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[57] ABSTRACT

A thermal power sensor for providing an output signal
that is linearly related to the amount of power derived
from a power source over a first range and that is square
law related to the amount of power derived from a
power source over a second range which may overlap
the first,range. The apparatus comprises a pair of
matched transistors connected in a common emitter
configuration. Each of the matched transistors is ther-
mally coupled to a matched resistor so that heat gener-
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ated in the resistor is transmitted to its respective tran-
sistor to cause temperature variations therein. The cur-
rent through each transistor is a function of the temper-
ature of the transistor. The matched transistors are con-
nected in series with a pair of cascode transistors. The
cascode transistors are connected to a first differential
amplifier which senses and amplifies the differential
voltage which results from any difference in current
flow through the matched transistors. The output of the
first differential amplifier is connected to the bases of
the cascode transistors to vary the bias voltage applied
to the matched transistors. A second differential ampli-
fier is connected to the differential output of the first
differential amplifier and has its output connected to the
second matched resistor. The effect of the feedback
loop which includes the first differential amplifier, the
cascode transistor and the matched transistors is to
maintain the current flow through the matched transis-
tors constant, whereby their collector-emitter voltage is
linearly proportional to the power being sensed. The
effect of the second loop, including the second differen-
tial amplifier and the second matched resistor, is to
maintain thermal equilibrium and equality between the
matched transistors and their associated resistors to
provide a square law indication of the power being
sensed. A combined indicator is provided for providing
an indication of sensed power over the first and second
ranges.

23 Claims, 2 Drawing Sheets
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1
THERMAL POWER SENSOR

TECHNICAL FIELD

This invention is directed to thermal power sensing
devices and RMS voltage converters, particularly to
devices for sensing alternating voltage signals and RF
or microwave power.

BACKGROUND OF THE INVENTION

Thermal sensors have long been used to measure
power, particularly at RF and microwave frequencies.
One type of conventional thermal sensor uses a pair of
power-dissipating elements, such as resistors, with a
related pair of temperature-sensitive elements thermally
coupled to the power-dissipating elements. The input
signal to be measured is applied to the first resistor,
thereby causing it to couple thermal energy to the first
temperature-sensitive element in accordance with the
power of the input signal. The temperature-sensitive
elements may be such semiconductor devices as junc-
tion diodes or bipolar transistors.

The signals from the first and second temperature-
sensitive elements are each fed to an input of a differen-
tial amplifier which produces a DC output signal. This
DC signal is fed to the second resistor and is caused to
dissipate a power that equals the power dissipated by
the input signal in the first resistor. When balance is
achieved, the DC voltage developed across the second
resistor by the differential amplifier is equivalent to the
RMS or effective value of the input signal which causes
the temperature rise in the first resistor. One implemen-
tation of this technique is shown in U.S. Pat. No.
3,668,428, issued to Henry Koerner. Attention is also
directed to U.S. Pat. No. 4,023,099, issued to van Kes-
sel, and to U.S. Pat. No. 4,257,061, issued to Chapel.

While this arrangement can have good sensitivity and
works well at full-scale or high levels, it suffers several
significant limitations inherent in its design. As an exam-
ple, at low signal or power levels, there are several
error effects that limit performance and reduce the
useful range of the device. At very low input signal
levels, noise in the temperature-sensitive elements is
amplified by the necessarily large forward gain of the
differential amplifier. The output noise from the differ-
ential amplifier is dissipated in the second resistor. The
amplified noise power is an offsetting signal that de-
grades the linearity of the power sensor for low input
signal levels. The noise also establishes a floor which
the input signal must exceed in order to be detected.
The noise thus limits the dynamic range of the power
sensor. Other problems with these prior art thermal
power sensors also exist, as described in greater detail
below.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide an
improved sensor for generating an output signal that is
linearly related to the magnitude of a signal over a wide
dynamic range.

It is a further object of the invention to provide an
improved thermal sensor which has acceptable sensitiv-
ity at both high and low levels.

It is a further object of the invention to provide a
thermal sensor that has an extremely accurate response
to the magnitude of an applied signal.

