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(57) ABSTRACT 
A technique for improving the resolution of an A/D 
converter (30). The input analog signal is sampled to 
generate an analog level and the analog level is held (20) 
for an interval. A dither signal (22) is superimposed (23) 
on the held level to generate a fluctuating voltage. This 
fluctuating voltage is then sampled (25) a plurality of at 
least N times, and N sampled values are communicated 
to the A/D converter (30) so that N digitized values are 
generated. These digitized values are averaged (32) to 
provide an output having a digitization error reduced 
by a factor of up to N. 
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1. 

TECHNIQUE FOR IMPROVING THE 
RESOLUTION OF AN A/D CONVERTER 

This application is a continuation-in-part of applica 
tion Ser. No. 07/551,260, filed Jul. 11, 1990, now aban 
doned, which is itself a continuation-in-part of applica 
tion Ser. No. 07/260,835, filed Oct. 21, 1988, now U.S. 
Pat. No. 4,958,308. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to signal pro 
cessing, and more specifically to circuitry for improv 
ing the resolution of an analog-to-digital converter 
(A/D converter). 
A/D converters are well known devices for provid 

ing a digital representation of an analog voltage pres 
ented at the A/D input. Typical A/D converters pro 
vide a 16-bit resolution for a single conversion, but this 
is not fundamental. However, depending upon the num 
ber of bits resolution provided by the A/D converter in 
any single conversion, the resolution is limited. 

Certain classes of input signal that must be digitized 
are characterized by a high ratio between maximum and 
minimum values. An example is the signal from a Fou 
rier transform spectrometer where it is often the case 
that the amount of input radiation that the spectrometer 
can accommodate is limited by the dynamic range of 
the A/D converter. 
A Fourier transform spectrometer typically includes 

an interferometer into which an infrared beam to be 
analyzed and a monochromatic reference beam are 
directed. The interferometer includes a mechanism for 
each input beam to be split into two or more beam 
components. The beam components travel separate 
paths and are then recombined so as to interfere with 
each other. An optical element in one of the paths is 
scanned over a range of positions to vary the path 
length of one beam component relative to that of the 
other. The maximum excursion from zero path differ 
ence determines the maximum resolution of the spectral 
neaSurennent. 
There are many kinds of interferometers, but the most 

commonly used type for Fourier transform spectrome 
ters is a Michelson interferometer. The interferometer 
has a fixed mirror and a movable mirror, and may be 
operated in a rapid scan mode or a step scan mode. In a 
rapid scan interferometer the mirror is driven at a nomi 
nally constant velocity over a portion of its travel. In a 
step scan interferometer, the movable mirror is moved 
in small increments and stopped for each measurement. 

Each of the input beams is split at a beam splitter with 
one portion traveling a path that causes it to reflect 
from the fixed mirror and another portion traveling a 
path that causes it to reflect from the movable mirror. 
The portions of each beam recombine at the beam split 
ter, and due to optical interference between the two 
portions, the intensity of the monochromatic beam and 
each frequency component of the infrared beam are 
modulated as the mirror moves. For constant mirror 
velocity, the frequency for a particular component is 
proportional to the component's optical frequency and 
the mirror velocity. The recombined beams are directed 
to appropriate detectors. 
The detector output represents the superposition of 

these modulated components, and when sampled at 
equal increments of mirror movement, provides an in 
terferogram whose Fourier transform yields the desired 
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2 
spectrum. All these modulated components are in phase 
when the two paths are equal, and the resultant super 
position produces a relatively huge peak in intensity, 
referred to as the centerburst. 
The signal to noise (S/N) ratio in the interferogram is 

very high compared to the S/N ratio in the associated 
spectrum. This is because the signal contributions from 
the individual spectral resolution elements add linearly 
at the centerburst while the noise contributions add as 
the square root of the sum of the squares. 
The monochromatic beam provides a nominally sinu 

soidal reference signal whose Zero crossings occur each 
time the moving mirror travels an additional one quar 
ter of the reference wavelength. A pulsed sampling 
signal is derived from the sinusoidal signal, typically 
from the zero crossings, and is used to trigger the data 
acquisition electronics to provide regularly sampled 
values for the interferogram. With the appropriate 
choice of mirror velocity, the output signal can be made 
to fall within a convenient range of modulation frequen 
cies, as for example in the audio range. 
The frequency of the sampling signal is referred to as 

the principal sampling frequency and is designated 
f(prin). The inverse of the principal sampling frequency 
is referred to as the principal sampling interval. De 
pending on the spectral range of interest, the sampling 
interval may be the distance between adjacent zero 
crossings of the sinusoidal signal, or may be a multiple 
of that distance. 
The mirror velocity may be controlled and rendered 

substantially constant by generating a reference signal 
at the desired frequency f(prin) by frequency division of 
a signal from a crystal oscillator, and providing servo 
control of the mirror motion so the monochromatic 
signal tracks the reference signal. For a highly uniform 
mirror velocity, the time duration of a sampling interval 
(which is a constant unit of distance related to the wave 
length of the monochromatic reference beam) is very 
nearly constant. Therefore, it is not uncommon for 
those in the art to use time and distance somewhat inter 
changeably. 

Additionally, it is common to exclude data points (or 
not take them) for those portions of the mirror travel 
(typically a fraction of a millimeter) where the mirror's 
motion is being reversed. Thus the term "scan" should 
be understood generally to refer to the portion of the 
mirror's travel where data points are taken and used for 
the spectral measurement. Moreover, data acquisition 
typically occurs for only one direction of mirror move 
net. 

