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(57) Abstract: This disclosure describes systems, methods, and apparatus for improving the signal-to-noise ratio, increasing
sampling speed, and increasing the dynamic range of a pyrometer via improvements to the amplification section. In particular,
single-stage non- ditferentiated amplifiers can be replaced with a differential amplifier circuit that increases gain without a propor -
tional increase in noise. The differential amplifier circuit can comprise a pair of transimpedance amplifier circuits arranged in paral-
lel that receive a differential current from a photo detector and generate a differential voltage output in response having a transcon -
ductance gain.
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TITLE: FULLY-DIFFERENTIAL AMPLIFICATION FOR PYROMETRY

CLAIM OF PRIORITY UNDER 35 U.S.C. §119

[0001] The present Application for Patent claims priority to Provisional Application No.
62096090 entitled “USE OF A FULLY-DIFFERENTIAL FRONT-END, WITH
REVERSE BIAS AND BLIND DETECTION SUPPORT TO ACHIEVE A HIGH-
SPEED, LOW NOISE, LOW OFFSET, HIGH-GAIN PYROMETER INTERFACE”
filed December 23, 2014, and assigned to the assignee hereof and hereby expressly

incorporated by reference herein.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates generally to optical pyrometry. In particular, but
not by way of limitation, the present disclosure relates to systems, methods and

apparatuses for an improved amplifier for use in optical pyrometry.

BACKGROUND

[0003] In manufacturing environments, measuring the temperature of an object without
contact has proven to be a complex and daunting task. Objects in motion are often
difficult to touch (e.g., molten sapphire), and objects that are too hot will damage the
temperature sensor. The object of interest also may be easily damaged by contact,
thereby precluding measurement of its temperature. Dependable means for gauging high
temperatures have evolved over the centuries, from the primitive visual methods used by
blacksmiths as they forged steel, to today’s highly accurate means of industrial

temperature measurement (e.g., optical pyrometry).
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[0004] It is a well-known phenomenon that hot objects emit light. The hotter, the
brighter. In fact, this phenomenon is one of the more important cornerstones of many
modern technologies. Among them is radiometric temperature measurement, otherwise

known as optical pyrometry.

[0005] The essence of the system is that an object of interest, or target, is viewed with
some type of optics. The object is imaged on an electronic detector of some type that has
been accurately calibrated to produce a known relationship between input (light intensity)
and output (temperature reading). The output is typically routed into a control system

and used as feedback to adjust the process in real time.

[0006] Optical pyrometers often use an amplifier to increase a voltage representing the
detected optical signature of the target being measured. These amplifiers introduce
various challenges to optical pyrometry that have yet to be adequately addressed. There

is therefore a need in the art for an improved amplification stage for an optical pyrometer.

SUMMARY OF THE DISCLOSURE

[0007] Exemplary embodiments of the present invention that are shown in the drawings
are summarized below. These and other embodiments are more fully described in the
Detailed Description section. It is to be understood, however, that there is no intention to
limit the invention to the forms described in this Summary of the Invention or in the
Detailed Description. One skilled in the art can recognize that there are numerous
modifications, equivalents and alternative constructions that fall within the spirit and

scope of the invention as expressed in the claims.
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[0008] An aspect of the disclosure may be characterized as a fully-differential amplifier
circuit for amplifying an optical signal in a pyrometer including a first system input
configured for coupling to an anode of a primary photo detector and a second system
input configured for coupling to a cathode of the primary photo detector. The amplifier
circuit also includes a transimpedance differential amplifier stage that includes a primary
biasing circuit configured to bias the primary photo detector with between OV and a
reverse bias, and having a first and second output. The transimpedance differential
amplifier stage also includes a first transimpedance amplifier circuit having a first current
input and a first transimpedance voltage output, wherein the first current input is coupled
to the first system input, a first bias voltage input is coupled to the first output of the
primary biasing circuit, and a first voltage at the first voltage transimpedance output is
proportional to photo current, ip. The transimpedance differential amplifier stage
additionally includes a second transimpedance amplifier circuit having a second current
input and a second transimpedance voltage output, wherein the second current input is
coupled to the second system input, a second bias voltage input is coupled to the second
output of the primary biasing circuit, and a second voltage at the second voltage
transimpedance output is proportional to the photo current, ip, passing between the
second and first system inputs. The primary biasing circuit is coupled to the first and
second transimpedance amplifier circuits to cause a OV to a reverse bias to exist across
the primary photo detector, and a primary differential output voltage, v1, being a
difference between the first and second transimpedance voltage outputs, is configured for

conversion to a temperature or reflectance value in a processor.
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[0009] Another aspect may be characterized as a pyrometer system comprising a primary
photo detector and a differential amplifier circuit comprising a pair of transimpedance
amplifiers coupled to the primary photo detector and having two differential voltage
outputs proportional to a photo current, ip, generated by the primary photo detector, but
having different gains. The system also includes a first analogue-to-digital converter
coupled to a first of the two differential voltage outputs, and configured to transform a
first differential voltage output into a corresponding digital value, and having a first
digital output that provides the corresponding digital value to a processor. In addition,
the system includes a a second analogue to digital converter coupled to a second of the
two differential voltage outputs, and configured to transform a second differential voltage
output into a corresponding digital value, and having a second digital output that provides
the corresponding digital value to the processor. The processor coupled to the first and
second digital outputs, having a selector coupled to the first and second digital outputs
and configured to select which of the first and second digital outputs is to be processed by
the processor, the processor configured to transform a selected of the first and second
digital outputs into a temperature or reflectance value, and having an output that provides

the temperature or reflectance value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0001] Various objects and advantages and a more complete understanding of the present
invention are apparent and more readily appreciated by referring to the following detailed
description and to the appended claims when taken in conjunction with the accompanying

drawings:
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[0002] FIG. 1 shows a traditional pyrometer system having a photo detector and a
transimpedance amplifier having a feedback resistance R, where gain is proportional to

the feedback resistance, Ry;

[0003] FIG. 2 illustrates an embodiment of a pyrometer system;

[0004] FIG. 3 illustrates an embodiment of a fully-differential amplifier circuit for
amplifying an optical signal in a pyrometer;

[0005] FIG. 4 illustrates another embodiment of a fully-differential amplifier circuit with
additional gain stages providing two levels of gain for the differential output of the
differential transimpedance amplification stage discussed in FIG. 3;

[0006] FIG. 5 illustrates another embodiment of a fully-differential amplifier circuit;
[0007] FIG. 6 illustrates yet another embodiment of a fully-differential amplifier circuit;
[0008] FIG. 7 illustrates a detailed view of a fully differential amplifier circuit;

[0009] FIG. 8 illustrates the detailed view of FIG. 7, but with the states of the switches
reversed;

[0010] FIG. 9 illustrates a further embodiment of a differential front-end providing two
differential voltage signals to a pair of analog-to-digital converters;

[0011] FIG. 10 illustrates an embodiment of a pyrometer system;

[0012] FIG. 11 illustrates another embodiment of a pyrometer system;

[0013] FIG. 12 illustrates a method of operating a fully-differential dual amplifier circuit;
[0014] FIG. 13 shows a diagrammatic representation of one embodiment of an

instrument; and
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[0015] FIG. 14 illustrates a pyrometer, processing chamber, and feedback/control system
for controlling heaters in a processing chamber based on feedback regarding a

temperature of a target within the processing chamber.

DETAILED DESCRIPTION

[0016] The present disclosure relates generally to optical pyrometry. In particular, but
not by way of limitation, the present disclosure relates to systems, methods and

apparatuses for an improved amplifier for use in optical pyrometry

[0017] The word “exemplary” is used herein to mean “serving as an example, instance,
or illustration.” Any embodiment described herein as “exemplary” is not necessarily to

be construed as preferred or advantageous over other embodiments.

[0018] The term “differential amplifier circuit” is used herein to mean an amplifier

having two driven inputs.

