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ACTIVE HARMONIC FILTERS FOR INTEGRATED
RADIO FREQUENCY POWER AMPLIFIERS

CROSS-REFERENCE TO RELATED APPLICATIONS
The application relates to and claims the benefit under 35 U.S.C. § 119(e) to
U.S. Provisional Patent Application No. 62/264,484 filed December 8, 2015 and
entitled “ACTIVE HARMONIC FILTERS FOR INTEGRATED RF POWER
AMPLIFIERS,” the entire contents of which is wholly incorporated by reference

herein.

STATEMENT RE: FEDERALLY SPONSORED RESEARCH/DEVELOPMENT
Not Applicable

BACKGROUND

1. Technical Field

The present disclosure relates generally to radio frequency (RF) circuits, and
more particularly, active harmonic filters for integrated RF power amplifiers.

2. Related Art

Wireless communications systems find application in numerous contexts
involving data transfer over long and short distances alike, and there exists a wide
range of modalities suited to meet the particular needs of each. Fundamentally,
wireless communications involve a radio frequency (RF) carrier signal that is
variously modulated to represent data, and the modulation, transmission, receipt, and
demodulation of the signal conform to a set of standards for coordination of the same.
Many different mobile communication technologies or air interfaces exist, and
various generations of these technologies are deployed in phases.

A fundamental component of any wireless communications system is the
transceiver, that is, the combined transmitter and receiver circuitry. The transceiver
encodes the data to a baseband signal and modules it with an RF carrier signal. Upon
receipt, the transceiver down-converts the RF signal, demodulates the baseband
signal, and decodes the data represented by the baseband signal. An antenna
connected to the transmitter converts the electrical signals to electromagnetic waves,

and an antenna connected to the receiver converts the electromagnetic waves back to
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electrical signals. A communications link is established when both the transmission
and reception of a signal are in accordance with mutual parameters.

Transceivers typically do not generate sufficient power or have sufficient
sensitivity for reliable communications standing alone. Thus, additional conditioning
of the RF signal at both the transmission end and the reception end is necessary. The
circuitry between the transceiver and the antenna that provide this functionality is
referred to as the front end, which includes a power amplifier for increased
transmission power, and/or a low noise amplifier for increased reception sensitivity.
The front end also includes a switch circuit that selectively interconnects the power
amplifier and the low noise amplifier to the antenna.

In an actual implementation, the RF power amplifier exhibits some degree of
non-linearity in the amplification of the radio frequency carrier signal. This results in
harmonics, which are integer multiples of the fundamental operating frequency, being
generated. These emissions outside the designated operating frequency are
undesirable, as they have the potential to interfere with other wireless systems.
Accordingly, there are various regulatory requirements that govern the acceptable
spurious emission levels in end products to ensure that different communications
devices can co-exist and function properly within the same vicinity. These restrictions
are imposed on each of the constituent components, including the transceiver and the
front end

Conventional RF power amplifiers thus incorporate harmonic filters to
minimize the level of undesirable emissions. One possible way to reduce harmonic
emissions is by way of a low-pass filter that rejects all frequencies above the
fundamental frequency, while another possibility is a notch filter that rejects only
certain harmonics as defined by the particular communications standard. In order for
the filter to be able to reject high levels of harmonic frequencies, components having
low loss such as capacitors and inductors are utilized. On-die harmonics suppression
filters are insufficient, as the achievable performance is limited to the components that
can be fabricated thereon. Capacitors with high capacitance values and inductors with
high inductance values are challenging to fabricate on-die due to their larger
footprints, and attendant increases in cost.

Thus, external filter circuits may be added to prevent strong harmonic signals

to reach the antenna, either at the module level, e.g., as a separate circuit element that



WO 2017/100332 PCT/US2016/065398

10

15

20

25

30

is packaged together with the RF switch, power amplifier, and low noise amplifier, or
at the printed circuit board level, e.g., as a separate component and package mounted
to the printed circuit board and interconnected with conductive traces between the pin
outs of the separate packages. External filters, however, are expensive, require
additional space, and introduce additional transmission path losses.

Accordingly, there is a need in the art for harmonic rejection filters with
sufficient rejection levels to meet and exceed stringent spurious emissions limits.
There is also a need in the art for harmonic rejection filters that may be implemented
on-die without substantial increases in die footprint. It would also be desirable for
such filters to consume minimal power, with less loss, and higher harmonic

suppression than passive traps.

BRIEF SUMMARY

One embodiment of the present disclosure is directed to an active filter that is
connectible to a transmission line from an output of an amplifier for reducing
harmonics of a signal being amplified thereby. The active filter may include an
operational amplifier with an inverting input, a non-inverting input, and a single-
ended output. Additionally, there may be a resistor network connected to the non-
inverting input and to the single-ended output. There may also be a first inductive-
capacitive element that is connected to the inverting input and to the single-ended
output. The first inductive-capacitive element may define a first rejection frequency
notch corresponding to an inductance and a capacitance of the first inductive-
capacitive element. The active filter may also include a filter circuit interface node
defined at a junction of the first inductive-capacitive element to which the
transmission line is connectible. The filter circuit interface node may have a
frequency-dependent negative capacitance corresponding to a low frequency gain of
the operational amplifier, half power point bandwidth of the operational amplifier,
and output impedance as defined by the resistor network and the first inductive-
capacitive element connected thereto.

According to another embodiment of the present disclosure, there is an active
filter that is also connectible to an amplifier for reducing harmonics of a signal being
amplified thereby. The active filter may have a single port that is connectible to the

amplifier. Additionally, there may be a first differential amplifier circuit defining a
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first negative capacitance at a first predetermined operating frequency range. The first
differential amplifier circuit may include a first pair of transistors and a second pair of
transistors. Each transistor in the first pair may be connected to a respective one of the
transistors in the second pair to define a corresponding inverting differential circuit
segment and a non-inverting differential circuit segment. The inverting differential
circuit segment and the non-inverting differential segment may be interconnected with
one or more passive circuit elements at corresponding circuit junctions. At least one
of these circuit junctions may be connected to the single port. The active filter may
also include a first tank circuit having a first port that is connectible to the amplifier
and a second port that is connected to the single port. The first tank circuit together
with the first negative capacitance of the first differential amplifier may define a first
harmonic trap for reflecting the harmonics of the signal to block upstream passage
thereof.

Still another embodiment of the present disclosure is a radio frequency front
end circuit. There may be an output signal transmission line, as well as an amplifier
circuit with an input connected to a radio frequency signal source and an output
connected to the output signal transmission line. The front end circuit may include a
harmonic suppression circuit connected to the amplifier circuit. Furthermore, the
harmonic suppression circuit may include an active circuit element having a
frequency-dependent impedance and may be tuned as a reflective trap with a negative
capacitance for one or more rejection frequency ranges each corresponding to a
multiple of a fundamental frequency of a signal generated by the radio frequency
signal source.

The present disclosure also contemplates a radio frequency communications
module with the aforementioned active filter, as well as a wireless communications
device that incorporates such an active filter. The present disclosure will be best
understood by reference to the following detailed description when read in

conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
These and other features and advantages of the various embodiments disclosed
herein will be better understood with respect to the following description and

drawings, in which like numbers refer to like parts throughout, and in which:
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FIG. 1 a block diagram of an exemplary wireless communications device that
may incorporate an active harmonic filter in accordance with the present disclosure;

FIG. 2 is a block diagram of an exemplary radio frequency amplifier circuit
according to another embodiment of the disclosure;

FIG. 3 is a schematic diagram of the radio frequency amplifier circuit
including a first embodiment of the active harmonic filter;

FIGS. 4A, 4B, 4C and 4D are graphs plotting the simulated performance of the
radio frequency amplifier circuit including the first embodiment of the active
harmonic filter shown in FIG. 3;

FIGS 5A and 5B are graphs plotting the harmonics power components along
simulated single tone power sweeps of the radio frequency amplifier circuit including
the first embodiment of the active harmonic filter shown in FIG. 3;

FIG. 6 is a schematic diagram of the radio frequency amplifier circuit
including an alternative variant of the active harmonic filter;