FIG. 1 shows a prior art circuit for digitizing the 
analog spectrometer signal. For present purposes, the 
interferometer, detector, detector amplifiers, and filters 
as appropriate are shown as a block labeled Fourier 
transform spectrometer 5. It should be understood that 
the complete spectrometer system typically further 
includes the illustrated circuitry as well as various con 
trol circuits and a dedicated computer (not shown). 
The analog signal from Fourier transform spectrome 

ter 5 is communicated to the voltage input of a sample 
and hold (S/H) circuit 10, which provides a constant 
voltage level at its output when clocked by a sampling 
signal (at f(prin)) at its sampling input. This level is held 
until the A/D conversion is completed. This voltage 
level is communicated to an analog-to-digital A/D con 
verter 12, which is also clocked by the sampling signal. 
Assuming A/D converter 12 to have an n-bit output 
(n = 16 is typical), the characteristic resolution is one 
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part in 2. For a 16-bit A/D converter and analog input 
signals covering it 10 volts, the digitization increment is 
about 0.3 nv. 
The output from the A/D converter is communi 

cated to the dedicated computer where it is stored until 
all the data points in the interferogram have been ac 
quired. The interferogram is then subjected to process 
ing steps including a fast Fourier transform (FFT) to 
convert it into a spectrum. In some instances, multiple 
scans are made and the resultant interferograms are 
averaged before the FFT. For the averaging to provide 
a statistical improvement (increased S/N ratio), a given 
point on the interferogram should fall on a different part 
of the A/D converter's range. This will normally be the 
case since standard practice is to set up the spectrometer 
so that the noise spans at least a few digitizing incre 
entS. 

In many cases, the resolution of the A/D converter 
sets the maximum S/N ratio that can be achieved in the 
spectrum in any one scan. This limitation can be par 
tially, but not completely overcome by using a tech 
nique known as gain ranging. This technique entails 
increasing (for example, by a factor of 16) the analog 
voltage that is input to the S/H circuit and A/D con 
verter when the mirror is away from the vicinity of the 
centerburst position. 

SUMMARY OF THE INVENTION 
The present invention provides a technique for im 

proving the resolution of an A/D converter to enable 
the measurement of signals having a high dynamic 
range, as in connection with sampling and digitizing the 
analog output signal from a Fourier transform spec 
troneter. 
An analog signal to be digitized is combined with a 

dither signal, the resultant dithered signal is then sam 
pled a plurality of times, and at least some of the sam 
pled values are digitized (by the A/D converter). At 
least some of the digitized values are co-added (in effect 
averaged) to provide an output having a digitization 
error reduced by a factor of up to the square root of the 
number of values averaged. The technique is typically 
carried out with a high speed A/D converter so that a 
large number of samples of the fluctuating voltage can 
be digitized within a given sampling interval. 
The dither may be random or pseudorandom noise, 

or may be a regular waveform such as a triangular 
wave. In the spectrometer context, it is preferred that 
the spectrial content of the dither not overlap or fold 
back into the spectrial region of interest. 
According to a first embodiment, the spectrometer 

output signal is sampled and held at the principal sam 
pling frequency. Each sampled and held level has the 
dither superimposed on it and is sampled a plurality of 
times, and at least some of the values are digitized and 
averaged as described above. 
According to a second embodiment, the spectrome 

ter output signal has the dither superimposed on it, and 
the resultant signal is then sampled and held at a fre 
quency that is a multiple of the principal sampling fre 
quency. A plurality of the sampled values within each 
principal sampling interval are digitized and averaged 
as described above. 
A third embodiment is similar to the first except that 

the dither signal has a time profile characterized by a 
plurality of rectangular pulses, each of a width suffi 
cient to allow the summed signal to be directly digitized 
by the A/D converter without a second S/H circuit. 
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4. 
The pulses may be contiguous to define a stepped, possi 
bly regular, waveform, or may be spaced apart. 
A fourth embodiment is similar to the second except 

that a separate dither generator is not used. Rather, the 
bandwidth of the signal channel is increased by a signifi 
cant factor (say 10 or greater) beyond the spectral range 
of interest, and noise from the detector or amplifiers is 
included along with the detector signal. 
A fifth embodiment is similar to the second except 

that the dither signal is generated optically. In a first 
variation of this embodiment, light from a narrow band 
source, preferably having a spectrum outside the spec 
tral range of interest, is introduced into the interferome 
ter along with the source of analytical radiation (typi 
cally broadband infrared). The narrow band source 
should be sufficiently narrow to provide modulation 
over the entire scan with minimal apodization. A laser 
or a spectral line would be suitable. 
The interferometer modulates light from both 

sources, and the modulated beams are communicated to 
the detector. The resultant signal thus includes a com 
ponent resulting from the modulation of the narrow 
band beam. In a second variation of this embodiment, a 
light source is modulated by a mechanism separate from 
the interferometer, such as a chopper, and the modu 
lated light is caused to impinge on the detector. 
The present invention, by reducing the digitization 

error, and thereby increasing the dynamic range, allows 
the use of greater source energy in the spectrometer 
without reducing sensitivity or requiring an A/D con 
verter having more bits of resolution. A further advan 
tage of the invention is that it tends to average out 
non-uniformities in the A/D converter step size (digitiz 
ing increment), which further enhances the accuracy of 
the measurement. 
A further understanding of the nature and advantages 

of the present invention may be realized by reference to 
the remaining portions of the specification and the at 
tached drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 (described above) is a block diagram of prior 
art circuitry for providing digitized values correspond 
ing to the signal from a Fourier transform spectrometer; 

FIGS. 2A and 2B are block diagrams illustrating a 
first embodiment of circuitry according to the present 
invention for increasing the effective resolution of an 
A/D converter used to digitize the signal from a Fou 
rier transform spectrometer; and 

FIG. 3 is a block diagram of a second embodiment of 
circuitry according to the present invention. 
FIGS. 4 and 5 illustrate suitable waveforms for the 

dither signal used with the first and second embodi 
ments. 

FIGS. 6A and 6B are block diagrams of a third em 
bodiment of circuitry according to the present inven 
tion; 

FIG. 6G illustrates a suitable waveform for the dither 
signal for the embodiment of FIGS. 6A and 6B; 
FIG. 7 is a block diagram illustrating a fourth em 

bodiment of circuitry according to the present inven 
tion; and 
FIGS. 8A and 8B are block diagrams illustrating a 

fifth embodiment according to the present invention. 
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DESCRIPTION OF SPECIFIC EMBODIMENTS Eisented 1. software as part of the dedicated 
Introduction For a rapid scan system, timing generator 35 may 

The present invention provides improved apparatus 
and method for generating a digital representation of a 
time-varying analog signal, and will be described in the 
context of digitizing the analog signal from a Fourier 
transform spectrometer (referred to as the spectrometer 
output signal). Except as otherwise stated, it will be 
assumed that the spectrometer is generally as described 
above, and may include again ranging amplifier. 

