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ABSTRACT 

Analog-valued ?oating-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 ?oating-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 speci?cations, to perform the signal processing Work 
of a single circuit With possibly more stringent speci?ca 
tions. Parallel signal processing provides many bene?ts, but 
it also raises some unique challenges. The parallel paths 
must have tightly controlled characteristics to provide the 
coordination necessary for ef?cient operation. A recombi 
nation operation usually folloWs parallel processing, and the 
accuracy and purity of the ?nal 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 
modi?ed in some Way at each stage. Serial processing 
provides many of the bene?ts 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 ef?ciently process signals, the stages must have 
knoWn and consistent behavior. 

[0003] 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 bene?ted greatly from technology advance 
ments 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, signi?cant 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 ?rst 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 unmodi?ed 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 ?nal result 26 
and the ef?ciency 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 ampli? 
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 modi?ed by the stages of a 
superheterodyne receiver. Many other parameters may be 
processed. Regardless of the speci?c 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 ef?cient in both design 
and implementation. 

[0005] FIG. 1B illustrates some of the key attributes of 
serial signal processing. Asignal 30, introduced into an input 
32 of the system, is modi?ed by the ?rst processing stage 34. 
That stage 34 has an output 36 for coupling the modi?ed 
signal into the input 38 of the neXt stage 40, Where the signal 
undergoes further modi?cation, 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 modi?cations 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, modi?ed 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 ef?ciently 
process signals of a Widely varying nature, as are common 
in communication applications. 

[0006] While providing many bene?ts, 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 signi?cant 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 

[0010] Analog-valued ?oating-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 

[0011] The accompanying draWings, Which are incorpo 
rated into and constitute a part of this speci?cation, 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 ?eld effect transistor) having a voltage input node, 
Vin, a capacitor, c, coupled betWeen node Vin and a ?oating 
gate, FG, and an n-channel MOSFET having ?oating gate 
FG as its ?oating 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 
?oating gate, FG, and a p-channel MOSFET having ?oating 
gate FG as its ?oating gate. 

[0017] FIG. 2C is a plot of log(gm) vs. Vin illustrating 
hoW the gain in performance characteristic grn (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 ?oating gate, FG. 

[0018] FIG. 2D is an illustration of a pFET ?oating-gate 
transistor layout. 

[0019] FIG. 2E is a side elevational diagram of the pFET 
?oating-gate transistor of FIG. 2D. 

[0020] FIG. 2F is an electron band based diagram of the 
pFET ?oating-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 
?oating gate pFETs (p-channel MOSFETs) having a top 
plate node, a bottom plate node and a ?oating gate, FG, 
Where charge, Q, stored of the ?oating 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 
?oating gate nFETs (n-channel MOSFETs) having a top 
plate node, a bottom plate node and a ?oating gate, FG, 
Where charge, Q, stored of the ?oating 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 ?oating 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 
ampli?er circuit element using a MOSCAP capacitor as an 
input coupling element and the charge stored on a ?oating 
gate to vary the threshold voltage offset of the ampli?er in 
accordance With one embodiment of the present invention. 

[0027] FIG. 4C is a plot of the transfer function of the 
ampli?er circuit element of FIG. 4B illustrating hoW it 
changes as a function of charge, Q, stored on ?oating 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. 
