FIG. 7 is a graph plotting the scattering parameters (S-parameters) based upon
a simulated performance of the radio frequency amplifier circuit including the second
embodiment of the active harmonic filter shown in FIG. 6;

FIG. 8 is a schematic diagram of the radio frequency amplifier circuit
including two additional tank circuits connected to the transmission line;

FIGS. 9A, 9B, 9C, and 9D are graphs plotting the simulated performance of
the radio frequency amplifier circuit shown in FIG. §;

FIG. 10 is a graph plotting insertion loss along a power sweep in the radio
frequency amplifier circuit shown in FIG. 8;

FIGS. 11A and 11B are graphs plotting the second and third harmonics power
components along a simulated single tone power sweeps of the radio frequency
amplifier circuit shown in FIG. 8;

FIG. 12A and 12B are graphs plotting the harmonic components from the
radio frequency amplifier circuit shown in FIG. 8, with FIG. 12A showing the
simulated harmonics output without the active harmonic filter, and FIG. 12B showing
the simulated harmonics output with the active harmonic filter;

FIG. 13 is a schematic diagram of the radio frequency amplifier circuit
including a second embodiment of the active harmonic filter implemented with a

differential amplifier circuit;
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FIGS. 14A, 14B, 14C and 14D are graphs plotting the simulated performance
of the radio frequency amplifier circuit including the second embodiment of the active
harmonic filter shown in FIG. 13;

FIGS 15A and 15B are graphs plotting the harmonics power components
along simulated single tone power sweeps of the radio frequency amplifier circuit
including the second embodiment of the active harmonic filter shown in FIG. 13;

FIG. 16 is a schematic diagram of the radio frequency amplifier circuit
including two of the second embodiment of the active harmonic filter implemented
with the differential amplifier circuit;

FIGS. 17A, 17B, 17C and 17D are graphs plotting the simulated performance
of the radio frequency amplifier circuit shown in FIG. 16;

FIG. 18 is a schematic diagram of the radio frequency amplifier circuit
including a variation of the second embodiment of the active harmonic filter
implemented with the differential amplifier circuit;

FIGS. 19A, 19B, 19C and 19D are graphs plotting the simulated performance
of the radio frequency amplifier circuit shown in FIG. 18;

FIG. 20 is a schematic diagram of the radio frequency amplifier circuit
including yet another variation of the second embodiment of the active harmonic filter
with two cascaded differential amplifier circuits;

FIGS. 21A, 21B, 21C and 21D are graphs plotting the simulated performance
of the radio frequency amplifier circuit shown in FIG. 20;

FIGS 22A and 22B are graphs plotting the harmonics power components
along simulated single tone power sweeps of the radio frequency amplifier circuit
shown in FIG. 20;

FIG. 23 is a schematic diagram of a packaged amplifier module; and

FIG. 24 is a schematic diagram of a cross-section of the packaged amplifier

module shown in FIG. 23.

DETAILED DESCRIPTION
The detailed description set forth below in connection with the appended
drawings is intended as a description of the several presently contemplated
embodiments of active harmonic filters and radio frequency amplifiers utilizing the

same, and are not intended to represent the only form in which the disclosed filter
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circuits may be developed or utilized. The description sets forth the functions and
features in connection with the illustrated embodiments. It is to be understood,
however, that the same or equivalent functions may be accomplished by different
embodiments that are also intended to be encompassed within the scope of the present
disclosure. It is further understood that the use of relational terms such as first and
second and the like are used solely to distinguish one from another entity without
necessarily requiring or implying any actual such relationship or order between such
entities.

FIG. 1 illustrates a simplified wireless communications device 10 in which
various embodiments of the active filters in accordance with the present disclosure
may be incorporated. In various embodiments, the wireless communications device 10
can be a cellular telephone. However, the low noise amplifier circuit may be utilized
in any wireless device with signal reception capabilities. The wireless
communications device 10 illustrated in FIG. 1 is intended to be a simplified example
of a cellular telephone and to illustrate one of many possible applications in which the
low noise amplifier circuit can be implemented. One having ordinary skill in the art
will understand the operation of a cellular telephone, and, as such, implementation
details are omitted.

The wireless communications device 10 includes a baseband subsystem 12, a
transceiver 14, and a front end module 16. Although omitted from FIG. 1, the
transceiver 14 includes modulation and upconversion circuitry for preparing a
baseband information signal for amplification and transmission, and includes filtering
and downconversion circuitry for receiving and downconverting a radio frequency
signal to a baseband information signal to recover data. The details of the operation of
the transceiver 14 are known to those skilled in the art.

The baseband subsystem 12 generally includes a processor 18, which can be a
general purpose or special purpose microprocessor, memory 20, application software
22, analog circuit elements 24, and digital circuit elements 26, connected over a
system bus 28. The system bus 28 can include the physical and logical connections to
couple the above-described elements together and enable their interoperability.

An input/output (I/O) element 30 is connected to the baseband subsystem 12
over a connection 32, a memory element 34 is coupled to the baseband subsystem 12

over a connection 36 and a power source 38 is connected to the baseband subsystem
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12 over connection 40. The I/O element 30 can include, for example, a microphone, a
keypad, a speaker, a pointing device, user interface control elements, and any other
device or system that allows a user to provide input commands and receive outputs
from the wireless communications device 10.

The memory 20 can be any type of volatile or non-volatile memory, and in an
embodiment, can include flash memory. The memory element 34 can be permanently
installed in the wireless communications device 10, or can be a removable memory
element, such as a removable memory card.

The power source 38 can be, for example, a battery, or other rechargeable
power source, or can be an adaptor that converts AC power to the correct voltage used
by the wireless communications device 10. In an embodiment, the power source can
be a battery that provides a nominal voltage output of approximately 3.6 volts (V).
However, the output voltage range of the power source can range from approximately
30t0 6.0 V.

The processor 18 can be any processor that executes the application software
22 to control the operation and functionality of the wireless communications device
10. The memory 20 can be volatile or non-volatile memory, and in an embodiment,
can be non-volatile memory that stores the application software 22.

The analog circuit elements 24 and the digital circuit elements 26 include the
signal processing, signal conversion, and logic that convert an input signal provided
by the I/0 element 30 to an information signal that is to be transmitted. Similarly, the
analog circuit elements 24 and the digital circuit elements 26 include the signal
processing, signal conversion, and logic that convert a received signal provided by the
transceiver 14 to an information signal that contains recovered information. The
digital circuit elements 26 can include, for example, a Digital Signal Processor (DSP),
a Field Programmable Gate Array (FPGA), or any other processing device. Because
the baseband subsystem 12 includes both analog and digital elements, it is sometimes
referred to as a mixed signal circuit.

The front end module 16 is generally comprised of components belonging to a
transmit signal chain, components belonging to a receive signal chain, and a switch
42. For purposes of simplification, the transmit signal chain is generally represented
by a power amplifier 44, while the receive signal chain is generally represented by a

low noise amplifier 46. The switch 42 interconnects the power amplifier 44 and the
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low noise amplifier 46 to an antenna 48. The front end module 16 depicted in FIG. 1
is understood to be for a single wireless operating mode, and those having ordinary
skill in the art will appreciate that a conventional wireless communications device 10
has multiple wireless operating modes conforming to different standards.
Accordingly, there may be multiple front end modules 16 particularly configured for
each operating mode, or one front end module 16 with multiple constituent
components for each operating mode. Along these lines, these different operating
modes may utilize more than one antenna at a time (diversity mode operation), so the
single antenna 48 is presented by way of example only and not of limitation.

As mentioned earlier, non-linearity of the power amplifier 44 may result in
harmonic components of the fundamental signal being generated thereby and then
transmitted by the antenna 48. The harmonic components may result in degraded
performance from nearby receivers, and may result in the wireless communications
device 10 not meeting regulatory spurious emission limits. In accordance with various
embodiments of the present disclosure, an active harmonic filter 50 is introduced into
output of the power amplifier 44. As will be described in further detail below, the
active harmonic filter 50 is understood to be a single port device that is connected to a
transmit signal transmission line 62 from the output of the power amplifier 44 to the
switch 42, and ultimately to the antenna 48. In one contemplated embodiment, a first
implementation of the active harmonic filter 50-1 may in the front end module 16.
Alternatively, as in a second implementation of 50-2, the active harmonic filter may
be implemented as a separate component external to the front end module 16.