First Embodiment 

FIG. 2A is a block diagram of circuitry according to 
a first embodiment of the present invention. The analog 
signal from spectrometer 5 is communicated to a first 
sample and hold (S/H) circuit 20, which is clocked by 
the sampling signal at f(prin) from the monochromatic 
reference system. S/H circuit 20 provides a DC level 
corresponding to the value of the voltage of the input 
signal at the time of each sampling. 
A dither generator 22 generates a dither signal whose 

characteristics will be described below. The dither is 
superimposed on the output from S/H circuit 20 at a 
Sunning node 23. The resulting fluctuating voltage is 
communicated to the input of a second S/H circuit 25, 
the held level of which is communicated to the input of 
an analog to digital (A/D) converter 30. The A/D 
converter's n-bit digital output is communicated to an 
accumulator 32, which communicates with a computer 
interface (not shown). 
A timing generator 35 clocks S/H circuit 25, A/D 

converter 30, and accumulator 32. Timing generator 35 
runs at a frequency typically one or more orders of 
magnitude above the frequency of the sampling signal 
f(prin). Accordingly, for each value of output voltage 
held by S/H circuit 20, a plurality of held levels are 
generated by S/H circuit 25. The output levels from 
S/H circuit 25 are digitized by A/D converter 30 and 
communicated to accumulator 32. Accumulator 32 co 
adds the digital outputs from A/D converter 30, and 
outputs a single value. Assuming that the same number 
of digitized samples are co-added every time, the output 
from the accumulator is equivalent to the average 
value, differing only by an overall scale factor. 
The sampling signal's communication with timing 

generator 35 is shown in phantom. This is because tin 
ing generator 35 may be synchronous (in which case the 
sampling signal would define the clock rate), or it may 
be asynchronous. In a typical application (synchronous 
or asynchronous), timing generator 35 may be run at a 
frequency of 10-300 times the frequency of the princi 
pal sampling signal. S/H circuit 25, A/D converter 30, 
or accumulator 32 may be gated so that a smaller num 
ber (say 8-256) of digitizations are co-added. These 
numerical ranges are merely representative. Co-adding 
as few as 2-4 digitizations provides a meaningful in 
provement. 
The circuit components are generally off-the-shelf 

items. The S/H circuits may be modules, integrated 
circuits, or (in the case of S/H circuit 25) circuitry 
incorporated into the front end of A/D converter 30, 
Summing node 23 may be an operational amplifier. A 
high-speed A/D converter capable of operation at 500 
kHz is available from Analogic, Woburn, Mass. Accu 
mulator 32 may be a separate hardware device or may 
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comprise a phase locked loop for generating a signal at 
a frequency that is defined multiple of f(prin). Alterna 
tively a signal at a frequency higher than f(prin) can be 
derived from the same crystal oscillator that is used to 
generate the reference signal that provides the servo 
control for the mirror drive, but using a smaller fre 
quency division factor. A step scanning system is nor 
mally driven off a clock. 

If N is the number of digital outputs that are co 
added, the result is a resolution increased by a factor of 
up to N relative to the resolution obtainable from a 
single digitization of A/D converter 30. This benefit 
can be exploited by increasing the input radiation power 
level to increase the detector signal level relative to the 
noise. The A/D converter must still accommodate the 
increased signal, which can be achieved by reducing the 
gain in the signal channel or providing an S/H circuit 
and A/D converter capable of accepting a larger range 
of input voltages. More generally, the invention's bene 
fit can be exploited by relieving other constraints that 
were imposed by the dynamic range limitations of the 
A/D converter. 

In addition to the increased resolution, the dither 
signal has the effect of averaging out possible local 
non-uniformities in the A/D converter step size (digitiz 
ing increment). 
There is no requirement that accumulator 32 co-add 

all digitized values from A/D converter 25, that the 
A/D converter digitize all values from S/H circuit 25, 
or that S/H circuit 25 sample over the entire principal 
sampling interval. Indeed, any one or more of these 
circuit elements may be gated so that only values of the 
fluctuating voltage occurring during a portion of the 
principal sampling interval contribute to the co-added 
result. 
FIG. 2B shows a specific example incorporating cir 

cuitry for gating accumulator 32. In this case, the signal 
from timing generator 35 clocks S/H circuit 25 and 
A/D converter 30, but is communicated to a logic cir 
cuit 40. 

Logic circuit 40 represents one way of gating the 
circuitry so that fewer than all possible values are co 
added. Logic circuit 40 is responsive to a binary code 
representative of the maximum number, N, of values 
that can be co-added and a binary code representative 
of a number m which is less than or equal to N. The 
principal sampling signal is communicated to a reset 
input on logic circuit 40, a reset input on accumulator 
32, and a control input of a gate network 42. Logic 
circuit 40, upon receiving a reset pulse from the princi 
pal sampling signal, counts upwards to block the first m 
pulses of the signal from timing generator 35, and then 
passes the remaining pulses in order to cause accumula 
tor 32 to co-add only those values from the A/D con 
verter after the first m have been ignored. 

If m=0, N digitized values are co-added and the 
A/D output has its resolution increased by a factor of 
up to N. For example, if m=0 and N = 256, the accu 
mulator output resulting from averaging 16-bit outputs 
has an effective resolution of up to 20 bits. If N = 1, the 
accumulator only acts to buffer the A/D output. 

