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FET may operate with a positive ratio between its third-order nonlinearity coefficient and its linear gain. An inductor added at a gate
of the cascode FET, operatively coupled with other components in a circuit, results in a first equivalent impedance looking into an
input of the cascode FET. The first equivalent impedance may substantially offset a distortion output of the FET amplifier based
upon the added inductor. The inductor operatively coupled with the circuit may result in a second equivalent impedance looking out
of the gate of the cascode FET. The second equivalent impedance may substantially offset a distortion output of the cascode FET
based upon the added inductor. In addition, a programmable capacitor connected between the gate and drain of the cascode FET may
further substantially offset a distortion output of each FET.



WO 2016/133896 PCT/US2016/018056

LINEARITY ENHANCEMENT METHOD FOR LOW-POWER LOW-NOISE
AMPLIFIERS BIASED IN THE SUBTHRESHOLD REGION

RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No.
62/118,148, filed on February 19, 2015. The entire teachings of the above application are

incorporated herein by reference.

GOVERNMENT SUPPORT

[0002] This invention was made with government support under Grant No. 1349692 from
The National Science Foundation and Grant No. 1451213 from The National Science

Foundation. The Government has certain rights in the invention.

BACKGROUND

[0003] Prevalent third-order intermodulation intercept point (IIP3) improvement methods
for low-power low-noise amplifiers (LNAs) in narrowband applications may include two
approaches. The first approach may use an auxiliary transistor biased in the weak inversion
region to cancel the third-order nonlinearity coefficient (g3), but in such an approach, the main
transistor may be operated in a strong inversion region with higher linear transconductance (g;
= gnn) than in the auxiliary path (see for example, the following publications which are hereby
incorporated by reference in their entirety herein: Aparin, V., “Linearization of CDMA
Receiver Front-Ends,” Ph.D. dissertation, Univ. California, San Diego, CA, USA, 2005,
hereinafter “Linearization of CDMA Receiver Front-Ends;” and Aparin, V. and Larson, L. E,
“Modified Derivative Superposition Method for Linearizing FET Low-Noise Amplifier,”
IEEE Trans. on Microwave Theory and Techniques, vol. 53, no. 2, pp. 571-581, Feb. 2005,
hereinafter “Modified Derivative Superposition Method for Linearizing FET Low-Noise
Amplifier”). The second approach may operate the main transistor between the moderate
inversion and subthreshold regions for finding the optimum bias zone (see for example the
following publication, which is hereby incorporated by reference in its entirety herein,
Fiorelli, R, Silveria, F. and Peralias, E., “MOST Moderate-Weak-Inversion Region as the
Optimum Design Zone for CMOS 2.4-GHz CS-LNAs,” IEEE Trans. on Microwave Theory
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and Techniques, vol. 62, no. 3, pp. 556-566, March 2014, hereinafter “MOST Moderate-
Weak-Inversion Region as the Optimum Design Zone for CMOS 2.4-GHz CS-LNAs”).

SUMMARY OF THE INVENTION

[0004] Thus, a method for reporting measurements of radio frequency (RF) amplifiers
using transistors biased in the subthreshold region (and/or weak inversion region) is needed.
As such, the proposed approach is directed to an amplifier and corresponding method to
improve the third-order distortion performance of a subthreshold (and/or weak inversion)
common-source cascode low-noise amplifier (LNA) without addition of an auxiliary
transistor.

[0005] The proposed approach may include a linearization method (and/or amplifier
and/or proposed LNA) to improve the third-order distortion performance of a subthreshold
common-source cascode low-noise amplifier (LNA) by using passive components without
extra power consumption. An inductor may be added between the gate of the cascode
transistor and the power supply, which may improve the third-order intermodulation intercept
point (IIP3) of the LNA. An inductor may be added between the gate of the cascode
transistor and the power supply. A digitally programmable capacitor may be connected
between the gate and drain of the cascode transistor. The inductor and/or the digitally
programmable capacitor thereby may improve the third-order intermodulation intercept point
(IIP3) of the proposed LNA.

[0006] The mechanism that underlies the linearity improvement may be analyzed under
consideration of the LNA’s input stage and its cascode stage. An 1.8 GHz LNA may be
designed and fabricated using 0.11um complementary metal-oxide semiconductor (CMOS)
technology. Measurement results reveal that the linearized low-power LNA may have a 14.8
dB voltage gain, a 3.7 dB noise figure, and/or a -3.7 dBm IIP3 with a power consumption of
0.336 mW.

[0007] The proposed LNA may include an amplifier (and corresponding method) that
may include a field-effect transistor (FET) amplifier (M,, or transistor M; herein) and a
cascode FET (M,, or transistor M, herein). Descriptions herein with are understood to apply
to the proposed LNA (amplifier and/or the corresponding method). The proposed approach
may also include a buffer (Myyerer and/or associated buffer circuitry), which may be referred

to note that “the buffer,” “the output buffer,” and/or “buffer stage” herein. The “combined”
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LNA or “proposed combined” LNA may refer herein to any combination of M;, M», and/or
Muysrer. The proposed approach (amplifier and method) may include, but is not limited to a

linear amplifier, a low-noise amplifier, and/or any other type of amplifier. The proposed

29 CC 2%

amplifier may be referred to as “the amplifier,” “the proposed amplifier,” “the proposed
LNA,” “the LNA,” “the proposed linearized LNA,” “the subthreshold LNA,” “the proposed
linearized subthreshold LNA,” “the subthreshold RF circuit,” and/or “the proposed
subthreshold RF circuit” herein.

[0008] The amplifier (and corresponding method) may include a cascode FET (M) in
series with the FET amplifier (M;). Each FET may operate with a respective third-order
nonlinearity coefficient (g;) and a respective linear gain (g;). Each respective ratio (gs/g;) of
the respective third-order nonlinearity coefficient (g3) to the respective linear gain (g;) may
be positive. The amplifier (and corresponding method) may include an inductor (Ly) added
at a gate of the cascode FET (M,). The inductor (L) may be operatively coupled with other
components in a circuit resulting in a first equivalent impedance looking into an input (e.g.,
source terminal) of the cascode FET (M) from the FET amplifier (M;). The first equivalent
impedance may substantially offset a distortion output of the FET amplifier (M;) based upon
the added inductor (Ly»).

[0009] The inductor (L) may be operatively coupled with the other components in the
circuit resulting in a second equivalent impedance looking out of the gate of the cascode FET
(M;). The second equivalent impedance may substantially offset a distortion output of the
cascode FET (M) based upon the added inductor (Ly»).

[0010] The FET amplifier (M,) and/or the cascode FET (M;) may operate in a range of
one or more operating frequencies. The range of each of the one or more operating
frequencies may be programmable. Based upon programming the range, the FET amplifier
(M,) and/or the cascode FET (M;) may amplify signals within a bandwidth (e.g., narrow
bandwidth) at (and/or around) one or more of the operating frequencies. The proposed
approach (amplifier and corresponding method) may substantially offset a distortion output
within the bandwidth of the FET amplifier (M;) and/or the cascode FET (M,).

[0011] The FET amplifier and/or the cascode FET may operate in a range (optionally a
programmable range) of one or more operating frequencies between 0.3 GHz and 6 GHz

(and/or a higher frequency and/or lower frequency in other CMOS technologies and/or other

technologies). The amplifier (and method) may amplify an output of the FET amplifier
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and/or an output of the cascode FET within a selected bandwidth associated with the one or
more operating frequencies. The distortion output of the FET amplifier and/or the distortion
output of the cascode FET may be substantially offset within the selected bandwidth.

[0012] The FET amplifier (M) and/or the cascode FET (M;) may operate in a weak
inversion region and/or subthreshold region. The other components may include a capacitor
(Cga2 ext) connected between the gate of the cascode FET (M,) and a drain of the cascode FET
(M,). The capacitor (Cgar ext) may add to a parasitic gate-to-drain capacitance (Cgqr) of the
cascode FET (M,). The capacitor may further substantially offset the distortion output of the
FET amplifier (M;) and the distortion output of the cascode FET (M;).

[0013] The first equivalent impedance may substantially offset the distortion output of
the FET amplifier (M;) based upon the added inductor (Lg,) and the capacitor (Cgqz ext). The
second equivalent impedance may substantially offset the distortion output of the cascode
FET (M,) based upon the added inductor (L) and the capacitor (Ceaz ext). The capacitor may
be a programmable variable capacitor. The distortion output of the FET amplifier (M;) may
be substantially offset by the first equivalent impedance, resulting in an improved value of an
input third-order intermodulation intercept point (IIP3) of the FET amplifier (M;). The
output of the cascode FET (M;) may be substantially offset by the second equivalent
impedance, resulting in an improved value of an input third-order intermodulation intercept
point (ITP3) of the cascode FET (M,;).

[0014] The IIP3 (in units of dBm) value may be improved by at least 3dB. The IIP3
value may be improved by at least 6dB. The distortion output of the FET amplifier (M;) and
the distortion output of the cascode FET (M,) may be based upon the third-order nonlinearity
coefficient (g3). A first offset (g,5.m1) associated with the first equivalent impedance may
substantially offset the distortion output of the FET amplifier (M;). A second offset (2o m2)
associated with the second equivalent impedance may substantially offset the distortion
output of the cascode FET (M;).