[0019] The term “fully differential amplifier circuit” is used herein to mean a type of
electronic amplifier that amplifies the difference between two input voltages but
suppresses any voltage common to the two inputs. [1] It is an analog circuit with two
inputs and one output in which the output is ideally proportional to the difference

between the two voltages.

[0020] The term “amplification stage” is used herein to refer to a circuit or system having
one or more inputs and one or more outputs that are proportional to the one or more
inputs. An amplification stage can include one or more amplifiers such as operational

amplifiers, BJTs, MOSFETS, and others.
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[0021] The term “biasing circuit” is used herein to refer to a circuit structured to apply a

bias to another portion of a circuit or system.

[0022] The term “differential amplifier stage” is used herein to refer to a circuit that has

two driven inputs and a differential output.

[0023] The term “differential input” and “differential output” are used herein to indicate

that an input or output has two legs and a differential signal between the two legs.

[0024] The terms “blind photo detector,” “blind photo current,” “blind bias,” and “blind
stage” all refer to aspects of an amplifier circuit that are used to account for or subtract a

leakage current from measurements of a primary photo detector.

[0025] The term “coupled to” can refer to a direct connection between components, such
as via an uninterrupted wire or lead or can refer to an indirect connection between
components, such as via another component or circuit. For instance, two capacitors can

be coupled to each other through a diode or inductor.

[0026] Traditional optical pyrometers are plagued by low signal-to-noise ratios, errors
caused by leakage current in the photo detector, and are not able to handle the wide range
of emission amplitudes seen in pyrometry. For instance, because photo currents can be as
low as 107'* amps, significant amplification is required. With the single-stage amplifiers
currently used in pyrometry, the gain needed to detect such small signals requires a very
large feedback resistance, R (see FIG. 1 for a traditional single-stage amplification
system). FIG. 1 shows a traditional pyrometer system having a photo detector 102 and a

transimpedance amplifier 104 having a feedback resistance R, where gain is proportional
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to the feedback resistance, Rr. One can see that where large gain is required, such as in
pyrometry situations, R¢ often must be very large in order to see such small signals.
However, a large R also corresponds to high noise and slow response. Thus, use of a
single-stage transimpedance amplifier such as 104 is inherently limited by high noise,

insufficient gain, or slow response.

[0027] The output of the transimpedance amplifier 104 is passed in two directions: (1) to
a further amplification stage 106; or (2) to an electrical selector 108 without further gain.
One should note that gain is proportional to the size of the feedback resistor R¢, which in
turn causes large noise in the amplified signal. Thus, to achieve the necessary gain to
handle small photo current, ip, this system introduces excessive noise relative to the

output voltage.

[0028] After toiling with various modifications to traditional amplification schemes such
as that illustrated in FIG. 1, the inventor recognized that these problems might be inherent
to the single-stage non-differentiated amplifier (e.g., 104) traditionally used in the art.
Although pyrometer designers have always used single-stage non-differentiated
amplifiers, the inventor wondered if an entirely different amplification structure might
overcome what the inventor considered inherent limitations of single-stage non-

differentiated amplification in pyrometers.

[0029] Differential amplifiers have not previously been used in pyrometers since
differential amplifiers are typically used where measurement ranges are quite narrow
(i.e., a small dynamic range of measurements are needed) and high-speed in nature. In

pyrometry, photo currents can vary between 107'* amps and 10 amps (seven orders of
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magnitude), and thus differential amplifiers are not thought to be suitable for this type of
detection. Additionally, differential amplification devices introduce added components

and added cost and complexity to the amplification system.

[0030] Despite these drawbacks, the inventor modeled a differential amplifier circuit for
measuring photo current in a pyrometer and unexpectedly saw promising results (i.e.,
lower noise, a wider dynamic range, and a faster response sampling rate than had been

achieved in single-stage non-differential amplification stages).

[0031] The inventor also recognized that detector capacitance could be decreased by
increasing a reverse bias on the photo detector to lower the noise (e.g., this moves the
noise zero out). The downside of such an adjustment is that the photo detector sees
increased leakage current as a function of increased reverse bias. Leakage current is
temperature dependent, and thus at the high temperatures that pyrometers typically
operate at (since they are often affixed to or nearby hot processing chambers), it is
difficult to factor out leakage currents with software based corrections alone. To account
for leakage current, a “blind” bias was applied to a “blind” photo detector, isolated from
the optical/ IR emissions source. In this way, currents from the blind photo detector are
expected to represent only the leakage currents of the primary detector, and if the bias
applied to the blind photo detector is the same as the bias applied to the primary photo
detector, then the current from the blind photo detector should be a worthy estimate of
leakage current in the primary photo detector. Measurements from the biased blind photo
detector can then be subtracted from measurements of the primary photo detector to limit

the influence of leakage current on the measured temperature.
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[0032] Another problem with traditional pyrometry amplification schemes can also be
seen in FIG. 1 in that where different selectable gains are desired, in order to deal with
wide swings in signal strength, a second gain stage 106 can be implemented such that
high gain 107 and low gain 109 outputs exist. A selector 108, typically an electrical
switch, selects which of the outputs 107, 109 is passed to an analog-to-digital converter
110 (ADC). During a processing run temperatures of the target being measured can
change so rapidly/drastically that the switching between the high gain output 107 and the

low gain output 109 can cause a perturbations in the data output.

[0033] To address such perturbations in the data, the inventor has implemented a pair of
ADCs 204, 206 (see FIG. 2), each receiving a differential output from a fully differential
amplifier circuit 202 (also referred to as a “front-end”), and each providing a digital
output 216, 218 to a selector 208 of a processor 210. Unlike traditional methods where
only one amplified signal would reach the processor, the inventor’s solution enables both
digital outputs 216, 218 to reach the processor, thus enabling selection between gain
stages to be performed in software and to be performed at any point in time. In this way,

perturbation does not occur when the selector 208 switches between the outputs 216, 218.

[0034] Discussion now turns to more detailed descriptions of the systems, methods, and

apparatus illustrated in FIGs. 2-12.

[0035] FIG. 2 illustrates an embodiment of a pyrometer system 200. The system 200 can
include a primary photo detector 201 that may or may not be biased, and if biased, it can
be biased between OV to a reverse bias where no limit is placed on the magnitude of the

reverse bias. The system 200 can also include a differential amplifier circuit 202 that can

10
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include a pair of transimpedance amplifiers configured from operation amplifiers. The
pair of transimpedance amplifiers can be configured for coupling to the primary photo
detector 201 so that the transimpedance amplifiers convert a photo current, ip, through the
primary photo detector 201 to a voltage at an output of each of the transimpedance
amplifiers. Since the transimpedance amplifiers are arranged in parallel, their output can
be a differential voltage providing less noise than a single-stage non-differentiated
amplifier of equivalent gain (or greater gain per the same noise level or a better signal-to-
noise ratio). The differential amplifier circuit 202 can have two differential voltage
outputs 212, 214 that are proportional to the photo current, i,, generated by the primary
photo detector 201. However, the two differential voltage outputs 212, 214 can have

different gains.

[0036] Each of the two differential voltage outputs 212, 214 can be coupled to a
respective analogue-to-digital converter (ADC), such as the first ADC 204 and the
second ADC 206. The first ADC 204 can be configured to transform the first differential
voltage output 212 into a corresponding digital value. The first ADC 204 can also have a

first digital output 216 that provides the corresponding digital value to the processor 210.

[0037] The second ADC 206 can be configured to transform the second differential
voltage output 214 into a corresponding digital value. The second ADC 206 can also
have a second digital output 218 that provides the corresponding digital value to the

processor 210.

[0038] The processor 210 can be coupled to the first and second digital outputs 216, 218.

