
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2005/0200402 A1 

Diorio et al. (43) Pub. Date: 

US 2005O2004O2A1 

Sep. 15, 2005 

(54) 

(75) 

(73) 

(21) 

USE OF ANALOG-VALUED 
FLOATING-GATE TRANSISTORS FOR 
PARALLEL AND SERIAL SIGNAL 
PROCESSING 

Inventors: Christopher J. Diorio, Shoreline, WA 
(US); Todd E. Humes, Shoreline, WA 
(US); Ronald A. Oliver, Seattle, WA 
(US); William T. Colleran, Seattle, WA 
(US); Scott A. Cooper, Seattle, WA 
(US) 

Correspondence Address: 
David B. Ritchie 
Thelen Reid & Priest LLP 
P.O. Box 640640 
San Jose, CA 95146-0640 (US) 

Assignee: Impinj, Inc., a Delaware Corporation 

Appl. No.: 

76-N 

11/055,867 

79 Qfg 

78 
Vin 

(22) 

(62) 

(51) 
(52) 

(57) 

Filed: Feb. 10, 2005 

Related U.S. Application Data 

Division of application No. 10/268,116, filed on Oct. 
8, 2002. 

Publication Classification 

Int. Cl. .................................................. H03B 1100 
U.S. Cl. .............................................................. 327/552 

ABSTRACT 

Analog-valued floating-gate transistors are used as trim 
mable circuit components for modifying and/or controlling 
the gain, phase, offset, frequency response, current con 
Sumption, and/or transfer function of Signal pathways in 
parallel and/or Serial processing circuits in radio frequency, 
analog, or mixed-signal integrated circuits. 
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USE OF ANALOG-VALUED FLOATING-GATE 
TRANSISTORS FOR PARALLEL AND SERIAL 

SIGNAL PROCESSING 

FIELD OF THE INVENTION 

0001. The present invention is directed to the use of 
analog-valued floating-gate transistors as trim devices in 
parallel and Serial Signal processing circuits. 

BACKGROUND OF THE INVENTION 

0002. In order to efficiently process high-bandwidth or 
high-dynamic range Signals, designers often employ Serial 
or parallel processing methods. Parallel processing is a 
technique in which a signal, or Some portion of a Signal, is 
introduced into two or more Signal paths and processed 
Simultaneously by the plural signal paths. Parallel proceSS 
ing allows the use of many Subcircuits, each with potentially 
relaxed specifications, to perform the Signal processing work 
of a single circuit with possibly more Stringent Specifica 
tions. Parallel signal processing provides many benefits, but 
it also raises Some unique challenges. The parallel paths 
must have tightly controlled characteristics to provide the 
coordination necessary for efficient operation. A recombi 
nation operation usually follows parallel processing, and the 
accuracy and purity of the final result depends on having 
known and controlled characteristics in each of the parallel 
Signal paths. Serial Signal processing is a method utilizing a 
cascade of processing Stages. A signal propagates from the 
output of one Stage to the input of the next, and is usually 
modified in Some way at each Stage. Serial processing 
provides many of the benefits of parallel processing through 
the relaxation of requirements at each Stage to meet a given 
overall performance goal. The challenges of maintaining 
well-controlled characteristics that apply to parallel signal 
processing are also relevant in Serial signal processing. In 
order to efficiently process Signals, the Stages must have 
known and consistent behavior. 

0.003 Parallel signal processing is a technique well 
Suited to implementation in an integrated circuit. Advan 
tages of higher levels of integration include the ability to 
construct many circuits in a Small physical Space. Digital 
circuits have benefited gay from technology advancements 
that enable higher levels of integration. Unfortunately, the 
performance of analog integrated circuits has generally not 
kept pace with the improvements Seen by digital circuits. 
One way to improve analog circuit performance, while 
taking advantage of higher levels of circuit integration, is to 
utilize parallel processing techniques. By employing mul 
tiple circuits, properly coordinated, with outputS Suitably 
combined, significant performance improvement is possible. 
FIG. 1A is a System block diagram of a parallel signal 
processing System 10 in accordance with the prior art. A 
Signal 12 to be processed in a parallel System first passes 
from the input 14 through a splitting operation 16. The 
Splitting operation may separate the Signal into its constitu 
ent components Such as amplitude, frequency, offset Voltage, 
or phase. Or, in the Simplest case, the entire Signal may be 
distributed unmodified to the n outputs 18(1), 18(2), 18(3), 
..., 18(n) of the splitter. The signal, or a Selected component 
of that Signal, is then coupled into the n processing branches 
20(1), 20(2), 20(3),..., 20(n) that make up the paths of the 
parallel processor 10. The processing branches may act 
independently of each other, or there may be Some interac 
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tion among processing Stages in different paths as illustrated 
by cross linkS 22(1), 22(2), 22(3), ..., 22(n). One example 
of this interaction is an averaging function. The outputs of 
the Signal paths are generally recombined as in recombiner 
block 24, in Some cases as an analog proceSS and in Some 
cases as a digital process, according to the design and 
function of the processor. The accuracy of the final result 26 
and the efficiency of the overall processing operation are 
heavily dependent on each Signal path having an accurate 
implementation of the proper transfer function as required 
by the design of the processor 10. 
0004 Serial signal processing is an established and well 
known technique for modifying the parameters of a signal 
by passing it through a Series of processing Stages. FIG. 1B 
is a System block diagram of a Serial Signal processing 
System 28 in accordance with the prior art. The Signal 
parameter of interest could be signal power, as is the case 
with a signal propagating through many Stages of amplifi 
cation in a transmitter chain prior to coupling to an antenna. 
Alternatively the Signal parameter of interest could be the 
frequency of a signal as it is modified by the Stages of a 
Superheterodyne receiver. Many other parameters may be 
processed. Regardless of the Specific parameter, Serial pro 
cessing is an important and generally necessary technique 
for processing Signals that experience a wide parameter 
variation while processed by a System. By dividing the 
Signal processing operation into a Set of Steps, it is possible 
to design a System that is robust and efficient in both design 
and implementation. 

