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(57) ABSTRACT 

Methods of and apparatuses for matching the signal delay, 
clock timing, frequency response, gain, offset, and/or trans 
fer function of signal pathways in electrical circuits such as, 
for example, time-interleaved and pipelined circuits using 
analog-valued floating-gate MOSFETs are disclosed. The 
methods and apparatuses disclosed are applicable to a vari 
ety of circuits, including but not limited to, Sample-and-hold 
or track-and-hold circuits, quadrature mixers, analog-to 
digital converters (ADCs), digital-to-analog converters 
(DACs), analog or digital filters, and amplifiers. 

  



Patent Application Publication Jul. 6, 2006 Sheet 1 of 22 US 2006/01.45744 A1 

Optional 
Secondary 

10-N Input Signal(s) 

18 

Signal (b2 Combining Output 
Input Operation Signal(s) 

(b3 

: 12-m- 

(m 

16-1 (1 2 3 pm 
glee, in ( ) 

(Rate Fs) 16-III 
16-2 16-3 

FIG. 1 
(Prior Art) 

  

  

  
  





Patent Application Publication Jul. 6, 2006 Sheet 3 of 22 US 2006/0145744 A1 

38 40 
-1N-N 

Poly2 Polyl - 
Floating in Well Contact 20 trol E" 9. Source gate 

Metal 5, 52 

42 44 
ptSource p. Drain a nine: p if p Diffusion DiffusiOn Diffusion (Shorted pFET) 

FIG. 3A 

Interpoly 
Dielectric 65 

s/LOCOS or STIs/66 

Electron 50 63 Tunneling Gate OXide 
p SubStrate 

Electron Tunneling 
Injection Gate Oxide 

FIG. 3B 

S. 
s 0 injection PEDrain-impact lonization 
S 3.1/ Electron 
S 3.9 Fo 3.1V - - - - - - fining 
S 50-E Floating Gate ar 
Qa v. HOle Tunnelin 
S SOLIrCe 3.1 In Zig 

10.0 Channel p 
G Position (um) 

FIG. 3C 

  

  

      

    

  

  

  

  

    

  

  



Patent Application Publication Jul. 6, 2006 Sheet 4 of 22 US 2006/0145744 A1 

SOUrCe 

ine Eb-I UII6 
COntrol / 

Floating Drain 
Gate 

52-1 
FIG. 3D 

WDD 

74 Ficting Source 
72 Gate 

-1 70 

78 
Drain 

80 Injection N76 
COntrol 

Tunnel 
COntrol 

FIG. 3E 

  



Patent Application Publication Jul. 6, 2006 Sheet 5 of 22 US 2006/01.45744 A1 

FI 88 84 Oating gy Y 
d Charge Q 

92 N 

Input 

WDD 

Cleanup 
Inverter 

82-' 

NOde A \ i? 
NOminal 
Charge 
O Output ? \ 

NOde A Y / InCreaSe 
Charge 
O Output / 

- - Additional Delay 
InCreaSe NOde A \ u1 
Charge Q 
further 

FIG. 4B 

  



Patent Application Publication Jul. 6, 2006 Sheet 6 of 22 US 2006/0145744 A1 

In Verter 
Delay 

In Verter 
FIG. 4C 

99-1 100 
Element 1 

Element 2 

Signal Combining Output 
Input Operation Signal(s) 

Element 3 

99-117 

FIG. 5A 

  



Patent Application Publication Jul. 6, 2006 Sheet 7 of 22 US 2006/0145744 A1 

96 
95 

(b 1 

93 p 

CIOCk CIOCk (02 
(Rate Fs) Generator 

(m 

FIG. 5B 

QuantizerS 

  



Patent Application Publication Jul. 6, 2006 Sheet 8 of 22 US 2006/01.45744 A1 

CIOCK 
(Rate Fs) 

CIOCK 
Generator 

FIG. 6B 

". . . . . Phase Error in (b. 

FIG. 60 

  



Patent Application Publication Jul. 6, 2006 Sheet 9 of 22 US 2006/01.45744 A1 

/OS SineWave Input 

ASSume m=4 

FIG. 6E 

ASSume In=4 
ASSume (bA has a Phase Error 

FIG. 6F 

  

  



Patent Application Publication Jul. 6, 2006 Sheet 10 of 22 US 2006/0145744 A1 

CIOCk 
Generator 

FIG. 7A 

  



Patent Application Publication Jul. 6, 2006 Sheet 11 of 22 US 2006/01.45744 A1 

114 116 

C X) |-Channel 
(b 1 LO1 Input 

Signal u1 115 117 
112 OX) LPF Q-Channel 

(b2 LO2 

FIG. 8A 

1 0 1 

1 0 0 

1 O 1 

1 O 2 

1 O 3 

2 2 3 456 2 3 4 56 100 10-1 
Gain Mismatch, dB 

FIG. BB 

  





Patent Application Publication Jul. 6, 2006 Sheet 13 of 22 US 2006/01.45744 A1 

68d 
68C 
68b 
683 

660 
66C 
66b 
66a 

600 
60C 
60b 
60a 

26aSTS-64a 26bSTS-64b 26CSIS-64c 26d STS-64d 
ROW 1 

E. Enable 

state 62b 620 

ROW 2 
Enable 

58C 580 

that M El 
NM 

20al all 54d C 

ROW 4 
14a's Y. 14b NY 14cNY 14d Ng Enable 

Inputs (Column Lines) 

. t t 
NM 

M.& 
T 

FIG 10A 
(Prior Art) 



Patent Application Publication Jul. 6, 2006 Sheet 14 of 22 US 2006/0145744 A1 

4 Sample 0-Nt 
132 

30 

34-N -36 
T 52 

Sample -- N 
VBIAS 

FIG 10B 
(Prior Art) 

CIOCk 1 

120 
Master Clock2 
CIOCk 

118- Clock 
FIG 11A 

  

  

  



Patent Application Publication Jul. 6, 2006 Sheet 15 of 22 US 2006/01.45744 A1 

124 Sample 

Clock (from Delay 
Circuit) 

128 Sample 
FIG. 11B 

132 134 
lo l =2X lo (Ideal) 

=2 x 10+o. (Non-Ideal) 

138-1 140-1 

... DAC Output 
Current 

130- 136 142 

F.G. 12A 

(b 1 

e— 1. Error O. 
DAC Output - - - - 

(Current) 142 Solid: Ideal Output 
DaShed: Error Due to O. Mismatch 

DAC Error r"?- 
(Current) 144 

FIG. 12B 

  



Patent Application Publication Jul. 6, 2006 Sheet 16 of 22 US 2006/0145744 A1 

VDA 

Io Tunneling Control 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

u1 146 VINJ 
To Injection Current SOUrCe 
COntrol Output 

FIG. 13 

IDS 

VIN C FG 
o—Hi 

Charge Q 

FIG. 14A 

  



Patent Application Publication Jul. 6, 2006 Sheet 17 of 22 US 2006/01.45744 A1 

WDD 

VIN C FG 
o—Hi 

Charge Q 
IDS 

FIG. 14B 

9. 