[0015] The proposed LNA (method and amplifier) may include a field-effect transistor
(FET) amplifier (M;) and a cascode FET (M;). A capacitor (Cgqr cx) may be connected
between the gate of the cascode FET (M) and a drain of the cascode FET (M,). The
capacitor (Cear oxt) may add to a parasitic gate-to-drain capacitance (Cgqr o) Of the cascode
FET (M;). The capacitor (Cgq» cx) may further substantially offset the distortion output of the
FET amplifier (M;). The cascode FET (M;) may be in series with the FET amplifier (M;).
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Each FET may operate with a respective third-order nonlinearity coefficient (gz) and a
respective linear gain (g;). Each respective ratio (gs/g;) of the third-order nonlinearity
coefficient (gs) to the linear gain (g;) may be positive. An inductor (L) may be added at a
gate of the cascode FET (M;). The inductor (Lg) may be operatively coupled with other
components in a circuit which may result in a first equivalent impedance looking into an
input of the cascode FET (M,) from the FET amplifier (M;). The first equivalent impedance
may substantially offset a distortion output of the FET amplifier (M;) based upon the added
inductor (Ly).

[0016] The proposed approach (and/or proposed LNA) may include a method of
amplifying. At least the above-mentioned and below-mentioned steps/components,
mentioned with regard the amplifier may also be applied to the method of amplifying. The
method may operate a field-effect transistor (FET) amplifier (M,) and/or a cascode FET (M,).
The cascode FET (M;) may be in series with the FET amplifier (M) and/or an inductor at a
gate of the cascode FET (M,). Each FET may operate with a respective third-order
nonlinearity coefficient (g3) and a respective linear gain (g;). Each respective ratio (gs/g;) of
the respective third-order nonlinearity coefficient (g3) to the respective linear gain (g;) may
be positive. An inductor (L) may connected with other components in a circuit, which may
result in a first equivalent impedance looking into an input (e.g., source terminal) of the
cascode FET (M;) from the FET amplifier (M;). The first equivalent impedance may
substantially offset a distortion output of the FET amplifier (M;) based upon the added
inductor (Ly).

[0017] In the method of amplifying, the inductor (L) with the other components in the
circuit may further result in a second equivalent impedance looking out of the gate of the
cascode FET (M,). The second equivalent impedance may substantially offset a distortion
output of the cascode FET (M;) based upon the added inductor (Lg).

[0018] In the method of amplifying, a capacitor (Cea ext) may be connected between the
gate of the cascode FET (M) and a drain of the cascode FET (M;). The capacitor (Cggz ext)
may add to a parasitic gate-to-drain capacitance (Cgqz) of the cascode FET (M,). The
capacitor (Cqar ext) may further substantially offset the distortion output of the FET amplifier
(My).

BRIEF DESCRIPTION OF THE DRAWINGS
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[0019] The foregoing will be apparent from the following more particular description of
example embodiments of the invention, as illustrated in the accompanying drawings in which
like reference characters refer to the same parts throughout the different views. The drawings
are not necessarily to scale, emphasis instead being placed upon illustrating embodiments of
the present invention.

[0020] FIG. 1A is a graph illustrating normalized second-order and third-order
transconductance characteristics in a non-limiting example of an N-Channel Metal-Oxide
Semiconductor (NMOS) device with width-to-length ratio, W/L = 120/0.13 um, and drain to
source voltage, V4s=0.6 V.

[0021] FIG. 1B is a circuit diagram illustrating the proposed LNA.

[0022] FIG. 2 is a circuit diagram illustrating an example digitally-programmable
capacitor (Cear ext), according to the proposed LNA.

[0023] FIG. 3 is a circuit diagram illustrating an example nonlinear small-signal model of
the proposed LNA’s input stage with M;.

[0024] FIG. 4 is a circuit diagram illustrating an example nonlinear small-signal model of
the proposed LNA’s cascode stage with M,.

[0025] FIG. 5 is a graph indicating calculation results of a third-order distortion measure
le(Am,2m)| for Ly, with three Cyqy ot combinations in the cascode stage (with My) of the
proposed LNA.

[0026] FIG. 6 is a graph indicating simulated voltage gains from Vj, to Vy and Vs, of the
proposed LNA with and without Ly, and Cgay ox (1deal components).

[0027] FIG. 7A is a circuit diagram illustrating an example simplified small-signal
analysis model of the cascode stage for reverse isolation analysis, according to the proposed
LNA.

[0028] FIG. 7B is a graph indicating simulated reverse isolation from Vgu 1na to Vy with
and without Ly, according to the proposed LNA.

[0029] FIG. 8 is an image of a chip micrograph of the fabricated proposed LNA.

[0030] FIG. 9 is a graph indicating measured scattering parameters of the proposed LNA
with buffer stage (-5.3dB gain).

[0031] FIG. 10 is a graph illustrating an example measured noise figure of the proposed
LNA with buffer stage (-5.3dB gain).
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[0032] FIG. 11A is a graph illustrating an example measured input IIP3 of the proposed
LNA with buffer stage (-5.3dB gain).

[0033] FIG. 11B is a graph illustrating an example output spectrum from a test with two
tones at 1.8 GHz and 1.7995 GHz and an input power of -35 dBm, according to the proposed
LNA.

[0034] FIG. 12 is a graph illustrating an example measured input-referred 1-dB
compression point of the proposed LNA with buffer stage (-5.3dB gain) at 1.8 GHz.

[0035] FIG. 13 1s a graph illustrating an example IIP3 vs. Cyg o comparison (simulation

vs. measurement results), according to the proposed LNA.

DETAILED DESCRIPTION OF THE INVENTION

[0036] A description of example embodiments of the invention follows.

[0037] Requirements for portable electronic devices with low-power radio frequency
(RF) circuits may be based on a need to extend battery lifetimes. The low-noise amplifier
(LNA) may be a critical block in RF receiver front-ends because its specifications may
strongly impact the system-level performance of the complete receiver, including overall
noise and/or linearity. Over the past years, some subthreshold (and/or weak inversion) LNAs
are reported to achieve lower power consumption (see for example, the following
publications which are hereby incorporated by reference in their entirety herein: Do, A. V.,
Boon, C. C., Do, M. A, Yeo, K. S, and Cabuk, A, “A Subthreshold Low-Noise Amplifier
Optimized for Ultra-Low-Power Applications in the ISM Band,” /EEFE Trans. on Microwave
Theory and Techniques, vol. 56, no. 2, pp. 286-292, Feb. 2008, hereinafter “A Subthreshold
Low-Noise Amplifier Optimized for Ultra-Low-Power Applications in the ISM Band;” Lee,
H. and Mohammadi, S., “A 3GHz Subthreshold CMOS Low Noise Amplifier,” in Proc.
Radio Frequency Integrated Circuit (RFIC) Symp., June 2006, hereinafter “A 3GHz
Subthreshold CMOS Low Noise Amplifier;” Taris, T., Begueret, J., and Deval, Y., “A 60uW
LNA for 2.4 GHz Wireless Sensors Network Applications,” in Proc. Radio Frequency
Integrated Circuit (RFIC) Symp., June 2011, hereinafter “A 60uW LNA for 2.4 GHz
Wireless Sensors Network Applications;” and Shameli, A. and Heydari, P., “A Novel Ultra
Low Power Low Noise Amplifier Using Differential Inductor Feedback,” in Proc. IEEE
European Solid State Circuit Conf. (ESSCIRC), pp. 352-355, June 2011, hereinafter “A
Novel Ultra Low Power Low Noise Amplifier Using Differential Inductor Feedback”™), which
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may be due to a higher transconductance-to-drain current ratio (gn/Ip) and a lower power
supply (Vpp). However, a prevalent design challenge associated with subthreshold LNAs
may be linearity degradation. In subthreshold LNAs (“A Subthreshold Low-Noise Amplifier
Optimized for Ultra-Low-Power Applications in the ISM Band,” “A 3GHz Subthreshold
CMOS Low Noise Amplifier,” “A 60uW LNA for 2.4 GHz Wireless Sensors Network
Applications,” and “A Novel Ultra Low Power Low Noise Amplifier Using Differential
Inductor Feedback™) the input third-order intermodulation intercept point (IIP3) may be less
than -10dBm.

[0038] Prevalent third-order intermodulation intercept point (IIP3) improvement methods
for low-power LNAs in narrowband applications may include two approaches related to the
proposed approach. The first approach may use an auxiliary transistor biased in the weak
inversion region to cancel the third-order nonlinearity coefficient (g3), but in such an approach,
the main transistor may be operated in a strong inversion region with higher linear
transconductance (g, = g,,) than in the auxiliary path (see for example, “Linearization of
CDMA Receiver Front-Ends,” and “Modified Derivative Superposition Method for
Linearizing FET Low-Noise Amplifier”). The second approach may operate the main
transistor between the moderate inversion and subthreshold regions for finding the optimum
bias zone (see for example, “MOST Moderate-Weak-Inversion Region as the Optimum
Design Zone for CMOS 2.4-GHz CS-LNAs”). However, existing linearization methods do
not report measurements of radio frequency (RF) amplifiers using main transistors biased in the
subthreshold region without use of auxiliary transistors.

[0039] The proposed LNA may include a subthreshold RF circuit (see for example, the
following publications that are hereby incorporated by reference in their entirety herein:
Chang, C.-H. and Onabajo, M., “Linearization of Subthreshold Low-Noise Amplifiers,” in
Proc. IEEE Intl. Conf. on Circuits and Systems (ISCAS), pp. 377-380, May 2013, hereinafter
“Linearization of Subthreshold Low-Noise Amplifiers;” Chang, C.-H. and Onabajo, M.,
“IIP3 Enhancement of Subthreshold Active Mixers,” IEEE Trans. on Circuits and System 11:
Express Briefs, vol. 60, no. 11, pp. 731-735, Nov. 2013, hereinafter “IIP3 Enhancement of
Subthreshold Active Mixers;” and Chang, C.-H. and Onabajo, M., “Input Impedance
Matching Optimization for Adaptive Low-Power Low-Noise Amplifiers,” Analog Integrated
Circuits and Signal Processing, vol. 77, no. 3, pp. 583-592, Dec. 2013, hereinafter “Input

Impedance Matching Optimization for Adaptive Low-Power Low-Noise Amplifiers”),
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different characteristics for transistors biased in subthreshold may be identified, and may
include but are not limited to:

[0040] 1.) Higher power efficiency: transistors biased in subthreshold region may provide
a higher g,/Ip ratio than those biased in the strong inversion region. Furthermore, the drain-
to-source voltage (Vpg) may be lower in the subthreshold region, which may permit the use
of lower power supply voltages.