These and other objects of the invention are provided
by a preferred embodiment of a thermal sensor for de-
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termining the magnitude of a signal, such as voltage or
power, from an external source. The thermal sensor
includes first and second semiconductor means ther-
mally isolated from each other and from ambient ther-
mal energy, each generating an electrical output that is
a function of its temperature. The first and second semi-
conductor means dissipate power as a linear function of
respective first and second control signals applied to the
first and second semiconductor means. A first thermal
element thermally coupled to the first semiconductor
means dissipates power as a function of the square of the
voltage across the thermal element. The first thermal
element is coupled to the external source so that the
current through the first semiconductor means varies as
a function of the heat coupled to the first semiconductor
means by power dissipated in the first thermal element.
A differential amplifier generates the first and second
control signals as functions of the difference in electri-
cal outputs from the first and second semiconductor
means. The power dissipated in the first and second
semiconductor means is varied as a linear function of
the output from the differential amplifier in an attempt
to thermally balance the temperatures of the first and
second semiconductor means. The output of the differ-
ential amplifier is thus indicative of the power from the
external source.

The first and second semiconductor means may in-
clude first and second transistors thermally isolated
from each other and from ambient thermal energy in
which the current through the transistors varies as a
function of the temperature of the transistors. The first
and second control signals vary the collector-emitter
voltages of the first and second transistors, respectively,
thereby varying the power dissipated by the first and
second transistors as a linear function of the first and
second control signals.

A second thermal element may be thermally coupled
to the second semiconductor means to dissipate power
as a function of the square of the voltage across the
second thermal element. The second thermal element
may be coupled to the output of a second differential
amplifier whose output is derived from the output of the
first differential amplifier such that the current through
the second semiconductor means also varies as a func-
tion of the heat coupled to the second semiconductor
means by power dissipated in the second thermal ele-
ment. The power from the external source is then pro-
portional to the sum of the square of the output of the
second differential amplifier and the output of the first
differential amplifier. The second thermal element is
preferably coupled to the output of the second differen-
tial amplifier through a nonlinear control element so
that the second thermal element dissipates thermal en-
ergy, heating the second semiconductor means with
only one polarity of current from the second differential
amplifier.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic a prior art thermal sensor;

FIG. 2 is a schematic of a preferred embodiment of a
thermal sensor constructed according to the invention
and used to measure power; and

FIG. 3 is a schematic of an automatic readout device
for use with the thermal sensor illustrated in FIG. 2.
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DETAILED DESCRIPTION OF THE
INVENTION

The improved thermal sensor of the invention is bet-
ter understood in comparison to the operation and limi-
tations of conventional RMS converters and power
sensors. Accordingly, a brief description of such a con-
ventional converter or sensor is first provided. The
conventional thermal sensor 40 illustrated in FIG. 1
includes five resistors 42, 44, 46, 48 and 50; two NPN
transistors 52 and 54; a potentiometer 56; a high gain
DC differential amplifier or operational amplifier 58;
and a diode 60. The resistance of resistor 42 nominally
equals the resistance of resistor 44; the resistance of
resistor 46 nominally equals the resistance of resistor 48;
and transistors 52 and 54 are matched. Resistor 42 and
transistor 52, and resistor 44 and transistor 54, are ther-
mally coupled such that transistor 52 is sensitive to the
heat produced by current flow through resistor 42, and
transistor 54 is sensitive to the heat produced by current
flow through resistor 44. The above-described circuit is
sometimes also known as an RMS sensor.

A pair of input terminals T1 and T2 are connected to
the opposite ends of resistor 42. The signal to be mea-
sured is applied between these terminals T1 and T2. The
emitters of transistors 52 and 54 are connected together
and through resistor 50 to a negative voltage source
—V. The transistors 52 and 54 are thus connected as a
differential pair, and resistor 50 acts as a constant cur-
rent sink. The total collector-emitter current flowing
through transistors 52 and 54 is thus substantially con-
stant. The bases of transistors 52 and 54 are connected
to ground. The collector of transistor 52 is connected to
one end of load resistor 46 and to the inverting input of
operational amplifier 58. The collector of transistor 54 is
connected to one end of load resistor 48 and to the
noninverting input of operational amplifier 58. The
other ends of load resistors 46 and 48 are each con-
nected to an end of potentiometer 56. The movable
element of potentiometer 56 is connected to a positive
voltage source + V. The output of operational amplifier
58 is connected to the anode of a diode 60. The cathode
of the diode 60 is connected to an output terminal T3
and to ground through resistor 44. The output voltage
Vour is taken across terminal T3 and a ground output
terminal T4.