0005 FIG. 1B illustrates some of the key attributes of 
Serial Signal processing. A signal 30, introduced into an input 
32 of the System, is modified by the first processing Stage 34. 
That stage 34 has an output 36 for coupling the modified 
signal into the input 38 of the next stage 40, where the signal 
undergoes further modification, possibly of a different 
nature. The Signal propagates through as many Stages as 
required (e.g., stages 42, 44 and 46), and experiences as 
many modifications as required, to extract the desired result 
from the cascade of stages (34, 40, 42, 44, 46) comprising 
the Serial Signal processing System 28. Signal propagation 
generally proceeds from the input 32 toward the output 48, 
through the processing stages (34, 40, 42, 44, 46). Versions 
of the input Signal 30, modified by the processing Stages, 
may be used by other Stages further along the Serial path, 
bypassing Some Stages in the process. All of the paths which 
are designed to propagate Signals in the direction from the 
input 32 toward the output 48 of the serial signal processor 
28 are considered “feedforward” paths (e.g., paths 50, 52). 
By contrast, “feedback” paths (e.g., paths 54, 56) convey 
Signals from a stage or Stages toward Stages that are closer 
to the Signal input 32 in the main propagation path. With 
proper design, Serial processing Systems can efficiently 
process Signals of a widely varying nature, as are common 
in communication applications. 
0006 While providing many benefits, serial signal pro 
cessing has Some disadvantages. Errors in the processing of 
a signal in a Serial System are cumulative. If a signal is 
corrupted in a Stage of the System, the corrupted version of 
the Signal propagates through Subsequent Stages of the 
System. This signal corruption may lead to increased power 
draw, reduced gain, further corruption due to mixing effects, 
or undesired System performance. Serial processing Systems 
that employ feedback paths must have controlled and pre 
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dictable characteristics of the feedback Signals in order to 
ensure System Stability. It is imperative, then, for each Stage 
in a Serial Signal processing System to have well-controlled 
characteristics. 

0007 Many applications call for a combination of par 
allel and Serial processing methods. Each of the Signal paths 
in a parallel processor may include a cascade of Stages in 
Series, or a Serial processing System may incorporate one or 
more Stages utilizing parallel processing techniques. The 
design of a System with any combination of Serial and 
parallel processing must consider all of the attributes of each 
method. The requirement for well-controlled Signal response 
is especially relevant in Systems employing a combination of 
parallel and Serial methods. 
0008. In conventional integrated circuit design, engineers 
construct circuits from transistors, resistors, capacitors, and 
other Standard circuit elements. These circuit elements have 
variances in their respective circuit parameters. For 
example, transistors have variances in their threshold Volt 
age, width, and length. These variances are due in part to 
proceSS and temperature gradients. Minimizing the error in 
parallel and Serial circuits requires reducing the effects of 
these variances. Many techniques for reducing these effects 
are known in the art, including using large transistors, using 
lasers to trim resistors, using capacitors to dynamically 
match devices in response to on-chip error Signals, and the 
like. In general, these approaches have Significant disadvan 
tages. For example, large transistors require large currents to 
operate at high Speeds, consume relatively large amounts of 
die area and power, and do not compensate for temperature 
or aging-induced errors. Likewise, using lasers to trim 
resistors necessitates large resistors, a time-consuming labo 
ratory laser trim process, and again does not compensate 
temperature- or aging-induced errors. Using capacitors to 
dynamically trim circuit elements requires wideband error 
feedback loops and relatively frequent updates due to the 
fact that most on-chip capacitors leak due to the thermal 
generation of carriers in pn junctions. 
0009 Consequently, there is a compelling need for a 
Simple and compact means to trim circuit elements on chip, 
at a slow and deliberate rate, without rapid leakage or the 
need for frequent calibration updates. 

BRIEF DESCRIPTION OF THE INVENTION 

0.010 Analog-valued floating-gate transistors are used as 
trimmable circuit components for modifying and/or control 
ling the gain, phase, offset, frequency response, current 
consumption, and/or transfer function of Signal pathways in 
parallel and/or Serial processing circuits in radio frequency, 
analog, or mixed-signal integrated circuits. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.011 The accompanying drawings, which are incorpo 
rated into and constitute a part of this Specification, illustrate 
one or more embodiments of the present invention and, 
together with the detailed description, Serve to explain the 
principles and implementations of the invention. 

0012) 
0013 FIG. 1A is a system block diagram of a parallel 
Signal processing System in accordance with the prior art. 

In the drawings: 
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0014 FIG. 1B is a system block diagram of a serial 
Signal processing System in accordance with the prior art. 
0015 FIG. 2A is an electrical schematic diagram of an 
n-channel analog-valued MOSFET (metal oxide semicon 
ductor field effect transistor) having a voltage input node, 
Vin, a capacitor, c, coupled between node Vin and a floating 
gate, FG, and an n-channel MOSFET having floating gate 
FG as its floating gate. 
0016 FIG. 2B is an electrical schematic diagram of a 
p-channel analog-valued MOSFET having a voltage input 
node, Vin, a capacitor, c, coupled between node Vin and a 
floating gate, FG, and a p-channel MOSFET having floating 
gate FG as its floating gate. 
0017 FIG. 2C is a plot of log(g) vs. Vin illustrating 
how the gain in performance characteristic g (voltage-to 
current gain or transconductance) of the devices of FIGS. 
2A and 2B changes as a function of the charge, Q, Stored on 
the floating gate, FG. 
0018 FIG. 2D is an illustration of a pFET floating-gate 
transistor layout. 
0019 FIG. 2E is a side elevational diagram of the pFET 
floating-gate transistor of FIG. 2D. 
0020 FIG. 2F is an electron band diagram of the pFET 
floating-gate transistor of FIGS. 2D and 2E. 
0021 FIG. 3A is an electrical schematic diagram of a 
MOSCAP variable capacitor implemented with a pair of 
floating gate pFETs (p-channel MOSFETs) having a top 
plate node, a bottom plate node and a floating gate, FG, 
where charge, Q, Stored of the floating gate controls the 
capacitance of the device as measured between the top plate 
node and the bottom plate node. 
0022 FIG. 3B is an electrical schematic diagram of a 
MOSCAP variable capacitor implemented with a pair of 
floating gate nFETs (n-channel MOSFETs) having a top 
plate node, a bottom plate node and a floating gate, FG, 
where charge, Q, Stored of the floating gate controls the 
capacitance of the device as measured between the top plate 
node and the bottom plate node. 
0023 FIG. 3C is an electrical schematic diagram of an 
equivalent circuit to FIGS. 3A and 3B. 
0024 FIG. 3D is a plot of capacitance vs. charge, Q, 
stored on the floating gate, FG, of the devices of FIGS. 3A 
and 3B. 

0025 FIG. 4A is a system block diagram of an analog to 
digital converter (ADC) in accordance with one embodiment 
of the present invention. 
0026 FIG. 4B is an electrical schematic diagram of an 
amplifier circuit element using a MOSCAP capacitor as an 
input coupling element and the charge Stored on a floating 
gate to vary the threshold Voltage offset of the amplifier in 
accordance with one embodiment of the present invention. 
0027 FIG. 4C is a plot of the transfer function of the 
amplifier circuit element of FIG. 4B illustrating how it 
changes as a function of charge, Q, Stored on floating gate 
60. 

0028 FIG. 5A is an electrical schematic diagram of a 
circuit for Setting a precision output current in accordance 
with one embodiment of the present invention. 
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0029 FIG. 5B is a plot of drain current and drain voltage 
vs. time for the circuit of FIG. 5A. 

0030 FIG. 6A is an electrical schematic diagram of an 
R-C filter circuit element with a trimmable phase response 
in accordance with one embodiment of the present inven 
tion. 