Second Embodiment 

FIG. 3 is a block diagram of circuitry according to a 
second embodiment of the present invention. This em 
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bodiment is shown incorporating gating circuitry as 
shown in FIG. 2B. This embodiment differs from the 
embodiment of FIGS. 2A and 2B in that the signal from 
the spectrometer has the dither directly superimposed 
on it prior to being sampled and held. More particu 
larly, the analog spectrometer signal is communicated 
to a summing node 50 as is the output from a dither 
generator 52. The resulting voltage is communicated to 
the input of an S/H circuit 55, the held level of which 
is communicated to the input of an A/D converter 57. 
The A/D converter's n-bit digital output is communi 
cated to an accumulator 60. The accumulator output is 
communicated to the data inputs of a gate network 61, 
the output of which communicates with the computer 
interface. 
A timing generator, shown as a phase locked loop 62, 

generates a signal at a frequency f(mult) that is a multi 
ple of the principal sampling frequency f(mult)=N.f(- 
prin). The signals at f(prin) and f(mult) should be phase 
locked to avoid spurious effects. The signal at f(mult) is 
used to clock S/H circuit 55 and A/D converter 57, and 
is also communicated to a logic circuit 65 whose opera 
tion is as described above in connection with FIG. 2B, 
The embodiment of FIG. 3 has the advantage over 

that of FIGS. 2A and 2B in that it requires only a single 
sample and hold circuit. Possibly offsetting that benefit 
is that the output is an integrated signal which has the 
effect of multiplying the spectrum by a factor F = (sin 
x)/x, where x = 7tf/f(prin). Therefore, F = 1 for f=0 and 
F=0 for f=f(prin). However, since the spectrum only 
contains frequencies below f(prin)/2, the factor F 
ranges from 1.0 to 2/77 (approximately 0.6), which is a 
relatively small correction factor to take care of. 

Dither Signal Characteristics 
The dither may be a random or pseudorandom signal 

or it may have a regular waveform such as a triangular 
wave. If the dither signal is random, the randomness 
may be derived from the thermal noise from a diode. 

If the dither signal has a non-zero time average, the 
result is a constant offset to the interferogram. This is 
not a problem since the Fourier transform maps this 
offset to zero frequency. In any event, the data process 
ing software will often remove the average value from 
the interferogram before performing the FFT. 
The dither signal spectrum should not overlap with 

the spectral range of interest. 
It will be appreciated that when a signal is sample at 

a constant frequency, frequency components above 
one-half the sampling frequency fold back into the 
range below one-half the sampling frequency. Thus a 
statement that a frequency is outside a range of interest 
should be taken to mean that the frequency also does 
not fold back into the range of interest after sampling. 
For example, if the principal sampling frequency (in 
wave number units) is about 16,000 cm, correspond 
ing to a laser wavelength of 0.6328 microns, the spectral 
range that can be measured is theoretically (Nyquist's 
theorem) about 0-8000 cm-, and practically about 10 
cm 1 to 7000 cm. Accordingly, the dither can be put 
in a range of 7000-9000 cm (the signal power in the 
range 8000-9000 cm folds back to the range 
7000-8000 cm ). Alternatively, the dither can be put 
in the range between 0 and the smallest wavenumber in 
the practical range of operation (say 10 cm). 
The above condition on the dither signal spectrum is 

not absolute. To the extent that the dither signal is a 
periodic waveform containing discrete frequency com 
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8 
ponents, it could be allowed to overlap or fold into the 
spectral range of interest. It would appear as one or 
more spikes in the spectrum, that could be removed by 
software. However, since it is usually easy to locate the 
dither outside the spectral range of interest, it is pre 
ferred to do so. 
The dither signal should be characterized by an am 

plitude that spans at least a few digitizing increments. A 
factor of 5-20 is generally appropriate. Therefore, 
where the digitizing increment is about 0.3 nv, the 
dither amplitude should be a few to several millivolts. It 
is beneficial to use a larger dither amplitude, which has 
the effect of reducing systematic errors in the A/D 
converter. 
When multiple interferometer scans are to be taken, 

the dither signal can be varied from scan to scan. This 
can be accomplished by varying the dither signal's 
phase or waveform randomly or pseudorandomly from 
scan to scan. This tends to be most beneficial when the 
number of scans to be co-added is large relative to the 
number of digitized values averaged for each sampling 
interval in each scan. 
FIGS. 4 and 5 are timing diagrams illustrating the use 

of a non-random dither signal, both for the case where 
all values generated during the principal sampling per 
iod are co-added and for the case where one or more of 
S/H circuit 25 (or 55), A/D converter 30 (or 57), or 
accumulator 32 (or 60) are gated to limit the number of 
values that contribute to the co-added measurement. 
FIG. 4 is a timing diagram illustrating suitable dither 

signals for the case where values generated over the 
entire principal sampling interval are co-added. The 
square wave defines the principal sampling period. The 
dither signals are triangular waves (shown centered at 
zero, but this is not necessary) with a period equal to the 
principal sampling interval. The phase is largely insig 
nificant, and two possibilities are illustrated. 

FIG. 5 is a timing diagram illustrating the case where 
the values generated over only part of the principal 
sampling interval are co-added. In the specific example 
shown, potential values from the initial part of the prin 
cipal sampling interval are excluded from the accumula 
tor, so that the effective sampling interval is shorter. 
The dither signal is a series of triangular wave segments, 
each having a period equal to the effective sampling 
interval, but repeated at intervals equal to the principal 
sampling interval. 
The waveforms shown in FIGS. 4 and 5 have the 

same period as the principal sampling signal, and thus 
contain components at the sampling frequency and its 
harmonics. All these frequency components fold to zero 
frequency in the output spectrum. 

Third Embodiment 

FIG. 6A is a block diagram of circuitry according to 
a third embodiment of the present invention. This em 
bodiment corresponds to the first embodiment, illus 
trated in FIG. 2, and corresponding reference numerals 
are used. This embodiment lacks a second S/H circuit, 
corresponding to S/H circuit 25 in FIG. 2. The purpose 
of S/H circuit 25 is to hold the fluctuating voltage long 
enough for A/D converter 30 to perform the actual 
conversion. The third embodiment eliminates the need 
for the second S/H by use of a dither signal having a 
particular characteristic. 