In operation, as the signal to be measured Vi, is ap-
plied across resistor 42, resistor 42 generates heat in
accordance with the RMS magnitude of the signal V.
The heat produced by the power dissipated in resistor
42 is coupled to transistor 52 since the resistor 42 and
transistor 52 are mounted on the same thermally iso-
lated substrate or island 62. Transistor 52, like virtually
all transistors, is affected by changes in temperature. As
the temperature of transistor 52 increases, its collector
emitter current increases, and, since the total current
through transistors 52 and 54 is substantially constant,
the current through transistor 54 correspondingly de-
creases. As the current through transistor 52 increases,
the voltage drop across resistor 46 increases, thereby
causing a reduction in the voltage applied to the invert-
ing input of amplifier 58. Similarly, as the current
through transistor 54 decreases, the voltage drop across
resistor 48 decreases, thereby causing an increase in the
voltage applied to the noninverting input of amplifier
58. This differential voltage applied to operational am-
plifier 58 causes the amplifier 58 to output a positive
voltage which is applied through diode 60 to resistor 44.
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A feedback current then flows through resistor 44. The
power dissipated in resistor 44 by the feedback current
generates heat which is coupled to transistor 54 since
resistor 44 and transistor 54 are preferably mounted on
the same thermally isolated substrate or island 64. The
heat coupled to transistor 54 causes the collector-emit-
ter current of transistor 54 to increase relative to the
collector-emitter current through transistor 52 in the
same manner that the heat produced by resistor 42 in-
creases the current flowing through transistor 52. The
feedback current applied to resistor 44 by operational
amplifier 58 thus has a tendency to bring the current
flowing through transistors 52 and 54 back into balance.
The magnitude of the feedback current required to
substantially achieve this current balance is indicative of
the power of the signal to be measured V,,. The feed-
back current flowing through resistor 44 develops a
voitage that is equal to the product of the current and
the resistance of resistor 44. This voltage, which is read
across the output terminals T3/T4, is equal to the RMS
value of the voltage drop across resistor 42, assuming,
as mentioned above, that the resistors 42, 44 have the
same value. The power dissipated in resistor 44, which
is also equal to the power of the signal applied between
terminals T1 and T2, is equal to the ratio of the square
of the voltage between the output terminals T3 and T4
to the resistance of resistor 4. The diode 60 is provided
to prevent positive feedback in the case of a negative
Vour, which would force the feedback loop into a latch-
up condition. The movable contact of the potentiometer
56 is used to balance the voltage at the inputs to ampli-
fier 58 with input V;, equal to zero.

As mentioned above, the physical embodiment of the
thermal sensor 40 preferably utilizes thermally isolated
monolithic semiconductor islands 62 and 64 con-
structed, for example, in the manner described in the
aforementioned U.S. Pat. No. 4,257,061, issued to Cha-
pel. Each resistor-transistor pair 42/52 and 44/54 is
thermally isolated from ambient thermal energy and
from each other to provide sensitivity to the input and
feedback signals. The amount of thermal isolation deter-
mines the temperature rise of each resistor-transistor
pair for a given amount of applied power. The upper
limit of applied power (full-scale sensitivity) is deter-
mined by the maximum safe, continuous temperature
rise that the resistor-transistor structure can absorb
without change or damage. Generally, this is approxi-
mately a 100° C. temperature rise above ambient. This
makes the maximum device temperature 150° C. in a
maximum 50° C. ambient environment.

The conventional thermal sensor 10 described in
connection with FIG. 1 works well at high levels, such
as a temperature rise above ambient between approxi-

‘mately 1° C. and 100° C. However, at low levels, i.e.,

less than one hundredth of full-scale temperature corre-
sponding to one hundredth of full-scale power, there
are several error effects that limit performance and
reduce the useful range of the device.

At very low levels, there is an error due to the noise
in the sense transistors which is amplified by the neces-
sarily large forward gain of the feedback amplifier 58
and dissipated in the resistor 44. The amplified noise
power is an offsetting signal that degrades the linearity
of the sensor at low input signal levels and is equivalent
to a minimum detectable signal. The noise output by
amplifier 58 is applied to resistor 44, thereby causing the
resistor 44 to generate a temperature offset. As a result,
the resistor 44 and island 64 become slightly warmer
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than the resistor 42 and island 62 under all conditions.
This problem is particularly significant where little or
no signal is applied because this noise-generated heat
induces an error in the measurement of the input signal.
In effect, the sensor is actually measuring the sum of the
noise plus the signal and identifying it as the input sig-
nal. The measurement of the input signal level is thus in
error by the amount of noise.