(LOg Scale) 

FIG. 14C 

V DD - 160 

166 
Floatis -/ 

Gate 162 
VIN o- VOUT 

Charge Q u1 

FIG. 15A 

  

  



Patent Application Publication Jul. 6, 2006 Sheet 18 of 22 US 2006/0145744 A1 

OUT 

FIG. 15B 

VTUN 
WDD "2 

lo VD 

3. |REE = 10A 

FIG. 16A 



Patent Application Publication Jul. 6, 2006 Sheet 19 of 22 US 2006/01.45744 A1 

4812 0.1.2. 864 
0 O 
0 0.25 0.5 0.75 1.0 

Time (ms) 

FIG. 16B 

Top Top 
Plate Plate 

-Ellg Gate Floating Gate \ 
With Charge QEG With Charge QEG 

BOttom BOttom 
Plate Plate 

Equivalent Equivalent 
Circuit Model C Circuit Model t C 

FIG. 17A FIG. 17B 



Patent Application Publication Jul. 6, 2006 Sheet 20 of 22 US 2006/0145744 A1 

CFG 
FIG. 170 

Floating Gate 
With Charge Q 

Drain SOUrCe R 

FIG. 18A 

FIG. 18B 

  



Patent Application Publication Jul. 6, 2006 Sheet 21 of 22 US 2006/0145744 A1 

CFG VIN VOUT 
C 

FIG. 19A 

= RC 
l (n=1,2,...) 

QFG VIN VOUT 
C 

FIG. 19B 

-- 
OFG1 V 

VIN OUT 

(FG21 

FIG. 190 



Patent Application Publication Jul. 6, 2006 Sheet 22 of 22 US 2006/0145744 A1 

WOUT 2 
WiN 

Freq 

FIG. 19D 

Signal 

VIN 
2, 

line 
FIG. 19E 

WR- CA C O CINT 

CR O O ! O 

(b2 (b2 
WCM 

(b2 CR (b2 -- 
WR- C C O C 

(b 1 CB (b 1 CINT 

FIG. 20 

  



US 2006/0145744 A1 

USE OF ANALOG-VALUED FLOATING-GATE 
TRANSISTORS TO MATCH THE ELECTRICAL 
CHARACTERISTICS OF INTERLEAVED AND 

PIPELINED CIRCUITS 

FIELD OF THE INVENTION 

0001. The present invention is directed to the use of 
analog-valued floating-gate transistors as trim devices in 
electrical circuits such as, for example, time-interleaved and 
pipelined circuits. 

BACKGROUND OF THE INVENTION 

0002 To improve the performance of radio-frequency, 
analog, or mixed-signal circuits, engineers often use tech 
niques know as interleaving and pipelining. Interleaving is 
a technique that allows a signal to be processed in multiple 
parallel pathways at Successive instants in time. Pipelining 
is a technique that allows a signal to be processed multiple 
times serially at Successive instants in time. Both techniques 
allow multiple circuit elements to operate on a single analog 
signal, thereby improving the processing performance of the 
circuit. Performance in this context might mean, for example 
increasing the speed or resolution (where resolution is 
equivalent to dynamic range) of the circuit. 
0003 FIG. 1 is a block diagram of a time-interleaved 
system 10. A number, M, of typically identical processing 
elements 12-1, 12-2, 12-3, . . . , 12-M are configured to 
operate at a rate of 1/M times a circuit sampling rate Fs. 
Interleaving divides the frequency of a full-rate clock by a 
factor M and synthesizes M phased lower-speed sampling 
clocks 16-1, 16-2, 16-3, ..., 16-M. The phases of successive 
lower-speed clocks are typically offset by d=360°/M, 
thereby forming equally spaced sampling instants of rates 
Fs/M. An optional combining operation 18 may then be used 
to combine the sampled signals. Such a combining operation 
might comprise adding or multiplexing, or may comprise a 
more complex operation Such as filtering or averaging. 
0004 FIG. 2 is a block diagram of a pipelined system 20 
that is capable of processing an input signal into one or more 
output signals. A signal is received at input node 22 and 
sequentially processed by M processing elements 24-1, 
24-2, 24-3, ..., 24-M. Processing elements 24-1, 24-2, 24-3, 
. . . , 24-M have associated inputs 26-1, 26-2, 26-3, . . . . 
26-M and associated outputs 28-1, 28-2, 28-3, . . . , 28-M, 
each output of which is cascaded into a next elements input. 
Optional combinational outputs 30-1, 30-2, 30-3, ... , 30-M 
may also be coupled to a combining operation 32, which 
may have additional secondary inputs 34. Pipelined system 
20 may also have one or more feedback or feed forward 
loops and may output one or more outputs at output node 35. 
0005 Ideally, each of the nominally identical subsystem 
pathways in time-interleaved and pipelined systems have 
identical gain, offset, signal delay, clock timing, frequency 
response, and transfer function. In practice, however, no two 
circuit elements are the same. For example, in integrated 
circuit implementations of Such systems, device-to-device 
mismatches are the result of process and temperature gra 
dients. Such mismatches are problematic as they can result 
in Subsystem pathways not having identical gain, offset, 
signal delay, clock timing, frequency response, and/or trans 
fer function. Consequently, regardless of how well the 
individual processing elements perform on their own, errors 
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can result in time-interleaved and pipelelined systems due to 
device-to-device mismatches. Such errors occur irrespective 
of whether the system is time-sampled or continuous, and 
regardless of whether the processing elements are arranged 
in parallel (as in the time-interleaved system shown in FIG. 
1) or serially (as in the pipelined system shown in FIG. 2). 
Accordingly, device mismatch is a major concern, and it 
must be addressed and minimized if the benefits of time 
interleaving and pipelining are to be exploited. 
0006. A number of solutions have been proposed to 
address mismatch of transistors in integrated circuits. Some 
of these approaches, which may or may not be useful in 
reducing device mismatch in time-interleaved and pipelined 
systems, include using large transistors, using lasers to trim 
resistors or fuses, and using capacitors to dynamically match 
devices in response to on-chip error signals. Unfortunately, 
each of these approaches has significant disadvantages. For 
instance, large transistors require large currents to operate at 
high speeds, consume large silicon area and power, and do 
not compensate for temperature or aging errors. Similarly, 
laser-trimming resistors or fuses necessitates use of large 
resistors or fuses, requires time-consuming laboratory trim 
ming, and again does not compensate for temperature or 
aging errors. Finally, using capacitors to dynamically trim 
circuit elements requires wideband error-feedback loops and 
frequent updates, because on-chip capacitors leak due to the 
thermal generation of carriers in pnjunctions. 

