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ANALOG-TO-DIGITAL CONVERTER 

TECHNICAL FIELD 

[0001] Aspects of the invention generally relate to analog 
to-digital converter apparatuses and methods for converting 
analog signals to digital signals. More speci?cally, aspects 
of the invention relate to ?ash A/D converter apparatuses 
and methods. 

BACKGROUND OF THE INVENTION 

[0002] Analog-to-digital converters are necessary to take 
the “real” analog World into the digital World. Real World 
responses are typically not alWays linear. Most often, the 
response signal may have to be manipulated before it can be 
utiliZed. A common manipulation technique for such 
manipulation is compression. Compression is an important 
type of signal processing and is used not only to increase the 
dynamic range but also lineariZe many exponential-like 
functions. 

[0003] Compression increases the dynamic range of sig 
nals and if folloWed by decompression (e.g., companding) 
can raise the signal-to-noise (SNR) ratio. Compression can 
be performed in the analog domain using log ampli?ers, as 
illustrated in FIG. 1, or in the digital domain as part of a 
digital signal processing (DSP) routine. In one exemplary 
approach, compressing A/D converters have been imple 
mented using a successive-approximation technique With 
sampling rates of 4.5 Ms/second. 

[0004] FIG. 1 shoWs a typical signal processing system 
100 Wherein A/D conversion can be performed in the analog 
domain using log ampli?ers or in the digital domain as part 
of a digital signal processing (DSP) routine. The system 100 
includes a sampler 102, an analog preprocessor 102, an 
analog-to-digital converter (ADC) 106, a digital signal pro 
cessor (DSP) 108, and a communications/storage device 
110. 

[0005] The sampler 102 is con?gured to sample an analog 
input signal. The analog preprocessor 104 is con?gured to 
preprocess the sampled analog input signal. The ADC 106 is 
con?gured to convert an analog signal to a digital signal. The 
DSP 108 is con?gured to further process the digital signal. 
The communications/storage device 110 is con?gured to 
store and/or transmit the digital signal. 

[0006] FIG. 2 is a schematic of a standard parallel Flash 
A/D converter 200. It is Well knoWn that ?ash A/D conver 
sion is one of the most basic types of analog to digital 
conversion techniques. The Flash A/D converter 200 
includes an input bu?er 201, a plurality of comparators 202, 
a resistor ladder netWork 204, and an encoder 206. An input 
signal Vin is connected, via the input bu?er 201, to the 
non-inverting inputs of 2N—l parallel comparators. The 
inverting inputs of the respective comparators 202 are 
connected to an equal number of discrete reference voltages 
generated by the resistive ladder 204. Comparators 202 
produce a logic “0” or “1” depending on Whether the input 
voltage is loWer or higher than the reference voltage. The 
comparators 202 produce an output of “thermometer” code 
(e.g., 0 . . . 01 . . . l). The output ofthe comparators 202 are 

connected to the encoder 206 Which produces a binary 
output depending upon Where the “ . . . 01 . . . ” transition 

is. 
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[0007] Various approaches exist for achieving compres 
sion in the signal processing chain, carried out as either 
analog compression or digital compression. Logarithmic 
ampli?ers are commercially available Which can perform the 
desired analog pre-processing. Logarithmic ampli?ers are 
typically monolithic devices that have high poWer consump 
tion (e.g., 25 mW) and DSP logic is intensive, leading to a 
large part count and excessive poWer dissipation. These 
devices are therefore not desirable for some applications, 
particularly silicon-on-chip (SoC) technologies. Besides 
logarithmic ampli?ers, other analog pre-processors can 
achieve similar results, for example through the use of 
integrator and di?ferentiator functionalities built from op 
amp circuits. HoWever, like most analog processors, these 
having high poWer consumption and are di?icult to integrate 
on a chip. 

[0008] Digital signal processing (DSP) can perform simi 
lar functions performed by analog processors. There are, 
hoWever, problems associated With this approach. One of the 
goals of compression is to minimiZe the required resolution 
and consequently increase the available bandWidth of the 
A/D conversion process. In typical ?ash A/D converters, 
since digital processing occurs after the conversion, such 
bene?t of increasing the available bandWidth is eliminated. 
Further, DSP typically requires dedicated hardWare, thus 
eliminating the goal of 80C integration. DSP also consumes 
high dynamic poWer and is mathematically intensive, lead 
ing to complex programming and lengthy application devel 
opment cycles. 