The problem of correcting or compensating for noise
is further complicated by the fact that the diode 60 is
used in the feedback loop to prevent the instability
which would occur if the feedback voltage to resistor
44 were allowed to go negative. A “perfect” or “ideal”
diode would be necessary between amplifier 58 and
resistor 44 to allow the feedback to go to exactly zero
volts but not go negative. However, the use of this
diode adds an additional problem to the feedback loop.
At very low signal levels, the amplified sensor noise is
rectified by diode 60 and only the portion of the noise
current passing through the diode is dissipated in resis-
tor 44. As the level of the input signal is increased, the
current through the diode becomes continuous and all
of the noise power is applied to resistor 44. Thus the
portion of the noise current dissipated in resistor 44
changes as a function of the input signal producing a
nonlinear addition of feedback signal and noise. This
nonlinear sum of feedback signal and noise is brought
into balance with the input signal that is being mea-
sured, causing an additional nonlinearity in the re-
sponse. :

If an attempt is made to reduce the noise by reducing
the gain of the feedback amplifier 58, another error
effect is encountered. To explain this error effect, one
must consider the thermal sensor as a servo loop and
examine the loop gain. The entire feedback path begins
with the base-emitter voltage temperature coefficient,
which generates the equivalent of an electrical input to
the base of transistor 52 by the temperature rise sensed
by that transistor. This equivalent voltage is about —2
millivolts per ° C. of temperature change to the transis-
tor. The DC gain of the amplifier formed by the transis-
tors 52 and 54 and their respective load resistors 46 and
48 acts on this temperature-induced signal. The temper-
ature-induced signal is further boosted by the amplifier
58. The heating effect of the resistor 44 raising the tem-
perature of its adjacent transistor 54 base-emitter junc-
tion closes the feedback loop.

The thermal feedback is nonlinear with voltage since
the power dissipated in the resistor is proportional to
the square of the applied voltage. Due to this square law
heating effect, the total loop gain is proportional to the
magnitude of the feedback voltage. When the feedback
voltage is one-tenth of full-scale value, the total loop
gain (the product of all the gain terms in the loop) is also
at one-tenth of the full-scale value. This reduction in
loop gain with decreasing signal level becomes a prob-
lem when the thermal error signal between the two
transistors 52 and 54 necessary to drive the loop be-
comes a significant percentage of the thermal input
signal level. Thus, this gain error term becomes a higher
percentage of the input signal as the input is reduced.

The foregoing problems, which are inherent in the
thermal sensor of FIG. 1, are avoided or significantly
minimized according to the invention. The invention is
based on the concept of generating heat or thermal
energy in linear relation to a parameter such as voltage
which is a function of the amount of power or voltage
to be sensed. As a result, an output is provided that is
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also linearly related to the sensed power or voltage. It
has been discovered that this may be accomplished in a
unique fashion by using the sensing transistors them-
selves as combined sensing devices and thermal energy
generating devices. The sensing transistors 52 and 54
dissipate power due to the current I, that is biased
through the transistors and the voltage V. that appears
across the devices. That power is hereafter referred to
as bias power. The bias power itself raises the island
temperatures when no power is applied to the heater
resistors 42 and 44 in FIG. 1.

When the bias power dissipated in one transistor is
reduced below that nominal value, this effectively cools
the transistor below the normal operating level. Such a
capability of cooling one transistor with respect to the
other allows the feedback loop to operate through zero
feedback level without the need for limiting operation
to one polarity. Since the bias power is proportional to
the product of V. times I, if one term is held constant,
the bias power dissipation and the resultant transistor
temperature rise can be made linearly proportional to
the other term. Under such conditions, the loop gain
will be constant and independent of the level of the
feedback signal. This allows sufficient loop gain to be
employed to make the gain error term insignificant.
Since the bias power is now linearly controllable and
the feedback voltage can become negative, the noise
generated by the subsequent amplifiers has a zero aver-
age and is effectively reduced by the feedback within
the bandwidth of the feedback loop.