FIG. 6B shows a variant of the third embodiment 
where S/H circuit 20 is clocked by timing generator 35 
rather than the principal sampling signal. This may be 
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preferred where the S/H circuit is not capable of hold 
ing the voltage level for an entire principal sampling 
interval. This could be the case where the S/H circuit 
and A/D converter are packaged in a single module 
(with access to add the dither), and the S/H isn't in 
tended to be clocked much less frequently than the 
A/D converter. 
FIG. 6C is a timing diagram illustrating a dither sig 

nal wave form suitable for the third embodiment. Spe 
cifically, the dither signal has a waveform characterized 
by steps having a width corresponding to the intervals 
at which the A/D converter is clocked. Thus each step 
is longer in duration than the interval during which the 
A/D converter does its conversion and proper A/D 
conversion can occur. This is shown in the specific 
context of a triangular wave where the steps are uni 
form in height and contiguous. Other possibilities in 
clude rectangular pulses of random height, but constant 
width. The pulses could be spaced from each other so 
long as they occur synchronously with respect to the 
clocking of the A/D converter. 

Fourth Embodiment 

FIG. 7 is a block diagram of circuitry according to a 
fourth embodiment of the present invention. This em 
bodiment corresponds generally to the second embodi 
ment, illustrated in FIG, 3, but differs primarily in that 
there is no separate dither generator. Assume that the 
maximum frequency of interest is Fnax (in appropriate 
units). The signal channel bandwidth is increased by a 
significant factor to include detector and/or amplifier 
noise up to a maximum frequency of MFax. 
Assuming white noise, the noise is increased by a 

factor of the square root of the bandwidth expansion 
factor. The gain can be reduced by this factor, and the 
total noise will still span a few digitizing increments, 
notwithstanding the fact that the noise in the range up 
to Finax is less than a digitizing increment. With this 
reduction in gain, the input radiation to the spectrome 
ter can be increased. A bandwidth expansion corre 
sponding to M2 10 is typically suitable. 
To effectively sample the spectral range between 0 

and Finax, the sampling frequency must be at least 
2F. However, in order that the noise between Fox 
and MFax not fold into the range between 0 and Finax, 
the sampling frequency must exceed (M-1)P.nas. This 
would cause the noise between (M-- i)Fax/2 and 
MFinax to fold into the range between Frax and 
(M-1)Fax/2, keeping it out of the range between 0 
and Fax, which is the range of interest. 
A Fourier transform spectrometer 5, having the 

bandwidth-expanded signal channel communicates its 
output signal to the input of an S/H circuit 80, the held 
level of which is communicated to the input of an A/D 
converter 82. A phase locked loop 85 generates a signal 
at a multiple of the principal sampling frequency f(prin) 
that is at least as high as (M+1)Fmax/2. The digitized 
values from A/D converter 82 are communicated to a 
digital filter 90. Normally, digital filter 90 is not a sepa 
rate unit, but is inherently part of the FFT software. 
However, for certain instances where it is desired to 
avoid doing the FFT with so large a number of data 
points, a separate hardware or software digital filter can 
be used. In such a case, the output of the digital filter 
would be the interferogram with a frequency content 
up to Fmax. 
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Fifth Embodiment 

FIGS. 8A and 8B are block diagrams showing optical 
components and circuitry according to two variants of 
a fifth embodiment of the present invention. This em 
bodiment corresponds generally to the second embodi 
ment, illustrated in FIG. 3, and reference numerals 
corresponding to those in FIG.3 are used where appro 
priate. The Figures show S/H circuit 55, A/D con 
verter 57, and accumulator 60. For ease of illustration, 
the circuitry for gating the accumulator is not shown. 
This embodiment differs primarily in that the dither is 
generated optically rather than electrically. In brief, a 
chopped or otherwise modulated auxiliary beam of 
light is directed to the infrared detector, along with the 
analytical (infrared) beam that has been modulated by 
the interferometer. 
The resultant spectrometer output signal thus in 

cludes a first voltage component corresponding to the 
intensity of the modulated analytical radiation and a 
second voltage component corresponding to the inten 
sity of the modulated auxiliary beam. The components 
combine linearly, but possibly with unequal weights, 
depending on the detector's sensitivity for the different 
beams. 
The intensity and time profile of the modulated auxil 

iary source should provide a voltage component that 
meets the characteristics for the dither signal described 
above. Thus the light intensity should be such that the 
voltage component assumes values over a range of a 
few to many digitizing increments. The frequency con 
tent of the voltage component is preferably outside the 
spectral region of interest. 
The spectrometer, designated 105 in FIG. 8A and 155 

in FIG. 8B, includes, in accordance with known prac 
tice, an interferometer 110, a monochromatic detector 
112, an infrared detector 115 with associated amplifier 
117, and reference generating circuitry 120 coupled to 
detector 112 for generating the monochromatic refer 
ence signal. A monochromatic reference beam from a 
source 122 and a beam of analytical radiation (typically 
infrared) from a source 125 are input to the interferome 
ter. A sample 130 is normally placed in the infrared 
beam. between the interferometer and detector 115, 
although it is possible to place the sample between the 
source and the interferometer. The above-described 
elements constitute what was shown as Fourier trans 
form spectrometer 5 in FIGS. 1, 2A, 2B, 3, 6A, and 6B, 
with the signal from amplifier 117 being the spectrome 
ter signal and the signal from circuitry 120 being the 
sampling signal. 