SUMMARY OF THE INVENTION 

0007 Methods of and apparatuses for matching the signal 
delay, clock timing, frequency response, gain, offset, and/or 
transfer function of signal pathways in electrical circuits 
Such as, for example, time-interleaved and pipelined circuits 
using analog-valued floating-gate transistors are disclosed. 
The methods and apparatuses disclosed are applicable to a 
variety of circuits, including but not limited to, sample-and 
hold or track-and-hold circuits, quadrature mixers, analog 
to-digital converters (ADCs), digital-to-analog converters 
(DACs), analog or digital filters, and amplifiers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 FIG. 1 is a block diagram of a prior art time 
interleaved system; 
0009) 
system; 

0010 FIG. 3A is a layout diagram of a p-channel float 
ing-gate MOSFET having continuously adjustable I/O char 
acteristics determined by the addition or removal of elec 
trons from the floating gate of the MOSFET: 
0011 FIG. 3B is a cross-sectional diagram of the p-chan 
nel floating-gate MOSFET shown in FIG. 3A; 
0012 FIG. 3C is an energy band diagram of the p-chan 
nel floating-gate MOSFET shown in FIGS. 3A and 3B; 
0013 FIG. 3D is circuit diagram of the p-channel float 
ing-gate MOSFET shown in FIGS. 3A-3C that can be used 
to add or remove electrons from the floating gate of the 
MOSFET; 

0014 FIG. 3E is a circuit diagram of an alternative 
p-channel floating-gate MOSFET structure that can be used 
to add or remove electrons from the floating gate of the 
MOSFET structures: 

FIG. 2 is a block diagram of a prior art pipelined 
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0.015 FIG. 4A is a circuit diagram of a delay structure 
that can be used to implement delays at various positions in 
a time-interleaved or pipelined system, according to an 
embodiment of the present invention: 
0016 FIG. 4B is a timing diagram showing how the 
delay structure in FIG. 4A may be used to provide varying 
delays, depending on the amount of charge stored on the 
floating gate of the p-channel floating-gate MOSFET of the 
delay structure, according to an embodiment of the present 
invention; 
0017 FIG. 4C is a symbolic circuit diagram of the delay 
structure shown in FIG. 4A; 
0018 FIG. 5A is a simplified circuit diagram of a time 
interleaved system that is controlled by time-matched clock 
signals (p. (P2'. (ps', • • s (Pn'; 

0019 FIG. 5B shows how delay structures like the delay 
structure shown in FIGS. 4A-4C can be used to generate the 
time-matched clock signals (p", (p2'. (pa'. . . . , p, for the 
interleaved system shown in FIG. 5A, according to an 
embodiment of the present invention: 
0020 FIG. 6A is a simplified schematic diagram of an 
interleaved track-and-hold (T&H) circuit in an interleaved 
analog-to-digital converter (ADC); 
0021 FIG. 6B is a block diagram of a clock generator 
that provides four clock signals, p. (p. p and (pa, which are 
ideally successively phased by 90 degrees; 
0022 FIG. 6C is a timing diagram of the four clock 
signals, p. (p.2, p and (pa, generated by the clock generator 
shown in FIG. 6B, illustrating a timing error of clock signal 
(pa relative to the other clock signals (p. (p and ps: 
0023 FIG. 6D is a timing diagram of an exemplary input 
signal for the interleaved ADC shown in FIG. 6A: 
0024 FIG. 6E is a timing diagram showing samples 
taken by the interleaved T&H in the ADC circuit shown in 
FIG. 6A when there are no timing errors among clock 
signals (p. (p.2, (ps and (pa. 
0.025 FIG. 6F is a timing diagram showing how a 
sampling error, shown as an oversize step, may be produced 
by the interleaved T&H in the ADC shown in FIG. 6A when 
clock signals having a timing error like that shown in FIG. 
6C are present; 
0026 FIG. 7A is a block diagram showing how timing 
errors among the clock signals p1, p.2, p and (p of the clock 
generator shown in FIG. 6B can be corrected using delay 
structures like the delay structure shown in FIGS. 4A-4C, 
according to an embodiment of the present invention; 
0027 FIG. 7B is a block diagram showing the corrected 
clock signals (p. (p.2, (ps and (p provided by the clock 
generator FIG. 7A, according to an embodiment of the 
present invention; 
0028 FIG. 8A is simplified diagram of a prior art quadra 
ture mixing circuit and accompanying timing relationship 
between signals (p and p2. 
0029 FIG. 8B is a graph illustrating the increasing 
inability of the quadrature mixing circuit in FIG. 8A to 
Suppress unwanted sideband signals as phase and gain 
mismatch errors increase; 
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0030 FIG. 9A is a simplified circuit diagram of a pipe 
lined system using delay structures like the delay structure 
shown in FIGS. 4A-4C, according to an embodiment of the 
present invention; 
0031 FIG.9B shows a clock generator circuit that can be 
used to control the timing of the pipelined system shown in 
FIG. 9A, according to an embodiment of the present inven 
tion. 

0032 FIG. 10A is a prior art block diagram of a multi 
stage rotating-buffer processing system that may implement 
digital signal processing functions such as, for example, a 
finite-impulse-response (FIR) filter; 
0033 FIG. 10B is a prior art analog latch that can be used 
in the rotating-buffer processing system shown in FIG. 10A: 
0034 FIG. 11A shows how the delay structures shown in 
FIGS. 4A-4C may be used to correct timing errors among 
the sampling instants of analog latches of the type shown in 
FIG. 10B to guarantee proper timing of processing func 
tions performed by the rotating-buffer processing system 
shown in FIG. 10A, according to an embodiment of the 
present invention; 
0035 FIG. 11B shows a single analog latch configured to 
accept a corrected clock signal from the circuit shown in 
FIG. 11A, according to an embodiment of the present 
invention; 

0036 FIG. 12A is a simplified electrical schematic dia 
gram of a portion of a prior art current-steering digital-to 
analog converter (DAC) having switches controlled by clock 
signals (p and (p. 

0037 FIG. 12B is a timing diagram of the prior art DAC 
in FIG. 12A, illustrating how gain mismatch between tran 
sistors in the two current sources Io and I can result in errors 
in the intended output; 

0038 FIG. 13 shows an embodiment of a current source 
I or I from the DAC of FIG. 12A, showing how the 
p-channel floating-gate MOSFET structure in FIG. 3E may 
be used to trim the current source, according to an embodi 
ment of the present invention; 

0039 FIG. 14A shows how, in general, n-channel float 
ing-gate MOSFET structures, or equivalent structures, can 
implement variable transconductance elements by adjusting 
the floating-gate charge Q. 

0040 FIG. 14B shows how, in general, the p-channel 
floating-gate MOSFET structures shown in FIG. 3A-3E, or 
equivalent structures, can implement variable transconduc 
tance elements by adjusting the floating-gate charge Q. 