The processor 210 can have a selector 208 (e.g., a switch) coupled to the first and second

11
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digital outputs 216, 218. The selector 208 can be configured to select which of the first
and second digital outputs 216, 218 is to be processed by the processor 210. Further, the
processor 210 can be configured to transform a selected of the first and second digital
outputs 216, 218 into a temperature or reflectance value, and can have an output 220 that
provides the temperature or reflectance value. Typically, reflectance values are used to
calibrate temperature measurements by indicating a reflectivity of a target’s surface. This
calibration can then be used to improve the accuracy of temperature measurements.

Hence, measurements for both temperature and reflectance can be made by the system

200.

[0039] The differential amplifier circuit 202 can include a primary bias circuit arranged
to cause a bias on the primary photo detector 201. This bias can range from OV to a
reverse bias limited only by the detector and dynamic range required. A greater reverse
bias lowers a capacitance across the primary photo detector 202 and lowering noise and
enabling a higher sampling rate. However, higher reverse bias also means greater
leakage current, so with increased speed comes the need to handle and factor out
increased leakage currents. Such currents are especially troublesome in this application
since they increase with temperature and temperatures of the system 200 are typically

between 35C and 45C (significantly higher than ambient).

[0040] FIG. 3 illustrates an embodiment of a fully-differential amplifier circuit 300 for
amplifying an optical signal in a pyrometer. This circuit 300 can be high-speed, high-
gain, with low offset, a high dynamic range, a combination of attributes that has proven
impossible to achieve in prior art pyrometry amplification schemes. The system 300

achieves this via a number of structural features describes below. For one, the system

12
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300 can include a first system input 304 and a second system input 306 configured to
couple to an anode and cathode, respectively, of a primary photo detector 302. When the
first and second system inputs 304, 306 are be coupled to the primary photo detector 302,
a photo current, ip, passes between the second and first system inputs 306, 304. In other
words, photo current, ip, runs opposite to the polarity of the photo detector 302 as seen in

FIG. 3.

[0041] The circuit 300 can also include a differential transimpedance amplification stage
350. This first amplification stage 350 has inputs configured to receive the photo current,
ip, and convert the photo current, iy, to a differential voltage, v., with some
transimpedance gain (gain that also involves a conversion from current to voltage). The
use of a differential transimpedance amplification stage 350 allows at least a 2x gain
factor as compared to a single amplifier circuit, for similar noise and dynamic response
performance. For instance, where a single transimpedance amplifier circuit converts a
101 Amp of photo current, ip, to a 1V output, the illustrated differential setup produces
+1V at the output 314 of the first transimpedance amplifier circuit 314 and a -1V output
at the output 322 of the second transimpedance amplifier circuit 320. Hence the
differential voltage, vi, is 2V, or twice the gain that a single amplifier could achieve. Yet
the noise penalty and dynamic response for this increased gain is less than that in a
single-ended amplifier. Accordingly, the differential transimpedance amplification stage

350 produces a higher signal-to-noise ratio than prior art pyrometry amplification stages.

[0042] The differential transimpedance amplification stage 350 can include a primary
biasing circuit 308 configured to bias the primary photo detector 302 via first and second

transimpedance amplifier circuits 312, 320. The primary biasing circuit 308 is not

13
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required, and in some embodiments can be replaced with a connection to ground. Where
a bias is applied it can range between OV and some reverse bias. A polarity of the
primary biasing circuit 308 is shown such that a reverse bias exists across the primary
photo detector 302. The primary biasing circuit 308 can have a first and second output

328, 330.

[0043] The differential transimpedance amplification stage 350 can also include a first
transimpedance amplifier circuit 312 having a first current input 316 and a first
transimpedance voltage output 314. Details of one embodiment of the transimpedance
circuits 312, 320 can be seen in FIGs. 7 and 8. The first current input 316 can receive the
photo current, i,, and the first transimpedance amplifier circuit 312 can convert this

current to a first output voltage seen at the first transimpedance voltage output 314.

[0044] The first current input 316 can be coupled to the first system input 304 and the
first bias voltage input 318 can be coupled to the first output 328 of the primary biasing
circuit 308. In other words, the first transimpedance amplifier circuit 312 can have two
inputs—one for current form the primary photo detector 302, and one for a reference

voltage equal to a bias at the first output 328 of the primary biasing circuit 308.

[0045] A first output voltage can be seen at the first transimpedance voltage output 314,

and this first output voltage can be proportional to the photo current, ip.

[0046] The differential transimpedance amplification stage 350 can also include a second
transimpedance amplifier circuit 320 having a second current input 324 and a second

transimpedance voltage output 322. The second current input 324 can receive the photo

14
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current, ip, and the second transimpedance amplifier circuit 320 can convert this current

to a second output voltage seen at the second transimpedance voltage output 322.

[0047] The second current input 324 can be coupled to the second system input 306 and
the second bias voltage input 326 can be coupled to the second output 330 of the primary
biasing circuit 308. In other words, the second transimpedance amplifier circuit 320 can
have two inputs—one for current sourced from the primary photo detector 312 flowing in
an equal and opposite direction to that in the transimpedance amplifier, and one for a
reference voltage equal to a bias at the second output 330 of the primary biasing circuit

308.

[0048] A second output voltage can be seen at the second transimpedance voltage output
324, and this second output voltage can be proportional to the photo current, i, but
having an opposite polarity to the first output voltage at the first transimpedance voltage
output 314. As aresult, a differential voltage, vi, has a magnitude that is twice the first or
second output voltage and thus has greater gain than either transimpedance amplifier

circuit could provide alone.

[0049] The primary biasing circuit 308 can be coupled to the first and second
transimpedance amplifier circuits 312, 320 so as to cause a bias having a value of
between and including OV to a reverse bias to exist across the primary photo detector

302.

[0050] The differential output voltage, vi, which can also be called a primary differential

output voltage, can be the difference between the first and second transimpedance voltage

15
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outputs 314, 322. Further, this differential voltage, vi, can be configured for conversion

to a temperature or reflectance value in a processor.

[0051] In an embodiment, the primary biasing circuit 308 can comprise two voltage
sources, each configured to apply an opposing bias to a side of the primary photo detector
302. One such embodiment can be seen in FIG. 9 with particular reference to the anode

bias and the cathode bias.

[0052] FIG. 4 illustrates another embodiment of a fully-differential amplifier circuit 400
with additional gain stages providing two levels of gain for the differential output of the
differential transimpedance amplification stage 350 discussed in FIG. 3. The amplifier
circuit 400 can include two or more differential voltage amplifier stages 430, 432
arranged in parallel. In other words, each of the differential output voltages from the
differential transimpedance amplifier stage 350 can be provided to each of the two or
more differential voltage amplifier stages 430, 432. While only two differential voltage
amplifier stages 430, 432, three, four, or more differential amplifier stages can be
provides where each stage can receive the differential output voltage vi. Each of these
stages can have a different gain and selection between their outputs can enable different
gains to be electronically selected so as to handle different photo detector currents, ip.
Each of the two or more differential voltage amplifier stages 430, 432 can have a
differential voltage output, v2 and v3. Each of these differential outputs v2 and v3 can be
proportion to the first differential voltage vi provided as an input to each of the

differential voltage amplifier stages 430, 432.

16
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[0053] In an embodiment, each of the differential voltage amplifier stages 430, 432 can
comprise two differential voltage amplifiers arranged in parallel. One such configuration
of such pairs of amplifiers can be seen in FIG. 5. However, this arrangement is for
illustration purposes only and does not limit the scope of various configurations and types
of amplifiers that can be implemented within each of the two differential voltage
amplifier stages 430, 432. In FIG. 5 the first differential amplifier stage 430 comprises
two differential amplifiers 534, 536 (e.g., differential instrumentation amplifiers) having
internal feedback, while the second differential voltage amplifier stage 432 comprises
two single-ended amplifiers 538, 540 having external feedback. The first differential
amplifier stage 430 provides higher gain than the second differential voltage amplifier
stage 432. One way that this happens is by providing the full first differential voltage, v1,
to both of the differential voltage amplifiers 534, 536 so that the differential voltage
output, vz, of the first differential amplifier stage 430 already sees a 2x gain as compared
to use of a single amplifier. Further, an inverted version of the first differential voltage
output vi is provided to one of the two differential amplifiers 534, 536 (e.g., a lower leg
of v1 is provided to the non-inverting input of amplifier 534 and to the inverting input of
amplifier 536). This inverting of the inputs enables a further gain boost over a parallel
pair of differential amplifiers where the inputs were not inverted. Thus, the overall gain
of the first differential amplifier stage 430 is something around 4x of that of a single-

ended amplifier.