In accordance with the variation of FIG. 8A, a beam 
from a narrow band source 135, referred to as the dither 
source, is also directed into the interferometer. The 
dither source has a wavelength preferably outside the 
spectral range of interest but within the range capable 
of detection by infrared detector 115. For example a 
YAG laser operating at 1.06 microns would be suitable 
for mid-infrared measurements. The interferometer 
modules all three beams. The modulated monochro 
matic beam is directed to the monochromatic detector 
112, which is provided with a filter 140 to ensure that it 
receives only the monochromatic reference beam. The 
modulated beams from infrared source 125 and dither 
source 135 are directed through sample 130 to detector 
115. Thus the signal from the detector includes compo 
nents proportional to the intensities of the two modu 
lated beams. 
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The variation of FIG. 8B differs from that of FIG. 8A 
in that a mechanism other than interferometer 110 is 
used to modulate the beam from the dither source, des 
ignated 135". As illustrated, a modulator 160, having 
associated modulator control circuitry 162, modulates 
the beam fron dither source 135" before the beam 
reaches detector 115. The modulator could be a me 
chanical chopper or electro-optical device, configured 
to impose a time varying intensity profile (not a square 
wave) corresponding to a desired dither whose fre 
quency content is preferably outside the spectral range 
of interest. Note that in this variation, the dither source 
can be any radiation source (broadband or narrow 
band) to which the detector is sensitive since the dither 
characteristic depends on the modulator, not the wave 
length of the dither. This variation has the advantage 
over the variation illustrated in FIG. 8A that the beam 
from the dither source does not have to pass through 
the sample, but has the disadvantage of requiring a 
separate modulator. 

CONCLUSION 

In conclusion, it can be seen that the present inven 
tion provides a simple technique for increasing the reso 
lution of an A/D converter so as to increase the dy 
namic range of the measurement system. The invention 
provides a further benefit in that it tends to average out 
local non-uniformities in the A/D converter step size. 
While the above is a complete description of the 

preferred embodiments of the invention, various modifi 
cations, alternative constructions, and equivalents may 
be employed. For example, the dither could be put in 
over a narrow range near the sampling frequency. The 
dither would fold back around zero frequency in the 
spectrum, where it could easily be removed. Addition 
ally, with respect to the fourth embodiment, the in 
creased noise can be achieved by a more modest in 
crease in bandwidth coupled with a preamplifier gain 
that increases with frequency. 

Accordingly, the above description and illustrations 
should not be taken as limiting the scope of the inven 
tion which is defined by the appended claims. 
What is claimed is: 
1. In the operation of a Fourier transform spectrome 

ter where an optical path difference is scanned over a 
range of values so as to provide a modulated beam of 
analytical radiation, the range of values defining a scan 
with the scan being subdivided into a sequence of sam 
pling intervals, a method of digitizing the spectrometer 
output signal, comprising the steps, carried out for each 
sampling interval of a scan, of: 

generating an analog signal having a first component 
representing the intensity of the modulated beam of 
analytical radiation and a second component repre 
senting a dither signal having a time variation; 

sampling the analog signal a plurality of times to 
provide a plurality of sampled signal values; 

digitizing at least some of the sampled signal values to 
provide corresponding digitized values; and 

averaging at least some of the digitized values to 
provide an output value with a digitization error 
reduced by a factor of up to the square root of the 
number of values averaged. 

2. In the operation of a Fourier transform spectrome 
ter where an optical path difference is scanned over a 
range of values defining a scan with the scan being 
subdivided into a sequence of sampling intervals, a 
method of digitizing the spectrometer output signal, 
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12 
comprising the steps, carried out for each sampling 
interval of a scan, of: 

sampling the spectrometer output signal to generate 
an analog signal level whose value equals the value 
of the spectrometer output signal at the moment of 
sampling; 

holding the analog signal level during the sampling 
interval; 

superimposing a dither signal on the analog signal 
level to provide a dithered signal; 

sampling the dithered signal a plurality of times to 
provide a plurality of sampled signal values; 

digitizing at least some of the sampled signal values to 
provide corresponding digitized values; and 

averaging at least some of the digitized values. 
3. In the operation of a Fourier transform spectrome 

ter where an optical path difference is scanned over a 
range of values defining a scan with the scan being 
subdivided into a sequence of sampling intervals, a 
method of digitizing the spectrometer output signal, 
comprising the steps, carried out for each sampling 
interval of a scan, of: 

superimposing a dither signal on the spectrometer 
output signal to provide a dithered signal; 

sampling the dithered signal a plurality of times to 
provide a plurality of sampled signal values; 

digitizing at least some of the sampled signal values, 
to provide corresponding digitized values; and 

averaging at least some of the digitized values to 
provide an output value with a digitization error 
reduced by a factor of up to the square root of the 
number of values. 

4. In the operation of a Fourier transform spectrome 
ter where an optical path difference is scanned over a 
range of values defining a scan with the scan being 
subdivided into a sequence of sampling intervals, a 
method of digitizing the spectrometer output signal, 
comprising the steps, carried out for each sampling 
interval of a scan, of: 

sampling the spectrometer output signal; 
superimposing a dither signal on the sampled signal to 

provide a dithered signal, the dither signal having a 
time profile during each sampling interval that is 
characterized by a plurality of rectangular pulses, 
each defining an interval during which the dither 
signal is constant; 

digitizing the dithered signal during at least some of 
the intervals during which the dither signal is con 
stant to provide corresponding digitized values; 
and 

averaging at least some of the digitized values to 
provide an output value with a digitization error 
reduced by a factor of up to the square root of the 
number of values averaged. 

5. In the operation of a Fourier transform spectrome 
ter where an optical path difference is scanned over a 
range of values defining a scan with the scan being 
subdivided into a sequence of sampling intervals, a 
method of digitizing the spectrometer output signal, 
comprising the steps, carried out for each sampling 
interval of a scan, of: 

configuring the spectrometer so that its signal chan 
nel has a bandwidth that is a significant factor 
wider than the range of frequencies that character 
izes the spectral range of interest of the spectrome 
ter output signal so that the spectrometer output 
signal provides noise over this bandwidth; 
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sampling the spectrometer output signal a plurality of 
times to provide a plurality of sampled values; and 

digitizing at least some of the sampled values to pro 
vide corresponding digitized values. 

6. The method of claim 1 wherein all of the sampled 
signal values are digitized. 

7. The method of claim 1 wherein all the digitized 
values are averaged. 

8. The method of claim 1 or 2 or 3 or 4 wherein the 
dither signal is characterized by a range of frequencies 
outside the range of frequencies that characterizes the 
spectral range of interest of the spectrometer output 
signal. 