0031 FIG. 6B is a plot of phase vs. frequency for the 
circuit element of FIG. 6A. 

0.032 FIG. 7A is an electrical schematic diagram of a 
trimmable MOS resistor circuit element used in a triode 
configuration to have a variable effective electrical resis 
tance dependent upon charge, Q, Stored on its floating gate, 
FG, in accordance with one embodiment of the present 
invention. 

0.033 FIG. 7B is an equivalent schematic diagram of the 
circuit element of FIG. 7A. 

0034 FIG. 7C is a plot of drain-source current (Ids) vs. 
drain-source voltage (Vds) for the device of FIG. 7A 
illustrating the change in resistance (1/R=Ids/Vds) as a 
function of charge, Q, Stored on the floating gate of the 
device. 

0035 FIGS. 7D and 7E are electrical schematic dia 
grams of example circuits utilizing the circuit element of 
FIG. 7A in a phase compensation network in accordance 
with embodiments of the present invention. 
0036 FIG. 8A is a system block diagram of a variable 
gain amplifier circuit having three adjustable transfer func 
tion amplifier elements in accordance with one embodiment 
of the present invention. 
0037 FIGS. 8B, 8C and 8D illustrate different transfer 
functions 1, 2 and 3 which the three adjustable transfer 
function elements of FIG. 8A may be programmed to 
perform as a function of charge Stored on floating gates of 
their adjustable transfer function amplifier elements. 
0.038 FIG. 8E is an electrical schematic diagram of an 
adjustable transfer function amplifier element in accordance 
with one embodiment of the present invention. 
0.039 FIG. 9A is an electrical schematic diagram of a 
pFET-based trimmable R-C filter circuit in accordance with 
one embodiment of the present invention. 
0040 FIG. 9B is an electrical schematic diagram of an 
nFET-based trimmable R-C filter circuit in accordance with 
one embodiment of the present invention. 
0041 FIG. 9C is an electrical schematic diagram of an 
alternate trimmable R-C filter circuit utilizing both an nFET 
and a pFET in accordance with one embodiment of the 
present invention. 
0042 FIG. 9D is a plot of the absolute value of the output 
Voltage divided by the input Voltage VS. frequency for 
different levels of Stored charge for circuit elements in 
accordance with FIGS. 9A, 9B and 9C. 
0.043 FIG. 10A is an electrical schematic diagram of a 
trimmable parallel L-C resonator circuit in accordance with 
one embodiment of the present invention. 
0044 FIG. 10B is an electrical schematic diagram of a 
trimmable Series L-C resonator circuit in accordance with 
one embodiment of the present invention. 
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004.5 FIG. 10C is a plot of the magnitude of admittance 
vs. frequency for the parallel L-C resonator circuit of FIG. 
10A and the impedance vs. frequency for the series L-C 
resonator circuit of FIG. 10B. 

0046 FIG. 11A is a system block diagram of a parallel 
radio frequency (RF) power amplifier System in accordance 
with one embodiment of the present invention. 
0047 FIG. 11B is an electrical schematic diagram of a 
portion of the system of FIG. 11A in accordance with one 
embodiment of the present invention. 
0048 FIG. 12A is a system block diagram of a parallel 
configured image-reject receiver in accordance with one 
embodiment of the present invention. 
0049 FIG. 12B is an electrical schematic diagram of a 
mixer circuit element as used in the system of FIG. 12A in 
accordance with one embodiment of the present invention. 
0050 FIG. 13A is a system block diagram of a channel 
ized receiver in accordance with one embodiment of the 
present invention. 
0051 FIG. 13B is an electrical schematic diagram of an 
example channelizing filter band pass filter element as used 
in the receiver of FIG. 13A in accordance with one embodi 
ment of the present invention. 
0052 FIG. 13C is a plot of magnitude vs. frequency 
illustrating various response curves for bandpass filter ele 
ments as a function of charge Stored on their respective 
floating gates. 

DETAILED DESCRIPTION 

0053 Embodiments of the present invention are 
described herein in the context of the use of analog-valued 
floating-gate transistors as trim devices in parallel and Serial 
Signal processing circuits. Those of ordinary skill in the art 
will realize that the following detailed description of the 
present invention is illustrative only and is not intended to be 
in any way limiting. Other embodiments of the present 
invention will readily Suggest themselves to Such skilled 
persons having the benefit of this disclosure. Reference will 
now be made in detail to implementations of the present 
invention as illustrated in the accompanying drawings. The 
Same reference indicators will be used throughout the draw 
ings and the following detailed description to refer to the 
Same or like parts. 
0054. In the interest of clarity, not all of the routine 
features of the implementations described herein are shown 
and described. It will, of course, be appreciated that in the 
development of any Such actual implementation, numerous 
implementation-specific decisions must be made in order to 
achieve the developer's Specific goals, Such as compliance 
with application- and busineSS-related constraints, and that 
these Specific goals will vary from one implementation to 
another and from one developer to another. Moreover, it will 
be appreciated that Such a development effort might be 
complex and time-consuming, but would nevertheless be a 
routine undertaking of engineering for those of ordinary skill 
in the art having the benefit of this disclosure. 
0055. The present invention pertains to the use of analog 
valued floating-gate MOSFETs as trim devices to control or 
modify the electrical characteristics of the Signal paths in 
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parallel and/or Serial Signal processing circuits in order to 
accurately establish and maintain a desired signal response. 
It is applicable in RF (radio frequency), analog, and/or 
mixed-signal circuits Such as amplifiers, mixers, analog-to 
digital converters, digital-to-analog converters, analog fil 
ters, oscillators and the like. Such circuits are commonly 
applicable to telecommunications, Signal processing, wire 
leSS communications, data Storage and retrieval, instrumen 
tation and the like. It provides an entirely new means for 
control of Signal transfer characteristics: by adjusting the 
transistors themselves. It is not limited to any particular 
application, but instead is a general approach for performing 
circuit characteristic matching in parallel and/or Serial RF, 
mixed signal or analog CMOS (complementary metal oxide 
Semiconductor) integrated circuits. 
0056 Diorio et al. in U.S. Pat. No. 5,990,512 describe a 
p-channel floating-gate MOSFET (pfET) whose input-out 
put characteristics can be continuously adjusted during 
normal transistor operation by adding electrons to or remov 
ing electrons from the floating gate. These kinds of pFETS 
are used in the present invention to reduce or eliminate error, 
inaccuracy, or distortion in parallel and/or Serial RF, mixed 
Signal, and/or CMOS integrated circuits. 
0057 Two key attributes of analog-valued floating-gate 
MOSFETs (described, for example, in U.S. Pat. Nos. 5,990, 
512 and 6,125,053) are: (1) their operating characteristics 
can be adjusted after circuit fabrication, and (2) Such adjust 
ments are Stored in a nonvolatile manner that can last for 
months or years without Subsequent intervention. With these 
devices feedback techniques can be used to tune or trim 
individual transistors within an integrated circuit after circuit 
fabrication and one can be assured that the trim will not be 
lost by rapid leakage or other mechanisms. In this manner 
parallel or Serial Signal processing circuits can now be built 
in accordance with the techniques taught herein that can be 
adjusted for optimal performance using either off-chip or 
on-chip calibration loops, either once (typically at beginning 
of circuit life), occasionally (as required), or continuously 
during circuit operation. The ability to make these adjust 
ments improves performance in parallel or Serial circuits by 
maintaining consistent and controlled circuit behavior 
according to design parameters and by reducing errors due 
to device mismatch regardless of whether the mismatch 
manifests itself as gain errors, offset errors, phase-response 
errors, current consumption errors, frequency-response 
errors, or transfer-function errors. Trimming individual tran 
Sistors on a one-time, occasional or a continuous basis 
greatly expands the applicability of parallel or Serial analog 
Signal-processing techniques, because trimming can remove 
mismatch-induced errors that could otherwise impair per 
formance. 