[0054] The second differential voltage amplifier stage 432 does not provide this same
level of gain in part because each leg of v1 is only provided to one of the amplifiers 538,

540 within the second differential voltage amplifier stage 432. Further, the amplifiers

17
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538, 540 are not differential amplifiers since the non-inverting input of both is grounded.
One can therefore see that the differential output of the first differential voltage amplifier
stage 430 has more gain than that of the second differential voltage amplifier stage 432.
Because of these different gains, the voltage output v2 might be selected where the photo
current ip is low, and the voltage output v3 might be selected where the photo current ip is

high.

[0055] Selection of the voltage output to process can be performed within a processor,
and in particular by a selector of a processor. For instance, the differential voltage
outputs of the first and second differential voltage amplification stages 430, 432 can be
configured for coupling to a processor, such as processor 210. The processor 210 can
have a selector 208 that can be implemented in software or firmware running on the
processor 210. The selector 208 can be configured to select between outputs of the two
or more differential voltage amplifier stages 430, 432, such that selection of amplification
gain can be performed during data collection without use of an electrical switch (compare

to electrical selector 108 in FIG. 1), and therefore without perturbation in a data stream.

[0056] As noted earlier, leakage current in the primary photo detector 302 can skew
measurements of the photo current i, attributable to the target. This is especially true
where the primary photo detector 302 experiences above-ambient temperatures, and
when used in pyrometry settings, above-ambient temperatures are the norm. Thus,
leakage current is exacerbated. To deal with this heightened leakage current, FIG. 6
proposes measuring a blind photo current across a blind photo detector 502 and
subtracting the resulting photo current, or dark offset current, i4, from that measured

through the primary photo detector 302. In other words, by isolating the blind photo
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detector 502 from substantially all emissions sources (e.g., effectively putting the blind
photo detector 502 in a dark enclosure), any photo current or dark offset current in the
blind photo detector 502 can be attributed to leakage current. If the blind photo detector
502 and any bias applied across the blind photo detector 502 are matched to the primary
photo detector 302 and the bias applied to the primary photo detector 302, then the dark
offset current, 14, will represent an estimate of leakage current in the primary photo
detector 302. In other words, ia represents a portion of i, that is leakage current. By
subtracting i4 from ip, one can arrive at a photo current for the primary photo detector 302
adjusted or corrected for leakage current (i.e., with leakage current removed from ip). In
practice, since the differential transimpedance amplification stage 350 generates a
differential voltage vi as an indication of the primary photo current, ip, subtracting the
dark offset current, ig, means generating a corresponding differential voltage output, v4
(also referred to as a blind differential voltage output), and subtracting v4 from vi.
Equation (1) therefore represents a differential voltage indicator, vs, of the primary photo

current partially-corrected for dark offset current iq.

[0057] Vs = V1 — Uy (Equation 1)

[0058] To arrive at vs a differential voltage v4 can be obtained for the dark offset current,
14, and then v4 can be subtracted from vi via a pair of comparators 554, 556. While
illustrated as differential operational amplifiers, the pair of comparators 554, 556 are not
limited to differential operation amplifiers, but rather can include any circuits or devices

capable of subtracting voltages.
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[0059] The dark offset current, i, can be turned into the differential voltage, vs, via a
blind stage 552. The blind stage 552 is essentially another differential transimpedance
amplification stage 350, but measuring a blind photo detector 502 that is isolated from
substantially all emissions and further where a bias across the blind photo detector 502 is
opposite in polarity to that applied across the primary photo detector 302 (assuming any
bias is applied). Thus, like the differential transimpedance amplification stage 350, the
blind stage 552 includes a third transimpedance amplifier circuit 512, a fourth
transimpedance amplifier circuit 520, and a blind biasing circuit 508. The blind photo
detector 502 can be substantially identical to the primary photo detector 302. The blind
biasing circuit 508 can be coupled to a voltage input 518 of the third transimpedance
amplifier circuit 512, and coupled to a voltage input 526 of the fourth transimpedance
amplifier circuit 520. The third transimpedance amplifier circuit 512 can have a current
input 516 coupled to an anode of the blind photo detector 502, and the fourth
transimpedance amplifier circuit 520 can have a current input 524 coupled to a cathode of
the blind photo detector 502. Because the transimpedance amplification circuits 512, 520
attempt to equalize voltages of the current inputs 516, 524 relative to the voltage inputs
518, 526, the voltages of the current inputs 516, 524 tend toward the bias applied by the
blind biasing circuit 508. In other words, if the blind biasing circuit 508 applies a +1V
bias to the voltage input 518 of the third transimpedance amplification circuit 512, then
the current input 516 will tend toward a +1V bias. In this way, the blind biasing circuit
508 can indirectly bias the blind photo detector 502 just as the primary biasing circuit 308
indirectly biases the primary photo detector 302. The blind biasing circuit 508 can apply

an equal magnitude bias to the blind photo detector 502 as the primary biasing circuit 308
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applies to the primary photo detector 302. One way to implement such a scheme is to
source the primary and blind biasing circuits 308, 508 from the same bias source. As an
example, FIG. 9 shows an embodiment where a single source is used for both biases. As
noted above, the dark offset current, iq, provides an estimate of leakage current in the

primary photo detector 302.

[0060] The comparators 554, 556 can each have a pair of differential inputs and can each
be coupled to the primary differential voltage output, vi, and the blind differential voltage
output, v4. The comparators 554, 556 can have polarities such that a differential voltage
output, vs, of the pair of comparators 554, 556 is equal to a difference between the
primary differential voltage output, vi, and the blind differential voltage output, v4. In

other words, the comparators 554, 556 perform Equation 1.

[0061] FIG. 7 illustrates a detailed view of a fully differential amplifier circuit 800.
Those features or components having similarity to features or components already
discussed relative to FIGs. 3-6 can be assumed to have structure and function as
previously described, especially those not described relative to FIG. 7. One difference
from prior figures is that the four transinductance amplifier circuits are here shown as
inverting operation amplifiers with negative feedback. Current inputs 715, 724 can be
coupled to inverting inputs of the operation amplifiers 712, 720. The feedback circuits
can include resistances R and Rz, although in most embodiments, R1 = R2. Further, it
should be noted that the feedback resistances for the primary and blind stages or regions
of the circuit 800 should be identical. This helps improve the accuracy of the dark offset

current i¢ mimicking a leakage current in the primary photo detector 706.
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[0062] Another detail to note is the addition of switching circuits 760, 762, and the
conductive loops 772, 774. The switching circuits 760, 762 can be used to selectively
switch the primary photo detector 702 and the blind photo detector 703 out of the
amplifier circuit 700. The switching circuits 760, 762 can include two switches 764, 766,
768, 770 (e.g., mechanical relay, BJT, MOSFET, JFET, etc.) that can be alternatively
opened and closed. When first switches 764, 768 are closed and the second switches 766,
770 are open, the primary photo detector 702 and the blind photo detector 703 are
switched into the amplifier circuit 700. When the second switches 766, 770 are closed
and the first switches 764, 768 are open, then the primary photo detector 704 and the
blind photo detector 703 are switched out of the amplifier circuit 700 (see FIG. 8).
Typically, the first switches 764, 768 are both open or both closed, and the second
switches 766, 770 are both closed or both open. In an embodiment, they can even receive

instructions or control from a single source or controller.