9. The method of claim 1 or 2 or 3 or 4 or 5 wherein 
said steps are performed for a plurality of scans, and 
further comprising the step of averaging the output 
values generated for corresponding sampling intervals 
for the plurality of scans. 

10. The method of claim 1 or 2 or 3 or 4 wherein at 
least one characteristic of the dither signal is varied 
from scan to scan. 

11. The method of claim 1 or 2 or 3 or 4 or 5 wherein 
the spectrometer is operated in a rapid scan mode. 

12. The method of claim 1 or 2 or 3 or 4 or 5 wherein 
the spectrometer is operated in a step scanning mode. 

13. The method of claim 1 or 2 or 3 or 4 wherein the 
dither signal is random noise, 

14. The method of claim 1 or 2 or 3 or 4 wherein the 
dither signal is a periodic waveform. 

15. The method of claim 4 wherein the dither signal 
comprises pulses of random amplitudes. 

16. The method of claim 4 wherein the dither signal is 
a stepped periodic waveform. 

17. The method of claim 4 wherein said sampling step 
is performed once for each sampling interval. 

18. The method of claim 4 wherein said sampling step 
is performed a plurality of times during each sampling 
interval. 

19. The method of claim 5, and further comprising 
the step of digitally filtering the set of digitized values 
generated for at least one scan. 

20. The method of claim 1 wherein said generating 
step comprises the substeps of: 

generating an analog signal representing the intensity 
of the modulated beam of analytic radiation; and 

superimposing thereon an analog signal having a time 
variation that defines the time variation of the 
dither signal. 

21. The method of claim 1 wherein said generating 
step comprises the substeps of: 

providing the spectrometer with an auxiliary light 
source having a time varying intensity that defines 
the time variation of the dither signal; and 

causing the spectrometer to output a signal that in 
cludes a component representing the intensity of 
the auxiliary light source. 

22. In a Fourier transform spectrometer where an 
optical path difference is scanned over a range of values 
so as to provide a modulated beam of analytical radia 
tion, the range of values defining a scan with the scan 
being subdivided into a sequence of sampling intervals, 
apparatus for digitizing the spectrometer output signal, 
comprising: 
means for generating an analog signal having a first 
component representing the intensity of the modu 
lated beam of analytic radiation and a second com 
ponent representing a dither signal having a time 
variation; 
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14 
sample and hold means, responsive to said analog 

signal, for providing a plurality of sampled signal 
values during each sampling interval; 

means for digitizing at least some of said sampled 
signal values to provide corresponding digitized 
values, said means for digitizing having a charac 
teristic resolution; and 

means for averaging at least some of said digitized 
values for each sampling interval to provide an 
averaged value having increased resolution rela 
tive to said characteristic resolution by a factor of 
up to the square root of the number of values aver 
aged. 

23. In a Fourier transform spectrometer where an 
optical path difference is scanned over a range of values 
so as to provide a modulated beam of analytical radia 
tion, the range of values defining a scan with the scan 
being subdivided into a sequence of sampling intervals, 
apparatus for digitizing the spectrometer output signal, 
comprising: 

first sample and hold means responsive to the spec 
trometer output signal, for providing an analog 
signal level whose value equals the value of the 
spectrometer output signal at a particular moment 
for each sampling interval; 

means for superimposing a dither signal on said ana 
log voltage level from said first sample and hold 
means to provide a dithered signal; 

second sample and hold means, responsive to said 
dithered signal, for providing a plurality of sam 
pled signal values during each sampling interval; 

means for digitizing at least some of said sampled 
signal values to provide corresponding digitized 
values, said means for digitizing having a charac 
teristic resolution; and 

means for averaging at least some of said digitized 
values to provide an averaged value having in 
creased resolution by a factor of up to the square 
root of the number of values averaged. 

24. In a Fourier transform spectrometer where an 
optical path difference is scanned over a range of values 
so as to provide a modulated beam of analytical radia 
tion, the range of values defining a scan with the scan 
being subdivided into a sequence of sampling intervals, 
apparatus for digitizing the spectrometer output signal, 
comprising: 
means for superimposing a dither signal on the spec 

trometer output signal to provide a dithered signal; 
sample and hold means, responsive to said dithered 

signal, for providing during each sampling interval 
a plurality of sampled signal values corresponding 
to the values of said dithered signal; 

means for digitizing at least some of said sampled 
signal values to provide corresponding digitized 
values, said digitizing means having a characteris 
tic resolution; and m 

means for averaging at least some of said digitized 
values to provide an averaged value having in 
creased resolution by a factor of up to the square 
root of the number of values averaged. 

25. In a Fourier transform spectrometer where an 
optical path difference is scanned over a range of values 
so as to provide a modulated beam of analytical radia 
tion, the range of values defining a scan with the scan 
being subdivided into a sequence of sampling intervals, 
apparatus for digitizing the spectrometer output signal, 
comprising: 
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sample and hold means, responsive to the spectrome 
ter output signal; 

means for superimposing a dither signal on the sam 
pled signal from said sample and hold means to 
provide a dithered signal, said dither signal having 5 
a time profile during each sampling interval that is 
characterized by a plurality of rectangular pulses, 
each defining an interval during which said dither 
signal is constant; 

means, characterized by a digitizing increment, for 10 
digitizing said dithered signal during at least some 
of the intervals during which said dither signal is 
constant to provide corresponding digitized values; 
and 

means for averaging at least some of said digitized 15 
values to provide an averaged value having in 
creased resolution by a factor of up to the square 
root of the number of values averaged. 

26. In a Fourier transform spectrometer where an 
optical path difference is scanned over a range of values 20 
so as to provide a modulated beam of analytical radia 
tion, the range of values defining a scan with the scan 
being subdivided into a sequence of sampling intervals, 
apparatus for digitizing the spectrometer output signal, 
comprising: 25 

sample and hold means, responsive to the spectrome 
ter output signal, for providing during each sam 
pling interval a plurality of sampled signal values 
corresponding to the values of the spectrometer 
output signal; and 30 

means, characterized by a digitizing increment, for 
digitizing at least some of said sampled signal val 
ues to provide corresponding digitized values; 

wherein the spectrometer has a signal channel whose 
bandwidth is a significant factor wider than the 35 
range of frequencies that characterizes the spectral 
range of interest of the spectrometer output signal 
so that the spectrometer output signal includes 
noise over the bandwidth that is of greater ampli 
tude than the noise in the portion of the bandwidth 40 
that characterizes the spectral range of interest and 
the noise in the portion of the bandwidth that char 
acterizes the spectral range of interest is less than 
said digitizing increment. 