0058. Using analog-valued MOSFETs as trim devices 
allows precise control over (1) gain, (2) offset, (3) phase 
response, (4) current consumption, (5) frequency response, 
and (6) transfer function in signal-processing circuits. 
0059 FIG. 2A is an electrical schematic diagram of an 
n-channel analog-valued MOSFET (metal oxide semicon 
ductor field effect transistor) having a Voltage input node, 
Vin, a capacitor, c, coupled between node Vin and a floating 
gate, FG, and an n-channel MOSFET having floating gate 
FG as its floating gate. 
0060 FIG. 2B is an electrical schematic diagram of a 
p-channel analog-valued MOSFET having a voltage input 
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node, Vin, a capacitor, c, coupled between node Vin and a 
floating gate, FG, and a p-channel MOSFET having floating 
gate FG as its floating gate. 
0061 FIG. 2C is a plot of log(g) vs. Vin illustrating 
how the gain in performance characteristic g (voltage-to 
current gain or transconductance) of the devices of FIGS. 
2A and 2B changes as a function of the charge, Q, Stored on 
the floating gate, FG. 
0062 FIG. 2D is an illustration of a plET floating-gate 
transistor layout. 
0063 FIG. 2E is a side elevational diagram of the pFET 
floating-gate transistor of FIG. 2D. 
0064 FIG. 2F is an electron band diagram of the pFET 
floating-gate transistor of FIGS. 2D and 2E. 
0065. A floating-gate transistor, as it pertains to the 
present invention, is a conventional transistor with the 
following additional attributes: (1) nonvolatile analog 
weight storage, (2) locally computed bidirectional weight 
updates, and (3) Simultaneous memory reading and writing. 
Floating-gate transistors use floating-gate charge to repre 
Sent the nonvolatile analog weight, electron tunneling and 
hot-electron injection to modify the floating-gate charge 
bidirectionally, and allow Simultaneous memory reading and 
Writing by nature of the mechanisms used to write the 
memory. Various versions of a pFET floating-gate transistor 
may be used, for example, Single poly versions of the pFET 
floating-gate transistor may be used. 
0066. The floating-gate transistor of FIGS. 2D, 2E and 
2F comprises two MOSFETs: The first (on the left) is a 
readout transistor; the Second (on the right), with Shorted 
drain and Source, forms a tunneling junction. From the 
control-gate's perspective, removing electrons from or add 
ing electrons to the floating gate shifts the readout pFETS 
threshold Voltage bidirectionally. The floating-gate transistor 
uses Fowler-Nordheim (FN) tunneling to remove electrons 
from its floating gate, and impact-ionized hot-electron injec 
tion (IHEI) to add electrons to the floating gate. In accor 
dance with this embodiment, each MOSFET is disposed in 
its own n- well of a p- Substrate. A double poly process is 
used which provides a capacitively coupled control gate. P+ 
doped regions are used for the Source and drain of the 
readout transistor. Portions D, E and F of FIG. 2 are aligned 
Vertically to show, respectively, a top view, a Side croSS 
Sectional view, and an electron band diagram. 
0067 Key features of this floating-gate transistor are (A) 
the readout transistor remains a fully functional p-channel 
MOSFET; (B) high voltages applied to the tunneling junc 
tion tunnel electrons off the floating gate, (C) large drain 
to-Source Voltages cause IHEI at the drain, injecting elec 
trons onto the floating gate. 

0068. In accordance with the FIG. 2D, 2E, 2F embodi 
ment, Signal inputs are applied to the Second-level polysili 
con (poly2) control gate, which, in turn, couples capacitively 
to the first-level polysilicon (poly 1) floating gate. From the 
control gate's perspective the transistor remains a conven 
tional p-channel MOSFET, albeit with reduced coupling to 
the channel because of the intervening poly 1 including 
capacitor. A number of alternative designs for floating-gate 
transistors (including Single-poly designs) are set forth in 
co-pending U.S. patent application Ser. No. 10/192,773 
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(Attorney Docket No.: IMPJ-0017) filed Jul. 9, 2002, now 
U.S. Pat No. . Also note that nFETs may be used 
where simultaneous read out and writing is not a require 
ment. 

0069 FIG. 3A is an electrical schematic diagram of a 
MOSCAP variable capacitor implemented with a pair of 
floating gate pFETs (p-channel MOSFETs) having a top 
plate node, a bottom plate node and a common floating gate, 
FG, where charge, Q, Stored on the floating gate controls the 
capacitance of the device as measured between the top plate 
node and the bottom plate node. 
0070 FIG. 3B is an electrical schematic diagram of a 
MOSCAP variable capacitor implemented with a pair of 
floating gate nFETs (n-channel MOSFETs) having a top 
plate node, a bottom plate node and a floating gate, FG, 
where charge, Q, Stored of the floating gate controls the 
capacitance of the device as measured between the top plate 
node and the bottom plate node. Note that the tunneling 
junction has been omitted from FIGS. 3A and 3B for clarity. 
0071 FIG. 3C is an electrical schematic diagram of an 
equivalent circuit to FIGS. 3A and 3B. 
0.072 FIG. 3D is a plot of capacitance vs. charge, Q, 
stored on the floating gate, FG, of the devices of FIGS. 3A 
and 3B. 