[0009] Most sensor applications require analog prepro 
cessing folloWed by analog to digital conversion. Analog 
preprocessing tends to dissipate large amounts of poWer, 
uses a large die area, and can be di?icult to execute in CMOS 
technology, for example, due to non-linearities resulting 
from process variations. Analog preprocessing typically 
involves ampli?cation to rescale signals from loW-level 
sensor or transimpedance ampli?er outputs to be on the 
order of voltage rails for high resolution conversion at the 
risk of saturation. Signal-level compression is often desired 
to alloW for a greater dynamic range. This processing is 
usually folloWed by ADC, for data transmission, storage or 
further processing. ADC is typically poWer-intensive and 
bandWidth limiting. 

[0010] Accordingly, there is a need to overcome the 
above-identi?ed problems. 

SUMMARY OF THE INVENTION 

[0011] Aspects of the invention include an analog to 
digital converter circuit that includes an isolation circuit, an 
input circuit including a resistor chain, a plurality of ?xed 
threshold comparators, and an encoder. The resistor chain 
includes a plurality of resistors connected in series. The 
isolation circuit is con?gured to isolate a device supplying 
the analog input signal from the input circuit. The isolation 
circuit is connected to the input circuit at an uppermost node 
of the resistor chain, and Wherein 2N values of the analog 
input voltage are connected to inputs of the ?xed threshold 
comparators to produce corresponding output signals. 

[0012] In some embodiments, a method of converting an 
analog signal to a digital signal includes receiving an analog 
input signal, compressing the analog input signal, and con 
verting the compressed analog input signal to a digital 
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signal, wherein compression of the analog input signal and 
conversion of the compressed analog input signal to a digital 
signal are simultaneously performed in a single step. 

[0013] In other embodiments, an apparatus for converting 
an analog signal to a digital signal includes means for 
receiving an analog input signal, means for compressing the 
analog input signal, and means for converting the com 
pressed analog input signal to a digital signal, Wherein the 
compressing and the converting are simultaneously per 
formed in a single step. 

[0014] In another aspect, a ?ash analog to digital converter 
circuit includes an input buffer con?gured as a common 
drain ampli?er biased With a current, a resistive ladder 
having a plurality of resistors, a plurality of ?xed threshold 
comparators, and an encoder. The input buffer is con?gured 
to isolate the resistive ladder from an analog input signal. 
The input buffer is connected to the resistive ladder at an 
uppermost node of the resistive ladder, and Wherein 2N 
values of the analog input signal are connected to inputs of 
the ?xed threshold comparators to produce corresponding 
output signals. The analog input signal is provided via the 
input buffer in order to provide increased drive current to the 
resistive ladder to isolate the resistive ladder and minimiZe 
loading of a device supplying the analog input signal. 
Compression of the analog input signal and conversion of 
the compressed analog input signal to a digital representa 
tion are simultaneously performed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] Preferred embodiments of the invention are 
described beloW With reference to the folloWing accompa 
nying draWings. 

[0016] 
system. 

FIG. 1 is a schematic of a typical signal processing 

[0017] FIG. 2 is a circuit diagram of a standard parallel 
Flash A/D converter. 

[0018] FIG. 3 is a schematic of a signal processing system 
implementing compression in accordance With an embodi 
ment of the invention. 

[0019] FIG. 4 is a block diagram of an example com 
pressing A/D converter in accordance With some embodi 
ments of the invention. 

[0020] FIG. 5 is an exemplary circuit diagram of a com 
parator shoWn in FIG. 4. 

[0021] FIG. 6 is an exemplary circuit schematic of an 
encoder shoWn in FIG. 4. 

[0022] FIG. 7 is a plot of a transfer function, of a 
compressing A/D converter shoWn in FIG. 4 and obtained 
from simulation results. 

[0023] FIG. 8 is a plot ofthe node voltages ofthe resistors 
of the resistor chain of FIG. 4. With equal value resistances, 
the node voltages (Bit 1 and Bit 16) are shoWn to be evenly 
spaced. 

[0024] FIG. 9 is a plot of the output function, of the A/D 
converter shoWn in FIG. 4, for various values of “n” 
normalized to the number of stages 2N. 

[0025] FIG. 10 is graph illustrating the static poWer dis 
sipation of the A/D converter shoWn in FIG. 4. 
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[0026] FIG. 11 is a graph illustrating the dynamic poWer 
dissipation of the A/D converter shoWn in FIG. 4. 