Although the present disclosure is based upon an implementation in which the
active harmonic filter 50 rejects or attenuates harmonics generated by the power
amplifier 44, hence being connected to the output of the same, this is by way of
example only and not of limitation. Other embodiments are contemplated in which the
active harmonic filter 50 is utilized in connection with harmonics of the receive signal
from the antenna 48. Accordingly, the active harmonic filter 50-3 can be connected to
areceive signal transmission line 62. Although not specifically illustrated, the active
harmonic filter 50-3 that is configured for incoming receive signals can likewise be
implemented as a separate component external to the front end module 16.

With reference to the block diagram of FIG. 2, one embodiment of the present

disclosure is a front end circuit 56 that includes the power amplifier 44 and the active
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harmonic filter 50. The power amplifier 44 has an input 58a that is connected to a
transmit signal source 60, which is understood to be the transceiver 14. Additionally,
the power amplifier 44 has an output 58b, which is connected to the antenna 48 over a
transmission line 62. The radio frequency (RF) signal generated by the transceiver 14
is amplified by the power amplifier 44 prior to transmission via the antenna 48. The
power amplifier 44 may have any suitable configuration, and the contemplated active
harmonic filter 50 is not understood to require that the power amplifier 44 have a
specific configuration.

The transmission line 62 may be defined as multiple parts or segments. For
instance, there may be a first segment 62a of the transmission line that is within the
physical bounds of the front end circuit 56, and thus be implemented as conductive
traces on the semiconductor die or as bond wires that electrically connect the
corresponding pads on the semiconductor die to contacts. Additionally, there may be a
second segment 62b that is exterior to the front end circuit 56 and thus corresponds to
a trace on a printed circuit board, a wire, or other conductive element that separates
the front end circuit 56 from the antenna 48. In this regard, the front end circuit 56 is
understood to have an antenna port 63 to which the antenna 48 is connected. The
aforementioned switch 42, however, has been omitted from the block diagram of FIG.
2 for the sake of simplicity, though it is to be understood that the typical embodiment
of the front end circuit 56 would include the switch 42 that selectively interconnects
the antenna 48 to either the power amplifier 44 or the low noise amplifier 46.

The active harmonic filter 50 is understood to be a single port device, with a
first port 64 thereof being connected to the transmission line 62. In the illustrated
embodiment, the active harmonic filter 50 is connected to a junction 65 of the
transmission line 62, which is within the physical bounds of the front end circuit 56
and is therefore part of the first segment 62a. As will be described in further detail
below, the active harmonic filter 50 serves as a reflective trap for signal frequencies
that are significantly higher than the fundamental frequency of the transmit signal,
e.g., harmonics of the transmit signal. Thus, harmonics are suppressed, so the active
harmonic filter 50 may also be referred to as a harmonic suppression circuit in some
embodiments. Additionally, it is expressly contemplated that there is minimal loss of

the transmit signal as output by the power amplifier 44.
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The active harmonic filter 50 includes an active circuit element that has a
frequency-dependent impedance. A first embodiment of the active harmonic filter 50
utilizes an operational amplifier, while a second embodiment utilizes a differential
amplifier. Both types of circuits are understood to generate a frequency-dependent
impedance and are tuned for reflecting the undesirable harmonics. This is understood
to block the upstream path of such harmonics to the antenna 48. Each active harmonic
filter 50 is tuned for a specific harmonic frequency, and to the extent suppression of
multiple harmonic frequencies is involved, multiple active harmonic filters 50 may be
connected along the transmission line 62.

Referring to the schematic diagram of FIG. 3, additional details of a first
embodiment of the active harmonic filter 50a will now be described. Again, the power
amplifier 44 is connected to the transmit signal source 60, with the RF signal being
fed to an amplifier element 67. The power amplifier 44 includes an output matching
network 68 that impedance matches the amplifier element 67 to the 50 € antenna 48
and the transmission line 62. The major components of the active harmonic filter 50
and the power amplifier 44 may be part of a power amplifier circuit 66 as delineated
in FIG. 3, or be part of the front end circuit 56, or any other component. The
aggregation of the active harmonic filter 50 and the power amplifier 44 as the power
amplifier circuit 66 is by way of example only and not of limitation, and any suitable
grouping or set structure/interrelationships of the components, e.g., one component
being part of another, more broadly defined component, may be substituted without
departing from the scope of the present disclosure.

The first embodiment of the active harmonic filter 50a includes an operational
amplifier U1, which includes an inverting input 70a, a non-inverting input 70b, and
single-ended output 72. The operational amplifier U1 is configured as a negative
capacitance circuit, with the inverting input 70a being connected to a first inductive-
capacitive element 74, which in turn, is connected to the single-ended output 72. The
first inductive-capacitive element 74 includes a capacitor C1 that is connected in
series with an inductor L1.

Connected to the non-inverting input 70b is a resistor network 76 with a
resistor R2 and a resistor R1. The non-inverting input 70b is connected to a junction
77 between the resistor R1 and the resistor R2. The resistor network 76, and

specifically the resistor R1 thereof, is connected to the single-ended output 72. A
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capacitor C2 is connected to the resistor network 76, specifically the resistor R2
thereof at a junction 78. The capacitor C2 is also connected to the inverting input 70a
and the first inductive-capacitive element 74. The junction 78 is tied to ground over
an inductor L2, which is understood to be a bond wire and thus having minimal
inductance. According to one exemplary embodiment, the inductance value of
inductor L2 is 0.5 nH. The combination of the capacitor C2 and the inductor L2 may
define a second inductive-capacitive element 80.

The negative capacitance as defined by the operational amplifier U1, is
understood to be frequency-dependent. The absolute value of the negative capacitance
thus defined is a function of the low frequency gain of the operational amplifier, as
well as its half power point (-3dB) bandwidth, and the output impedance, along with
the tuning of the capacitor C1, and the resistors R1 and R2.

The active harmonic filter 50a has a rejection frequency range that
corresponds to the set values of the first inductive-capacitive element 74, as well as
those of the second inductive-capacitive element 80. That is, the values of the
inductor L1 and the capacitor C1 defines a first notch frequency, while the inductor
L2 and the capacitor C2 defines a second notch frequency. Both of these notch or
rejection frequencies are tuned for overlapping each other, so a high level of rejection
of a single rejection frequency may be possible. The impedance of the active
harmonic filter 50a is understood to be high, e.g., greater than 1 k€, so losses at the
fundamental frequency or the base RF signal is contemplated to the minimal. Along
these lines, the negative capacitance circuit is understood to convert only the reactive
part of the impedance, so no additional noise is introduced to the transmission line 62.

The inverting input 70a, that is, the junction of the first inductive-capacitive
element 74 and the second inductive-capacitive element 80, is understood to define a
filter circuit interface node 82, as this is tied to the first port 64 of the active harmonic
filter 50a. Interconnecting the first port 64 to the filter circuit interface node 82 is a
direct current decoupling element 84 including a capacitor C3 in series with an
inductor L.3. These components are understood to serve direct current (DC)
decoupling purposes. Additionally, the inductance and capacitance may be adjusted to
fine-tune the response of the active harmonic filter 50a. In accordance with one
embodiment, the capacitor L3 has an exemplary value of 1 pF, while the inductor L3

has an exemplary value of 1 nH.
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The graphs of FIGS. 4A-4B plot the simulated performance of the foregoing
power amplifier circuit 66 incorporating the first embodiment of the active harmonic
filter 50a that has been configured for operating in the 2.4 GHz to 2.45 GHz
Industrial-Scientific-Medical (ISM) band. In particular, FIG. 4A shows the
transmission insertion loss (S21) being minimal in the operating frequency range as
indicated in plot points M14 and M15 at 2.4 GHz and 2.5 GHz, respectively. At the
second harmonic of 5 GHz, however, there is approximately a -16 dB rejection, as
indicated in plot points M24 and M29, corresponding to the 4.8 GHz harmonic and
the 5.2 GHz harmonic, respectively. The graph of FIG. 4B shows the noise
figure/degradation of the signal-to-noise ratio, which at plot points M12 and M13
corresponding to the operating/fundamental frequency of 2.4 GHz to 2.5 GHz, is
minimal. The graph of FIG. 4C plots the input return loss (S11), which at the
operating frequency range of 2.4 GHz to 2.5 GHz, is approximately -20 dB, indicating
that the power amplifier circuit 66 is well matched. Along these lines, the Smith chart
of FIG. 4D also plotting the input return loss (S11) further illustrates this.