0073 FIGS. 3A-3D relate to the use of an analog-valued 
floating-gate MOSFET to adjust a capacitor value, which 
can be used to adjust gain because a Smaller capacitor has a 
larger device voltage for a given current input (by dV/dt= 
I/C) than a larger capacitor. 
0.074 FIG. 4A is a system block diagram of an analog to 
digital converter (ADC) in accordance with one embodiment 
of the present invention. 
0075 Another example application of the present inven 
tion is a flash analog-to-digital converter (ADC) 280, as 
illustrated in the system block diagram of FIG. 4A. The 
ADC 280 is a serial/parallel system including many parallel 
paths 282, 284, 286, 288, each of which is a cascade of a 
preamplifier 290,292, 294, 296 and a comparator 298,300, 
302,304. The comparator outputs are processed by a digital 
logic network 306, which has as its output 308 a binary 
coded numerical representation of the input Voltage at node 
310. Each parallel path represents one of the possible binary 
States, and the analog input voltage that corresponds to a 
particular binary value depends on the offset of the parallel 
path representing that State. The accuracy of the ADC is a 
direct function of the accuracy of the offset voltage of the 
preamplifier/comparator cascade. The ability to adjust offset 
Voltages to compensate for manufacturing imperfections, 
temperature and aging effects provides significant benefits in 
terms of performance, efficiency, and cost. Compensation 
for imperfection is not the only benefit provided by adjust 
able offsets, however. Most System designs incorporate 
linear ADCs, and a measure of the quality of the converter 
is how closely its analog-to-digital transfer characteristic 
adheres to a Straight line. Other Systems require a non-linear 
transfer characteristic. By Setting the offset Voltages in an 
exponential arrangement centered at the DC value of the 
input Voltage, it is possible to flatten the Signal-to-quanti 
Zation-noise ratio curve over a wide range of input signals, 
a common technique known as companding. An ADC 
design which allows an arbitrary transfer function has great 
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flexibility and is Suitable for a wide range of applications. 
FIG. 4B is an electrical schematic diagram of a circuit 62 of 
one of the preamplifiers 290, 292, 294, 296 showing the use 
of analog-valued floating-gate MOSFETs for establishing 
the offset Voltage of a very simple preamplifier. By control 
ling the charge on the input offset floating gate node 60, the 
offset Voltage of each preamplifier is independently control 
lable. This control provides a means of compensating for 
imperfections in both the preamplifier and the comparator 
and also for programming any desired ADC transfer char 
acteristic. 

0076 FIG. 4B is an electrical schematic diagram of an 
amplifier circuit element using a MOSCAP capacitor as an 
input coupling element and charge Stored on floating gate 60 
to vary the offset Voltge of the amplifier in accordance with 
one embodiment of the present invention. 
0.077 FIG. 4C is a plot of the transfer function of the 
amplifier circuit element of FIG. 4B illustrating how it 
changes as a function of charge, Q, Stored on floating gate 
60. 

0078 FIG. 4B illustrates a technique for using analog 
valued floating-gate MOSFETs to adjust the input offset of 
an inverter (a simple Voltage amplifler). This is accom 
plished by varying the charge, Q, Stored on floating-gate 60. 

007.9 FIG. 5A is an electrical schematic diagram of a 
circuit 64 for Setting a precision output current in accordance 
with one embodiment of the present invention. The circuit of 
FIG. 5A enables matched current sources with a near-zero 
offset between them (or other precision values, if desired). 
0080 FIG. 5B is a plot of drain current (Id) and drain 
voltage (Vd) vs. time for the circuit of FIG. 5A. 
0081 FIG. 6A is an electrical schematic diagram of an 
R-C filter circuit element 66 with a trimmable phase 
response in accordance with one embodiment of the present 
invention. 

0082 FIG. 6B is a plot of phase vs. frequency for the 
circuit element 66 of FIG. 6A with different charges Q1, Q2 
and Q3 stores on floating-gate FG of circuit 66. The circuit 
66 enables a range of values for the corner frequency and 
thus a range of values at a given frequency. 

0083 FIG. 7A is an electrical schematic diagram of a 
trimmable MOS resistor circuit element 68 used in a triode 
configuration to have a variable effective electrical resis 
tance dependent upon charge, Q, Stored on its floating gate, 
FG, in accordance with one embodiment of the present 
invention. The trimmable MOS resistor may be formed from 
a MOSFET such as a pFET or an nEET operating in its 
unsaturated (linear) range. This may be achieved where 
Vd-Vs is a small value where Vd represents the voltage on 
the drain of the transistor and VS represents the Voltage on 
the Source of the transistor. 

0084 FIG. 7B is an equivalent schematic diagram of the 
resistive circuit element 68 of FIG. 7A. 

0085 FIG. 7C is a plot of drain-source current (Ids) vs. 
drain-source voltage (Vds) for the device of FIG. 7A 
illustrating the change in resistance (1/R=Ids/Vds) as a 
function of charge, Q, Stored on the floating gate, FG, of the 
resistor 68. The circuit 68 can be used, for example, to 
control the phase response of RC compensation networks. 
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0.086 FIGS. 7D and 7E are electrical schematic dia 
grams of example circuits 70 and 72, respectively, utilizing 
the resistive circuit element 68 of FIG. 7A in a phase 
compensation network in accordance with embodiments of 
the present invention. 
0087 FIG. 8A is a system block diagram of a variable 
gain amplifier circuit having three adjustable transfer func 
tion amplifier elements in accordance with one embodiment 
of the present invention. 
0088 FIGS. 8B, 8C and 8D illustrate different transfer 
functions 1, 2 and 3 which the three adjustable transfer 
function elements of FIG. 8A may be programmed to 
perform as a function of charge Stored on floating gates of 
their adjustable transfer function amplifier elements. 
0089 FIG. 8E is an electrical schematic diagram of an 
adjustable transfer function amplifier circuit element 74 in 
accordance with one embodiment of the present invention. 
Circuit element 74 uses analog-valued floating-gate MOS 
FETs to adjust bias currents of an amplifier with an active 
load, allowing the Selection of an optimum bias point for 
given conditions of Signal, mode and temperature. 
0090 FIG. 8A is a system block diagram of a variable 
gain amplifier circuit 106 constructed of three adjustable 
transfer function amplifier 108, 110, 112 to form a piece 
wise-constructed amplifier Voltage transfer function. Each 
amplifier 108, 110, 112 may be constructed as in FIG. 8E 
where the charge on floating-gate MOSFETs controls the 
parameters of gain, offset, floating-gate threshold, System 
gain and bias. For example, amplifier 108 may be set up with 
the noise, efficiency and linearity characteristics illustrated 
for the reference number 1 curves in FIGS. 8B, 8C and 8D, 
respectively. Similarly, amplifier 110 may be set up to 
correspond to the reference number 2 curves and amplifier 
112 may be set up to correspond to the reference number 3 
curves. In this manner, floating gate MOSFETs are used to 
Set the gain and offsets of a piecewise-constructed amplifier 
Voltage transfer curve. The circuit's input/output response 
can thereby be matched to a desired linear or non-linear 
transfer function. 