[0041] 2.) The change of the contribution and increase of parasitic capacitances: in the
subthreshold region, the gate-to-source capacitance (Cys) may no longer dominate, implying
that the gate-to-drain capacitance (Cgq) and/or the gate-to-bulk capacitance (Cg) may be
taken into account for more sophisticated design. Moreover, to achieve similar
transconductance gains as in the strong inversion region, it may be preferably required to
increase the transistor widths, which may result in higher parasitic capacitances and/or lower
transition frequency (fr).

[0042] 3.) Linearity degradation due to highly positive gs/g;: in the proposed LNA, the
sign of g3 may change from negative to positive when the transistor biasing is changed from
strong inversion to subthreshold (see for example, “Linearization of Subthreshold Low-Noise
Amplifiers”). In addition, the value of g3/g; may preferably depend on the gn/Ip ratio when
biasing transistors in the subthreshold region.

[0043] Measurement results are presented herein for the proposed subthreshold LNA
linearization technique (the proposed LNA) that preferably uses passive devices (and/or
preferably does not use non-passive devices) for the third-order nonlinear coefficient
cancellation without additional power consumption. Furthermore, a digitally programmable
IIP3 tuning topology is introduced herein that may be applied in RF front-end calibration
methods (see for example, the following publications which are hereby incorporated by
reference in their entirety herein: Chauhan, H., Choi, Y., Onabajo, M., Jung, I.-S. and Kim,
Y .-B., “Accurate and Efficient On-Chip Spectral Analysis for Built-In Testing and
Calibration Approaches,” IEEE Trans. on Very Large Scale Integration (VLSI) Systems, vol.
22, no. 3, pp. 497-506, March 2014, hereinafter “Accurate and Efficient On-Chip Spectral
Analysis for Built-In Testing and Calibration Approaches;” and Choi, Y., Chang, C.-H.,
Chauhan, H., Jung, .-S., Onabajo, M. and Kim, Y .-B., “A Built-In Calibration System to
Optimize Third-Order Intermodulation Performance of RF Amplifiers,” in Proc. IEEE Intl.
Midwest Symp. on Circuits and Systems (MWSCAS), pp. 599-602, Aug. 2014, hereinafter “A
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Built-In Calibration System to Optimize Third-Order Intermodulation Performance of RF
Amplifiers”). Analyses of linearity, gain, noise, and input matching conditions for the
proposed linearized subthreshold LNA are presented to follow. Chip measurement results are
also presented to follow.

[0044] An LNA may include existing LNA linearization methods (see for example the
following publication, which is hereby incorporated by reference in its entirety herein, Zhang,
H. and Sénchez-Sinencio, E., “Linearization Techniques for CMOS Low Noise Amplifiers: A
Tutorial,” IEEE Trans. Circuits and Systems 1: Regular Papers, vol. 58, no. 1, pp. 22-36, Jan.
2011, hereinafter “Linearization Techniques for CMOS Low Noise Amplifiers: A Tutorial”),
in which the main transistors may be biased in strong inversion. In some existing approaches
(see for example, “Modified Derivative Superposition Method for Linearizing FET Low-
Noise Amplifier”), g; and g3 (i.e., the linear gain and third-order nonlinearity coefficient)
may have opposite signs when CMOS transistors are operated in strong inversion, while g;
and g3 may have the same sign when transistors are operated in the subthreshold region.
Thus, novel linearization techniques may be desired for subthreshold LNAs due to the
potentially differing polarity of g3. As such, g; and gz may both have the same sign (both
having a negative sign and/or both having a positive sign), in order to preferably operate in
the subthreshold and/or weak inversion regions, in which the ratio of g; to g; may preferably
be positive.

[0045] FIG. 1A shows a graph 100 of the normalized second-order (g;) and third-order
transconductance (g3) characteristics (106, 112, respectively) of an NMOS transistor, where
g> and/or gz may be divided by the linear transconductance g;. In particular, FIG. 1A is a
graph illustrating normalized second-order and/or third-order transconductance
characteristics (in a non-limiting example of an NMOS device with width-to-length ratio,
W/L =120/0.13 um and drain to source voltage, V4s=0.6 V).

[0046] FIG. 1A illustrates that the gy/g; ratio 106 may have a sign that may preferably
be positive (above the value zero on the x-axis, namely the gn/Ip ratio 120), but the sign of
the gs/g; ratio 112 preferably depends on the mode of operation (including but not limited to
modes of strong inversion 114, weak inversion (at and/or around) 116, and/or subthreshold
118). In the proposed LNA, in the subthreshold region 118 (and/or weak inversion region
116), the ratio of gs/g; (112) may preferably be positive and its value may preferably depend
on the gn/Ip ratio (120).
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[0047] FIG. 1B shows a schematic of the proposed LNA 130, where inductor Ly, (136)
and/or digitally-programmable capacitor Cggr o (138) may improve the IIP3. In other words,
FIG. 1B is a circuit diagram illustrating a proposed linearized subthreshold LNA. Inductor
Lg1 (158), inductor Lyysrer (146), and capacitor Cpysrer (148) may be off-chip components for
impedance matching purposes.

[0048] As illustrated in FIG. 1B, the proposed LNA may include a transistor M, (180)
having gate (174), source (178) and drain (176) may be connected in series with a transistor
M, (170) having gate (164), source (168) and drain (166). The transistor M; (180) may
connect to a bias resistance Ryiss1 (162) having a corresponding bias voltage Viias1 (160). The
transistor M; (180) may have an associated on-chip inductance Ls (192) and gate-to-source
capacitance Cg1 cxt (186). As illustrated in FIG. 1B, the transistor M, (170) may have a gate-
source voltage Vg (182) and source voltage Vy (184). An input voltage Vi, (156) may drive
the gate (174) of M, (180) through an inductor Ly (158). As illustrated in FIG. 1B, the
transistor M, (170) may connect to a standard RLC load tank, which may include, but is not
limited to include inductance L4 (140), capacitance Cq (142), and/or resistance Ry (144).
[0049] As illustrated in FIG. 1B, for the proposed LNA, the output voltage Vou 1na (182)
of transistor M (170) may feed into a buffer stage circuit that includes buffer transistor
Myusrer (154). Circuitry associated with the buffer transistor Mypysrer (154) may include a
capacitor Cg (190), bias resistor Ryjasr (188) having a bias voltage Vyissy (160), inductor Liyygrer
(146), and capacitor Cpyser (148) may have an output voltage Vo (152). Also as illustrated in
FIG. 1B, the proposed LNA may include bonding parasitics 150, power connections 132, and
ground connections 134.

[0050] FIG. 2 is a circuit diagram illustrating an example digitally-programmable
capacitor (Cear ext, €lement 138), according to the proposed LNA. According to the proposed
LNA, as illustrated in FIG. 2, Cgqs ext (138) may be implemented with a fixed metal-insulator-
metal (MIM) capacitor Ceqr exio (208) and/or a 3-bit digitally-programmable MIM capacitor
using capacitors Cogy ex1 (206), Coar exz (204), and Cygn exi3 (202) and using FET switches
212, 214, and 216. Metal-Oxide Semiconductor (MOS) capacitors may also be employed to
realize Cgqy ext, but may result in slightly increased LNA gain variation and may have less
linearity improvement compared to metal-insulator-metal capacitors.

[0051] In the proposed LNA, the bonding/package parasitics and “buffer stage” of FIG.

1B (also referred to as “buffer” herein) may be neglected to simplify the small-signal
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analysis. The proposed LNA may use one approach (see for example the following
publication, which is hereby incorporated by reference in its entirety herein, Lavasani, S. H.
M. and Kiaei, S., “A New Method to Stabilize High Frequency High Gain CMOS LNA,” in
Proc. IEEE Intl. Conf. on Electronics, Circuits and Systems (ICECS), vol. 3, pp. 982-985,
Dec. 2003, hereinafter “A New Method to Stabilize High Frequency High Gain CMOS
LNA”) in which an inductor being added between the gate of the cascode transistor and the
power supply may improve stability of a common-source cascode LNA by creating a
potentially sharp notch in the transfer function of the reverse isolation (S12) around the
operating frequency. An LNA may also apply other methods (see for example the following
publication, which is hereby incorporated by reference in its entirety herein, Fan, X., Zhang,
H., and Sanchez-Sinencio, E., “A Noise Reduction and Linearity Improvement Technique for
a Differential Cascode LNA,” IEEE J. Solid-state Circuits, vol. 43, no. 3, pp. 588-599, March
2008, hereinafter “A Noise Reduction and Linearity Improvement Technique for a
Differential Cascode LNA”), in which a fully differential common-source LNA topology
with an inductor at the gate of the cascode transistor and a cross-coupling capacitor between
the gate of the cascode transistor and the source of the opposite cascode transistor may
decrease the noise figure, which may improve the linearity and/or enhance the voltage gain.
However, in existing approaches, the LNA may be biased in the strong inversion region. By
contrast, the proposed approach may be biased in the weak inversion region (and/or
subthreshold region). The proposed approach may include a linearization method (and/or
amplifier) for subthreshold common-source cascode LNAs that may preferably not require
cross-coupling for nonlinearity cancellation.