FIGS. 5A and 5B plot the simulated power sweep of the power amplifier
circuit 66 incorporating the first embodiment of the active harmonic filter 50a with a
single tone signal. The graph of FIG. 5A in particular includes a first set of plots 86
for the second harmonic, with plot points M1, M2, and M3 corresponding to the
output power from the power amplifier circuit 66 with a 2.4 GHz signal, 2.45 GHz
signal, and a 2.5 GHz signal, respectively. Additionally, there is a second set of plots
88 for the third harmonic, with plot points M4, M5, and M6 representative of the
output power of the third harmonic over the sweep of the input power at the 2.45 GHz
center fundamental frequency. As shown, the second harmonic distortion is less than -
50 dBc and the third harmonic distortion is less than -73 dBc up to an in-band output
power of 15 dBm. The graph of FIG. 5B plots the gain compression at different
output power levels of the fundamental operating frequency of 2.4 GHz. Plot point
M9 corresponds to an output power level of 3.945 dBm, plot point M8 corresponds to
an output power level of 30.951 dBm, and plot point M7 corresponds to an output
power level of -20.063 dBm. Across this range of output power levels, the gain
compression remains less than 0.1 dB.

The schematic diagram of FIG. 6 depicts another embodiment of the power

amplifier circuit 66, which like the embodiment shown in FIG. 3, includes the power
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amplifier 44 that is connected to the transmit signal source 60 at the input 58a, and the
output 58b connected to the transmission line 62 to the antenna 48. An alternative
variant of the active harmonic filter 50a’ is utilized, however. In further detail, the
same operational amplifier Ul with the inverting input 70a, the non-inverting input
70b, and the single-ended output 72 is utilized. The first inductive-capacitive element
74 is connected to the inverting input 70a and the single-ended output 72. The resistor
network 76 is likewise connected to the non-inverting input 70b, and to the second
inductive-capacitive element 80.

The junction of the first inductive-capacitive element 74 and the second
inductive-capacitive element 80 corresponds to the filter circuit interface node 82,
which is tied to the first port 64 of the active harmonic filter 50. Interconnecting the
first port 64 to the filter circuit interface node 82 is a first tank circuit 90, which is the
capacitor C3 connected in parallel to the inductor L3. It is understood that the notch
frequencies are tunable foe either the second or the third harmonic, or a combination
of both the second harmonic and the third harmonic.

The graph of FIG. 7 plots the simulated performance of the foregoing power
amplifier circuit 66 incorporating the second variant of the first embodiment of the
active harmonic filter 50a’ configured for operating in the 2.4 GHz to 2.45 GHz ISM
band. A first plot 92 shows the reverse isolation (S12), with a plot point M2
corresponding to an isolation of approximately -58 dB at the second harmonic
frequency of 4.8 GHz, and a plot point M8 corresponding to an isolation of
approximately -66 dB at the third harmonic frequency of 7.3 GHz. A second plot 94 is
of the input return loss (S11), which at the operating frequency range is approximately
-15dB.

The schematic diagram of FIG. 8 depicts an embodiment of the power
amplifier circuit 66 that again includes the power amplifier that is connected to the
transmit signal source 60 at the input 58a, and the output 58b that is connected to the
transmission line 62 to the antenna 48. The aforementioned second variant of the first
embodiment of the active harmonic filter 50a’, is utilized. As discussed above, there is
the operational amplifier Ul with the inverting input 70a, the non-inverting input 70b,
and the single-ended output 72. The first inductive-capacitive element 74 is connected

to the inverting input 70a and the single-ended output 72, and the resistor network 76
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is connected to the non-inverting input 70b, and to the second inductive-capacitive
element 80.

The junction of the first inductive-capacitive element 74 and the second
inductive-capacitive element 80 corresponds to the filter circuit interface node 82,
which is tied to the first port 64 of the active harmonic filter 50. Interconnecting the
first port 64 to the filter circuit interface node 82 is the first tank circuit 90.

Additionally connected in line with the transmission line 62 from the first port
64 of the active harmonic filter 50 is a second tank circuit 98, which includes an
inductor L4 connected in parallel with the capacitor C4. This embodiment also
incorporates a third tank circuit 100 with an inductor L5 connected in paralle] with the
capacitor C5. As will be discussed further, the power amplifier circuit 66 is
understood to exhibit a higher level of rejection of the second and third harmonics
over the other embodiments. For purposes of simulating the performance of the power
amplifier circuit 66, in the first tank circuit 90, the capacitor C3 is assigned an
exemplary value of 3.4 pF, while the inductor is assigned an exemplary value of 0.2
nH. Furthermore, in the second tank circuit 98, the capacitor C4 is assigned an
exemplary value of 2.4 pF and the inductor L4 is assigned an exemplary value of 0.2
nH. Finally, in the third tank circuit 100, the capacitor C5 is assigned an exemplary
value of 4.9 pF and the inductor L5 is assigned an exemplary value of 0.2 nH. It will
be recognized by those having ordinary skill in the art that these values are presented
by way of example only, and not of limitation.

The graphs of FIG 9A and 9B plot the simulated performance of the power
amplifier circuit 66 shown in FIG. 8, which is configured for operation in the 2.4 GHz
to 2.45 GHz ISM band. FIG. 9A in particular shows the transmission insertion loss
(S21) being minimal in the operating frequency range as indicated in plot points M 14
and M15 at 2.4 GHz and 2.5 GHz, respectively. At the second harmonic of 5 GHz,
however, there is approximately a -30 dB rejection, as indicated in plot points M18
and M19, corresponding to the 4.8 GHz harmonic and the 5 GHz harmonic,
respectively. At the third harmonic band of 7.2 GHz, there is another harmonic
rejection notch of at least -40 dB, with a plot point M16 corresponding to the 7.5 GHz
harmonic frequency being rejected by -43.840 dB, and a plot point M17

corresponding to the 7.2 GHz harmonic frequency.



WO 2017/100332 PCT/US2016/065398

10

15

20

25

30

16

The graph of FIG. 9B shows the noise figure/degradation of the signal-to-
noise ratio, which at plot points M12 and M13 corresponding to the
operating/fundamental frequency of 2.4 GHz to 2.5 GHz, is minimal. The graph of
FIG. 4C plots the input return loss (S11), which at the operating frequency range of
2.4 GHz to 2.5 GHz, is approximately -8 dB, with the plot point M23 for the 2.4 GHz
frequency indicating -8.240 dB and the plot point M22 for the 2.5 GHz frequency
indicating -7.982 dB. FIG. 4D plots the output return loss (522), with a plot point
M29 for the 2.4 GHz operating frequency being -8.813 dB and a plot point M24 for
the 2.5 GHz operating frequency being -8.480 dB.

The graph of FIG. 10 plots the insertion loss of the power amplifier circuit 66
over a power sweep with a fundamental frequency (2.4 GHz) signal. There are
separate plots for 2.4 GHz, 2.45GHz, and 2.5 GHz signals. As shown in the graph,
there is a slight loss expansion at mid to high power levels.

FIGS. 11A and 11B plot the simulated power sweep of the power amplifier
circuit 66 incorporating the second variant of the first embodiment of the active
harmonic filter 50a’, the second tank circuit 98, and the third tank circuit 100, with a
single tone signal. The graph of FIG. 11A in particular includes a set of plots for the
second harmonic, with plot points M1, M2, and M3 corresponding to the output
power from the power amplifier circuit 66 with a 2.4 GHz signal, a 2.5 GHz signal,
and a 2.45 GHz signal, respectively. The graph of FIG. 11B plots the third harmonic,
with plot points M4, M5, and M6 corresponding to the output power with a 2.5 GHz
signal, a 2.45 GHz signal, and a 2.4 GHz signal. As shown, the second harmonic and
third harmonic distortions are less than -53 up to an in-band output power of 25 dBm.