0091. The variable-gain amplifier of FIG. 8A is an 
example of a Serial Signal processing System 106 which 
comprises a cascade of three similar amplifiers 108, 110, 
112, each with controllable gain. The amplifiers 108, 110, 
and 112, have gain control input terminals 116,118, and 120, 
respectively. The gain of a particular amplifier, expressed as 
the ratio of the Signal Voltage present at its output to the 
Signal Voltage present at its input, is a function of the Voltage 
applied to its gain control input terminal. A Single input 114 
sets the overall gain of the system 106. System gain control 
input 114 connects to adjustable transfer function amplifiers 
122, 124, 126, which drive gain control inputs of amplifiers 
108, 110, 112 respectively. With this serial arrangement of 
amplifiers, a very wide range of gain control is possible. 
There are numerous tradeoffs to consider when designing 
the amplifier gain controls. The System may be optimized for 
various conditions by proper phasing of the gain control 
transfer functions. When operating a receiver under low 
Signal conditions in the absence of Strong interference, it is 
best to maximize the gain in the early Stages of the Signal 
path in order to achieve best System noise performance. The 
transfer function graph in FIG. 8B, showing noise as the 
optimized parameter, depicts transfer functions with rela 

Sep. 15, 2005 

tively high gain but with three different offsets. The offsets 
are established Such that the gain of the first amplifier is 
maximized through most of the gain control range. AS the 
first amplifier reaches maximum gain, the Second amplifier 
is brought out of its minimum gain Setting, and this repeats 
for the third amplifier. The result is a System gain that is a 
linear and continuous function of the gain control Voltage, 
and System performance optimized for low noise. Similar 
considerations lead to different transfer function require 
ments depending on the application and operating environ 
ment. Transfer functions for two other cases, optimized for 
efficiency and linearity, are shown in FIGS. 8C and 8D, 
respectively. It is clear that these are just three out of the 
infinite number of possible transfer functions. The ability to 
adjust transfer functions in order to optimize System perfor 
mance for given operating conditions enhances value and 
flexibility. Analog-valued floating-gate MOSFETs provide a 
means to achieve this adjustment ability. FIG. 8E is an 
electrical Schematic diagram of a portion of one of the three 
adjustable transfer function amplifiers 122, 124, 126. Float 
ing-gate MOSFETs are employed to control the threshold 
and gain of each amplifier by modifying the differential pair 
reference Voltage, bias current, and output active load 
impedance. By controlling the amount of charge on each of 
the floating gates of a variable transfer function amplifier, it 
is possible for the amplifier to have an input voltage to 
output voltage transfer function with parameterS Suited to 
the particular application. Thus, each of the amplifierS 122, 
124, 126 may have a unique response to a single input 
Voltage presented to the gain control input 114. 
0092 FIG. 9A is an electrical schematic diagram of a 
pFET-based trimmable R-C filter circuit element 76 in 
accordance with one embodiment of the present invention. 
Circuit element 76 includes a node, Vin, a floating-gate 
pFET 78 with a floating gate 79 acting as a variable MOS 
resistor, a capacitor, C, and a node, Vout. 
0093 FIG.9B is an electrical schematic diagram of an 
nFET-based trimmable R-C filter circuit element 80 having 
a node, Vin, a floating-gate nEET 82 with a floating gate 83, 
acting as a variable MOS resistor, a capacitor, C, and a node, 
Vout in accordance with one embodiment of the present 
invention. 

0094 FIG. 9C is an electrical schematic diagram of an 
alternate trimmable R-C filter circuit element 84 utilizing 
both an nFET and a pFET in accordance with one embodi 
ment of the present invention. Circuit element 84 includes a 
node, Vin, a floating-gate nFET 86 and a floating gate pPET 
88 with floating gates 90 and 92, respectively, wired in 
parallel and acting as a variable MOS resistor, a capacitor, 
C, and a node Vout. 

0.095 These three versions of the trimmable R-C filter 
can be varied according to needs of either phase or fre 
quency response. FIG. 9D is a plot of the absolute value of 
the voltage at node Vout dividend by the voltage at node Vin 
Versus frequency for different levels of charge Stored on the 
floating gate and illustrating the different frequency response 
of the circuits. 

0096 FIG. 10A is an electrical schematic diagram of a 
trimmable parallel L-C resonator circuit element 94 in 
accordance with one embodiment of the present invention. 
Circuit element 94 includes an inductor 96 (fixed) wired in 
parallel with a MOSCAP variable capacitor 98. Circuit 94 
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can be varied in resonant frequency by adjusting the charge 
on the floating gate(s) of MOSCAP 98. 
0097 FIG. 10B is an electrical schematic diagram of a 
trimmable series L-C resonator circuit 100 in accordance 
with one embodiment of the present invention. Circuit 
element 100 includes an inductor 102 (fixed) wired in series 
with a MOSCAP variable capacitor 104. Circuit 100 can be 
varied in resonant frequency by adjusting the charge in the 
floating gate(s) of MOSCAP 104. 
0.098 FIG. 10C is a plot of the magnitude of admittance 

VS. frequency for the parallel L-C resonator circuit element 
94 of FIG. 10A and the impedance vs. frequency for the 
Series L-C resonator circuit element 100 of FIG. 10B. 

0099 Turning now in detail to FIGS. 11A and 11B, FIG. 
11A is a System block diagram of a parallel radio frequency 
(RF) power amplifier which takes an input signal at node 
127, applies it to a power splitter 128 which splits the signal 
at node 127 into signals on nodes 129, 130 which are then 
passed to amplifiers 131, 132 and Subsequently to output 
impedance matching networks 133, 134, respectively. They 
are then output on nodes 136, 138, respectively, to be 
combined in power combiner 140 which provides an output 
at node 142. 

0100. By combining the output power of two amplifiers, 
as illustrated in FIG. 11A, it is possible to construct a 
parallel amplifier System with greater output power capa 
bility than a single amplifier of the same type. In this parallel 
processing System, the input Signal is divided equally and 
coupled into the two pathways. The parallel paths proceSS 
Signals that, ideally, are identical in every way. After ampli 
fication, the Signals recombine to form the Single high 
power output. The efficiency of the Overall System, and 
especially of the power combining operation, is dependent 
on the degree of matching between the parallel paths. The 
individual paths should exhibit the same gain, phase, and 
compression characteristics. Due to manufacturing varia 
tions, the two amplifiers will never be perfectly matched in 
all parameters, resulting in a degradation of System perfor 
mance. Analog-valued floating-gate MOSFETs provide a 
means of adjustment of each of the parallel paths, enabling 
accurate matching of important parameters. 

0101 FIG. 11B is an electrical schematic diagram of a 
portion of one of the pathways 144 in the parallel power 
amplifier system of FIG. 11A. Floating gate transistors 146 
are used to control the bias of the amplifier transistor, and to 
modify the output impedance matching network 154. A 
floating-gate controlled current mirror 152 establishes the 
bias Voltage, enabling adjustments to minimize the effects of 
threshold variation. The output impedance matching net 
work 154 uses two floating-gate controlled variable capaci 
tors 156, 158. One of the variable capacitors 156 tunes the 
susceptance at the transistor 160 drain terminal 162 and the 
other variable capacitor 158 controls the shunt capacitance 
at the output 164. Adjusting these two capacitors 156, 158 
changes the impedance presented to the drain 162 of the 
transistor 160. By controlling the bias voltage of transistor 
160 and impedance matching characteristics of each of the 
amplifiers 131 and 132 independently, variations between 
the two paths may be tuned out, resulting in improved 
system performance. Note that variable capacitors 156, 158 
may be implemented as MOSCAP variable capacitors in 
accordance with FIGS. 3A and/or 3B. Since the capacitors 
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156, 158 are part of the impedance matching network 154 
which corresponds to networks 133, 134 of FIG. 11A, 
changing the capacitor values changes the load impedance 
presented to the drain of the amplifier transistor 160 and thus 
modifies the output impedance matching network 133, 134 
of FIG. 11A. 