[0052] Linearity Analysis. The following shows an analysis of the proposed LNA (130
of FIG. 1B). The analysis of the input stage of transistor M; (180 of FIG. 1B), and an
analysis of the cascode stage of transistor M, (170 of FIG. 1B) may be performed separately,
as illustrated in FIG. 3, and FIG. 4, respectively, and also in Equations (1) through (14) to
follow.

[0053] FIG. 3 shows the nonlinear small-signal model 300 of the input stage of the
proposed LNA where the extra metal-insulator-metal capacitor Cg ext may be included in the
parasitic capacitance Cgq1 (314) which may have an associated voltage Vg1 (318). In the
proposed LNA, the IIP3 of transistor M; (180 of FIG. 1B) may be derived after Volterra

series analysis (see for example, “Linearization of CDMA Receiver Front-Ends,” “Modified
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Derivative Superposition Method for Linearizing FET Low-Noise Amplifier,” and “A Noise
Reduction and Linearity Improvement Technique for a Differential Cascode LNA”) as:

e, = ! (1)

e 6Rs'|H1(w)|'|A11(w)|3'|8M1(Aw>2w)|’

where ® may be the center frequency of the two intermodulation tones at wrr; and ®rrz, A®
is defined as |wrr1 - ®rr2|, and Ry is the antenna impedance of 50Q. Referring to FIG. 1B and
FIG. 3, Hi(®w) may be the third-order nonlinearity transfer function from Vi, (156 of FIG. 1B)
to the drain-source current (i1, 332 of FIG. 3) of M; (180 of FIG. 1B). The drain-source
current ig; (332 of FIG. 3) may be derived according to Equation (A.7) to follow. A;;(®) may
be the linear transfer function from the input voltage V (302 of FIG. 3) to the gate-to-source
voltage Vga (318 of FIG. 3), and emi(Am,2m) may represent the nonlinear contribution from
the second-order and third-order terms of transistor M; (180 of FIG. 1B). The nonlinear
small-signal model 300 of FIG. 3 may also include a source resistance R (304), inductance
L1 (306), voltage Vi1 (310) at node 1 (350), voltage Vi, (320) at node 2 (352), voltage Vi3
(326) at node 3 (354), gate-to-drain capacitance Cgq1 (316), capacitance Cg1 (312),
inductance L; (328), and/or ground connections (134). In the small-signal model 300,
impedances Z;; (308), Z1; (330), and Z;5 (324) may be derived according to the following
Equations (6), (7), and (8), respectively. As illustrated below, minimization of the term
lem1(Am,2m)| in Equation (1) may lead to improved IIP;. For this reason, the analysis of the
e(Aw,2m) term for transistors M; (180) and M, (170) is shown to follow. The exi(A®,2m)

term of M| may be expressed as:
ng(Awazw):g3,M1 — 801, (2)

where:
2 =zg2 2 N 1
SR T gl,M1+gM1(Aw) gl,M1+gM1(2w) ’
1+ ijgdl 1Z 4 (w)+ Z 3 (w)]
+ ijgsl 1Z 4 (w)+ Zy (w)]

_FjoC, 1+ jolC 2 (w)]'Zu (w)
g (@)= 7 (@) , 4)

)
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Z(a)):Z ( )+]a)cgbl[1+]wcngZIS(a))]le(a))le(a))

+JaC |2, (0)2,, (0)+ 2, (0)2,, (0)+ 2, ()2, ()] ©

Z(@)=R +jal,, 6)

Zp(@)= joL,, %)
1+ jaC 1,2, (@)

7 (@)= ;F A]M +é2; ;aﬁgdz—afcgﬂcgdzz J@)]- Zzz(a))’ o
H[JAC 138171y = W C oy C oy 1 [ 25, (0) + Zo5 ()]

Zy (@)= (oL, )i(joc,,)", ©)

Z(@)=R, lI(joL ) (joC, )" (10)

The proposed LNA may be different than existing approaches (see for example,
“Linearization of Subthreshold Low-Noise Amplifiers”), in that the parasitic capacitance Cgpi
(312) may be included above for the proposed LNA to further improve the accuracy of the
analysis, for which more detailed derivations are included in Appendix A to follow. The
variables g m1, 82m1 and g3 v are the linear gain, second-order nonlinearity coefficient, and
third-order nonlinearity coefficient of transistor M; (180), respectively.

[0054] FIG. 4 illustrates a nonlinear small-signal model 400 that may be included in the
proposed LNA. The nonlinear small-signal model 400 of the cascode stage (FIG. 4) of
transistor M, (170 of FIG. 1B) may have an extra MIM capacitor Cggs cx (138 of FIG. 1B)
which may be merged with the parasitic capacitance Cgqr (412 of FIG. 4). In other words,
FIG. 4 is a circuit diagram illustrating an example nonlinear small-signal model of the
proposed LNA’s cascode stage with M,. The drain-source current ig; (418) may be derived
according to Equation (B.7) to follow. A;;(®w) may be the linear transfer function
corresponding to the gate-to-source voltage Vgg (416 of FIG. 4), and evp(Am,20) may
represent the nonlinear contribution from the second-order and third-order terms of transistor
M, (170 of FIG. 1B). The nonlinear small-signal model 400 of FIG. 4 may also include an
inductance L, (136), voltage V1, (420) at node 4 (450), voltage V)3 (430) at node 5 (452), an
impedance Z,; (434) having a corresponding voltage V,; (410) and current 151 (432), an
impedance Z,; (408) derived by Equation (9) above, an impedance Z,3 (422) derived by
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Equation (10) above, gate-to-source capacitance Cgq (414), gate-to-drain capacitance Cyqn
(412), capacitance Cgpy (406), and/or ground connections (134). The small-signal model 400
may include inductance L4 (140), capacitance C4 (142), and/or resistance Ry (144).

[0055] Referring back to FIG. 1B of the proposed LNA, a cascode device whose gate is
connected to an AC ground may have a small impact on the overall linearity of a cascode
common-source LNA. On the other hand, the cascode stage with additional components at
the gate 164 of M, (170) may have a significant (e.g., substantial) impact on the overall
linearity performance. Subthreshold RF designs may employ wide transistors to achieve
sufficiently high transconductances. Hence, increasing the width/length ratio of M, (170)
may not be a feasible option to reduce its impact on linearity because the adverse effects of
the parasitic capacitances on gain and reverse isolation may become worse. However,
nonlinearity cancellation in the cascode stage may be realized with the proposed LNA to
improve third-order linearity. The following equations may provide insights into the linearity
effect of the cascode device. Unlike existing approaches, the proposed LNA may include an
analysis (shown to follow) for the subthreshold topology in FIG. 1B. By using Volterra
series analysis (see for example, “A Noise Reduction and Linearity Improvement Technique
for a Differential Cascode LNA”), the Ayp; of transistor M; (170) of the proposed LNA may

be derived as:

) 4 1

IP3,M2 — : (11)

3 |1, (@) 4y @) e, (8020)

The definition of enp(Am,2m) may be the same as in Equation (2) and may be rewritten as:

€2 (A®.20)= 802~ 8wz | (12)
where:
8oparr = zgim - + 1 , (13)
3 g + & (A0) g, +8,,20)
1+ joC 4,2, (@)
+(jaC , + jOC 0, ) [1+ jOC 1 7 (@)]- Z,, (o)
4@ Cy,Coy 7oy (@) 75 (@)

g (@)= . . 14
" ]wcgdzzzz(w)zz3(w) (14
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The linear transfer function A,;(®) in Equation (11) may be derived in Appendix B as
Equation (B.9) to follow. Parameters g; v, 22m2 and g3 o are the linear gain, second-order
nonlinear coefficient and third-order nonlinear coefficient of M, (170), respectively.

[0056] FIG. 5 is a graph indicating calculation results of a second-order and a third-order
distortion measure |e(A®,2m)| for Ly, (136 of FIG. 1B) with three Cgg ext (138 of FIG. 1B)
combinations in the cascode stage (with M;) of the proposed LNA (130 of FIG. 1B). FIG. 5
visualizes (500) the numerical calculations of |epn(A®,2m)| (508) from Equation (12) versus
Ly (136 of FIG. 1B) for three values 502, 504, 506 of Cear oxt (138 of FIG. 1B) based on the
above equations. In the proposed LNA, a value of Ly, (136 of FIG. 1B) at (and/or around)
3.5 nH may lead to an optimum IIP3. In addition to the cancellations associated with
Equations (12) and (2) for the cascode stage and input stage respectively, the effectiveness of
the linearization may be affected by higher-order nonlinearities and interactions between the
stages. The above equations may provide a foundation for the proposed LNA to identify
tradeoffs based on key parameters. In practice, a designer may select a Cggp o (138 of FIG.
1B) value and sweep Ly, (136 of FIG. 1B) in post-layout circuit simulations using the
proposed LNA with accurate device models and extracted parasitics. A standard IIP3 metric
may be monitored during the simulations in lieu of the |epp(A®,2m)| term. The related
reverse isolation (S12) and stability aspects for the selection of values of Ly, (136 of FIG. 1B)
and Cyqr ext (138 of FIG. 1B) values are described further to follow.