The significant reduction in the second and third harmonics by the
incorporation of the active harmonic filter 50 may be seen from a comparison of the
plots of FIGS. 12A and 12B. Specifically, FIG. 12A plots the second harmonic and
third harmonic power across a power sweep for a signal with its fundamental
frequency of 2.45 GHz in the power amplifier circuit 66 without the active harmonic
filter 50. FIG. 12B plots the second harmonic and third harmonic power across a
power sweep with the circuit including the active harmonic filter 50.

Referring now to the schematic diagram of FIG. 13, the power amplifier
circuit 66 illustrated therein utilizes a second embodiment of the active harmonic filter

50b with a differential amplifier that provide active capacitances. With the passive
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components connected thereto, active resonant circuits are defined. The active
resonant circuits are understood yield a significantly higher Q-factor, especially when
compared to passive resonant circuits.

Referring to the schematic diagram of FIG. 13, the power amplifier circuit 66
includes the power amplifier 44 that is connected to the transmit signal source 60 at
the input 58a, and the output 58b that is connected to the transmission line 62 to the
antenna 48. A second embodiment of the active harmonic filter 50b is connected to
the transmission line 62 at a junction 102. The active harmonic filter 50b is likewise a
single port device with the first port 64, which is connected to the junction 102.

In further detail, the active harmonic filter 50b is a differential amplifier
circuit 104 that includes a first pair of transistors M1 and M2, and a second pair of
transistors M3 and M4. As illustrated, the transistor M1 is connected to the transistor
M3, and the transistor M2 is connected to the transistor M4. Thus, each transistor in
the first pair are connected to a respective one of the transistors in the second pair.
The interconnected transistors M1 and M3 define an inverting differential circuit
segment 106, while the interconnected transistors M2 and M4 define a non-inverting
differential circuit segment 108.

Although the transistor M1, M2, M3, and M4 are depicted as field effect
transistors, this is by way of example only and not of limitation. Any suitable type of
transistor may be substituted without departing from the scope of the present
disclosure. Furthermore, the transistors and the related circuitry may be fabricated
using silicon-based technologies such as bulk CMOS (complementary metal oxide
semiconductor), SOI (silicon-on-insulator), and BiCMOS (integration of bipolar
junction and complementary metal oxide semiconductor fabrication technologies).
Other semiconductor technologies such as GaAs (gallium arsenide) may also be
utilized.

The inverting differential circuit segment 106 is connected to the non-
inverting differential circuit segment 108 with one or more passive components,
including a capacitor C1 and an inductor L1. Specifically, a junction 110 of the
transistor M1 and M3, which is understood to be a part of the inverting differential
circuit segment 106, is connected over the capacitor C1 to a junction 112 of the
transistor M2 and M4, which is understood to be part of the non-inverting differential

circuit segment 108. A junction 114 connected to the transistor M1, and a junction
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116 connected to the transistor M2, are interconnected to each other with the inductor
L1, which may have an exemplary value of 330 pH. Also connected to the junction
116 is a capacitor C2 that is connected in series with the inductor L2, which may be
implemented as a bond wire, to ground. A voltage supply VDD is also connected to
the junction 116. In this regard, the capacitor C2 is understood to DC-decouple to the
voltage supply VDD from ground. By way of example, the capacitor C2 may have a
value of 3 pF.

The gate of the transistor M1 is connected to the junction 116, while the gate
of the transistor M2 is connected to the junction 114. The bias point of the transistors
M3 and M4 are set by a bias setting circuit 118 that includes a current source Iref and
aresistor R1. The bias setting circuit 118 is connected to the gate of both the
transistor M3 and M4.

The junction 114 is connected to the first tank circuit 90 with the capacitor C3
and the L3, which in turn is connected to or otherwise electrically contiguous with the
first port 64. The first tank circuit 90, together with the negative capacitance of the
differential amplifier circuit 104 is understood to define a first harmonic trap for
rejecting the harmonics of the signal on the output 58b of the power amplifier 44.
According to one embodiment, the inductor 1.3 has a value of 1 nH, and the capacitor
C3 has a value of 4 pF. The absolute value of the negative capacitance, along with its
dependent relationship to the operating frequency, is defined by the size of the
transistors M1, M2, M3, and M4, along with the inductance value of the inductor L1,
and the capacitance value of the capacitor C1. The negative capacitance converts the
reactive part of the impedance, so little noise is introduced to the transmission line 62.
As will be illustrated below, the active harmonic filter 50b defines one or more
frequency “notches” that correspond to harmonic frequencies that are rejected
thereby. The inductors L1 and L3, together with the capacitor C1, is understood to
define one of the notch frequencies. The inductors L3 and the capacitor C3 sets the
pass-band characteristics of the active harmonic filter 50b. The impedance at the
operating/fundamental frequency may be greater than 1 kQ to minimize in-band
signal losses.

The graphs of FIGS. 14A-14B plot the simulated performance of the foregoing
power amplifier circuit 66 incorporating the second embodiment of the active

harmonic filter 50b that has been configured for operating in the 2.4 GHz to 2.45 GHz
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ISM band. FIG. 14A shows the transmission insertion loss (S21) being minimal in the
operating frequency range as indicated in plot points M1 and M1 at 2.4 GHz and 2.5
GHz, respectively. At the second harmonic of 5 GHz, however, there is a rejection
“notch” of at least -31 dB. Specifically, the plot point M8 corresponding to the 4.8
GHz harmonic frequency shows a rejection of -31.854 dB, while the plot point M9
corresponding to the 5 GHz harmonic frequency shows a rejection of -34.417 dB.

The graph of FIG. 14B shows the noise figure/degradation of the signal-to-
noise ratio, which at plot points M5 and M6 corresponding to the
operating/fundamental frequency of 2.4 GHz to 2.5 GHz, is minimal (less than 0.4
dB).

The graph of FIG. 14C plots the input return loss (S11), which at the operating
frequency range of 2.4 GHz to 2.5 GHz, is less than -20 dB, indicating that the power
amplifier circuit 66 is well matched. Along these lines, the Smith chart of FIG. 14D
also plotting the input return loss (S11) further illustrates this.

FIGS. 15A and 15B plot the simulated power sweep with a single tone signal
of the power amplifier circuit 66 incorporating the second embodiment of the active
harmonic filter 50b. The graph of FIG. 15A in particular includes a first set of plots
120 for the second harmonic, with plot points M14, M18, and M13 corresponding to
the output power from the power amplifier circuit 66 with a 2.4 GHz signal, 2.45 GHz
signal, and a 2.5 GHz signal, respectively. Additionally, there is a second set of plots
122 for the third harmonic, with plot points M15, M 17, and M16 representative of the
output power of the third harmonic over the sweep of the input power at the 2.5 GHz
center fundamental frequency. As shown, the harmonic distortion is less than -63 dBc
up to an in-band output power of 32 dBm. The graph of FIG. 15B plots the gain
compression at different output power levels of the fundamental operating frequency
of 2.4 GHz. Plot point M 12 corresponds to an output power level of -19.386 dBm,
plot point M20 corresponds to an output power level of 27.630 dBm, and plot point
M19 corresponds to an output power level of 31.64 dBm. Across this range of output
power levels, the gain compression remains less than 0.1 dB up to an in-band output
power of 32 dBm.

Referring to the schematic diagram of FIG. 16, the power amplifier circuit 66
again includes the power amplifier 44 that is connected to the transmit signal source

60 at the input 58a, and the output 58b that is connected to the transmission line 62 to
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the antenna 48. In accordance with the illustrated embodiment, two separate active
harmonic filters 50 are connected to the transmission line, but each instance thereof is
understood to be the second embodiment 50b described above, e.g., the differential
amplifier implementation. In this regard, the first instance of the active harmonic filter
50b-1 includes a first instance of the first tank circuit 90-1, as well as a first instance
of the differential amplifier circuit 104-1. Likewise, the second instance of the active
harmonic filter 50b-2 includes a second instance of the first tank circuit 90-2, and a
second instance of the differential amplifier circuit 104-2. The first instance of the
differential amplifier circuit 104-1 and the second instance of the differential
amplifier circuit 104-2 are understood to be configured and operate the same way as
discussed above in relation to the differential amplifier circuit 104. As such, a
discussion on the configuration of such subparts of the differential amplifier circuits
104-1 and 104-2 will be omitted for the sake of brevity.