0102) Turning now to FIGS. 12A and 12B, FIG. 12A is 
a System block diagram of a parallel-configured image-reject 
receiver 180 featuring quadrature downconversion mixers 
182, 184, 186,188. A single input 190 provides a signal to 
two mixers 182, 184, each driven by the first local oscillator 
(LO) 192. The first LO 192 provides two outputs 194, 196 
of the same frequency but differing in phase by 90 degrees. 
The input signal from node 190 mixes against the two phases 
of the first LO 192 in separate mixers 182, 184, forming two 
signals distinguished in phase on lines 198, 200, respec 
tively. The Signals may go through further processing Stages, 
202, 204, respectively, such as bandpass filters, before 
reaching the inputs 206, 208, respectively, of the second set 
of mixers 186,188. Each of these signals mixes with one of 
the phases 210, 212 of a second LO 214, which also has two 
outputs 210, 212 differing by 90 degrees. The outputs 216, 
218 of mixers 186, 188 are summed at Summing junction 
220 to form a final output 222. By using this technique, 
unwanted Signals at the image frequency cancel, while 
Signals at the desired frequency add. The ratio of the System 
gain at the desired frequency to the System gain at the image 
frequency, known as the image reject ratio (IRR), is strongly 
dependent on the accuracy of the LO phase and the gain 
match between the two signal paths. This ratio is related to 
phase error and gain mismatch by the following approxi 
mation: 

0.103 where 8=AV/AV represents the fractional gain 
mismatch between paths, e and e represent quadrature 
phase error (in radians) of the first and Second LO, respec 
tively. AV is the Voltage gain of one of the signal pathways, 
defined as the ratio of the Signal Voltage at node 216 to the 
Signal Voltage at node 190 and AV is the ratio of the Signal 
voltage at node 218 to the signal voltage at node 190, for 
signals within the frequency band of interest. IRR is in 
decibels, and the gains are in linear units. 
0104. In practice, the two outputs of each LO will not be 
in perfect quadrature due to manufacturing variations and 
thermal effects. Gain of the two paths will be slightly 
different for the same reason. AS phase departs from quadra 
ture, and as gain mismatch grows, System performance 
rapidly degrades because of interference from the unwanted 
Sideband. In order to optimize and maintain System perfor 
mance, it is desirable to have the ability to adjust the gain of 
the Signal paths and the phase of the LO signals. 

0105 FIG. 12B is an electrical schematic diagram of a 
mixer circuit 182 as used in FIG. 12A as mixer 182, 184, 
186 or 188. Analog-valued floating-gate MOSFETs are used 
to provide adjustments for various components. The Signal 
input enters at nodes 230, 232 which are coupled to the gates 
of nFETs 234, 236, respectively. The sources 238,240 of 
nFETs 234, 236, respectively, are coupled together at node 
242 and to a bias control circuit 244 which employs analog 
valued floating-gate pFET 246 to control the bias current of 
the mixer 182 and hence, its gain. LO inputs enter at nodes 
248,250 and are capacitively coupled to floating gates 252, 
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254 respectively. Floating gates 252,254 are part of nPETs 
256, 258 and 260, 262, respectively. The LO signal and the 
signal input are mixed in nFETs 256, 258, 260, 262 and, in 
this manner, adjusting the charge on floating gates 252 and 
254 controls the relative phase relationship between the 
Signal input and the LO's. The mixed signals are output at 
nodes 264, 266. 
0106 Yet another example application of an embodiment 
of the present invention is a channelized receiver as shown 
in FIGS. 13A, 13B and 13C. FIG. 13A is a system block 
diagram of the channelized receiver 350. The receiver 350 
takes in Signal power spread over a wide range of frequen 
cies. The first Step in processing the incoming Signal on node 
352 is to Separate the Signal into components according to 
frequency. Each frequency component is referred to as a 
channel and the Splitting proceSS is called channel filtering. 
This proceSS is typically performed in a fashion that 
enhances the ratio of desired channel power to noise and 
interference. Each channel is then processed by one of the 
signal pathways 354, 356, 358, 360 in a parallel processor 
configuration 362. Where a channelizing filter 364 compris 
ing a plurality of individual band pass filters 366, 368, 
370372 splits the signal on input node 352 into individual 
frequency delimited signal bands on lines 374, 376, 378, 
380, which are then passed to individual demodulator blocks 
382, 384, 386, 388, respectively, which demodulate the 
channelized signals and then pass the demodulated Signals 
on lines 390, 392,394, 396, respectively, for further pro 
cessing, as at multiplexer 398, and then on to output node 
400. 

0107 The efficiency and accuracy of the processing 
performed on the individual channels are dependent on the 
frequency response characteristics of the channelizing filter 
364. A high-quality, precisely tuned channel filter will 
maximize the power of the desired signal, while minimizing 
the power of interfering Signals entering the receiver path, 
resulting in Superior Sensitivity and reduced distortion. If 
high-quality channel filters are available, then implementing 
a channelized receiver in a parallel System can result in a 
wide-bandwidth, high data rate system with enhanced effi 
ciency and reduced circuit dynamic range requirements 
compared to a non-parallel implementation. Analog-valued 
floating-gate MOSFETs provide a means for constructing 
tunable filters which are capable of reducing effects of 
manufacturing variation, as well as adapting to changing 
temperature or Signal conditions. 
0108 FIG. 13B is an electrical schematic diagram of an 
example channelizing filter band pass filter component (366, 
368, 370372) utilizing analog-valued floating gate MOS 
FETs. In accordance with an embodiment of the invention, 
the band pass filter comprises a pair of parallel L-C circuit 
elements 402, 404 coupled together with series L-C circuit 
element 406. Each capacitor 408, 410, 412 is a variable 
MOSCAP as described above. 