[0027] FIG. 12 is a graph illustrating the pulse response of 
the A/D converter shoWn in FIG. 4. The graph shoWs that 
the rise times are less than 8 ns and fall times are less than 
10 ns. 

[0028] FIG. 13 is a graph shoWing digital output of the 
A/D converter of FIG. 4, the measurements being made at 
—20, 27, 55, and 85 degrees Celsius. 

[0029] FIG. 14 is a graph shoWing the digital output of the 
A/D converter shoWn in FIG. 4. 

[0030] FIG. 15 is a graph shoWing the digital output of a 
linear design of the A/D converter of FIG. 4 and using the 
values listed in Table l. 

[0031] FIG. 16 is a graph shoWing the digital output of a 
logarithm-like design of the A/D converter of FIG. 4 and 
using the values listed in Table 1. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0032] This disclosure of the invention is submitted in 
furtherance of the constitutional purposes of the US. Patent 
LaWs “to promote the progress of science and useful arts” 
(Article 1, Section 8). 

[0033] FIG. 3 is a schematic of signal processing system 
300 in accordance With various embodiments of the inven 
tion. The system 300 includes a sampler 302, compression 
and analog-to-digital converter circuit 304, a digital signal 
processor (DSP) 306, and a communications/storage device 
308. The sampler 302, the DSP 306, and the communica 
tions/storage device 308, respectively, are similar to the 
sampler 102, the DSP 108, the communications/storage 
device 110, respectively as shoWn in FIG. 1 and the descrip 
tion of such devices is therefore not repeated. In the embodi 
ment shoWn in FIG. 3, analog preprocessing and digitiZation 
is combined into a single step Wherein compression is 
performed simultaneously With the A/D conversion thereby 
alloWing for compression at small design scales for a variety 
of sensor applications. The communications device 308 can 
be a broadcast system or a local or other type of netWork 
employing a variety of media such as, for example, radio 
frequency, optical communications device, etc. to transmit 
the digital signals converted from the analog signals by the 
ADC 304. 

[0034] FIG. 4 is a schematic block diagram of a com 
pressing A/D converter 304 shoWn in FIG. 3. A 4-bit 
compressing A/ D converter is shoWn in FIG. 4 for purposes 
of illustration. Compressing A/D converters of other reso 
lutions are possible. The A/D converter 304 includes an 
input buffer 402, a resistive ladder netWork 404, a plurality 
of comparators 406, and an encoder 408. The ladder netWork 
304 is also referred to herein as a series resistor chain 404. 
The A/D converter 304 is non-linear and has an arbitrary 
compressing transfer function. The A/D converter performs 
ampli?cation of the analog input signal before converting it 
to a digital signal. The resistive ladder netWork 404, the 
plurality of comparators 406, and the encoder 408 are 
collectively referred to herein as the input circuit. 

[0035] An analog input signal Vin is received by the input 
buffer 402 Which isolates the input signal from a series 
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resistor chain 404 (e. g., resistive ladder network). Providing 
the analog input signal to the resistor chain 404 via the input 
buffer 402 helps to minimize loading of a device supplying 
the analog input signal. The input buffer 402 is alternatively 
referred to herein as the isolation circuit 402. The input 
buffer 402 also sources current to the series resistor chain 
404. The input buffer 402 can be, for example, a simple 
common drain ampli?er. It Will be appreciated that other 
buffers can be used With little in?uence over the ?nal 
behavior of the A/D converter 304, so long as they Were 
linear in response. The input buffer 402 can also play a 
dominant role in determining the response speed of the A/D 
converter 304. In one case, in order to increase the speed 
over the common drain ampli?er, in the ADC 304, BiCMOS 
or Bipolar ampli?ers could be used. In order to understand 
the voltage transfer characteristic (V TC) of the ADC 304, 
the buffer offset of the input buffer 402 need to be consid 
ered. The buffer 402 is preferred to be able to source current 
Idrive given by: 

Vcc (1) 
[drive = m 

Where VCC is the analog poWer level, and 2N is the number 
of series resistors of resistance R in the resistive ladder 404, 
N being the number of bits prior to the encoder 408. The 
series resistor chain 404 is connected at one end to the output 
of the buffer 402 and the other end of the resistor chain 404 
is connected to the ground, thereby dividing the buffered 
input voltage Vin and the generated node voltages Vn con 
nected via n=2N resistors to ground. In other embodiments, 
the other end of the chain 404 can be connected to —Vin. The 
node voltages Vn can be described by the folloWing equa 
tion: 