0041 FIG. 14C is a graph illustrating how different 
charge storage levels on the floating gates of the transistor 
structures in FIGS. 14A and 14B affect the transconduc 
tance characteristics of the transistor structures; 

0.042 FIG. 15A shows how the floating-gate MOSFET 
structures shown in FIGS. 14A-14B, or equivalent struc 
tures, can be used to adjust the input offset of a CMOS 
inverter, according to an embodiment of the present inven 
tion; 

0043 FIG. 15B is a graph showing how the transfer 
characteristics of the CMOS inverter in FIG. 15A vary 
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according to how much charge is stored on the floating gate 
of the floating-gate MOSFETs; 
0044 FIG. 16A shows how the floating-gate MOSFET 
structures shown in FIGS. 3A-3E, or equivalent structures, 
can be used to store a precision current; 
004.5 FIG. 16B shows the drain current and drain volt 
age as a function of time for the precision current storing 
circuit shown in FIG. 16A: 
0046 FIG. 17A shows how the p-channel floating-gate 
MOSFET structures shown in FIGS. 3A-3E, or equivalent 
structures, can be used to implement a trimmable capacitor; 
0047 FIG. 17B shows how n-channel floating gate 
MOSFET structures, or equivalent structures, can be used to 
implement a trimmable capacitor, 
0048 FIG. 17C illustrates how the capacitance of the 
trimmable capacitors in FIGS. 17A and 17B depends on the 
amount of charge Q stored on the floating gate of the 
transistors; 
0049 FIG. 18A shows how the p-channel floating-gate 
MOSFET structures shown in FIGS. 3A-3E, or equivalent 
structures, can be used to implement a trimmable resistor, 
0050 FIG. 18B illustrates how the resistance of the 
trimmable resistor in FIG. 18A depends on the amount of 
charge Q stored on the floating gate of the transistor, 
0051 FIG. 19A illustrates how the p-channel trimmable 
resistor in FIG. 18A and/or how the trimmable capacitor 
structures in FIGS. 17A and 17B may be used to enable 
different filter time constants in a trimmable RC filter, or, 
alternatively, different signal delays in a signal-delay sys 
tem; 

0.052 FIG. 19B illustrates how an n-channel floating 
gate transistor can be used to form a trimmable resistor 
similar to that shown in FIG. 18A and/or how the trimmable 
capacitor structures in FIGS. 17A and 17B may be used to 
enable different time filter time constants in a trimmable RC 
filter; 

0053 FIG. 19C illustrates how a parallel connection of 
the trimmable resistor Structures in FIGS. 19A and 19B 
and/or how the trimmable capacitor structures in FIGS. 17A 
and 17B may be used to enable different filter time constants 
in a trimmable RC filter, or, alternatively, different signal 
delays in a signal-delay system; 

0054 FIG. 19D is a graph showing the transfer charac 
teristics versus frequency of the trimmable RC filters in 
FIGS. 19 A-19C: 
0.055 FIG. 19E is a graph showing the time-delay char 
acteristics of the trimmable RC filters in FIGS. 19 A-19C: 
and 

0056 FIG. 20 shows a trimmable switched-capacitor 
DAC using trimmable capacitor structures like that in FIGS. 
17A and 17B, according to an embodiment of the present 
invention. 

DETAILED DESCRIPTION 

0057 Embodiments of the present invention are 
described herein in the context of using analog-valued 
floating-gate transistors as trim devices in time-interleaved 
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and pipelined 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. Unless indicated 
otherwise, the same reference indicators will be used 
throughout the drawings and the following detailed descrip 
tion to refer to the same or like parts. 
0058. 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. 
0059. In U.S. Pat. No. 5,990,512 Diorio et al. describe an 
analog-valued floating-gate MOSFET whose input-output 
characteristics can be continuously adjusted during normal 
transistor operation by adding electrons to or removing 
electrons from the floating gate. These kinds of transistors, 
equivalents thereof, and other floating-gate MOSFET struc 
tures are used in various embodiments of the present inven 
tion to match the signal delay, clock timing, frequency 
response, gain, offset, and/or transfer function of signal 
pathways in circuits, including time-interleaved and pipe 
lined integrated circuits. As described below, these embodi 
ments use channel hot-electron injection (CHEI) or impact 
ionized hot-electron injection (IHEI) to add electrons to the 
floating gate of the floating-gate MOSFET structures, and 
Fowler-Nordheim tunneling to remove electrons from the 
floating gate of the MOSFET structures. Nevertheless, other 
charge transfer mechanisms may be employed to modify the 
charge on the floating gate, depending on the type of 
floating-gate structure employed. For example, if the dielec 
tric layer separating the floating-gate MOSFET substrate 
and floating gate is thin enough (e.g. less than on the order 
of about 100 A), direct tunneling may be used to modify the 
number of electrons resident on the floating gate. 
0060 FIGS. 3A-3D illustrate a p-channel floating-gate 
MOSFET 36 of the type disclosed in U.S. Pat. No. 5,990, 
512. FIG.3A, in particular, shows an exemplary layout view 
of the p-channel floating-gate MOSFET 36 and FIG. 3B 
shows a cross-section of the MOSFET 36 taken along line 
2B-2B. P-channel floating-gate MOSFET 36 is comprised of 
an electron injection region 38 and an electron tunneling 
region 40. Injection region 38 includes p-- source and drain 
diffusions (or implants) 42 and 44 (doping levels on the 
order of 10 cm), which are both diffused in a first n-well 
46 (doping level on the order of 10'7 cm). Above a channel 
region 48 of first n-well 46 is a gate dielectric 50, a 
polysilicon floating gate 52, a polysilicon control gate 54. 
and an interpoly dielectric layer 56 that isolates floating gate 
52 from control gate 54. Floating gate 52 extends laterally 
across the device structure to tunneling region 40. Tunneling 
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region 40 comprises a shorted (Source and drain shorted 
together) p-channel MOSFET 58, which is formed in a 
second n-well 62 (doping level on the order of 10'7 cm 
that, like first n-well 46, is diffused into a p-type substrate 63 
(doping level on the order of 10'7 cm). Above and between 
second n-well 62 and floating gate 52 is a tunneling dielec 
tric layer 64. A tunneling control contact 66 overlies floating 
gate 52 in the vicinity of tunneling region 40 as shown. An 
n+ region 68 (doping level on the order of 10 cm) is 
formed in second n-well 62 and is shorted to drain 58 and 
source 60 by tunneling control contact 66. 
0061 FIG. 3C shows an energy band diagram of the 
p-channel floating-gate MOSFET 36 shown in FIGS. 3A 
and 3B and FIG. 3D shows a circuit diagram of the 
p-channel floating-gate MOSFET 36. 
0062) Removing electrons from or adding electrons to 
floating gate 52 allows the threshold voltage of p-channel 
floating-gate MOSFET 36 to be varied and controlled. By 
applying a sufficiently positive Voltage to tunneling control 
contact 66, Fowler-Nordheim (FN) tunneling occurs and 
electrons are removed from floating gate 52. By appropri 
ately biasing control gate 54 and Source and drain contacts 
60 and 65 of source and drain diffusions 42 and 44, 
impact-ionized hot-electron injection (IHEI) is used to add 
electrons to floating gate 52. Generally, use of IHEI to add 
electrons to floating gate 52 proceeds as follows. When a 
sufficiently negative voltage (relative to source diffusion 42) 
is applied to drain diffusion 44, positively charged holes are 
accelerated in channel 48 toward drain diffusion 44. The 
accelerated holes impact with the crystalline lattice in the 
region of drain diffusion 44 and form electron-hole pairs. 
The electrons are then repelled by the relatively negative 
drain and may, if scattered upward toward the floating gate, 
be injected across gate dielectric 50 onto floating gate 52. 
0063. From the perspective of the control gate 54, 
p-channel floating-gate MOSFET 36 remains a conventional 
p-channel MOSFET, albeit with reduced coupling to the 
channel due to the presence of interpoly dielectric layer 56. 
Accordingly, signal inputs are applied to control gate 54. 
which, in turn, are capacitively coupled to floating gate 52. 