[0063] In an embodiment, a first switch 764 can selectively couple the first system input
704 to the first current input 716 of the inverting operation amplifier 712. The
conductive loops 772, 774 allow current to flow in the photo detectors 702, 703 when the
second switches 766, 770 are closed and the first switches 764, 768 are open. The first
conductive loop 772 can be arranged between the first and second system inputs 704, 706
and can include the second switch 766 so as to selectively short the first and second
system inputs 704, 706. The second conductive loop 774 can be arranged and operate in

a similar manner.

[0064] When the photo detectors 702, 703 are switched out of the amplifier circuit 700,

leakage current calibrations can be performed without the presence of the detectors 702,
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703. For instance, the transimpedance amplifier stages in FIGs. 3-6 and the inverting
operation amplifiers in FIG. 7 each generate leakage currents (or offset currents) and
these leakage currents can be estimated when the detectors 702, 703 are switched out of
the amplifier circuit 700. Later, during processing, voltage or current offsets associated
with these calibration measurements of leakage currents existing without the detectors

702, 703 can be used to improve the accuracy of measurements.

[0065] Controllers or a controller for the switching circuits 760, 762 are not illustrated,

but are envisioned as part of the disclosure.

[0066] FIG. 9 illustrates a further embodiment of a differential front-end providing two

differential voltage signals to a pair of analog-to-digital converters.

[0067] FIG. 10 illustrates an embodiment of a pyrometer system.

[0068] FIG. 11 illustrates another embodiment of a pyrometer system.

[0069] FIG. 12 illustrates a method of operating a fully-differential dual amplifier circuit.
The method 1200 can begin with the receipt and sourcing of a photo current, ip, to and
from a differential transimpedance amplifier stage, the photo current, i,, generated by a
primary photo detector (Block 1202). The amplifier circuit can then transform the photo
current, ip, to a differential output voltage, vi, via the differential transimpedance
amplifier stage (Block 1204). The differential transimpedance amplifier stage can then
provide the first differential output voltage, vi, to a pair of differential voltage amplifier
stages arranged in parallel (Block 1206). The pair of differential voltage amplifier stages

can then convert the first differential output voltage, vi, to a pair of second and third
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differential output voltages, v2 and v3, having different gains (Block 1208). Two or more
differential voltage amplifier stages can be used in other embodiments. The amplifier
circuit can then provide the second and third differential output voltages, v2 and v3 to a
processor as digital signals via a pair of analog-to-digital converters (Block 1210). A
selector in the processor can select which of the two digital signals to process (Block
1212) without use of an electrical selector (e.g., 108 in FIG. 1) and thereby avoid stitches
in the data stream. Finally, the processor can convert a selected one of the second and
third differential output voltages, v2 and v3, to a temperature or reflectance value (Block

1214).

[0070] The systems and methods described herein can be implemented in an instrument
in addition to the specific physical devices described herein. FIG. 13 shows a
diagrammatic representation of one embodiment of an instrument 1300 within which a
set of instructions can execute for causing a device to perform or execute any one or more
of the aspects and/or methodologies of the present disclosure. The components in FIG.
13 are examples only and do not limit the scope of use or functionality of any hardware,
software, firmware, embedded logic component, or a combination of two or more such
components implementing particular embodiments of this disclosure. Some or all of the
illustrated components can be part of the instrument 1300. For instance, the instrument
1300 can be a general purpose computer (e.g., a laptop computer) or an embedded logic

device (e.g., an FPGA), to name just two non-limiting examples.

[0071] Instrument 1300 includes at least a processor 1301 such as a central processing
unit (CPU) and/or an FPGA to name two non-limiting examples. The instrument 1300

may also comprise a memory 1303 and a storage 1308, both communicating with each
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other, and with other components, via a bus 1340. The bus 1340 may also link a display
1332, one or more input devices 1333 (which may, for example, include a keypad, a
keyboard, a mouse, a stylus, etc.), one or more output devices 1334, one or more storage
devices 1335, and various non-transitory, tangible computer-readable storage media 1336
with each other and with one or more of the processor 1301, the memory 1303, and the
storage 1308. All of these elements may interface directly or via one or more interfaces
or adaptors to the bus 1340. For instance, the various non-transitory, tangible computer-
readable storage media 1336 can interface with the bus 1340 via storage medium
interface 1326. Instrument 1300 may have any suitable physical form, including but not
limited to one or more integrated circuits (ICs), printed circuit boards (PCBs), mobile
handheld devices (such as mobile telephones or PDAs), laptop or notebook computers,

distributed instruments, computing grids, or servers.

[0072] Processor(s) 1301 (or central processing unit(s) (CPU(s))) optionally contains a
cache memory unit 1302 for temporary local storage of instructions, data, or computer
addresses. Processor(s) 1301 are configured to assist in execution of computer-readable
instructions stored on at least one non-transitory, tangible computer-readable storage
medium. Instrument 1300 may provide functionality as a result of the processor(s) 1301
executing software embodied in one or more non-transitory, tangible computer-readable
storage media, such as memory 1303, storage 1308, storage devices 1335, and/or storage
medium 1336 (e.g., read only memory (ROM)). The non-transitory, tangible computer-
readable storage media may store software that implements particular embodiments, and
processor(s) 1301 may execute the software. Memory 1303 may read the software from

one or more other non-transitory, tangible computer-readable storage media (such as
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mass storage device(s) 1335, 1336) or from one or more other sources through a suitable
interface, such as network interface 1320. The software may cause processor(s) 1301 to
carry out one or more processes or one or more steps of one or more processes described
or illustrated herein. Carrying out such processes or steps may include defining data
structures stored in memory 1303 and modifying the data structures as directed by the
software. In some embodiments, an FPGA can store instructions for carrying out
functionality as described in this disclosure. In other embodiments, firmware includes

instructions for carrying out functionality as described in this disclosure.

[0073] The memory 1303 may include various components (e.g., non-transitory, tangible
computer-readable storage media) including, but not limited to, a random access memory
component (e.g., RAM 1304) (e.g., a static RAM "SRAM", a dynamic RAM "DRAM,
etc.), a read-only component (e.g., ROM 1305), and any combinations thereof. ROM
1305 may act to communicate data and instructions unidirectionally to processor(s) 1301,
and RAM 1304 may act to communicate data and instructions bidirectionally with
processor(s) 1301. ROM 1305 and RAM 1304 may include any suitable non-transitory,
tangible computer-readable storage media described below. In some instances, ROM
1305 and RAM 1304 include non-transitory, tangible computer-readable storage media
for carrying out the method 1200. In one example, a basic input/output system 1306
(BIOS), including basic routines that help to transfer information between elements

within instrument 1300, such as during start-up, may be stored in the memory 1303.

[0074] Fixed storage 1308 is connected bidirectionally to processor(s) 1301, optionally
through storage control unit 1307. Fixed storage 1308 provides additional data storage

capacity and may also include any suitable non-transitory, tangible computer-readable
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media described herein. Storage 1308 may be used to store operating system 1309,
EXECs 1310 (executables), data 1311, API applications 1312 (application programs),
and the like. For instance, the storage 1308 could be implemented for storage of offsets.
Often, although not always, storage 1308 is a secondary storage medium (such as a hard
disk) that is slower than primary storage (e.g., memory 1303). Storage 1308 can also
include an optical disk drive, a solid-state memory device (e.g., flash-based systems), or a
combination of any of the above. Information in storage 1308 may, in appropriate cases,

be incorporated as virtual memory in memory 1303.

[0075] In one example, storage device(s) 1335 may be removably interfaced with
instrument 1300 (e.g., via an external port connector (not shown)) via a storage device
interface 1325. Particularly, storage device(s) 1335 and an associated machine-readable
medium may provide nonvolatile and/or volatile storage of machine-readable
instructions, data structures, program modules, and/or other data for the instrument 1300.
In one example, software may reside, completely or partially, within a machine-readable
medium on storage device(s) 1335. In another example, software may reside, completely

or partially, within processor(s) 1301.