[0057] Voltage Gain. The voltage gain of the proposed LNA (and/or proposed
linearized LNA) may be separated to identify the contributions associated with the transistors
M; (180) and M, (170). In Appendices A and B to follow, the linear transfer functions from
Vi to Vi3 (FIG. 3, 302 and 326, respectively) and from V;; to V,3 (FIG. 4, 410 and 430) are
derived, which may represent the frequency-dependent voltage gains Ci1(®) and Cy1(®),
respectively, of the two stages. From Equations (A.10) and (B.10) to follow, these voltage

gains may be combined to determine the overall LNA gain:

Av (@)= [Cu (@) [Co @) gy(w)=|C,, (@)X[C (@) as)

[0058] In addition to the nonlinearity cancellation analyzed above, a secondary
mechanism may lead to linearity enhancement due to the extra components at the gate of M,

(170 of FIG. 1B) of the proposed LNA.
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[0059] According to the proposed LNA, FIG. 6 displays 600 the following simulated
voltage gains (610) versus frequency (612): the voltage gain from Vj, to Vy (604); the voltage
gain from Vi, to Vg with Ly and Cegn o (608); and the voltage gain from Vi, to Vg without
Ly and Cggp ext (602). In other words, FIG. 6 1s a graph indicating simulated voltage gains
610 from Vi, to Vy and Vg of the proposed LNA with and without Ly, and Cgay e (referring
to 604, 608, and 602, respectively). For the proposed LNA without Ly, the voltage gain
from Vi, to Vy (604) may be the same as the voltage gain from Vi, to Vg (602) but with
opposite phase. The proposed LNA with Ly, = 3.5 nH and Cggp et = 150 fF may have a lower
voltage gain V,/Vi, (604) than the conventional cascode common-source LNA, but both
LNAs (or one or more LNAs) may have a similar V,5/Vi, gain (602, 608) for frequencies
around and above the operating frequency (including, but not limited to, a 1.8 GHz operating
frequency, and/or other operating frequencies). Hence, the attenuation at Vy (184 of FIG. 1B)
and/or reduced signal swing at the corresponding node (168 of FIG. 1B) due to Ly, (136 of
FIG. 1B) and C,q ex (138 of FIG. 1B) may contribute to the linearity improvement of the
proposed LNA.

[0060] Input Matching Network. For the proposed LNA, the input matching of a
subthreshold common-source LNA may be analyzed (see for example “Input Impedance
Matching Optimization for Adaptive Low-Power Low-Noise Amplifiers”) without the
inductor Ly, (136 of FIG. 1B). For the proposed LNA (with linearization) presented herein, it
is shown below that the input impedance under consideration of the extra components may be

estimated (and/or calculated) as:

. 1

Z. = jwlL ,+ 7. /| — .

in (C()) ]C() gl in (C()) ]C{)CMF N (16)

where:

% L

Zm(w)Z.;JFJ'CULS +M, (17)
]ngS1 Cgsl
CMF:(1+A(w))'ng1 +Cgbl, (18)
A(a))z Gl,Ml—eﬁ (w)'ZB (w), (19)
g1 .

Gar o (@) JOC g1, (20)

1+ ijs(gl,Ml + jafgsl)
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and Z,3(w) may be defined above in Equation (8).

[0061] Noise. According to the proposed LNA, a noise factor analysis for a subthreshold
common-source LNA with inductive source degeneration (see for example, the following
publication which is hereby incorporated by reference in its entirety herein, Yang, J., Tran,
N., Bai, S, Fu, M, Skafidas, E., Halpern, M., Ng, D.C. and Mareels, 1., “A Subthreshold
Down Converter Optimized for Super-Low-Power Applications in MICS Band,” in Proc.
IEEE Biomedical Circuits and Systems Conf. (BioCAS), pp. 189-192, Nov. 2011) may result

in;
F=1+C}
2 2 2 C2 C 2 , 21
L DRy | o (1+02) et 41 ofe S dox 2
I, Sy C; C, \ 5y

where C; = Cgg1 + Cgs1 ext, @0 may represent the operating frequency, y and & may represent
the channel and/or gate noise coefficients, o = g m1/8do.m1, Saom1 May represent the channel
conductance with zero drain-source voltage, Vr may represent the thermal voltage, Qi, may
represent the quality factor of the input matching network, and ¢ may represent the
correlation parameter between the gate and channel noise currents.
[0062] Reverse Isolation and Stability. Compared to conventional common-source
cascode LNAs, the proposed LNA may preferably require an inductor at the gate of the
cascode transistor. In the proposed LNA, the reverse isolation may be improved (see for
example, “A New Method to Stabilize High Frequency High Gain CMOS LNA”) in a desired
frequency band by sizing of the inductor at the gate of the cascode transistor.
[0063] FIG. 7A is a circuit diagram of the proposed LNA that illustrates an example
simplified small-signal analysis model of the cascode stage for reverse isolation analysis. To
analytically estimate the impact on reverse isolation, the transfer function from Voy 1na (182)
to Vy (184) in FIG. 1B may be derived from the small-signal circuit 700 in FIG. 7A:
s*+b,s’ +b,

Vy
H(s)= =— > , (22)
out LNA Cl3S +612S +CZIS+CZO

where:

as =1+ Cgp2/Caar,

ar = (o2t Zuiit8mat o2Znii) (Casal o22vp1) + (FortZii)/(Coadk 022nn) +
Cop2(1+ 8ol 02702/ Ziit) (Cgs2Coarlio2),
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ar = 1/( Ceizlgs),
Ao = (1+8mot 02702/ Ziit)/( Cos2Coarl 02Lg2),
by= 1/(Cgoroz) + 1/(Cgarto))+ gnr/Casz+ Cap 2 (Cags2Caarlv2),
bo= 1/( Cgs2Coarlo2Lgs),
102 (704 of FIG. 7A) may represent the drain-source resistor of transistor M, (170 of FIG.
1B), and Zyy; (708 of FIG. 7A) may be the equivalent impedance looking into the drain of
transistor M; (180 of FIG. 1B). Ly, (136 of FIG. 1B) and/or Cggy ot (Which may be included
within C,q, element 412) may be chosen properly for enhanced reverse isolation in the
desired frequency band of the proposed LNA. To simplify the assessment of the effect of Ly,
(136) on the reverse isolation from Vyy 1na (182) to Vy (184), Zy (708) may be replaced by
the drain-source resistance (ro1) of M; (180). Also illustrated in the model 700 of FIG. 7A
with respect to M, (170 of FIG. 1B) are the gate-to-source capacitance (Cgs, element 414),
capacitance (Cgy, element 406), gate-to-source voltage Vg (182), current source gm Vs
(702), and ground (134).
[0064] FIG. 7B is a graph 750 indicating simulated reverse isolation from Vgy tnato Vy
(752) with (756) and without (758) Ly, plotted against frequency 754 (in Hertz) for the
proposed LNA. The macromodel simulation result in FIG. 7B shows that the reverse
isolation (Vy/Vout 1na, element 752) may have a notch (760) and may have a peak (762) as
may be predicted by Equation (22). Note that the use of an ideal inductor for Ly, (138 of
FIG. 1B) may result in a higher peak than an inductor with a lower quality factor.
[0065] The stability factor K of the proposed LNA may be defined (see for example, “A
New Method to Stabilize High Frequency High Gain CMOS LNA,” and “A Noise Reduction
and Linearity Improvement Technique for a Differential Cascode LNA”) as:

o _ LH|af —[suf —|s22f

2-[s21]-|s12| ’

(23)

where A may be defined as A= S11-S22 — S12:S21. The unconditional stability requirement
may be K > 1 and/or |A| <1. S11 and/or S22 may be close to zero when the input and output
of the proposed LNA are matched to the source and load impedances.

[0066] FIG. 9 is a graph 900 indicating measured scattering parameters of the proposed
LNA with the buffer stage (-5.3dB gain). Based on the measured S-parameters 902 (910, 912,
914, 916, collectively) of the proposed LNA and buffer stage combination, the value of |A|
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may be less than 1 and the value of K may be more than 1 in the frequency range from 0.1
GHz to 8.5 GHz. The |A| and K values may be 0.05 and 17.67 at 1.8 GHz, respectively.
[0067] From simulations of the proposed LNA without the buffer, the reverse isolation at
1.8 GHz with Ly = 3.5 nH (136 of FIG. 1B) and Cgg» et = 150fF (138 of FIG. 1B) may be
slightly better (-29.7 dB) than without Ly, (136 of FIG. 1B) and Cygs ext (138 of FIG. 1B)
which may result in a reverse isolation of -27.4 dB. As S12 decreases, the value of K may
increase and the value of |A| may decrease, resulting in improved stability. However, the
values of Ly (136 of FIG. 1B) and Cyegr ext (138 of FIG. 1B) may degrade reverse isolation
and stability if they are not carefully selected. If Ly, (136 of FIG. 1B) and Cggy ext (138 of
FIG. 1B) are too large, then the peak of the transfer function in Equation (22) above may
move from higher to lower frequency.

[0068] Measurement Results. FIG. 8 is an image 800 of a chip micrograph of the
fabricated proposed LNA. As illustrated in FIG. 8, 1.8 GHz linearized subthreshold LNA
may be designed and/or fabricated in 0.11pm CMOS technology. FIG. 8 displays the chip
micrograph 800 of the LNA with an area of 810 pm x 770 um.

[0069] Table I to follow lists the key design parameters of the proposed LNA. The
proposed LNA may consume a 480 pA current (with exclusion of the buffer) from a 0.7 V
power supply instead of the nominal 1.2 V supply voltage for a selected technology. In order
to limit the linearity degradation due to the buffer (and/or output buffer) which may be
designed to test the proposed LNA, a 1.2 V supply may be used for the buffer. Note that “the
buffer,” “the output buffer,” and/or “buffer stage” may refer to Myysrer (154 of FIG. 1B)
and/or its associated circuitry herein.