0064 FIG. 3E shows a circuit diagram of an alternative 
p-channel floating-gate MOSFET structure 70 that can be 
used to add or remove electrons from the floating gate of the 
MOSFET Structure 70. This alternative embodiment 
includes a p-channel MOSFET 72 that is dedicated to 
controlling electron injection onto the floating gate 74 of the 
structure 70. Use of dedicated injection control MOSFET 72 
prevents having to switch the drain 76 of p-channel floating 
gate MOSFET 78 in and out of the circuit in which it is 
incorporated in order to affect electron injection onto float 
ing gate 74. Also coupled to floating gate 74 is a shorted 
p-channel floating-gate MOSFET 80 that has a tunneling 
control input to effect electron tunneling off of floating gate 
74. 

0065. Whereas the floating-gate MOSFET structures in 
FIGS. 3A-3E are shown to be comprised of p-channel 
MOSFETs, those of ordinary skill in the art will understand 
that similar structures can be made using n-channel MOS 
FETs by using complementary doping schemes. Further, 
whereas a double-poly structure is shown in FIGS. 3A-3C, 
single-poly floating-gate MOSFET structures may be used, 
as will be readily appreciated and understood by those of 
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ordinary skill in the art. Still further, those of ordinary skill 
in the art will understand that, whereas the tunneling por 
tions of the floating MOSFET structures shown in FIGS. 
3A-3E are shown as comprising shorted MOSFETs, a MOS 
capacitor manufactured without a source and drain or with 
only a single source or drain region may be used to imple 
ment the tunneling functions of the floating-gate MOSFET 
structures. Finally, those of ordinary skill in the art will 
understand that the doping concentrations, layer thicknesses, 
ways of removing and adding charge to the floating gate of 
the floating-gate MOSFET structures may be varied as 
necessary to perform the matching and trimming operations 
described in detail below. 

0066. According to embodiments of the present inven 
tion, the floating-gate MOSFET structures 36 and 70 in 
FIGS. 3A-3E, or structures equivalent to them, can be used 
to implement delays or other matching functions in time 
interleaved and pipelined structures. FIG. 4A shows a 
circuit diagram of a delay structure 82 that utilizes a p-chan 
nel floating-gate MOSFET structure 84 of the type described 
above. P-channel floating-gate MOSFET structure 84 has a 
source 86 that is coupled to a power source (Vdd) a floating 
gate 88 and a drain 90 that is coupled to a CMOS inverter 
92. CMOS inverter 92 has an input and an output that is 
optionally coupled to a cleanup inverter 94. 
0067 FIGS. 4B and 4C show a timing diagram and a 
symbolic circuit representation, respectively, of the delay 
structure 82 in FIG. 4A. FIG. 4B, in particular, show how 
the presence of p-channel floating-gate MOSFET structure 
84 allows the slew rate of the output of the delay structure 
to be adjusted according to the amount of charge Q Stored on 
the floating gate 88. Adjusting the slew rate alters the time 
at which a Subsequent circuit (e.g. cleanup inverter 94) 
triggers in response to the output provided by delay structure 
82. As shown in the timing diagram, when a nominal Q is 
stored on floating gate 88, the slew rate remains unchanged 
and no delay is affected. However, as the charge Q is 
increased the slew rate decreases, thereby effecting increas 
ing delays from node A and the output of cleanup inverter 
94. 

0068 The delay structure 82 may be used to implement 
delays at various positions in time-interleaved or pipelined 
systems, according to embodiments of the present invention. 
FIGS.5A and 5B show how m delay structures (m being an 
integer that is greater than or equal to 2) may be used to 
correct timing mismatches in clock signals p1, p.2, ps. . . . . 
(p signals used in a time-interleaved system 96, according 
to an embodiment of the present invention. According to this 
embodiment of the invention, a clock generator 95 accepts 
an input clock 93 and provides output clocks (p, qp, (p. . . 
... (p. that are intended to be offset from one another by 
360°/m. Because of delay mismatches in circuitry of clock 
generator 95, p. (p.2, ps. . . . , p, may not be separated by 
precisely 360°/m. Delay structures 96-1, 96-2, 96-3, . . . . 
96-m are used to adjust the delays among clock signals (p. 
(p.2, ps. . . . , p, and provide time-matched clock signals (p". 
(p", (p". . . . . (p. Time-matched clock signals are then used 
to control the opening and closing of switches 98-1, 98-2, 
98-3, ..., 98-m so that elements 99-199-2, 99-3, ... , 99-m 
and Subsequently combining operator 100 receive and trans 
mit data in a time-matched manner. The trimming process 
just described (and, indeed, all the trimming processes 
described throughout this disclosure) can be performed 
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during normal operation of time-interleaved system 96, so 
that mismatch errors due to, for example, temperature and 
aging, can be corrected. 
0069 FIG. 6A shows a prior art ADC 102 that utilizes 
multiple track-and-hold (T&H) circuits 104-1. . . . , 104-m. 
where m is an integer that is greater than or equal to 2. T&H 
circuits 104-1. . . . , 104-m capture an analog signal applied 
to an input 106 of ADC 102 and by operation of multiple 
quantizers 108 convert the analog signal into digital words. 
Each of the T&H circuits 104-1. . . . , 104-m operates at a 
rate of 1/m times the composite sampling rate Fs. 
0070). In order for ADC 102 in FIG. 6A to capture and 
convert the analog input signal accurately operation of T&H 
circuits 104-1, . . . , 104-m should be synchronized as best 
as possible. FIG. 6B shows a prior art clock generator 108 
that generates sampling clock signals (pl. p. p and (pa, 
which can be used for an m=4 time-interleaved ADC. 
Ideally, the phases of sampling clock signals (p1, p.2, p and 
(pa are offset by 360°/m relative to each other, to form equally 
spaced sampling instants at a rate of FS/m. Using interleav 
ing, ADC 102 samples the input at a rate of Fs by the 
individual T&H circuits 104-1,..., 104-m sampling at a rate 
of Fs/m. 

0071 FIG. 6C shows a timing diagram of clock signals 
(p, qp, (p and pa when imperfections in the circuitry of the 
clock generator 108 (or other associated circuitry that may 
interfere with proper timing among clock signals (p. (p.2, p. 
and (p can produce a phase error in clock signal (pa, relative 
to the other clock signals (p. (p.2 and (ps. 
0072 FIG. 6D shows a timing diagram of an exemplary 
analog input signal that can be applied to analog input 106 
of the ADC in FIG. 6A. So long there are no timing 
discrepancies among clock signals p1, p.2, p and (pa, T&H 
circuits 104-1,..., 104-m produces evenly spaced samples, 
as shown in FIG. 6E. However, if there is a timing mismatch 
among clock signals p1, p.2, p and (pa, an undersized or 
oversized sample may occur, as shown in FIG. 6F. FIGS. 
0.073 FIG. 7A is a block diagram showing how timing 
errors among the sampling clock signals (p. (p. p and (p of 
the clock generator 108 shown in FIG. 6B can be corrected 
using delay structures 100-1, 110-2, 110-3 and 110-4, like 
the delay structures shown in FIGS. 4A-4E, according to an 
embodiment of the present invention. As shown in FIG. 7B, 
use of delay structures 110-1, 110-2, 110-3 and 110-4 
corrects timing mismatches among sampling clock signals 
(p. (p. (p. and (p to produce time-matched sampling clock 
signals (p'. (p.2, ps'. . . . . (p.' signals. 