This linear power feedback concept can be imple-

‘mented in a number of different circuit configurations.

The technique according to the preferred embodiment
of the invention is illustrated in FIG. 2, a portion of
which includes certain components of the basic prior art
basic circuit illustrated and described with respect to
FIG. 1. For convenience, like reference numerals and
characters are used to indicate comparable elements.
With reference to FIG. 2, the improved thermal sensor
100 includes a resistor 42 that functions in the same
manner as the resistor 42 in the prior art sensor shown
in FIG. 1. The thermal sensor 100 also includes three
additional resistors 44, 46, 48; six NPN transistors 52,
54, 70, 72, 74 and 76; a potentiometer 56; differential
amplifiers 80 and 82; and a diode 60. The resistance of
resistor 42 equals the resistance of resistor 44; the resis-
tance of resistor 46 equals the resistance of resistor 48;
and the pairs of transistors 52, 54; 70, 72; and 74, 76 are
preferably matched to each other.

A pair of input terminals T1, T2 receiving a signal to
be measured are connected across the resistor 42. The
emitter§ of transistors 52 and 54 are connected together
and to a constant current source 86 to ground. Thus, the

‘sum of the currents flowing through transistors 52, 54 is

constant. The bases of transistors 52, 54 are connected
to a common ground. Transistors 52, 54 are connected
in cascode with transistors 70 and 72. The bases of tran-
sistors 70 and 72 are connected to a common bias
source, shown as a battery 88. As explained below,
transistors 52, 54 function as thermal sense transistors,
while transistors 70 and 72 function as heat generating
and signal isolating transistors.

Resistor 42 and transistors 52, 70 are mounted on a
first thermally isolated island 96, and resistor 44 and
transistors 54, 72 are mounted on a second thermally
isolated island 98. As a result, resistor 42 and transistors
52, 70 are thermally coupled to each other so that tran-
sistor 52 is sensitive to heat produced by current flow-
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ing through resistor 42 and transistor 70. Similarly,
resistor 44 and transistors 54, 72 are thermally coupled
to each other so that transistor 54 is sensitive to heat
produced by current flowing through resistor 44 and
transistor 72.

External cascode transistors 74, 76 are connected
between the collectors of transistors 70, 72 and respec-
tive load resistors 46, 48. The voltage difference be-
tween the load resistors 46 and 48 is amplified by the
differential amplifier 82 and applied to the bases of the
external cascode transistors 74 and 76. The difference
voltage appearing between the bases of the external
cascode transistors 74 and 76 is also fed to differential
amplifier 80. The output of amplifier 80 is applied
through diode 60 to the resistor 44.

The island 96 receives heat from three sources,
namely, resistor 42, sense transistor 52, and heating and
isolation transistor 70. The heat generated by the resis-
tor 42 is proportional to the square of the voltage (i.e.,
power) of the signal applied to terminals T1, T2. The
heat applied to the island 96 by the transistor 52 is pro-
portional to its power dissipation. Since the voltage
across the transistor 52 is fixed by virtue of its fixed base
and collector voltages, the power dissipated in transis-
tor 52 is proportional to the current through the transis-
tor 52. Finally, the heat applied to the island 96 by
transistor 70 is also proportional to its power dissipa-
tion. The power dissipated by transistor 70 is equal to
the product of the current through transistor 70 and its
collector-emitter voltage. However, since the voltage
on the emitter of transistor 70 is fixed by the bias voltage
of the battery 88, the collector to emitter voltage of
transistor 70 is controlled by voltage follower transistor
74. .

The heat coupled to island 98 also comes from three
sources, namely, resistor 44 and transistors 54, 72. The
heat coupled to island 98 is proportional to the square of
the voltage applied across resistor 44, while the heat
coupled to island 98 by the transistors 54, 72 is propor-
tional to their power dissipation. The power is dissi-
pated in transistor 54 in the same manner that power is
dissipated in transistor 52, while power is dissipated in
transistor 72 in the same manner that power is dissipated
in transistor 70. Since the voltage on the emitters of
transistors 70 and 72 is substantially fixed, the transistors
70, 72 isolate respective transistors 52, 54 from varia-
tions in the voltage on the emitters of transistors 74, 76.
The transistors 70, 72 thus perform an isolating function
in addition to a heating function.