[0070] The value of Ly, (136 of FIG. 1B) in Table I may be selected to be 3.5nH (with a
quality factor of 6.5 at 1.8 GHz), and final post-layout simulations may be performed with
foundry-supplied device models for on-chip components. The prototype chip may be bonded
to a conventional QFN16 package that may be assembled on a printed circuit board for
measurements.

[0071] TABLE I

LNA DESIGN PARAMETERS

Component Value

Vop 07V
In 480 nA




WO 2016/133896 PCT/US2016/018056

-21-
gm,Ml/ID 22 S/A
L1 7.5 nH
Lg 3.5nH
L 2.4nH
Cgsl ext 130 fF
ngZ ext0 70 fF
ngZ extl 20 fF
ngZ ext2 40 fF
ngZ ext3 80 {F
Lq4 6.4 nH
Ca 88 fF
Ry 720 Q
W/L per finger (M ») 6um /0.13um
Number of fingers (M, ») 64

[0072] Performance. Referring back to FIG. 2, the control switch settings (212, 214,
and 216 of FIG. 2) for Cgqp ext (138 of FIG. 1B) of D3D,D; = [100] (corresponding to
elements 212, 214, and 216 of FIG. 2 being set high, low, and low, respectively) may result
in preferable linearity of the discussed design after fabrication process variations. The
optimal switch settings may vary for other designs. FIG. 9 shows 900 the measured scattering
parameters 902 plotted against frequency 904 in GHz. The measured scattering parameters
902 may include S21 (910), S22 (912), S12 (914), and/or S11 (916) of the proposed LNA.

As illustrated in FIG. 9, S11 (916) and/or S22 (912) may be below -10 dB at 1.8 GHz. The
measured voltage gain of 9.5 dB at 1.8 GHz may be the combination of the proposed LNA
with the buffer stage. As illustrated in FIG. 9, S12 (914) may be under -40 dB around the
frequency of interest.

[0073] FIG. 10 is a graph 1000 (of noise 1002 versus frequency 1004), illustrating an
example measured noise figure 1006 with the buffer stage (-5.3dB gain) of the proposed
LNA. FIG. 10 displays the plot of the measured noise figure (NF) 1006 that may be 6.3 dB at
1.8 GHz with the buffer. The voltage gain and noise figure 1006 of the LNA may be 14.8 dB
and 3.7 dB after de-embedding the effects of the buffer stage loss, SMA cables and power
combiner. As part of a de-embedding process, the simulated gain and noise figure 1006 of
the proposed LNA and buffer combination may be compared to the measurement results.

The overall noise figure difference between simulations and measurements may be within 0.8
dB, which may confirm that the measured LNA gain may be at least 14.8 dB because a

significant reduction of the LNA gain may significantly degrade the overall noise figure of
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the combined proposed LNA and buffer stages. Note that the -5.3 dB gain of the buffer in
FIG. 1B may be in the presence of parasitics due to the bonding, the integrated circuit
package, and/or the PCB at the interface to the measurement equipment with 50 Q
termination.

[0074] FIG. 11A is a graph 1100 of output power 1102 versus input power 1104,
including 1st-order 1106 and 3rd-order 1108 components, and illustrating an example
measured input ITP3 1110 of the proposed LNA with buffer stage (-5.3dB gain).

[0075] FIG. 11B is a graph 1150 illustrating an example output spectrum 1152 (power
1154 versus frequency 1156) from a test with tones at 1.8 GHz (1158) and 1.7995 GHz
(1160) and an input power of -35 dBm, according to the proposed LNA.

[0076] FIG. 12 is a graph 1200 illustrating an example measured input-referred 1-dB
compression point of the proposed LNA with buffer stage (-5.3dB gain) at 1.8 GHz. FIG. 12
illustrates a plot of output power measurements 1208 (output power 1202 versus input power
1204) from a power level sweep of a single 1.8 GHz tone to determine the 1-dB compression
point (P4g) of the LNA. Ideal power 1206 and measured power 1208 may be shown in FIG.
12. The corresponding IIP3 and P4 (1210) of the proposed LNA may be -3.7 dBm and/or -
12.6 dBm (1210) respectively.

[0077] Table IT summarizes the performance of narrowband low-power RF LNAs with
operating frequencies which may range from 1 GHz to 3 GHz in comparison to the proposed
LNA.

[0078] TABLE II

COMPARISON OF MEASUREMENT RESULTS

poposed g @ @B W D
Fc [GHZ] 1.8 2.4 3 2.4 1 2.1 1
GAIN [DB] 14.8 21.4 4.5 13.1 16.8 9.7 13.6
NF [DB] 3.7 52 6.3 53 3.9 436 4.6
IIP3 [DBM] 3.7 11 -10.5 122 -11.2 -4 7.2
Pios [DBM] 12,6 -15 -19.5 -19 21 n/a 0.2
Ppc [MW] 0.336 1.134  0.156 0.06 0.1 0.684 0.26
TECH. [NM] 110 180 130 130 180 90 180
AREA [MM?] 0624 0717 2+ 0.63% 0.809* 0.91% 0.694°

* after de-embedding the effect of the buffer stage
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* fully differential structure % without pads * with pads

In Table II above, [1] refers to reference “A Subthreshold Low-Noise Amplifier Optimized
for Ultra-Low-Power Applications in the ISM Band;” [2] refers to reference “A 3GHz
Subthreshold CMOS Low Noise Amplifier;” [3] refers to reference “A 60uW LNA for 2.4
GHz Wireless Sensors Network Applications;” [4] refers to reference “A Novel Ultra Low
Power Low Noise Amplifier Using Differential Inductor Feedback;” [7] refers to reference
“MOST Moderate-Weak-Inversion Region as the Optimum Design Zone for CMOS 2.4-GHz
CS-LNAs;” and [16] refers to reference “A Fully Monolithic 260-uW, 4-GHz Subthreshold
Low Noise Amplifier.”

[0079] ITP3 Tunability. Referring back to FIG. 2 of the proposed LNA, the minimum,
maximum, and/or other capacitance values of Cggr cxt (elements 202, 204, 206, and 208 of
FIG. 2) may occur with D;D,D; =[111] and/or D;D,D, =[000] (where elements 212, 214,
and 216 of FIG. 2 represent D3, D5, and D3, respectively) where ‘1’ and ‘0’ may indicate that
the switch is connected to Vpp or ground, respectively. Table III may list eight different
capacitance combinations of the proposed LNA with the corresponding measurement results
of gain and/or the third-order intermodulation distortion (IM3) when two tones at 1.8 GHz
and 1.7995 GHz are applied with an input power of -35 dBm. Results of Table III may
indicate that changing Cgqy ex from 70 fF to 210 fF may have a minor effect on the gain while
permitting to digitally tune for optimum third-order linearity performance.

[0080] FIG. 13 1s a graph illustrating an example IIP3 vs. Cyg o comparison (simulation
vs. measurement results) 1300, according to the proposed LNA. FIG. 13 visualizes the I1P3
(1302) vs. tuning code (1304) from simulations (1306) and/or measurements (1308) with
Cea2 ext capacitance values (where elements 212, 214, and 216 of FIG. 2 represent D3, D5, and
D3, respectively, shown in FIG. 13 and Table III). The measured results of FIG. 13 may
demonstrate the feasibility of the proposed LNA to boost the IIP3 to achieve state-of-the-art
overall LNA performance under consideration of the key parameters in Table II.

[0081] TABLE III

(GAIN AND THIRD-ORDER INTERMODULATION DISTORTION OF THE
SUBTHRESHOLD LNA FOR LINEARITY TUNING SETTINGS

Code Effective Cyg cx2
[D3D2D1] Value [fF]

IM3 [dBc] with -

1%
Gain* [dB] 35dBm input power
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000 70 14.1 55.0
001 90 13.7 54 .4
010 110 14.2 56.2
011 130 14.3 573
100 150 14.8 62.7
101 170 13.8 58.8
110 190 14.2 61.0
111 210 14.0 58.1

* after de-embedding the effect of the buffer stage

[0082] The proposed LNA may include a 1.8 GHz subthreshold LNA with an IIP3
enhancement technique. The proposed LNA may be designed, analyzed, and fabricated in
0.11pm CMOS technology. The proposed LNA may include extra passive components to
accomplish full and/or partial cancellation of third-order nonlinearity products. The proposed
LNA preferably does not require auxiliary amplification circuitry that may increase the power
consumption. Therefore, the proposed LNA may be well-suited for low-power applications.
Measurement results of the 0.336 mW LNA on the prototype chip may demonstrate an IIP3
of -3.7 dBm, a voltage gain of 14.8 dB, and/or a noise figure of 3.7 dB.

[0083] APPENDIX A, ANALYSIS OF THE INPUT STAGE. Referring back to FIG.
3 of the proposed LNA, the following equations may be written after applying Kirchhoff’s
current law to nodes 1, 2, and 3 (elements 350, 352, 354, respectively):

vV 1
——| joC , +joC , + jowC +—)V

le [ gsl gdl ghl le 11 , (Al)
+ ja)CgslVIZ + jwcgleB =0

. . 1 .

