiner/divider, to form

the corresponding circuits for DSB modulator/demodulator.

[00107] Fig. 10 shows an IQ fourth-harmonic down-conversion SSB

mixer/demodulator 1000 according to various embodiments.

[00108] In Fig. 10, the mixer/demodulator 1600 may include a fourth-harmonic
frequency down-conversion circuit 390 described in Fig. 3B above for converting RF
signal into in-phase IF signal (IF_I) or IF data (Daté_I). The mixer/demodulator 1000
mﬁy include a further fourth-harmonic frequency down-conversion circuit 390B similar -
to the circuit 390, for converting RF signal into quadrature-phase IF signal (IF_Q) or IF
d‘ata (Data_Q). In this manner, I and Q signals may be generated from the RF signals
received at the node 106 and 1006. The mixer/demodulator 1000 may include a 90 degree

hybrid 566 to input either USB or LSB for the SSB operation.

[00109] Similar to the configuration of Fig.. 10, the up-conversion fourth-harmonic
frequency up-conversion circuit 300 of Fig. 3A may be used to form the IQ fourth-

harmonic frequency up-conversion modulator/mixer.
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[00110] Compare:d to the double sideband (DSB) modulator/demodulator, the single
sideband (SSB) modulator/demodulator may be useful ‘in the modulation applicaﬁons
wherein the desired and undesired RF sidebands are too close in frequency to be
separated using a simple band pass filter or where minimum group delay is required.
[00111] 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 ’chan>ges which come within the meaning

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

What is claimed is;

1. A harmonic freqﬁency convérsion circuit, comprising:
an inverter having a ﬁrst terminal and a second terminal, said inverter comprising:
at least one of a resistor or a capacitor connected between the first terminal
and the second terminal;
a P-channel transistor haying a first electrode, a second electrode and a third
electrode;
a N-channel transistor having a first electrode, a second electrode and a third
electrode; /
wherein the first electrode of the P-channel transistor and the first electrode of
the N-channel transistor are connected to the first terminal, and the secoﬁd
electrode of the P-channel transistor and the second electrode of the N-
ch;lnnel transistor are connected to the second terminal; and |
a transistor pair connected to the inverter and comprising a first transistor and a
second transistor; the first transistpr having a first electrode, a éecond_electrode
and a third electrode; and the second transistor having a first electrode, a second
electrode and a third electrode,
wherein the first electrode of the first transistor is connécted to receive a first

local oscillation signal and the first electrode of the second transistor is

connected to receive a second local oscillation signal;
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wherein the second eiectfodé of the first transistor and the second electrode of
the second transistor are qonnected to each oth¢r at a third termin_alg

wherein the third electro&e of the first transistor _ahd the third electrode Qf the
second fransistor are connected to one of the first terminal or the ‘second

terminal of the inverter.

- The harmonic frequency conversion circuit of claim 1, wherein
the first electrode of the P-channel transistor and the first electrode of the N-
channel transistor are one of gate electrode or base electrode,
the second electrode of the P-channel transistor and the second electrode of the N-
channel transistor are one of drain electrode or collector electrode,
the third electrode of the P-channel transistor and the third electrode of the N-

channel transistor are one of source electrode or emitter electrode.

The harmonic frequency conversion circuit of claim 1 or 2, wherein
the third electrode of the P-channel transistor is connected to a DC supply, and the

third electrode of the N-channel transistor is connected to the ground.

The harmonic frequency conversion circuit of any one of claims 1 to 3, wherein
the first electrode of the first transistor and the first électrode of the se;:ond
transistor are one df gate electrode or base electrode,

the second electrode of the first transistor and the second electrode of the second

transistor are one of drain electrode or collector electrode, and
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the third electrode of the first transistor and the third electrode of the second

transistor are one of source electrode or emitter electrode.

The harmonic frequency conversion circuit of any one of claims 1 to 4, further

comprising a DC bias connected to the third terminal.

The harmonic frequency conversion circuit of any one of claims 1 to 5, further
comprising at least one of a resistor, an inductor, a LC tank or transmission lines

connected to the third terminal.

The harmonic frequency conversion circuit of any one of claims 1 to 6, wherein
the first local oscillation signal and the second local oscillation signal have a 180-

degree phase difference.

The harmonic frequency conversion circuit of any one of claims 1 to 7, wherein
the third electrode of the first transistor and the third electrode of the second

transistor are connected to the second terminal of the inverter.
The harmonic frequency conversion circuit of claim 8, configured to receive an

intermediate frequency signal at the first terminal of the inverter, and configured

to output a radio frequency signal from the third terminal.
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The harmonic frequency conversion circuit of claim 9,

wherein the inverter and the transistor pair fonn‘a first sub-harmonic frequency
up-conversion cell,

wherein the harmonic frequency conversion cir;:uit further comprises a further
inverter and a further transistor pair forming a second sub-harmonic frequency up-
conversion cell.,

wherein the first cell is configured to receive a 0 degree phase shifted intermediate

_ frequency signal at the first terminal thereof, and the second cell is configured to

receive a 90 degree phase shifted intermediate frequency signal at the first

terminal thereof.