ZN — n (2) 

[0036] It is preferred that the resistor chain 404 use as 
spatially small resistors as possible in order to minimiZe die 
siZe. Such small resistors subsequently have loW resistance 
values Which can impose design constraints on the input 
buffer 402. The 2N values of Vn are connected to the inputs 
of 2N comparators 406. In one embodiment, the comparators 
406 can be ?xed threshold comparators. When the voltage 
supplied to the comparators 406 is beloW a threshold value, 
the digital output of the ADC 304 (FIG. 4) is a logic 0, and 
When such voltage is above the comparator sWitching volt 
age (e.g., VSW), the output is a logic 1. The comparators 406 
can be designed in several Ways, for example, using high 
gain differential ampli?ers or CMOS inverters. By varying 
the resistance magnitudes from “rung to rung” in the series 
resistor chain 404, arbitrary compression function of the 
ADC 304 can be achieved. In an exemplary case, resistors 
of the series resistor chain 404 can be of equal value. 

[0037] The signals output by the comparators 406 are 
received by the encoder 408 Which then produces a digital 
output corresponding to the input voltage Vin. Further details 
of the comparators 406 are described With reference to FIG. 
5. 
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[0038] FIG. 5 is an exemplary schematic circuit diagram 
of each of the comparators 406 shoWn in FIG. 4. Each 
comparator 406 includes a differential pair preampli?er, a 
PMOS decision circuit, a self-biasing differential ampli?er, 
and a CMOS inverter. The decision circuit uses positive 
feedback to sWitch betWeen tWo logic states based on the 
differential pair preampli?er. The CMOS inverter acts as a 
gain stage and also makes the output voltages CMOS 
compatible. Due to the loW common-mode input voltage, 
careful attention maybe needed When biasing the circuit. 

[0039] FIG. 6 is an exemplary circuit schematic of the 
encoder 408 shoWn in FIG. 4 in accordance With various 
embodiments of the invention. The encoder 408 is of a 
minimum gate con?guration designed using CMOS gates 
With four or less inputs. The encoder 408 includes an 
inverter ladder connected to every other comparator. A 
plurality of tWo input NOR gates, one gate per bit, connects 
to a combination of the inverted and non-inverted outputs. 
Each set of NOR gate outputs are connected to a larger NOR 
gate Whose output is the output of the circuit. The output is 
in the form of a binary Word in N parallel bits. The digital 
output is shoWn in FIG. 7. 

[0040] FIG. 7 is a plot of a transfer function of the 
compressing A/D converter 304 as shoWn in FIG. 4, 
Wherein input voltage is plotted on the x-axis and digital 
output is plotted on the y-axis. With equal value resistances 
for the resistors of the resistor chain 404 (FIG. 5), the node 
voltages Vn are evenly spaced as shoWn in FIG. 8. 

[0041] The output of the comparators 406 (FIG. 4) 
changes state When VD=VSW so that When equation (1) is 
rearranged, the inventors have found that the digital output 
goes as —l/Vin: 

VSW Z” —n n (3) 

n VSW (4) 

[0042] A plot of the function shoWn in equation (4) is 
shoWn in FIG. 9. From FIG. 9, the inventors have observed 
that if n is normalized to the number of stages (2N), the 
general output of the curve of the ADC (e.g., ADC 304 of 
FIG. 4) Would remain the same. Increasing the number of 
bits N can cause more transitions and make the digital output 
better ?t the equivalent analog compression function. 

[0043] Device Characteristics 

[0044] Static and Dynamic PoWer Dissipation 

[0045] The components to consider When calculating 
poWer dissipation include comparators (e.g., comparators 
406), input buffer (e.g., buffer 402), the resistive ladder (e.g., 
resistive chain 404), and the encoder (e.g., encoder 408). 
Static poWer is de?ned herein as the poWer dissipated When 
the input signal is a ?xed DC value and dynamic poWer is 
de?ned herein as the poWer dissipated When the input signal 
changes typically as a result of a step function. The com 
parators (e.g., comparators 406) and the buffer (e.g., buffer 
402) are constant current devices and therefore need a 
constant poWer consumption that is comparable for static 