0109 FIG. 13C is a magnitude versus frequency 
response plot illustrating various response curves for band 
pass filter components having different amounts of charge 
Stored on their floating gates. 
0110. Using adjustable transistors to improve the perfor 
mance of parallel or Serial Systems presents Several advan 
tages over other techniques. 
0111. The present invention is advantageous over the 
prior art process of laser trimming or fusible link formation/ 

Sep. 15, 2005 

destruction because adjusting the transistors themselves 
allows continuous calibration during a circuit's life, whereas 
laser trimming or fusible links typically are one-time factory 
trims. Also, adjustable transistors are generally much 
Smaller than trimmable resistorS or fusible links, Saving 
circuit area and in Some cases increasing circuit Speed and/or 
power consumption (trim resistors and fusible links have 
relatively large parasitic capacitance, requiring large cur 
rents to change their voltage rapidly). 
0112 The present invention is advantageous over using 
trim capacitors and/or dynamic element matching because 
floating-gate MOSFETs have near-Zero charge leakage, So 
the update rates required to maintain calibration are set by 
circuit dynamics rather than by charge leakage. Update rates 
ranging from millihertz to kilohertz are Supportable. By 
contrast, traditional trim capacitors have significant leakage 
that increases with temperature. Consequently, applications 
that use traditional trim capacitors require rapid trimming 
(i.e. kilohertz rates or faster), often causing high-frequency 
Spurious Signals that interfere with the Signal of interest. 
Likewise, dynamic element matching, that randomizes mis 
match errors by continually Swapping elements into and out 
of different parts of a circuit, must also operate at rapid 
Switching rates. If an application requires only a few trim 
devices, then rapid updates pose no major issue. However, 
if an application requires hundreds or thousands of trim 
devices, rapid updates arent feasible due to the Sheer 
number of updates required. Floating-gate devices have 
Significant advantage in these applications. 

0113. The present invention is advantageous over prior 
art EEPROM (electrically eraseable programmable read 
only memory), Flash Memory and similar memory devices 
because Such memory, when used to Store trimming infor 
mation for analog circuits presents two disadvantages. First, 
because the Stored information is digital, converting it into 
an analog quantity requires a DAC. Using a DAC to 
generate analog trim values consumes much more Silicon die 
area than using analog-valued floating-gate MOSFETS. Sec 
ond, because Such memories Store digital values, any 
updates to the trim information must also be digital and 
thereby may require an analog to digital converter (ADC) to 
Store the information. 

0114. The present invention is advantageous over digital 
calibration. Digital calibration simply means tolerating any 
errors in the analog circuitry, and reducing the impact of 
these errors (digitally) at a later point in the System. For 
example, given an ADC with a transfer-function nonlinear 
ity, digital calibration seeks to eliminate the nonlinearity by 
multiplying the ADC output by the inverse nonlinearity. 
Although this approach works in Selected applications, a 
primary issue with analog errorS is that they cause informa 
tion loSS, and no amount of digital correction can recover the 
lost information. For example, if an ADC has a missing code 
(a situation in which two of the ADC codewords overlap), 
then the ADC cannot resolve an analog value that falls at the 
missing code location regardless of any Subsequent digital 
processing. By contrast, using analog-valued floating gates 
to trim the ADC to eliminate its missing code solves the 
problem completely. 

0115 The present invention is advantageous over intrin 
sic matching. Intrinsic matching is a well-known technique 
for eliminating transistor mismatch errors, and basically 
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involves making the transistors in a System large enough So 
that any Statistical errors are negligibly Small compared with 
the large transistors. A clear disadvantage of large transistors 
is that they consume large Silicon die area, and also tend to 
consume more power because designers put more current 
through them to compensate for the added parasitic capaci 
tance. Using analog-valued floating-gate MOSFETs to 
dynamically improve transistor matching Saves Silicon die 
area and reduces power compared with Static trimming. 
0116 While embodiments and applications of this inven 
tion have been shown and described, it will now be apparent 
to those skilled in the art having the benefit of this disclosure 
that many more modifications than mentioned above are 
possible without departing from the inventive concepts 
herein. For example, it is to be noted that while the present 
invention may be implemented in a single well Single poly 
process and will work with low voltage processes (e.g., <=3 
volts), the invention is not so limited and can be imple 
mented in processes that Support multiple polysilicon layers, 
multiple wells, and/or in higher Voltage devices. The inven 
tion is also intended for use with Single-ended Signals as well 
as differential Signals. Furthermore, the concept of an n-well 
as used herein is intended to encompass not only conven 
tional n-well devices, but also NLDD (N-type Lightly 
Doped Drain) devices and other lightly doped, or isolated 
Structures that increase the reliable gate-drain and drain 
Source Voltages of the device So that it, in effect, behaves like 
a conventional n-well device in this respect. It may also be 
implemented in thin film above the Substrate with equivalent 
thin film structures. Finally, those of ordinary skill in the art 
will now recognize that floating gate may be fabricated in a 
number of ways other than by using polycrystalline Silicon. 
For example, they may be fabricated of metal or other 
Suitable conductors. The invention, therefore, is not to be 
restricted except in the Spirit of the appended claims. 

1-31. (canceled) 
32. A filter circuit element comprising: 
a first node, 
a Second node, 
a third node, 
a resistance disposed between said first node and Said 

Second node, and 
a MOSCAP disposed between said second node and said 

third node, 
the filter circuit element having an input at Said first and 

third nodes and an output at Said Second and third 
nodes, 

wherein a charge Stored on a floating gate of Said MOS 
CAP controls capacitance of said MOSCAP and hence 
frequency response of the filter circuit element. 

33. The filter circuit element of claim 32, further com 
prising: 
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an injector for transporting charge to Said floating gate of 
Said MOSCAP 

34. The filter circuit element of claim 33, further com 
prising: 

a tunneling junction for removing charge from Said float 
ing gate of said MOSCAP. 

35. The filter circuit element of claim 34, wherein said 
MOSCAP includes a pair of floating gate transistors having 
their floating gates tied together as a common floating gate. 

36. The filter circuit element of claim 35, wherein said 
pair of floating gate transistors of said MOSCAP each have 
their respective drain, Source and well connection tied 
together to form respective first and Second plates of Said 
MOSCAP 

37. The filter circuit element of claim 36, wherein said 
pair of floating gate transistors are both pFETs. 

38. The filter circuit element of claim 37, wherein said 
pair of floating gate transistors are both nFETs. 

39-51. (canceled) 
52. A filter circuit element comprising: 
a first node, 

a Second node, 

a third node, 

a variable resistance component disposed between Said 
first node and Said Second node, and 

a capacitor disposed between Said Second node and Said 
third node, 

the filter circuit element having an input at Said first and 
third nodes and an output at Said Second and third 
nodes, 

wherein a charge Stored on a floating gate of Said variable 
resistance component, controls resistance of Said vari 
able resistance component and hence frequency 
response of the filter circuit element. 

53. The filter circuit element of claim 52, further com 
prising: 

an injector for transporting charge to Said floating gate of 
Said variable resistance component. 

54. The filter circuit element of claim 53, further com 
prising: 

a tunneling junction for removing charge from Said float 
ing gate of Said variable resistance component. 

55. The filter circuit element of claim 54, wherein said 
variable resistance component includes a pair of floating 
gate transistors, one an nFET, one a pFET, having their 
Sources and drains cross-connected. 

56-72. (canceled) 