The harmonic frequency conversion circuit of claim 9,

wherein the inverter and the transistor pair form a first sub-harmonic frequency
up-conversion cell,

wherein the harmonic frequency conversion circuit further comprises a second
sub-harmonic frequenéy up-conversion cell, a third sub-harmonic frequency up-
conversidn cell, and a fourth sub-harmonic frequency up-conversion cell, each of
the second cell, the thirdicell and the fourth cell comprising an inverter and a
transistor pair,

wherein the first cell and the second cell are connected to each other at their third
terminals, and the third cell and the fourth cel~1 are connécted to each at their third

terminals,
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12.

13.

14.

wherein the first cell ié cbnﬁgured to receive a 0 degree phase shifted intermediate
frequency signal -at the first terminal thereof, the second cell is configured to
rgceive a 180_‘dvegree phase shifted intermediate frequency signal at th¢ first
terminal therebf, the ‘third cell is‘conﬂgured to rééeive a 270 degree phase shifted
intermediate frequency signal at the ﬁrst terminal thereof, and the fourth. cell is
configured to receive a 90 degree phase shifted intermediate frequency signal at

the first terminal thereof.

The harmonic frequency conversion circuit of any one of claims 1 to 7, wherein
the third electrode of the first transistor and the third electrode of the second

transistor are connected to the first terminal of the inverter.

’

- The harmonic frequency conversion circuit of claim 12, configured to receive a

radio frequency signal at the third terminal, and configured to output an

intermediate frequency signal from the second terminal of the inverter.

The harmonic frequency conversion circuit of claim 13, |

wherein the inverter and the transistor pair form a first sub-harmonic fréquency
down-conversion cell;

wherein the harmonic frequency conversion circuit further comprises a further
inverter and a further transistor pair forming a second sub-harmonic frequency

down-conversion cell,

43

PCT/SG2013/000373



WO 2014/035342

15,

PCT/SG2013/000373

wherein the first cell is configured to receive a 0 degree phase shifted radio
frequency signal at the third terminal thereof, and the second cell is configured to
receive a 90 degree phase shifted radio frequency signal at the third terminal

thereof.

The harmonic frequency conversion circuit of claim 13,

~wherein the inverter and the transistor pair form a first sub-harmonic frequency

down-conversion ceH,

wherein the harmonic frequency conversion circuit further comprises a second
sub-harmonic frequency down-conversion cell, a third sub-harmonic freqﬁency
down-conversion cell, and a fourth sub-harmonic frequency down-conversion cell,
each of the second cell, the third cell and the fourth cell comprising an inverter
andi a transistor pair,

wherein the first cell and the second cell are connected to each other at their third
terminals, and the third cell and the fourth cell are connected to each at their third
terminals,

wherein the first cell and the second cell are conﬁgured to receive a 180 degree
phase shifted radio frequency signal at their third terminals, and the third cell and
the fourth cell are configured to receive a 270 degree phase shifted radio

frequency signal at their third terminals.

44



WO 2014/035342

16.

17.

18.

19.

The harmonic frequency conversion circuit of any one of claims 1 to 15,
comprising a further transistor pair connected to the inverter, wherein the

transistor pair and the further transistor pair are connected in parallel.

The harmonic frequency conversion circuit of claim 16, wherein

the first local oscillation signal received by the transistor pair and the first local

- oscillation signal received by the further transistor pair have a 90-degree phase

difference, and

the sgcond local oscillation signal received by the transistor pair and the second
local oscillation signal received by the further transistor pair have a 90-degree
phase difference.

The harmonic frequency conversion circuit of any one of claims 1 to 15, further
comprising a second transistor pair, a third transistor pair and a fourth transistor
pair,

wherein the transistor pair, the second transistor pair, the third transistor pair and
the fourth | transistor pair are connected with each éther in parallel and are

connected to the inverter.

. The harmonic frequency conversion circuit of claim 18, wherein

the first local oscillation signals received by the transistor pair, the second
transistor pair, the third transistor pair and the fourth transistor pair have a 45-

degree phase difference in sequence, and
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20.

the second local oscillation signals received by the transistor pair, the second
transistor pair, the third transistor pair and the fourth transistor pair have a 45-

degree phase difference in sequence.

The harmonic frequency conversion circuit of any one of claims 1 to 19,

configured to be used in at least one of a modulator, a demodulator or a mixer.
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