.]a)CgslVll - []a)cgsl + Z_]Vlz +i, =0, (A2)

12
. . 1 .
]a)ng1V11 - ]a)ng1 + 7 Vis =iy =0 (A.3)
13
Furthermore,
Vgsl =V =" (A.4)

using (A.1) through (A.4) and the definitions of gyi(®) and Z13(®) above from Equations (4),
(8), respectively, Vgi(®) may be derived as the following function of V (302) and 141 (332):
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__ 1 [Orjec,z @),
Vgsl(a))_ ng(a))|: Z(a)) d1:|' (AS)

The relation between Vy (302) and Vi3 (326), where V (302) and V3 (326) may be the input
and output voltages of the input stage with transistor M; (element 180 of FIG. 1B) of the
proposed LNA and may be expressed with a Volterra series as:
V(@)
= Cn(a))o V.+Cy, (a)p a)z)o Ve +Cis (a)p w,, a)3)° Vi

The relationship between the drain current (i4;, element 332) and the gate voltage (Vgsi,

(A.6)

element 318) of transistor M; (180) may be written in terms of its linear transconductance

(gi1m1) and its nonlinear transconductance components (g mi, €3Mt,- .. ):

. 2 3
ldl(Vgsl): a1V g1 T g2,M1Vgsl + g3,M1Vgsl .. (A7)

Furthermore, the relation between Vy (302) and Vg (318) in FIG. 3 may also be expressed
with a Volterra series as:
Ve (@)
. (A.8)
=A, (@) V +A,(w,0,) V. + A, (0,0, @) V...
The linear transfer functions A;i(®w) and Cii(w) above of the proposed LNA may be
determined (see for example, “Linearization of CDMA Receiver Front-Ends,” “Modified
Derivative Superposition Method for Linearizing FET Low-Noise Amplifier,” and “A Noise
Reduction and Linearity Improvement Technique for a Differential Cascode LNA”) by

applying a tone [V (®) = "] in the analysis, which may result in:

1 l+ .]a)C dlZI3 (a)):|

A (w)= & , A9

T *
¢ (@)= 2, (o) 2Can? @~ [d(@) +e(@)]g, 11411 (@) (A.10)

b(w)+c(@)+ joC  Z(0)
where:
b(a)) =1+ jwcgdlzl’} (a)), (A.11)
c(w)
. . . , A2

= [.]a)cgsl + ]a)cgdl + ]a)cgbl - a)zcgdlcgblZB (a))] . Zn(a)) ( )
d(w) =1+ jwcgslzn ((U) , (A.13)
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e(w)

_jaC (A.14)

a1 + jwcgdl + jwcgbl - wzcgslcgblzu (w)] 'Zu(w) .
[0084] APPENDIX B, ANALYSIS OF THE CASCODE STAGE. Referring back to
FIG. 4 of the proposed LNA, by applying Kirchhoftf’s current law to nodes 4 and 5 (elements,
450 and 452, respectively), the following equations may be obtained:

. V .
.]a)CgSZ(VZZ _V21)+ 222 + .]a)cgdZ(VZZ _st): 0 (B.1)

22 ’
oC 0, (Vs =V ) Vs L =0
JOU 5 \V 53 2 +Z—+ld2 =V, (B.2)
23
It may be noted that:
VgSZ =Vy =V, (B.3)
In equations (B.1) through (B.3), the gyp(®), Z(®) and/or Z;3(w) definitions may be

determined from the above equations (14), (9), and (10). Vgn(m) may be found in terms of

Vy1 and iy as follows:

_ 1 SV, _
Vo @)= ) JaC e @ @) | (B4
where
f@)=Q1+joC,,Z, (@) 1+ joC,,,Z, (@)
. (B.5)

+ @°C 1, Z 5 (0)Z,; (0)
The relationship between V;; (410) and V;3 (430) in FIG. 4, where V;,; (410) and V3 (430)
may be the input and output voltages, respectively, of transistor M, (element 170 of FIG. 1B),
may be written with Volterra series:

V()

B.6
= Czl(a)>°V21 +Cy <w17w2)oV21 +Cp <w1:w2:w3)°V21--- ®.6)

Referring back to FIG. 4, the relation between the drain current (14, element 418) and the
gate voltage (V,s, element 416) of transistor M, (170 of FIG. 1B) may be:

Iy (VgSZ )Z 8iaV g2 + gz,Mngf2 + gs,MzV3 +... (B.7)

gs2

Furthermore, the relationship between V,; (410) and Vg (416) of FIG. 4 may be expressed
by applying Volterra series as:
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Vesr (@)

B.8
= A, (w)oV + A4, (a)l,a)z)on + A, (a)l,a)z,a)3)o V.. B8)

Correspondingly, the linear transfer functions A,;(®) and C;i1(®w) may be determined through

single-tone analysis [using V,1(®) = '], which may be:

! /(@)

Ay (w)= ) , B.9
( ) gl,MZ +gM2(a)) .]a)ngZZZZ (a))ZZB (a)) ( )
i 1+(joC, ., + joC,,, )]
o () U@ s * 1)
€ (@)= 70 (0) /() © 10
B ” _ wZCgSZngZZZZ (a)) .
() |

[0085] The teachings of all patents, published applications and references cited herein are
incorporated by reference in their entirety.

[0086] While this invention has been particularly shown and described with references to
example embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made therein without departing from the scope of the

invention encompassed by the appended claims.
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CLAIMS

What is claimed is:

1. An amplifier comprising:

a field-effect transistor (FET) amplifier and a cascode FET, the cascode FET
in series with the FET amplifier, each FET operating with a respective third-order
nonlinearity coefficient and a respective linear gain, where each respective ratio of the
respective third-order nonlinearity coefficient to the respective linear gain is positive;

an inductor added at a gate of the cascode FET, the inductor operatively
coupled with other components in a circuit resulting in a first equivalent impedance
looking into an input of the cascode FET from the FET amplifier, the first equivalent
impedance substantially offsetting a distortion output of the FET amplifier based upon
the added inductor; and

the inductor operatively coupled with the other components in the circuit
resulting in a second equivalent impedance looking out of the gate of the cascode
FET, the second equivalent impedance substantially offsetting a distortion output of

the cascode FET based upon the added inductor.

2. The amplifier of Claim 1, wherein the FET amplifier and the cascode FET operate in
a programmable range of one or more operating frequencies between 0.3 GHz and 6

GHz.

3. The amplifier of Claim 2, wherein the FET amplifier and the cascode FET each
provide amplified output within a selected bandwidth associated with the one or more
operating frequencies, the distortion output of the FET amplifier and the distortion

output of the cascode FET being substantially offset within the selected bandwidth.

4. The amplifier of Claim 1, wherein the FET amplifier and the cascode FET operates in

at least one of a weak inversion region and a subthreshold region.

5. The amplifier of Claim 1, wherein the other components include a capacitor
connected between the gate of the cascode FET and a drain of the cascode FET, the

capacitor adding to a parasitic gate-to-drain capacitance of the cascode FET, the
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capacitor further substantially offsetting the distortion output of the FET amplifier and
the distortion output of the cascode FET.

The amplifier of Claim 5, wherein the first equivalent impedance substantially offsets
the distortion output of the FET amplifier based upon the added inductor and the

capacitor.

The amplifier of Claim 5, wherein the second equivalent impedance substantially
offsets the distortion output of the cascode FET based upon the added inductor and

the capacitor.
The amplifier of Claim 5, wherein the capacitor is a programmable variable capacitor.

The amplifier of Claim 1, wherein the distortion output of the FET amplifier is
substantially offset by the first impedance, resulting in an improved value of an input
third-order intermodulation intercept point (IIP3) of the FET amplifier, and the
distortion output of the cascode FET is substantially offset of by the second
impedance, resulting in an improved value of an input third-order intermodulation

intercept point (IIP3) of the cascode FET.

The amplifier of Claim 9, wherein the improved intermodulation intercept point (IIP3)

value is improved by at least 3dB.

An amplifier comprising:

a field-effect transistor (FET) amplifier and a cascode FET, the cascode FET
in series with the FET amplifier, each FET operating with a respective third-order
nonlinearity coefficient and a respective linear gain, where each respective ratio of the
respective third-order nonlinearity coefficient to the respective linear gain is positive;

an inductor added at a gate of the cascode FET, the inductor operatively
coupled with other components in a circuit resulting in a first equivalent impedance
looking into an input of the cascode FET from the FET amplifier, the first equivalent
impedance substantially offsetting a distortion output of the FET amplifier based upon
the added inductor; and
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a programmable capacitor connected between the gate of the cascode FET and
a drain of the cascode FET, the programmable capacitor adding to a parasitic gate-to-
drain capacitance of the cascode FET, the programmable capacitor further

substantially offsetting the distortion output of the FET amplifier.

A method of amplifying comprising:

operating a field-effect transistor (FET) amplifier and a cascode FET, the
cascode FET in series with the FET amplifier, and an inductor at a gate of the cascode
FET, each FET operating with a respective third-order nonlinearity coefficient and a
respective linear gain, where each respective ratio of the respective third-order
nonlinearity coefficient to the respective linear gain is positive;

the inductor with other components in a circuit resulting in a first equivalent
impedance looking into an input of the cascode FET from the FET amplifier, the first
equivalent impedance substantially offsetting a distortion output of the FET amplifier
based upon the added inductor; and

the inductor with the other components in the circuit further resulting in a
second equivalent impedance looking out of the gate of the cascode FET, the second
equivalent impedance substantially offsetting a distortion output of the cascode FET

based upon the added inductor.

The method of Claim 12, wherein the FET amplifier and the cascode FET operate in a
programmable range of one or more operating frequencies between 0.3 GHz and 6

GHz.

The method of Claim 13, wherein an output of the FET amplifier and an output of the
cascode FET are each amplified within a selected bandwidth associated with the one
or more operating frequencies, and the distortion output of the FET amplifier and the
distortion output of the cascode FET are substantially offset within the selected
bandwidth.

The method of Claim 12, wherein the FET amplifier and the cascode FET operate in

at least one of a weak inversion region and a subthreshold region.
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The method of Claim 12, wherein the other components include a capacitor connected
between the gate of the cascode FET and a drain of the cascode FET, the capacitor
adding to a parasitic gate-to-drain capacitance of the cascode FET, the capacitor
further substantially offsetting the distortion output of the FET amplifier and the

distortion output of the cascode FET.