The graphs of FIGS. 17A-17B plot the simulated performance of the foregoing
power amplifier circuit 66 as shown in FIG. 16 that has been configured for operating
in the 2.4 GHz to 2.45 GHz ISM band. FIG. 17A shows the transmission insertion
loss (S21) being minimal in the operating frequency range as indicated in plot points
M1 and M1 at 2.4 GHz and 2.5 GHz, respectively. At the second harmonic of 5 GHz,
however, there is a rejection “notch” of approximately -40 dB. Specifically, the plot
point M8 corresponding to the 4.8 GHz harmonic frequency shows a rejection of -
38.506 dB, while the plot point M9 corresponding to the 5 GHz harmonic frequency
shows a rejection of -40.993 dB.

The graph of FIG. 17B shows the noise figure/degradation of the signal-to-
noise ratio, which at plot points M5 and M6 corresponding to the
operating/fundamental frequency of 2.4 GHz to 2.5 GHz, is minimal (approximately
0.6 dB).

The graph of FIG. 17C plots the input return loss (S11), which at the operating
frequency range of 2.4 GHz to 2.5 GHz, is between -16.854 and -18.483, indicating
that the power amplifier circuit 66 is well matched. The Smith chart of FIG. 17D also
plotting the input return loss (S11) further illustrates this. In comparison to the
performance of the power amplifier circuit 66 described above in conjunction with
FIG. 13, the slope/drop-off at the relevant frequencies of the power amplifier circuit

66 shown in FIG. 16 is steeper, albeit with a slight increase in insertion loss.



WO 2017/100332 PCT/US2016/065398

10

15

20

25

30

21

The schematic diagram of FIG. 18 depicts another variation of the power
amplifier circuit 66 that includes the power amplifier 44 that is connected to the
transmit signal source 60 at the input 58a, and the output 58b that is connected to the
transmission line 62 to the antenna 48. In this implementation, there is a second
variation of the active harmonic filter 50b’ that includes the first tank circuit 90 and
the differential amplifier circuit 104. Additionally, the second tank circuit 98 is
connected to the first tank circuit 90, and in turn, the second tank circuit 98 is
connected to the transmission line 62. Because the differential amplifier circuit 104 is
understood to be configured and operate the same way as discussed above, for the
sake of brevity, a repeated discussion of the configuration thereof will be omitted. By
way of example, the inductor

The graphs of FIGS. 19A-19B plot the simulated performance of the foregoing
power amplifier circuit 66 as shown in FIG. 18 that has been configured for operating
in the 2.4 GHz to 2.45 GHz ISM band. FIG. 19A shows the transmission insertion
loss (S21) being minimal in the operating frequency range as indicated in plot points
M1 and M1 at 2.4 GHz and 2.5 GHz, respectively. At the second harmonic of 5 GHz,
however, there is a rejection “notch” of approximately -42 dB. The plot point M8
corresponds to a lower end of the range of harmonic frequencies that are rejected at
4.8 GHz, and at this point, the rejection is -27.156 dB. The plot point M9 corresponds
to an upper end at 5 GHz, and the rejection is -26.677. At the center between these
high and low ends is 4.9 GHz as designated by the plot point M10. The rejection at
this frequency is -42.487 dB.

The graph of FIG. 19B shows the noise figure/degradation of the signal-to-
noise ratio, which at plot points M5 and M6 corresponding to the
operating/fundamental frequency of 2.4 GHz to 2.5 GHz, is minimal at
approximately 0.2 dB.

The graph of FIG. 19C plots the input return loss (S11), which at the operating
frequency range of 2.4 GHz to 2.5 GHz, is between -28.853 and -30.715. The Smith
chart of FIG. 17D also plotting the input return loss (S11) shows that the power
amplifier circuit 66 is matched to the antenna 48. In comparison to the performance of
the power amplifier circuit 66 described above in conjunction with FIGS. 13 and 16,

insertion loss is reduced, while other performance parameters are the same.
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Referring to the schematic diagram of FIG. 20, the power amplifier circuit 66
again includes the power amplifier 44 that is connected to the transmit signal source
60 at the input 58a, and the output 58b that is connected to the transmission line 62 to
the antenna 48. A third embodiment of the active harmonic filter 50c is contemplated,
which includes a first instance of the differential amplifier circuit 104-1 and a second
instance of the differential amplifier circuit 104-2. The first instance of the differential
amplifier circuit 104-1 is connected to the second instance of the differential amplifier
circuit 104-2, which in turn is connected to the first tank circuit 90. In further detail,
the junction 114-1 defined in the first instance of the differential amplifier circuit 104-
1 is connected to the junction 116-2 defined in the second instance of the differential
amplifier circuit 104-2. Additionally, both the first instance of the differential
amplifier circuit 104-1 and the second instance of the differential amplifier circuit
104-2 share a common bias setting circuit 118, which is connected to the gates of the
transistors M3-1 and M4-1 of the first instance of the differential amplifier circuit
104-2, as well as the transistors M3-2 and M4-2 of the second instance of the
differential amplifier circuit 104-2. Likewise, there is one voltage source VDD that is
connected to the junction 116-1 of the first instance of the differential amplifier circuit
104-1, and one DC-decoupling capacitor C2 in series with the bond wire of L2.

The first instance of the differential amplifier circuit 104-1 and the second
instance of the differential amplifier circuit 104-2 are understood to be configured and
operate the same way as discussed above in relation to the differential amplifier
circuit 104. As such, a discussion on the configuration of such subparts of the
differential amplifier circuits 104-1 and 104-2 will be omitted for the sake of brevity.

The graphs of FIGS. 21A-21B plot the simulated performance of the foregoing
power amplifier circuit 66 as shown in FIG. 20 that has been configured for operating
in the 2.4 GHz to 2.45 GHz ISM band. FIG. 21 A shows the transmission insertion
loss (S21) being minimal in the operating frequency range as indicated in plot points
M1 and M1 at 2.4 GHz and 2.5 GHz, respectively. At the second harmonic of 5 GHz,
there is a rejection “notch” of over -40 dB. Specifically, the plot point M8
corresponding to the 4.8 GHz harmonic frequency shows a rejection of -27.156 dB,
while the plot point M9 corresponding to the 5 GHz harmonic frequency shows a
rejection of -26.677 dB. Additionally, at 4.9 GHz, per plot point M 10, there is a

rejection of -42.487 dB. In comparison to the performance of the power amplifier
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circuit 66 described above, this variation has a higher harmonics rejection
characteristic.

Similar to the above, the graph of FIG. 21B shows the noise
figure/degradation of the signal-to-noise ratio, which at plot points M5 and M6
corresponding to the operating/fundamental frequency of 2.4 GHz to 2.5 GHz, is
minimal (approximately 0.2 dB).

The graph of FIG. 21C plots the input return loss (S11), which at the operating
frequency range of 2.4 GHz to 2.5 GHz, is between -28.853 and -30.815 indicating
that the power amplifier circuit 66 is well matched. The Smith chart of FIG. 21D also
plotting the input return loss (S11) further illustrates this.

FIGS. 22A and 22B plot the simulated power sweep with a single tone signal
of the power amplifier circuit 66 with the third embodiment of the active harmonic
filter 50c. The graph of FIG. 22A in particular includes a plot 124 for the second
harmonic, as well as a plot 126 for the third harmonic. The graph of FIG. 22B plots
the gain compression at different output power levels of the fundamental operating
frequency of 2.4 GHz, 2.45 GHz, and 2.5 GHz. Plot point M12 corresponds to an
output power level of -19.386 dBm at the 2.4 GHz operating frequency, plot point 19
corresponds to an output power level of 31.640 dBm at the 2.45 GHz operating
frequency, and plot point M20 corresponds to an output power level of -27.630 dBm
at the 2.5 GHz operating frequency.