27. The apparatus of claim 22 or 23 or 24 or 25 45 
wherein: said digitizing means is an A/D converter 
having a particular digitization increment; and 

said dither signal has maximum fluctuations that ex 
ceed said digitization increment. 

28. The apparatus of claim 22 or 23 or 24 or 25 50 
wherein said dither signal is characterized by a range of 
frequencies outside the range of frequencies that char 
acterizes the spectrometer output signal. 

29. The apparatus of claim 22 or 23 or 24 or 25 
wherein the average value of the dither signal, taken 55 
over that portion of each sampling interval that corre 
sponds to those sampled signal values that are averaged, 
is constant for all sampling intervals in the scan. 

30. The apparatus of claim 22 or 23 or 24 wherein said 
dither signal is random noise. 60 

31. The apparatus of claim 22 or 23 or 24 wherein said 
dither signal is a periodic waveform. 

32. The apparatus of claim 22 or 23 or 24 or 25 
wherein at least one characteristic of said dither signal is 
varied from scan to scan. 65 

33. The apparatus of claim 22 or 23 or 24 or 25 or 26 
wherein the spectrometer is operated in a rapid scan 
mode. 

16 
34. The apparatus of 22 or 23 or 24 or 25 or 26 

wherein the spectrometer is operated in a step scanning 
mode. 

35. The apparatus of claim 22 or 23 or 24 or 25 
wherein the dither signal is characterized by a range of 
frequencies outside the range of frequencies that char 
acterizes the spectral range of interest of the spectrome 
ter output signal and the average value of the dither 
signal, taken over that portion of each sampling interval 
that corresponds to those sampled signal values that are 
averaged, is constant for all sampling intervals in the 
SC2. 

36. The apparatus of claim 22 wherein all of said 
sampled signal values are digitized. 

37. The apparatus of claim 22 wherein all of said 
digitized values are averaged. 

38. The apparatus of claim 25 wherein said sample 
and hold means is clocked once for each sampling inter 
val. 

39. The apparatus of claim 25 wherein said sample 
and hold means is clocked a plurality of times for each 
sampling interval. 

40. The apparatus of claim 22 wherein said generating 
means comprises: 
means for generating an analog signal representing 

the intensity of the modulated beam of analytical 
radiation; and 

means for superimposing thereon an analog signal 
having a time variation that defines the time varia 
tion of said dither signal. 

41. The apparatus of claim 22 wherein said generating 
means comprises: 

an auxiliary light source having a time varying inten 
sity that defines the time variation of said dither 
signal; and 

means for generating an analog signal representing a 
combination of the intensity of the modulated beam 
of analytical radiation and the intensity of said 
auxiliary light source. 

42. In a method of operating of a Fourier transform 
spectrometer including the steps of directing a beam of 
analytical radiation into an interferometer, scanning an 
optical path difference in the interferometer over a 
range of positions defining a scan so as to provide a 
modulated beam of analytical radiation, directing the 
modulated beam of analytical radiation to a detector, 
and subdividing the scan into a sequence of Sampling 
intervals, the improvement comprising the steps, car 
ried out for each sampling interval of a scan, of: 

illuminating the detector with a modulated auxiliary 
beam; 

generating an analog signal representing a combina 
tion of the intensity of the modulated beam of ana 
lytical radiation and the intensity of the modulated 
auxiliary beam; 

sampling the analog signal a plurality of times to 
provide a plurality of sampled signal values; 

digitizing at least some of the sampled signal values to 
provide corresponding digitized values; and 

averaging at least some of the digitized values to 
provide an output value with a digitization error 
reduced by a factor of up to the square root of the 
number of values averaged. 

43. The improvement of claim 42 wherein said illumi 
nating step comprises the substeps of 

providing a narrow band auxiliary source; and 
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directing a beam from the auxiliary source through 
the interferometer to produce the modulated auxil 
iary beam. 

44. The improvement of claim 42 wherein said illumi 
nating step comprises the substeps of: 
providing an auxiliary source; and 
modulating the auxiliary source outside the interfer 

Onetet. 

45. In a Fourier transform spectrometer including an 
interferometer, means for directing a beam of analytical 
radiation into the interferometer, means for scanning an 
optical path difference in the interferometer over a 
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of analytical radiation and the intensity of said 
modulated auxiliary beam; 

means for sampling the analog signal a plurality of 
times to provide a plurality of sampled signal val 
ues during each sampling interval; 

means, having a characteristic resolution, for digitiz 
ing at least some of said sampled signal values to 
provide corresponding digitized values; and 

means for averaging at least some of the digitized 
values provided during each sampling interval to 
provide an output value with a digitization error 
reduced by a factor of up to the square root of the 
number of values averaged. 

46. The improvement of claim 45 wherein said means range of positions defining a scan so as to provide a 15 for illuminating comprises: 
modulated beam of analytical radiation, means for di 
recting the modulated beam of analytical radiation to a 
detector, and means for subdividing the scan into a 
sequence of sampling intervals, the improvement com 
prising: 
means for illuminating the detector with a modulated 

auxiliary beam; 
means for generating an analog signal representing a 

combination of the intensity of the modualted beam 
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a narrow band auxiliary source; and 
means for directing a beam from said auxiliary source 
through the interferometer to produce said modu 
lated auxiliary beam. 

47. The improvement of claim 45 wherein said means 
for illuminating comprises: 

an auxiliary source; and 
means, distinct from the interferometer, for modulat 

ing said auxiliary source outside the interferometer. 
k k sk k sk 
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