[0076] Bus 1340 connects a wide variety of subsystems. Herein, reference to a bus may
encompass one or more digital signal lines serving a common function, where
appropriate. Bus 1340 may be any of several types of bus structures including, but not
limited to, a memory bus, a memory controller, a peripheral bus, a local bus, and any
combinations thereof, using any of a variety of bus architectures. As an example and not
by way of limitation, such architectures include an Industry Standard Architecture (ISA)

bus, an Enhanced ISA (EISA) bus, a Micro Channel Architecture (MCA) bus, a Video
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Electronics Standards Association local bus (VLB), a Peripheral Component Interconnect
(PCI) bus, a PCI-Express (PCI-X) bus, an Accelerated Graphics Port (AGP) bus,
HyperTransport (HTX) bus, serial advanced technology attachment (SATA) bus, and any

combinations thereof.

[0077] Instrument 1300 may also include an input device 1333. In one example, a user of
instrument 1300 may enter commands and/or other information into instrument 1300 via
input device(s) 1333. Examples of an input device(s) 1333 include, but are not limited to,
an alpha-numeric input device (e.g., a keyboard), a pointing device (e.g., a mouse or
touchpad), a touchpad, a joystick, a gamepad, an audio input device (e.g., a microphone,
a voice response system, etc.), an optical scanner, a video or still image capture device
(e.g., a camera), and any combinations thereof. Input device(s) 1333 may be interfaced
to bus 1340 via any of a variety of input interfaces 1323 (e.g., input interface 1323)
including, but not limited to, serial, parallel, game port, USB, FIREWIRE,

THUNDERBOLT, or any combination of the above.

[0078] In particular embodiments, when instrument 1300 is connected to network 1330,
instrument 1300 may communicate with other devices, such as mobile devices and
enterprise systems, connected to network 1330. Communications to and from instrument
1300 may be sent through network interface 1320. For example, network interface 1320
may receive incoming communications (such as requests or responses from other
devices) in the form of one or more packets (such as Internet Protocol (IP) packets) from
network 1330, and instrument 1300 may store the incoming communications in memory
1303 for processing. Instrument 1300 may similarly store outgoing communications

(such as requests or responses to other devices) in the form of one or more packets in
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memory 1303 and communicated to network 1330 from network interface 1320.
Processor(s) 1301 may access these communication packets stored in memory 1303 for

processing.

[0079] Examples of the network interface 1320 include, but are not limited to, a network
interface card, a modem, and any combination thereof. Examples of a network 1330 or
network segment 1330 include, but are not limited to, a wide area network (WAN) (e.g.,
the Internet, an enterprise network), a local area network (LAN) (e.g., a network
associated with an office, a building, a campus or other relatively small geographic
space), a telephone network, a direct connection between two computing devices, and
any combinations thereof. A network, such as network 1330, may employ a wired and/or

a wireless mode of communication. In general, any network topology may be used.

[0080] Information and data can be displayed through a display 1332. Examples of a
display 1332 include, but are not limited to, a liquid crystal display (LCD), an organic
liquid crystal display (OLED), a cathode ray tube (CRT), a plasma display, and any
combinations thereof. The display 1332 can interface to the processor(s) 1301, memory
1303, and fixed storage 1308, as well as other devices, such as input device(s) 1333, via
the bus 1340. The display 1332 is linked to the bus 1340 via a video interface 1322, and
transport of data between the display 1332 and the bus 1340 can be controlled via the

graphics control 1321.

[0081] In addition to a display 1332, instrument 1300 may include one or more other
peripheral output devices 1334 including, but not limited to, an audio speaker, a printer,

and any combinations thereof. Such peripheral output devices may be connected to the
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bus 1340 via an output interface 1324. Examples of an output interface 1324 include, but
are not limited to, a serial port, a parallel connection, a USB port, a FIREWIRE port, a

THUNDERBOLT port, and any combinations thereof.

[0082] In addition or as an alternative, instrument 1300 may provide functionality as a
result of logic hardwired or otherwise embodied in a circuit, which may operate in place
of or together with software to execute one or more processes or one or more steps of one
or more processes described or illustrated herein. Reference to software in this disclosure
may encompass logic, and reference to logic may encompass software. Moreover,
reference to a non-transitory, tangible computer-readable medium may encompass a
circuit (such as an IC) storing software for execution, a circuit embodying logic for
execution, or both, where appropriate. For instance, a non-transitory, tangible computer-
readable medium may encompass one or more FPGAs, fixed logic, analogue logic, or
some combination of the above. The present disclosure encompasses any suitable

combination of hardware, software, or both.

[0083] Those of skill in the art will understand that information and signals may be
represented using any of a variety of different technologies and techniques. For example,
data, instructions, commands, information, signals, bits, symbols, and chips that may be
referenced throughout the above description may be represented by voltages, currents,
electromagnetic waves, magnetic fields or particles, optical fields or particles, or any

combination thereof.

[0084] Within this specification, the same reference characters are used to refer to

terminals, signal lines, wires, etc. and their corresponding signals. In this regard, the
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terms "signal," "wire," "connection,” "terminal,” and "pin" may be used interchangeably,
from time-to-time, within the this specification. It also should be appreciated that the
terms "signal," "wire," or the like can represent one or more signals, €.g., the conveyance
of a single bit through a single wire or the conveyance of multiple parallel bits through
multiple parallel wires. Further, each wire or signal may represent bi-directional

communication between two, or more, components connected by a signal or wire as the

case may be.

[0085] Those of skill will further appreciate that the various illustrative logical blocks,
modules, circuits, and algorithm steps described in connection with the embodiments
disclosed herein may be implemented as electronic hardware, computer software, or
combinations of both. To clearly illustrate this interchangeability of hardware and
software, various illustrative components, blocks, modules, circuits, and steps have been
described above generally in terms of their functionality. Whether such functionality is
implemented as hardware or software depends upon the particular application and design
constraints imposed on the overall system. Skilled artisans may implement the described
functionality in varying ways for each particular application, but such implementation
decisions should not be interpreted as causing a departure from the scope of the present

invention.

[0086] The various illustrative logical blocks, modules, and circuits described in
connection with the embodiments disclosed herein may be implemented or performed
with a general purpose processor, a digital signal processor (DSP), an application specific
integrated circuit (ASIC), a field programmable gate array (FPGA) or other

programmable logic device, discrete gate or transistor logic, discrete hardware
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components, or any combination thereof designed to perform the functions described
herein. A general purpose processor may be a microprocessor, but in the alternative, the
processor may be any conventional processor, controller, or microcontroller. A processor
may also be implemented as a combination of computing devices, e.g., a combination of
a DSP and a microprocessor, a plurality of microprocessors, one or more microprocessors

in conjunction with a DSP core, or any other such configuration.