0074 FIGS. 8A shows a quadrature mixer circuit 112 
that utilizes two local oscillator signals, (p and (p to generate 
in-phase (I) and quadrature phase (Q) channels in, for 
example, a radio frequency (RF) receiver. Ideally, local 
oscillator signals, (p and (p are ninety degrees out of phase 
and the I and Q channels have identical gains. In practice 
however, timing and gain mismatches between the I and Q 
channels are observed. As shown in FIG. 8B, these timing 
and gain mismatches result in unwanted sideband signals, 
which can limit the dynamic range of the mixer circuit. 
0075 According to an embodiment of the present inven 
tion, delay structures, like the delay structures shown in 
FIGS. 4A-4C, or equivalent structures, can be used to 
correct for timing mismatches between local oscillator sig 
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nals (p and (p of the I and Q channels of quadrature mixer 
circuit 112. This can be accomplished by inserting delay 
structures at the outputs of the clock generator that generates 
local oscillator signals (p and (p (similar to that described 
above in relation to FIGS. 5B and 7A. Additionally, gain 
mismatch errors may also be reduced using floating-gate 
adjustments, e.g. similar to as done to FIG. 12A, to further 
improve the mixer's dynamic range. 
0076 FIG. 9A shows a pipelined system that is capable 
of processing an input signal into one or more output signals, 
according to an embodiment of the present invention. In 
contrast to the prior art pipelined system described in 
connection with FIG. 2 above, the pipelined system in FIG. 
9A is controlled by a clock generator that provides clock 
signals, (p'. (p.'..... (p. Clock signals (p". (p.'..... (p. time 
the sampling of outputs of the pipelined processing elements 
202-1, 202-2, 202-3, ..., 202-m in a successive manner, as 
indicated by switches 203-1, 203-2. . . . . 203-m. By 
Successively sampling the output of a previous processing 
element, a Subsequent processing element performs its 
desired operation. As described in more detail in connection 
with FIG. 9B below, one or more of the clock signals, p", 
(p.'..... (pare produced by delaying one or more of source 
clock signals, (p. (p. . . . . (p. 
0077. As shown in FIG. 9A, a signal is received at an 
input node 200 and sequentially processed by m processing 
elements 202-1, 202-2, 202-3, . . . . 202-m. Processing 
elements 202-1, 202-2, 202-3, ..., 202-m have associated 
inputs 204-1, 204-2, 204-3, . . . . 204-m and associated 
outputs 208-1, 208-2, 208-3, . . . . 208-m, each output of 
which is cascaded into a next elements input. Optional 
combinational outputs 210-1, 210-2, 210-3, ..., 210-m may 
also be coupled to a combining operation 214, which may 
have additional secondary inputs 216. The pipelined system 
may also have one or more feedback or feedforward loops 
and may output one or more outputs at output node 218. 
0078 FIG.9B shows a clock generator circuit that can be 
used to control the timing of the pipelined system shown in 
FIG. 9A, according to an embodiment of the present inven 
tion. The clock generator circuit provides source clock 
signals, p. (p. . . . . ?p. from a single source clock, CLOCK, 
via optional buffers 220-1, 220-2. . . . , 220-m. Delay 
structures 222-1, 222-2. . . . , 222-m of or equivalent to the 
delay structures described in FIGS. 4A-C are utilized to 
generate the clock signals (p". (p.'..... (p. Each of the delay 
structures 222-1, 222-2, . . . , 222-m in FIG. 9B has a 
floating-gate transistor element with a floating gate. Charge 
on the floating gates may be modified to affect the relative 
delay among clock signals (p", (p". . . . , p, as they are 
applied to the pipelined system in FIG. 9A. Adjusting the 
delays allows proper sampling instants along the pipeline 
processing elements 202-1, 202-2, 202-3, . . . . 202-m. 
0079 FIG. 10A shows a prior art block diagram (FIG.2a 
of U.S. Pat. No. 5,270,963) of a plurality of rotating buffers 
and associated processing circuitry that can be adapted for 
implementing various signal processing functions such as, 
for example, an analog finite impulse response (FIR) filter. 
The block diagram, with its original reference indicators 
shown, comprises a plurality of multi-stage buffers 18 that 
are associated with column lines 14a, 14b, 14c and 14d. 
Each multi-stage buffer 18 is shown as having four stages 
20a-d. 22a-d. 24a-d and 26a-d, each of which is an analog 
latch, including an input, an output, and an enable input. 
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0080 FIG. 10B shows a prior art analog latch (FIG. 2b 
of U.S. Pat. No. 5,270,963, with the original reference 
indicators shown) that can be used in FIG. 10A. An analog 
value of the signal presented to each analog latch 20a-d. 
22a-d. 24a-d and 26a-d on column lines 14a-d, respectively, 
is captured and appears at the output of the analog latches in 
a particular row, in response to a signal on their enable 
inputs. Similar to the T&H ADC shown in FIG. 6A, the 
analog latches 20a-d. 22a-d. 24a-d and 26a-d capture an 
analog signal at equally spaced sampling instants. Unlike the 
ADC, however, this system is not subsampled. Rather, the 
analog latches 20a-d. 22a-d. 24a-d and 26a-d capture Suc 
cessive instances of the analog input, with earlier Samples 
representing "delayed versions of the input. The barrel 
shifter rotates these time samples to the analog multipliers; 
such that each increment of 360°/n in the rotation (where n 
is the number of taps in the barrel shifter) applies a succes 
sively delayed version of the analog input to any given 
multiplier. The combined analog latch/barrel-shifter/analog 
multiplier forms an analog implementation of the well 
known FIR filter used in digital signal processing. 

0081 For the system in FIG. 10A to perform accurately, 
the enabling signal applied to a given row of the system 
should be properly displaced relative to the enabling signal 
of other rows. FIG. 11A shows a delay circuit 118 that has 
a master clockinput 120 configured to accept a master clock. 
Master clock input 120 is coupled to the inputs of a plurality 
of delay structures 122-1, 122-2. . . . 122-n (where n is an 
integer and represents the number of rows in the system. 
Delay structures like that shown in FIGS. 4A-4C, or equiva 
lent structures, may be used to implement delay structures 
122-1, 122-2,..., 122-in. By adding and/or removing charge 
from the floating gates of each delay structure 122-1, 122-2, 
. . . , 122-in, the timing among clock signals clock1, clock2. 
..., clockin can be corrected and matched. As shown in FIG. 
11B, each of these corrected clock signals clock1, clock2, . 
. . , clockin can be coupled to the SAMPLE inputs (via 
optional inverter 124) and to the SAMPLE inputs (via an 
optional pass gate 128) of latches in an associated row of the 
prior art system shown in FIG. 10A, to improve time 
matching among the n rows of the system. 