FIG. 23 is a schematic diagram of an embodiment of a packaged radio
frequency communications module 130, while FIG. 24 is a schematic diagram of a
cross-section of the packaged radio frequency communications module 130 taken
along axis A-A of FIG. 23. The packaged radio frequency communications module
130 includes an integrated circuit or die 132, surface mount components 134, wire
bonds 136, a package substrate 138, and an encapsulation structure 140. The package
substrate 138 includes pads 142 formed from conductors disposed therein.
Additionally, the die 132 includes pads 144, and the wire bonds 136 are used to
electrically connect the pads 144 of the die 132 to the pads 142 of the package
substrate 138.

The die 132 includes the power amplifier 44 and the active harmonic filter 50
of the present disclosure formed therein. These components on the die 202 are

understood to be as described above. Again, it is expressly contemplated that the
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active harmonic filter 50 is fabricated on the same die as the power amplifier 44 so as
to avoid the need for an externally connected filter circuit. However, this is exemplary
only, and other embodiments also contemplate connecting an suitably configured
active harmonic filter 50 according to the present disclosure, but implemented as a
separate circuit external to the die 132.

The die 132 is mounted to the package substrate 138 as shown, though it may
be configured to receive a plurality of additional components such as the surface
mount components 134. These components include additional integrated circuits as
well as passive components such as capacitors, inductors, and resistors.

As shown in FIG. 23, the packaged radio frequency communications module
130 is shown to include a plurality of contact pads 146 disposed on the side of the
packaged radio frequency communications module 130 opposite the side used to
mount the die 132. Configuring the packaged radio frequency communications
module 130 in this manner can aid in connecting the same to a circuit board of the
wireless communications device 10. The example contact pads 146 can be configured
to provide radio frequency signals, bias signals, power low voltage(s) and or power
high voltage(s) to the die 132 and/or the surface mount components 134. The
electrical connections between the contact pads 146 and the die 132 can be facilitated
by connections 148 through the package substrate 138. The connections 148 can
represent electrical paths formed through the package substrate 138, such as
connections associated with vias and conductors of a multilayer laminated package
substrate.

In some embodiments, the packaged radio frequency communications module
130 can also include or more packaging structures to, for example, provide protection
and/or to facilitate handling of the packaged radio frequency communications module
130. Such a packaging structure can include overmold or encapsulation structure 140
formed over the package substrate 138 and the components and die(s) disposed
thereon.

It will be understood that although the packaged radio frequency
communications module 130 is described in the context of electrical connections
based on wire bonds, one or more features of the present disclosure can also be
implemented in other packaging configurations, including, for example, flip-chip

configurations.
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By utilizing the various embodiments of the active harmonic filter 50 in the
power amplifier circuits 66, elimination of external filters is possible, thereby
reducing cost, printed circuit board footprint, and losses associated with the
interconnections needed with an external component. Furthermore, as illustrated
above, the active harmonic filters 50 are understood to consume little power, as the
supply (VDD) can be 1.8 V and as low as 1 V, and quiescent current through the
circuit may be as low as 200 uA to 700 pA. Moreover, the active harmonic filters 50
have large power handling capability but with low added distortion, and thus may be
suited for highly linear RF power amplifier circuits such as those utilized in the latest
wireless communications modalities such as IEEE 802.11ac. In comparison to passive
trap circuits, the presently disclosed active harmonic filters 50 exhibit less loss, and
higher suppression of harmonics.

The particulars shown herein are by way of example and for purposes of
illustrative discussion of the embodiments of the active harmonic circuits and RF
amplifiers incorporating the same, and are presented in the cause of providing what is
believed to be the most useful and readily understood description of the principles and
conceptual aspects. No attempt is made to show details with more particularity than is
necessary, the description taken with the drawings making apparent to those skilled in

the art how the several forms of the present disclosure may be embodied in practice.
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WHAT IS CLAIMED IS:

1. An active filter connectible to a transmission line from an output of an
amplifier for reducing harmonics of a signal being amplified thereby, the active filter
comprising:

an operational amplifier with an inverting input, a non-inverting input,
and a single-ended output;

a resistor network connected to the non-inverting input and to the
single-ended output;

a first inductive-capacitive element connected to the inverting input
and to the single-ended output and defining a first rejection frequency notch
corresponding to an inductance and a capacitance of the first inductive-
capacitive element; and

a filter circuit interface node defined at a junction of the first inductive-
capacitive element to which the transmission line is connectible and having a
frequency-dependent negative capacitance corresponding to a low frequency
gain of the operational amplifier, half power point bandwidth of the
operational amplifier, and output impedance as defined by the resistor network
and the first inductive-capacitive element connected thereto.

2. The active filter of claim 1 further comprising a second inductive-
capacitive element connected to the inverting input and defining a second rejection
frequency notch corresponding to an inductance and capacitance of the second
inductive-capacitive element.

3. The active filter of claim 1 wherein the first inductive-capacitive
element and the second inductive-capacitive element are tuned for the first rejection
frequency notch and the second rejection frequency to overlap.

4. The active filter of claim 1 further comprising a direct current
decoupling element connecting the filter circuit interface node to the transmission
line, and including a first capacitor and a second capacitor.

5. The active filter of claim 4 wherein the first capacitor and the second
capacitor are connected in series.

6. The active filter of claim 4 wherein the first capacitor and the second

capacitor are connected in parallel.
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7. An active filter connectible to an amplifier for reducing harmonics of a
signal being amplified thereby, the active filter comprising:

a single port connectible to the amplifier;

a first differential amplifier circuit defining a first negative capacitance
at a first predetermined operating frequency range and including a first pair of
transistors and a second pair of transistors, each transistor in the first pair
being connected to a respective one of the transistors in the second pair to
define a corresponding inverting differential circuit segment and a non-
inverting differential circuit segment, the inverting differential circuit segment
and the non-inverting differential segment being interconnected with one or
more passive circuit elements at corresponding circuit junctions, with at least
one of the circuit junctions connected to the single port; and

a first tank circuit having a first port connectible to the amplifier and a
second port connected to the single port, the first tank circuit together with the
first negative capacitance of the first differential amplifier defining a first
harmonic trap for reflecting the harmonics of the signal to block upstream
passage thereof.

8. The active filter of claim 7 wherein the one or more passive circuit
elements includes a first capacitor interconnecting the inverting differential circuit
segment to the non-inverting differential circuit segment at respective junctions
between the corresponding transistor of the first pair and the transistor of the second
pair.

9. The active filter of claim 8 wherein the one or more passive circuit
elements includes a first inductor interconnecting the inverting differential circuit
segment and the non-inverting differential circuit segment at the circuit junction
corresponding to the single port of the first differential amplifier circuit.

10. The active filter of claim 7 wherein the first differential amplifier
circuit includes a bias setting circuit connected to the inverting differential circuit
segment and the non-inverting differential circuit segment of the first differential
amplifier circuit.

11. The active filter of claim 7 wherein the non-inverting differential
circuit segment of the first differential amplifier circuit is connected to a supply

voltage.
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12. The active filter of claim 7 further comprising a second differential
amplifier circuit defining a second negative capacitance at a second predetermined
operating frequency range and including a first pair of transistors and a second pair of
transistors, each transistor in the first pair being connected to a respective one of the
transistors in the second pair to define a corresponding inverting differential circuit
segment and a non-inverting differential circuit segment, the inverting differential
circuit segment and the non-inverting differential segment being interconnected with
one or more passive circuit elements at corresponding circuit junctions, with at least
one of the circuit junctions defining a single port of the second differential amplifier
circuit.

13. The active filter of claim 12 further comprising a second tank circuit
having a first port connectible to the amplifier and a second port connected to the
single port of the second differential amplifier circuit.

14. The active filter circuit of claim 13 wherein the second tank circuit
together with the second negative capacitance of the second differential amplifier
defines a second harmonic trap for reflecting the harmonics of the signal to block
upstream passage thereof.

15. The active filter of claim 7 further comprising a second tank circuit
having a first port connectible to the amplifier and a second port connected to the first
port of the first tank circuit.

16. The active filter of claim 15 wherein the first tank circuit and the
second tank circuit together with the first negative capacitance of the first differential
amplifier define the first harmonic trap.

17. The active filter of claim 12 wherein single port of the second
differential amplifier circuit is connected to the first differential amplifier circuit.

18. The active filter of claim 17 wherein the first tank circuit together with
the first negative capacitance of the first differential amplifier and the second negative
capacitance of the second differential amplifier define the first harmonic trap.