[0087] The steps of a method or algorithm described in connection with the embodiments
disclosed herein may be embodied directly in hardware, in a software module executed
by a processor, a software module implemented as digital logic devices, or in a
combination of these. A software module may reside in RAM memory, flash memory,
ROM memory, EPROM memory, EEPROM memory, registers, hard disk, a removable
disk, a CD-ROM, or any other form of non-transitory, tangible computer-readable storage
medium known in the art. An exemplary non-transitory, tangible computer-readable
storage medium is coupled to the processor such that the processor can read information
from, and write information to, the non-transitory, tangible computer-readable storage
medium. In the alternative, the non-transitory, tangible computer-readable storage
medium may be integral to the processor. The processor and the non-transitory, tangible
computer-readable storage medium may reside in an ASIC. The ASIC may reside in a
user terminal. In the alternative, the processor and the non-transitory, tangible computer-
readable storage medium may reside as discrete components in a user terminal. In some
embodiments, a software module may be implemented as digital logic components such

as those in an FPGA once programmed with the software module.
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[0088] The previous description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the present invention. Various modifications to
these embodiments will be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodiments without departing from
the spirit or scope of the invention. Thus, the present invention is not intended to be
limited to the embodiments shown herein but is to be accorded the widest scope

consistent ~ with  the principles and novel features disclosed herein.
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WHAT IS CLAIMED IS:

1. A high speed, high signal-to-noise, high gain, low-offset, and high
dynamic range fully-differential amplifier circuit for amplifying an optical signal in a
pyrometer, the amplifier circuit comprising:

a first system input configured for coupling to an anode of a primary photo
detector;
a second system input configured for coupling to a cathode of the primary
photo detector,
wherein, when the first and second system inputs are coupled to the
primary photo detector, a photo current, ip, passes between the second and first system
inputs;
a transimpedance differential amplifier stage comprising:
a primary biasing circuit configured to bias the primary photo
detector with between OV and a reverse bias, and having a first and second output;
a first transimpedance amplifier circuit having a first current input
and a first transimpedance voltage output, wherein:
the first current input is coupled to the first system input,
a first bias voltage input is coupled to the first output of the
primary biasing circuit, and
a first voltage at the first voltage transimpedance output is
proportional to the photo current, ip; and
a second transimpedance amplifier circuit having a second current

input and a second transimpedance voltage output, wherein:
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the second current input is coupled to the second system
input,
a second bias voltage input is coupled to the second output
of the primary biasing circuit, and
a second voltage at the second voltage transimpedance
output is proportional to the photo current, i,, passing between the second
and first system inputs;
wherein the primary biasing circuit is coupled to the first and
second transimpedance amplifier circuits so as to cause a OV to a reverse bias to
exist across the primary photo detector; and
a primary differential output voltage, vi, being a difference
between the first and second transimpedance voltage outputs, is configured for

conversion to a temperature or reflectance value in a processor.

2. The fully-differential amplifier circuit of Claim 1, further comprising two
or more differential voltage amplifier stages each comprising two differential voltage
amplifiers arranged in parallel, each of the two or more differential voltage amplifier
stages having a differential voltage output, va, v3.

3. The fully-differential amplifier circuit of Claim 2, wherein each of the two
differential voltage amplifiers in one of the two or more differential voltage amplifier
stages are coupled to the differential output of the transimpedance differential amplifier

stage.
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4. The fully-differential amplifier circuit of Claim 3, wherein one leg of the
differential output of the transimpedance differential amplifier stage is coupled to an
inverting input of one of the two differential voltage amplifiers in the one of the two or
more differential voltage amplifier stages and a non-inverting input of the other of the
two differential voltage amplifiers in the one of the two or more differential voltage
amplifier stages, thereby generating twice the gain of a pair of differential amplifiers
where the inputs were not inverted.

5. The fully-differential amplifier circuit of Claim 2, wherein the two or
more differential voltage amplifier stages have different gains.

6. The fully-differential amplifier circuit of Claim 5, wherein the two or
more differential voltage amplifier stages are configured for coupling to a processor
having a software selector configured for selecting between outputs of the two or more
differential voltage amplifier stages such that selection of amplification gain can be
performed during data collection without use of an electrical switch and therefore without
perturbation in a data stream.

7. The fully-differential amplifier circuit of Claim 1, further comprising a
blind stage comprising:

a blind photo detector isolated from most photonic emissions seen by the
primary photo detector, but otherwise structurally identical to the primary photo detector;

a blind biasing circuit coupled to voltage inputs of a third transimpedance
amplifier circuit and a fourth transimpedance amplifier circuit and configured to bias the
blind photo detector with an equivalent magnitude bias to the bias that exists across the

primary photo detector,
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wherein the blind photo detector represents a leakage current of the
primary photo detector; and

a blind differential voltage output, v4, configured for subtraction from the
primary differential output vi.

8. The fully-differential amplifier circuit of Claim 7, further comprising a
pair of comparators each having a pair of differential inputs and coupled to the primary
differential voltage output, vi, and the blind differential voltage output, v4, the
comparators having polarities such that a differential output, vs, of the pair of
comparators is equal to a difference between the primary differential voltage output, v,
and the blind differential voltage output, vs.

9. The fully-differential amplifier circuit of Claim 1, further comprising:

a first switch selectively coupling the first system input to the first current
input of the first transimpedance amplifier circuit; and

a conductive loop between the first and second system inputs, the
conductive loop including a second switch selectively shorting the first and second
system inputs,

wherein the first switch and the second switch are alternatively switched,
such that the primary photo detector is selectively switched out of the fully-differential
amplifier circuit thereby allowing leakage current calibrations to be performed without

the presence of the primary photo detector.
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10. A pyrometer system comprising:

a primary photo detector;

a differential amplifier circuit comprising a pair of transimpedance
amplifiers coupled to the primary photo detector and having two differential voltage
outputs proportional to a photo current, i,, generated by the primary photo detector, but
having different gains;

a first analogue-to-digital converter coupled to a first of the two
differential voltage outputs, and configured to transform a first differential voltage output
into a corresponding digital value, and having a first digital output that provides the
corresponding digital value to a processor;

a second analogue to digital converter coupled to a second of the two
differential voltage outputs, and configured to transform a second differential voltage
output into a corresponding digital value, and having a second digital output that provides
the corresponding digital value to the processor; and

the processor coupled to the first and second digital outputs, having a
selector coupled to the first and second digital outputs and configured to select which of
the first and second digital outputs is to be processed by the processor, the processor
configured to transform a selected of the first and second digital outputs into a
temperature or reflectance value, and having an output that provides the temperature or
reflectance value.

11. The pyrometer system of Claim 10, wherein the differential amplifier
circuit (202) includes a primary bias circuit arranged to cause a bias on the primary photo

detector 201, where the bias can range from OV to a reverse bias.
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12. A method of operating a differential amplifier circuit, the method

comprising:

receiving and sourcing a photo current, ip, at a differential transimpedance
amplifier stage, the photo current generated by a primary photo detector;

transforming the photo current, ip, to a differential output voltage, vi, via
the differential transimpedance amplifier stage;

providing the first differential output voltage, vi, to a pair of differential
voltage amplifier stages arranged in parallel thereby converting the first differential
output voltage, vi, to a pair of second and third differential output voltages, v2 and vs,
having different gain;

providing the second and third differential output voltages, v2 and v to a
processor as digital signals via a pair of analog-to-digital converters;

selecting one of the second and third differential output voltages, v2 and
vs, for processing without an electrical switch;

converting a selected one of the second and third differential output
voltages, v2 and vs, to a temperature or reflectance value.

13. The method of Claim 12, further comprising:

receiving a dark offset current, i4, through a blind photo detector to a
blind stage comprising a second pair of transimpedance amplifier circuits arranged in
parallel;

transforming the dark offset current, i4, to a fourth differential output
voltage, v4, via the blind stage, the blind photo detector representing a leakage current in

the primary photo detector;
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subtracting the fourth differential output voltage, v4, from the first
differential output voltage, vi, to form a fifth differential output voltage, vs; and

providing the fifth differential output voltage, vs, to the pair of differential
voltage amplifier stages;

converting the fifth differential output voltage, vs, to the second and third
differential output voltages, v2 and v3; and

converting a selected of the second and third differential output voltages,
v2 and v3, into a temperature or reflectance value,

the subtracting using the dark offset current, i4, to account for leakage
current in the primary photo detector.

14. The method of Claim 12, further comprising:

selectively removing the primary photo detector and the blind photo
detector from the differential amplifier circuit via two switching circuits;

determining offset currents in the differential amplifier circuit without the
influence of the primary photo detector; and

subtracting the offset currents from the primary photo current, ip,
determined based on the selected one of the second or third differential output voltages,
vz and v3, the subtracting occurring in the processor.