The method of Claim 16, wherein the first equivalent impedance substantially offsets
the distortion output of the FET amplifier based upon the added inductor and the

capacitor.

The method of Claim 16, wherein the second equivalent impedance substantially
offsets the distortion output of the cascode FET based upon the added inductor and

the capacitor.
The method of Claim 16, wherein the capacitor is a programmable variable capacitor.

The method of Claim 12, wherein the distortion output of the FET amplifier is
substantially offset by the first impedance, resulting in an improved value of an input
third-order intermodulation intercept point (IIP3) of the FET amplifier, and the
distortion output of the cascode FET is substantially offset of by the second
impedance, resulting in an improved value of an input third-order intermodulation

intercept point (IIP3) of the cascode FET.

The method of Claim 20, wherein the improved intermodulation intercept point (IIP3)

value is improved by at least 3dB.

A method of amplifying comprising:

operating a field-effect transistor (FET) amplifier and a cascode FET, the
cascode FET in series with the FET amplifier, and an inductor at a gate of the cascode
FET, each FET operating with a respective third-order nonlinearity coefficient and a
respective linear gain, where each respective ratio of the respective third-order
nonlinearity coefficient to the respective linear gain is positive;

the inductor with other components in a circuit resulting in a first equivalent

impedance looking into an input of the cascode FET from the FET amplifier, the first
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equivalent impedance substantially offsetting a distortion output of the FET amplifier
based upon the added inductor; and

a programmable capacitor connected between the gate of the cascode FET and
a drain of the cascode FET, the programmable capacitor adding to a parasitic gate-to-
drain capacitance of the cascode FET, the programmable capacitor further

substantially offsetting the distortion output of the FET amplifier.



100

118

116

114

WO 2016/133896

|
»
!
o o 0 @ i
™ AV =
o O D ~ .
L | b R
- >
g (O (@]
IS l:
|
& - S o < o
N < o0 e N
~ -

[,A] '6/°6 IAL] "B/6

—
—

o
i

PCT/US2016/018056
Lo
2]
Ly
Nd
™
oy
<
N o <
”g;* O
(.
N -~
oot
Ty
oo



PCT/US2016/018056

WO 2016/133896

2/16

sontseied Bumpuog Blost

98T

091 8LT Y

EOA 08T '

y8T A

89T
mﬂ Z8T OLT*
@ 4 M}su e

rw R mar 99T

A j F—N0aT i

YT * .i “&mﬁg m(iww ¢

cel

o
o
i



PCT/US2016/018056

WO 2016/133896

3/16

¢ 'Ol4

807 (XS Nﬁm\u

e

| [¥xa TP 9
'a M 90¢

H 71K a3 TDA -
) 3 P )
“(1 0z

v1d

t(q _ 20t
[avs

o0
o
i



PCT/US2016/018056

WO 2016/133896

4/16

»

ozt A

qmm@




PCT/US2016/018056

WO 2016/133896

5/16

00t

44y

[4%7

otT




PCT/US2016/018056

WO 2016/133896

6/16

3

4091 =

wazph

.ﬁ“««,«w\\.m.«,«w»
e

womb

il

- "

90S

¥0S
¢0S

3

3

3




PCT/US2016/018056

7116

WO 2016/133896

9 "Old
219

[zp5] Asuanbaid
6L 581 8’ L) .m :

T
IOA

* v
"
f::x&mt

09

%

PaEpG, 2ot

5 pue Py g Vip g EOp e

yuzpl,,

“y pue P qum Y T o
709

|0 e TP o Pia 5 0 e

3 pu

009 \ \ \ (A




PCT/US2016/018056

WO 2016/133896

8/16

N
i {Z‘:}

v0L 2,

454, %2 ,.i;@ 50 ‘
PR e A
(81

00

143

I




PCT/US2016/018056

WO 2016/133896

9/16

” ,nDﬁ

d/ "Ol4

vSL
{ZF7y Aouanbang

QNQH m@ﬁ
Posd

A S S ; ; | S

TET IOUIIAY
TET A

P

e

P

8SL
98/

9L

o1

' oes

- 00"
-0'0€-
- 002

-0°0T-

-0°01

-0°0Z

008

(Gp) INTROA A

N

SL



800

WO 2016/133896

10/16

PCT/US2016/018056

FIG. 8



PCT/US2016/018056

WO 2016/133896

11/16

006

6 Ol

v06 [zpey] Asuanbaiy
&8 8

LKl

]
32
%

Y. v16

I8

Py

16
T8,
-

3 o~




PCT/US2016/018056

WO 2016/133896

12/16

OT Ol

ZHD 00006'} doig 00T

i
4,
O
“, i
Py,
"
%
e,

. \\.\\ﬂ

G RL.

AP
ainbi asio

G} S0 Hnejaq) ¥ 06°967 proaL ZHIN 0'F M8
2H9 00004} Weig

g,
[y
e
P
2
1: 7
“
g

'

{7
W
P g
w7
o
7o g
7
R
sor g
) s
“ 7
wt

¢00T



PCT/US2016/018056

WO 2016/133896

13/16

V1L

PlE

vo1T [uugp] 1emod nduj
0 0~ _

0~

0g-

OTTT |
wEpL e =gdil

,. \e«
. ..w‘
% 13
4#«

k3

. k%
EE:

JBPI0 DAL o= )

12DI0 JSL- = |

00TT

X174

S [wgp] Jomod Jnding



1150

WO 2016/133896

A
X
e
Y

&

BESCY
Ny
&

&3

0y
S
SN
Nt
By

Wy

R

1152

14/16

W
R

$

Stop 1.801000 GHz

Swenp 754 ms {1001 pis)

Pef 0.00 dBm

1154

Start 1.795600 GHz
#Res BW 2.0 kHz

1156

FIG. 11B

VEBW 2.0 84z

PCT/US2016/018056



PCT/US2016/018056

WO 2016/133896

15/16

1] o

00¢T

¢l Ol

"0t ruigp] semog nduy

0Tcl

4

S1- 0z-

3 H

o

waPgzL-=""d 4

“\‘

o
.
A
e

80T, #>

v
19021

s [wgp] u:m{}d md;ﬁs



PCT/US2016/018056

WO 2016/133896

16/16

00¢T

¢l Dl

91T 1T TIt
A

voel fapod] "a"aTa

bEL OLL 101 001 3L0 010 BOG 000

[ painseapy —p—

z

¥




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2016/018056

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO3F1/22 HO3F1/32 HO3F3/191 HO3F3/193 HO3F3/195
ADD.

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO3F

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

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

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

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

X CHUN-HSIANG CHANG ET AL: "Linearization 1-7,9,
of subthreshold low-noise amplifiers", 10,
CIRCUITS AND SYSTEMS (ISCAS), 2013 IEEE 12-18,
INTERNATIONAL SYMPOSIUM ON, IEEE, 20,21
19 May 2013 (2013-05-19), pages 377-380,
XP032445934,

DOI: 10.1109/ISCAS.2013.6571859

ISBN: 978-1-4673-5760-9

Y the whole document 8,11,19,
22

Further documents are listed in the continuation of Box C. D See patent family annex.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other

. e "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified)

considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

26 April 2016 03/05/2016

Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016 Kurzbauer, Werner

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 3



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2016/018056

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

CHANG CHUN-HSIANG ET AL: "Input impedance
matching optimization for adaptive
low-power Tow-noise amplifiers",
ANALOG INTEGRATED CIRCUITS AND SIGNAL
PROCESSING, SPRINGER NEW YORK LLC, US,
vol. 77, no. 3,

19 October 2013 (2013-10-19), pages
583-592, XP035311525,

ISSN: 0925-1030, DOI:
10.1007/S10470-013-0206-8

[retrieved on 2013-10-19]

figure 6

THOMAS ANTHONY ET AL: "A high quality
factor bulk-CMOS switch-based digitally
programmable RF capacitor",

2014 ASIA-PACIFIC MICROWAVE CONFERENCE,
IEICE,

4 November 2014 (2014-11-04), pages 58-60,
XP032750460,

[retrieved on 2015-03-25]

the whole document

LYKEL J: "Reconfigurable systems: a
generalization of reconfigurable
computational strategies for space
systems",

AEROSPACE CONFERENCE PROCEEDINGS, 2002.
IEEE MAR 9-16, 2002, PISCATAWAY, NJ,
USA,IEEE,

vol. 4, 9 March 2002 (2002-03-09), pages
1935-1950, XP010604976,

ISBN: 978-0-7803-7231-3

figure 2

TIAGO R BALEN ET AL: "Investigating the
effects of transient faults in
Programmable Capacitor Arrays",

TEST WORKSHOP (LATW), 2011 12TH LATIN
AMERICAN, IEEE,

27 March 2011 (2011-03-27), pages 1-6,
XP032020015,

DOI: 10.1109/LATW.2011.5985887

ISBN: 978-1-4577-1489-4

the whole document

8,11,19,
22

1-7,9,

12218,
20,21

8,11,19,
22

1,8,19,
22

8,11,19,
22

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 3




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2016/018056

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

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

A WINFRIED BAKALSKI ET AL: "A fully 8,11,19,
integrated bulk-CMOS switch based tunable 22

transformer for RF and antenna matching",

WIRELESS SENSORS AND SENSOR NETWORKS

(WISNET), 2013 IEEE TOPICAL CONFERENCE ON,

IEEE,

20 January 2013 (2013-01-20), pages

109-111, XP032351265,

DOI: 10.1109/WISNET.2013.6488650

ISBN: 978-1-4673-3104-3

figure 6

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 3 of 3



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - wo-search-report
	Page 51 - wo-search-report
	Page 52 - wo-search-report