0082 In addition to using the floating-gate MOSFET 
structures in FIGS. 3A-3E to implement signal delays and 
correct for clock timing mismatches, the floating-gate MOS 
FET structures can be used to reduce gain mismatches 
among signal pathways in time-interleaved and pipelined 
systems. FIG. 12A shows a portion of a prior art current 
steering digital-to-analog converter (DAC) 130, which can 
be used to illustrate the effect of gain mismatch in a 
time-interleaved system. In this simplified 2-bit example, 
two current sources 132 and 134 provide fixed currents Io 
and I, which are summed by a summer 136, via switches 
138 and 140, at appropriate instants in time to approximate 
a sine wave at an output 142 of the DAC 130. Digital input 
signals (p and (p control the opening and closing of Switches 
138 and 140. Ideally, the magnitude of I is twice the 
magnitude of Io. In practice, however, this relationship 
between the two currents is not satisfied because of gain 
mismatches between the two current sources 132 and 134. 
For example, as shown in FIG. 12A, current source 134 may 
provide a current of 2Io-C, rather than the intended 2I 
where C. represents an error current caused by gain mis 
match. 
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0083 FIG.12B shows a composite output waveform 142 
of DAC 130 that is produced in response to DAC input 
signals (p and (p, both with and without gain mismatch. The 
solid lines in the composite output waveform 142 represent 
the ideal situation, i.e. where I =2xI. The dashed lines show 
how the output is corrupted due to gain mismatch between 
current sources 132 and 134. The error current 144 always 
exists unless the current sources are perfect multiples of a 
base value Io. 
0084. According to an embodiment of the present inven 
tion, floating-gate MOSFET structures, like those shown in 
FIGS. 3A-3E, can be used to trim current sources 132 
and/or 134 to reduce errors caused by mismatch and/or to 
adjust the gain(s) of the current sources 132 and/or 134. 
FIG. 13 shows an example of a trimmable current source 
146, which can be used in replace of current sources 132 
and/or 134 in FIG. 12A, to reduce mismatches between 
current sources. Trimmable current source 146 comprises a 
current source 148 and a trim device 150. Trim device 150, 
which is equivalent to the floating-gate MOSFET structure 
70 shown in FIG. 3E above, comprises a floating gate 152, 
an injection device 154 coupled to floating gate 152, and a 
tunneling device 156 coupled to floating gate 152. P-channel 
floating-gate MOSFET 158 adds a trim current to the current 
supplied by current source transistor 148. The amount of the 
trim current depends on the floating-gate Voltage, which, in 
turn, depends on the amount of charge stored on floating gate 
152. Charge is added to floating gate 152 by connecting the 
drain of injection device 154 to an injection voltage V that 
causes hot-electron injection onto floating gate 152. Charge 
is removed from floating gate 152 by raising a tunneling 
voltage V sufficiently to cause electrons to tunnel off of 
floating gate 152 using a Fowler-Nordheim process. In an 
alternative embodiment the floating-gate MOSFET structure 
shown in FIG. 3D may be used as a trimmable current 
Source, or may be used to add or remove charge to and from 
an additional current Source circuit. Alternatively, trim 
device 150 could be used to source the entire current 
required, rather than just a portion of the total output current. 
0085 FIG. 14A shows how, in general, the p-channel 
floating-gate MOSFET structures shown in FIG. 3A-3E can 
be implemented as variable transconductance n-channel 
transistors. Similarly, FIG. 14B shows how, in general, the 
p-channel floating-gate MOSFET structures shown in FIG. 
3A-3E can be implemented as variable transconductance 
p-channel transistors. FIG. 14C is a graph illustrating how 
different charge storage levels on the floating gates of the 
transistor structures in FIGS. 14A and 14B affect the 
transconductance characteristics of the transistor structures. 
According to embodiments of the present invention, the 
transconductance transistor structures shown in FIGS. 14A 
and 14B can be used as trimming devices that can be used 
in the time-interleaved and pipelined structures described 
above to alleviate mismatches among signal pathways, 
either in conjunction with the delay structures described or 
independent of any delay structures. 
0.086 FIG. 15A shows how the floating-gate MOSFET 
structures shown in FIGS. 3A-3E, or equivalent devices, 
can be used to adjust the input offset of a CMOS inverter 
160, according to an embodiment of the present invention. 
CMOS inverter 160 comprises a p-channel floating-gate 
MOSFET 162 and an n-channel floating-gate MOSFET 164 
with a common floating gate 166. Charge can be added or 
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removed from floating gate 166, in the manner described 
above, to change the input offset of the inverter 160. FIG. 
15B is a graph showing how the transfer characteristics of 
CMOS inverter 160 vary according to how much charge is 
stored on floating gate 166. According to embodiments of 
the present invention, trimmable CMOS inverter 160 can be 
used in the time-interleaved and pipelined structures 
described above to alleviate mismatches among signal path 
ways, either in conjunction with the delay structures 
described or independent of any delay structures. 

0087 FIG. 16A shows how the floating-gate MOSFET 
structures shown in FIGS. 3A-3E, or equivalent structures, 
can be used to store a precision current. The circuit of FIG. 
16A is first removed of its floating gate charge by raising the 
tunneling junction V to a high Voltage. Next, SW is 
connected to the reference current source I. Since there 
is little or no current in the pMOS transistor, its drain voltage 
falls, as depicted in FIG. 16B. This results in electrons being 
injected from the drain to the gate. As this process continues, 
the drain current increases while the drain Voltage rises, as 
seen in FIG. 16B, until the current in the transistor equals 
the reference current. At this point, no more charge is 
injected onto the floating gate. 

0088 FIG. 17A shows how the p-channel floating-gate 
MOSFET structures shown in FIGS. 3A-3E, or equivalent 
devices, can be used to implement a trimmable capacitor. 
Similarly, FIG. 17B shows how n-channel floating gate 
MOSFET structures, or equivalent devices, can be used to 
implement a trimmable capacitor. As shown in FIG. 17C, 
the capacitance of the trimmable capacitors in FIGS. 17A 
and 17B depends on the amount of charge Q stored on the 
floating gate of the transistors. According to embodiments of 
the present invention, the trimmable capacitor structures in 
FIGS. 17A and 17B can be used in the time-interleaved and 
pipelined structures described above to alleviate mismatches 
among signal pathways, either in conjunction with the delay 
structures described or independent of any delay structures. 

0089 FIG. 18A shows how the p-channel floating-gate 
MOSFET structures shown in FIGS. 3A-3E, or equivalent 
devices, can be used to implement a trimmable resistor. The 
MOSFET structure is biased in the triode region of the 
device's characteristic curves and presents a variable resis 
tance depending on the amount of charge stored on the 
floating gate of the MOSFET. As shown in FIG. 18B, the 
resistance of the trimmable resistor in FIGS. 18A depends 
on the amount of charge Q stored on the floating gate of the 
transistor. According to embodiments of the present inven 
tion, the trimmable resistor structure in FIG. 18A can be 
used in the time-interleaved and pipelined structures 
described above to alleviate mismatches among signal path 
ways, either in conjunction with the delay structures 
described or independent of any delay structures. 