15. The method of Claim 12, further comprising biasing the primary photo

detector with a primary bias between and including OV to a reverse bias, and biasing the

blind photo detector with a blind bias having the same magnitude as the primary bias.
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16. The method of Claim 12, further comprising biasing the primary photo
detector with a primary bias between and including OV to a reverse bias, and biasing the
blind photo detector with a blind bias having the same magnitude as the primary bias.

17. The method of Claim 12, wherein the differential transimpedance
differential amplifier stage comprises a first pair of transimpedance amplifier circuits
arranged in parallel, one of these receiving the photo current and one sourcing the photo

current.

41



PCT/US2015/067640

WO 2016/106411

1/14

(L¥V ¥0I1¥d)

L "OId

anjep
aimeladwa]

cll
Jossaooid

oLl
oav

801
Joyooles

(o]
=

2

MV
N\N_

A

0l

o

X\



PCT/US2015/067640

WO 2016/106411

2/14

anlep
aJnjesadwa |

-4

0cc

(o]%4
Jossaoold

80¢
Joyosles

¢ 9ld

LoC

T vic
8lc QY
[———
A R -
c0¢
InoalD Jaidwy
lenualeylq
[ —
__ I
91z ¥0cC
oav /
Zle

\

00¢



PCT/US2015/067640

WO 2016/106411

3/14

€ Ol

cce 0ce

vce |
| W 1noJo dwe |
aouepadwisues |

_o:N

9ce 0ee
+

80¢€

_ _
_ _
_ _
_ _
_ _
_ _
_ _
_ |
“ oD _ \
ia | Buiseig | MN
_ [
_ _
_ _
_ _
_ |
_ _
_ _
_ _

Aewld

9L¢ 8¢

45

nnoJn duwe
" aouepaduwisuel | I

LE o gie | ¥0e

00¢ aberg Jaydwy
eouepaduwisuel] [eiusleyiq



PCT/US2015/067640

4/14

v Ol

WO 2016/106411

EA ZEr . T R
abeig | — I
Jaiidwy abejop “ cee H_:omumem ¥ee “ 90€
+ [enuaisjig c:N o—1 wUC.NUw.QE_mCN._n_l P‘|\
I W@ I
_ i _
2| _
| I
" oce oee | -
I
_ ks _
| g0¢ |
_ NI _ \
A | Buiseig |
_ Aewld |
| - I
| I
_ 8Le 8z¢ | 20€
| I
+
| I
| I
- _— _ 4% _
va o—i nnoJn duwe
ZA " o_m Ewm I aouepaduwisuel | ” I ™\
Jallidwy sbejon I pLe ok olg | 401
[enustopyiqg (L | I
| I
\ * CTTTTRI T T T oseT T T T T
abeyg selydwy
ooy souepaduwisuel] [Busialiqg



PCT/US2015/067640

WO 2016/106411

5/14

EA

ZA

ovS

: /5 /S

cey

ocy

|/

9¢ey

1A%

-

AAA

wy

G 9Old

|
I
1nou dwe _
souepadwisuel | _

(@)

LA

u:N

+

80¢€
HNOJID
Buiseig
Aewld

nnoJ duwe

o

aouepadulisuel |
sk




PCT/US2015/067640

6/14

€A

A

F437
abeig

Joyiidwy abejjon

9 '9ld

0ce
1noJo dwe

IERUSISHA pue OV aouepadwisuel |
|- - T A | .
o 0cs _
I ynoso dwe | g _ _ _
- _ aouepaduwisuel | b= I
- N _ | 9ce oee _ -
| W I | _
| \\ﬁl\omm Sl | +
| 9es7, L — _
SA A HN2AID N b m_so__o | \
_ o |, uiselg
| | Buseid puig LA Alellig _ \\
_ - «(/ _ I
" 8 EV/ 825 505 " “ . _
clLs _
N T unoad dwe _ | 8le 8ct _ coe
I'l souepadwisues | " + “ _
i € _ |
55 ple N\ __ N _ 1, cle _
3 -t | 1noJ dwe
sbeis / ﬂ_ aouepadwisue) | _
Joiidwy abejon 2ss 7LE L glg | 14015
[ERUSISHIA i) poc abeis puig | ° !
|
| o e e — -
0S¢
abeyg selydwy

WO 2016/106411

souepaduwisuel] [enualayig



PCT/US2015/067640

WO 2016/106411

7/14

2]

. 9ld

+

+ Nm -
\|\th
\_\ acL
T NN
2 ¢l ozl kd!
+
J/iIA - .MH + z.) 90/,
+
o1z unouD
HNalID MON/\NM Buiselg \INM
Buiseig pullg 04 Areuiiid mwm} < \
- | /I T _ _I x|
| [ | 0.
+ —e ° nn t —
L= L— -
/,_/_ 89/ %N./
> 29/ 09/
|
AN gl
+ Pm -
4 K/\V\_\+/
y /_/ NN

912

008



PCT/US2015/067640

AT

WO 2016/106411

8/14

AL

2]

8 9ld

/X
ﬁ/jz

-+

e
1NoJID

Buiseig puig

HN2AID
NM Buiselg
Aewd

80¢€




PCT/US2015/067640

WO 2016/106411

9/14

Svid
JAON
NOWWOD

MW
- MW
-\
NI ', "AAY;
C# JALHIANANQD ——ANN—
vLloIaoL
DOTVYNY NIVD AMOT "
+NI
- MA—
M
NIVO
MO

NI

L# 431 439ANOD
VLIDId Ol OOTYNY
NIVO WNIdIn

N

<

Y
AAA

+NI

NIVD
nNiaan

NOILYd3dO
ANITd ON "0
aNINg 404 €d/1d
HO Pd/2d LH3ASNI

€d

2

N K

svid
3AOHLYO
1
¥olo3l3aa svid ¥oI53ITd
anNing NW A2+ 010 1HOIT
| | | |
I—e _o—t+— I e ot
[ | I [
| o—o—f | o—o—{
-4 __J U P
NOILOIHH09 NOLLOSMHOD
135440 ovig 38440
AVISH ANITE 300NV AY13M LHOI
\

el
N

MN




PCT/US2015/067640

WO 2016/106411

10/14

Alowa

Otor
sondo

pue 82Jn0g 431

8001
JojoaleQ

0l ©Old

Jamod

0eolL

(onsiujwieiep)
1vOomeus

VOdAd

810t
oav
peads UbiH

g0l
oav
pesds UbIH

r1i0L

¢e0l

asn

ova peadg ybiH

108592014




PCT/US2015/067640

WO 2016/106411

11/14

6IIT
oav
peads YbiH

Ll Ol

(NO¥d33
“B'3) AICWIIA

Jamod

1T
oav
peads ybiH

0Ll

OlTT
sondo

pue 92Jn0g Q37

810t
oav
peads UbiH

J00939(Q ST

oav
pesds UbIH

il

cell

(onsiujwieiep)
1vOomeus

(WoYdd33
“B-9) AloWa|N

asn

ova peadg ybiH

108592014




WO 2016/106411 PCT/US2015/067640
12/14

1200 START

Receive and source photo current, i, to and from a differential
transimpedance amplifier stage, the photo current, iy,
generated by a primary photo detector
1202

Transform the photo current, i, to a differential output voltage, vy,
via the differential transimpedance amplifier stage
1204

Provide the first differential output voltage, v4, to a pair of differential
voltage amplifier stages arranged in parallel
1206

Convert the first differential output voltage, v, to a pair of second
and third differential output voltages, v, and vs;, having different
gains
1208

Provide the second and third differential output voltages, v, and v;
to a processor as digital signals via a pair of analog-to-digital
converters
1210

Select which of the two digital signals to process
1212

Convert a selected one of the second and third differential output
voltages, v» and vi, to a temperature or reflectance value
1214

FIG. 12
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