19. The active filter of claim 17 wherein the first differential amplifier
circuit and the second differential amplifier circuit includes a shared bias setting
circuit connected to the respective inverting differential circuit segments and the non-
inverting differential circuit segments of each of the first differential amplifier circuit

and the second differential amplifier circuit.
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20. The active filter of claim 7 wherein the first predetermined operating
frequency range and the second predetermined operating frequency range overlap.

21. A radio frequency front end circuit comprising:

an output signal transmission line;

an amplifier circuit with an input connected to a radio frequency signal
source and an output connected to the output signal transmission line; and

a harmonic suppression circuit connected to the amplifier circuit, the

harmonic suppression circuit including an active circuit element having a

frequency-dependent impedance and being tuned as a reflective trap with a

negative capacitance for one or more rejection frequency ranges each

corresponding to a multiple of a fundamental frequency of a signal generated
by the radio frequency signal source.

22. The radio frequency front end circuit of claim 21 wherein the active
circuit element is an operational amplifier with an inverting input, a non-inverting
input, and a single-ended output.

23. The radio frequency front end circuit of claim 22 wherein the harmonic
suppression circuit includes a first inductive-capacitive element connected to the
inverting input and to the single-ended output and defining a first rejection frequency
notch.

24. The radio frequency front end circuit of claim 23 wherein the harmonic
suppression circuit includes a resistor network connected to the non-inverting input
and to the single-ended output.

25. The radio frequency front end circuit of claim 24 wherein the harmonic
suppression circuit includes a first tank circuit connecting the active circuit element to
the transmission line.

26. The radio frequency front end circuit of claim 24 wherein the harmonic
suppression circuit includes a second tank circuit in line with the transmission line.

27. The radio frequency amplifier of claim 26 wherein the harmonic
suppression circuit includes a third tank circuit connected to the second tank circuit in
line with the transmission line.

28. The radio frequency front end circuit of claim 21 wherein the active
circuit element is a differential amplifier including a first pair of transistors and a

second pair of transistors.
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29. The radio frequency front end circuit of claim 21 wherein the amplifier
circuit is a radio frequency power amplifier and the signal is a transmit signal, the
harmonic suppression circuit being connected to the output signal transmission line.

30. The radio frequency front end circuit of claim 21 wherein the amplifier
circuit is a radio frequency low noise amplifier and the signal is a receive signal, the
harmonic suppression circuit being connected to the input of the amplifier circuit.

31. The radio frequency front end circuit of claim 21 wherein the amplifier
circuit and the harmonic suppression circuit are fabricated on a single semiconductor
die.

32. A radio frequency communications module comprising:

a packaging substrate on which a plurality of components are mounted;

an output signal transmission line disposed on the packaging substrate;

an amplifier circuit implemented on the packaging substrate, the
amplifier circuit including an input connected to a radio frequency signal
source and an output connected to the output signal transmission line; and

a harmonic suppression circuit implemented on the packaging substrate
and connected to the amplifier circuit, the harmonic suppression circuit
including an active circuit element having a frequency-dependent impedance
and being tuned as a reflective trap with a negative capacitance for one or

more rejection frequency ranges each corresponding to a multiple of a

fundamental frequency of a signal generated by the radio frequency signal

source.

33. The radio frequency communications module of claim 32 wherein the
active circuit element is an operational amplifier with an inverting input, a non-
inverting input, and a single-ended output.

34. The radio frequency communications module of claim 32 wherein the
active circuit element is a differential amplifier including a first pair of transistors and
a second pair of transistors.

35. A wireless communications device comprising:

an antenna receptive to an incoming radio frequency signal and
transmissive of an outgoing radio frequency signal;
an output transmission line connectible to the antenna;

a radio frequency amplifier circuit connected to the antenna; and
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a harmonic suppression circuit connected to the amplifier circuit, the

harmonic suppression circuit including an active circuit element having a

frequency-dependent impedance and being tuned as a reflective trap with a

negative capacitance for one or more rejection frequency ranges each

5 corresponding to a multiple of a fundamental frequency of a signal generated
by the radio frequency signal source.

36. The wireless communications device of claim 35 wherein the active
circuit element is an operational amplifier with an inverting input, a non-inverting
input, and a single-ended output.

10 37. The wireless communications device of claim 35 wherein the active
circuit element is a differential amplifier including a first pair of transistors and a

second pair of transistors.
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A. CLASSIFICATION OF SUBJECT MATTER
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IPC(8) - GOSF 5/00; GOSF 1/10; GOSF 1/46; GOSF 1/56; GOSF 1/575; HO4B 1/00; H04B 1/40 (2017.01)
GOSF 5/00; GOSF 1/10; GOSF 1/46; GO5F 1/56; GOSF 1/575; HO4B 1/00; HO4B 1/40 (2017.02)

According to International Patent Classification (IPC) or to both national classification and [PC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

USPC - 323/303; 323/273; 327/540; 455/77 (keyword delimited)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2014/0197892 A1 (RFAXIS, INC.) 17 July 2014 (17.07.2014) entire document 1-6

Y US 5,598,123 A (DESNE) 28 January 1997 (28.01.1997) entire document 16

Y US 2015/0236671 A1 ( PEREGRINE SEMICONDUCTOR 2,3

CORPORATION) 20 August 2015 (20.08.2015) entire document

Y US 2001/0022528 A1 (HOUGHTON et al) 20 September 2001 (20.09.2001) entire document 5

A US 4,147,997 A (GREAVES) 03 April 1979 (03.04.1979) entire document 1-6

A US 2006/0044850 A1 (WU et al) 02 March 2006 (02.03.2006) entire document 1-6

D Further documents are listed in the continuation of Box C.

D See patent family annex.

¢ Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the internationa!
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O" document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T"  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

21 March 2017

Date of mailing of the international search report

|0 APR 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
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Facsimile No. §71-273-8300
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Blaine R. Copenheaver
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. I Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See Extra Sheet(s)

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. [:, As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees ‘were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-6

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:l The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:l No protest accompanied the payment ot additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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PCT/US2016/065398

Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-6, drawn to an active filter connectible to a transmission line from an output of an amplifier for reducing harmonics of a
signal being amplified thereby.

Group il, claims 7-20, drawn to an active filter connectible to an amplifier for reducing harmonics of a signal being amplified thereby.
Group lll, claims 21-37, drawn to a harmonic suppression circuit.

The inventions listed as Groups |, Il and Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the
Group | invention: a first inductive-capacitive element connected to the inverting input and to the single-ended output and defining a first
rejection frequency notch corresponding to an inductance and a capacitance of the first inductive-capacitive element; and a filter circuit
interface node defined at a junction of the first inductive-capacitive element as claimed therein is not present in the invention of Groups |l
and fl. The special technical feature of the Group Il invention: a noninverting differential circuit segment, the inverting differential circuit
segment and the non-inverting differential segment being interconnected with one or more passive circuit elements at corresponding
circuit junctions, with at least one of the circuit junctions connected to the single port; and a first tank circuit having a first port connectible
to the amplifier and a second port connected to the single port as claimed therein is not present in the invention of Groups | or lil. The
special technical feature of the Group Ili invention: a harmonic suppression circuit connected to the amplifier circuit, the harmonic
suppression circuit including an active circuit element having a frequency-dependent impedance and being tuned as a reflective trap with
a negative capacitance for one or more rejection frequency ranges each corresponding to a multiple of a fundamental frequency of a
signal generated by the radio frequency signal source as claimed therein is not present in the invention of Groups | or Il.

Groups |, Il and Il lack unity of invention because even though the inventions of these groups require the technical feature of active filter
comprising an output signal transmission line; a single port connectible to the amplifier; reducing harmonics, this technical feature is not
a special technical feature as it does not make a contribution over the prior art.

Specifically, US 2006/0044850 A1 (WU et al) 02 March 2006 (02.03.2006) teaches active filter comprising an output signal transmission
line (Paras. 20 and 26 and Fig. 2); a single port connectible to the amplifier (Para. 28); reducing harmonics (Paras. 29 and 32).

Since none of the special technical features of the Group |, Il or Il inventions are found in more than one of the inventions, unity of
invention is lacking.
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