0090 FIG. 19A illustrates how the trimmable resistor in 
FIG. 18A and/or how the trimmable capacitor structures in 
FIGS. 17A and 17B may be used to enable different time 
filter time constants in a trimmable RC filter, or, alterna 
tively, different signal delays in a signal-delay system. FIG. 
19B illustrates how an n-channel floating-gate transistor can 
be used to form a trimmable resistor similar to that shown in 
FIG. 18A and/or how the trimmable capacitor structures in 
FIGS. 17A and 17B may be used to enable different time 
filter time constants in a trimmable RC filter. FIG. 19C 
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illustrates how a parallel connection of the trimmable resis 
tor Structures in FIGS. 19A and 19B and/or how the 
trimmable capacitor structures in FIGS. 17A and 17B may 
be used to enable different time filter time constants in a 
trimmable RC filter, or, alternatively, different signal delays 
in a signal-delay system. Whereas the symbols for the 
capacitor structures in the trimmable RC filters in FIGS. 
19A-19C do not have an arrow drawn through them, those 
skilled in the art will understand that the capacitors may 
comprise conventional capacitor structures or, alternatively, 
the trimmable capacitor structures shown in FIGS. 17A and 
17B above. FIG. 19D is a graph showing the transfer 
characteristics versus frequency of the trimmable RC filters 
in FIGS. 19A-19C. The graph shows that different time 
constant values t=RC can be obtained by trimming the 
resistor and/or capacitor structures in the trimmable RC 
filters. According to embodiments of the present invention, 
the trimmable RC filters in FIGS. 19 A-19C can be used in 
the time-interleaved and pipelined structures described 
above to alleviate mismatches among signal pathways, 
either in conjunction with the delay structures described or 
independent of any delay structures. 
0091 FIG. 20 shows a trimmable switched-capacitor 
DAC using trimmable capacitor structures like that in FIGS. 
17A and 17B, according to an embodiment of the present 
invention. By trimming the capacitors CA and or C, the 
transfer function of the switched-capacitor DAC can be 
made to more closely match its ideal transfer function. 
Trimmable inverters may also be used to set the optimal 
timing of the Switching phases (p and (p. As described 
above, using the floating-gate MOSFET structures in FIGS. 
3A-3E, or equivalent structures, and the variable delay 
structures derived from the floating-gate MOSFET struc 
tures in FIGS. 4A-4C, significant improvements in the 
operation of time-interleaved and pipelined systems can be 
achieved. Indeed, the trimming devices and approaches of 
the present invention offer numerous advantages over other 
devices and methodologies. 
0092. The devices and methods of the present invention 
are advantageous over the prior art process of laser trimming 
or fusible links because adjusting the transistors themselves 
allows continuous calibration during a circuits life. By 
contrast, laser trimming or fusible links typically are one 
time factory trims. Also, adjustable transistors are 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 
large parasitic capacitance, requiring large currents to 
change their voltage rapidly). 

0093. The devices and methods of the present invention 
are advantageous over using trim capacitors or dynamic 
element matching because floating-gate MOSFETs have 
near-Zero charge leakage. Accordingly, 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 reasonable. By contrast, tradi 
tional trim capacitors have significant leakage that increases 
with temperature. Consequently, applications that use tradi 
tional trim capacitors require rapid trimming (i.e. kilohertz 
rates or faster), often causing high-frequency spurious sig 
nals that interfere with the signal of interest. Likewise, 
dynamic element matching, that randomizes mismatch 
errors by continually Swapping elements into and out of 
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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. 

0094. The devices and methods of the present invention 
are advantageous over using EEPROM trims because 
EEPROMs, whether binary or multi-valued, use floating 
gates just like analog floating-gate MOSFETs. The primary 
difference between the two is that EEPROMs store only 
digital values. It is common practice to use EEPROMs to 
store trimming information for analog circuits. However, 
when compared with analog-valued floating gates, 
EEPROMs have 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. Second, because 
EEPROMs store digital values, any updates to the trim 
information must also be digital. 

0.095 The devices and methods of the present invention 
are advantageous over using 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 nonlinearity, 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 information 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. 

0096. The devices and methods of the present invention 
are advantageous over using intrinsic matching. Intrinsic 
matching is a well-known technique for eliminating transis 
tor mismatch errors, and basically involves making the 
transistors in a system large enough so that any statistical 
errors are negligibly small compared with the large transis 
tors. 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 capacitance. 
Using analog-valued floating-gate MOSFETs to dynami 
cally improve transistor matching saves silicon die area and 
reduces power compared with static trimming. 

0097. Whereas the above is a complete description of the 
preferred embodiments of the invention, various alterna 
tives, modifications, and equivalents may be used without 
departing from the inventive concepts herein. For example, 
while embodiments of the present invention may be imple 
mented in a double-well double-poly process and will work 
with low Voltage processes (e.g., <=3 volts), the invention is 
not so limited and can be implemented in processes that 
Support multiple polysilicon layers, single or multiple wells, 
and/or in higher Voltage devices. Further, the concept of an 
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n-well as used herein is intended to encompass not only 
conventional 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 ordi 
nary 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. Therefore, the above 
description should not be taken as limiting the scope of the 
invention as it is defined by the appended claims. 

We claim: 
1. A signal processing apparatus, comprising: 
an electrical circuit; and 
a floating-gate field effect transistor disposed in a first 

circuit pathway of the circuit, 
wherein an amount of charge present on the floating gate 

of the floating-gate transistor is used to match a first 
circuit characteristic in the first circuit pathway to a 
second circuit characteristic in a second circuit pathway 
of the circuit. 

2. The signal processing apparatus of claim 1 wherein the 
first and second circuit characteristics correspond to relative 
delays presented to signals transmitted in the first and 
second circuit pathways. 

3. The signal processing apparatus of claim 1 wherein the 
first and second circuit characteristics correspond to relative 
gains of circuit elements in the first and second circuit 
pathways. 

4. The signal processing apparatus of claim 1 wherein the 
first and second circuit characteristics relate to clock timing, 
frequency response, offset or transfer functions of the first 
and second circuit pathways. 

5. The signal processing apparatus of claim 1 wherein the 
circuit comprises a pipelined circuit. 

6. The signal processing apparatus of claim 1 wherein the 
circuit comprises a time-interleaved circuit. 

7. The signal processing apparatus of claim 1 wherein the 
circuit comprises an analog-to-digital converter. 

8. The signal processing apparatus of claim 2 wherein the 
circuit comprises an analog-to-digital converter. 

9. The signal processing apparatus of claim 3 wherein the 
circuit comprises an analog-to-digital converter. 

10. The signal processing apparatus of claim 1 wherein 
the circuit comprises a digital-to-analog converter. 

11. The signal processing apparatus of claim 3 wherein 
the circuit comprises a digital-to-analog converter. 

12. The signal processing apparatus of claim 1 wherein 
the charge stored on the floating gate can be modified during 
operation of the circuit. 

13. A signal processing apparatus, comprising: 
means for receiving an input signal at an input node of a 

circuit; 
means for splitting the input signal into first and second 

circuit paths of said circuit; 
a floating-gate field effect transistor disposed in the first 

circuit path; and 
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means for modifying a first circuit characteristic in the 14. The signal processing apparatus of claim 13 wherein 
first circuit path relative to a second circuit character- the first circuit characteristic comprises a delay presented to 
istic in the second circuit path by adjusting an amount a signal transmitted in the first circuit path. 
of charge stored on a floating of the floating-gate field 
effect transistor. k . . . . 