The heat generated by transistors 52, 70 and 54, 72 is
referred to as bias power. The bias power generated by
transistors 52, 54 is relatively constant, but the bias
power generated by isolating and heating transistors 70,
72 varies as a substantially linear function of the volt-
ages applied to their collectors by transistors 74, 76,
respectively.

The bias that transistors 74, 76 apply to respective
transistors 70, 72 raises the temperatures of the islands
96, 98 to a steady-state value when no power is applied
to the heater resistors 42, 4. When the bias power
dissipated in one transistor is reduced below its steady-
state value, the circuitry continues to operate as de-
scribed below. Thus, the circuitry can operate in a lin-
ear manner as the power of the signal applied to the
terminals T1, T2 approaches and reaches 0.

In operation, if a small amount of power is applied to
heating resistor 42 through terminals T1, T2, the power
dissipated by the resistor 42 will attempt to raise the
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temperature of the island 96. The increased temperature
of the transistor 52 will then cause the transistor 52 to
conduct more current than transistor 54, although the
sum of the two currents will remain constant. As more
current flows through transistor 52 and less current
flows through transistor 54, the voltage applied to am-
plifier 82 from resistor 46 will decrease and from resis-
tor 48 will increase. The signal that amplifier 82 applies
to the base of transistor 74 will then decrease, thereby
reducing the voltage across transistor 70. As a result,
transistor 70 will dissipate less power to compensate for
the power dissipated in resistor 42 and the increase in
the power dissipated by transistor 52. At the same time,
the voltage that amplifier 82 applies to the base of tran-
sistor 76 will increase to increase the voltage across
transistor 72. The increased voltage across transistor 72
increases the power dissipated in transistor 72 to com-
pensate for the reduced power dissipated in transistor 54
by virtue of the decrease in current through transistor
76. This negative feedback through amplifier 82 brings
the islands 96, 98 back into thermal equilibrium. The
differential voltage at the output of amplifier 82 which
brings the islands 96, 98 back into thermal equilibrium is
boosted by amplifier 80 to provide a power indication to
voltmeter 90. It is important to note that the voltage
measured by voltmeter 90 is proportional to power
dissipated in resistor 42 (i.e., input power) because the
reduced power dissipated by transistor 70 and increased
power dissipated by transistor 72 are proportional to the
differential voltage at the output of amplifier 82. More
specifically, the power dissipated in heating resistor 42
is equal to one-half the product of the change in the
voltage applied to the collectors of transistors 70, 72
and the constant current generated by the constant
current source 88. It is also important to note that the
circuitry operates linearly even as the signal applied to
the input terminals T1, T2 approaches and reaches 0 in
amplitude, thereby making the circuitry relatively in-
sensitive to noise at low signal levels.

The foregoing description of the circuitry of FIG. 2
assumes that the amplitude of the signal applied to the
heating resistor 42 is low enough that it does not cause
amplifier 82 to generate a signal having sufficient ampli-
tude to forward bias the diode 60. At higher input signal
levels, the feedback provided by amplifier 82 can no
longer bring the islands 96, 98 into thermal equilibrium.
Under these circumstances, the gain of amplifier 80 is
selected so that it generates a signal of sufficient ampli-
tude to cause diode 60 to conduct. Amplifier 80 then
applies a signal to heating resistor 44 which adds ther-
mal energy to the island 98. The power dissipated by the
resistor 44 is proportional to the square of the voltage
applied to the resistor. Hence the voltage measured by

‘voltmeter 92 is proportional to the square of the power

dissipated by the resistor 44. The feedback loops
through amplifiers 82 and 80 automatically maintain the
islands 96, 98 in the thermal equilibrium. The movable
contact of the potentiometer 56 is used to balance the
voltage at the inputs to amplifier 82. By adjusting the
movable contact of potentiometer 56, the output volt-
age of differential amplifier 82 can be balanced to zero
with the input signal equal to zero.

When the islands 96, 98 have reached thermal equilib-
rium, the voltage indicated by voltmeter 92 is equal to
the value of the voltage across heating resistor 44. The
power dissipated in resistor 44 is equal to the square of
the voltage across resistor 44 divided by the value of
resistor 44. The total power dissipated in the resistor 42
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may then be determined by summing the voltage indi-
cated by voltmeter 90 and square of the voltage indi-
cated by voltmeter 92. The sensor of FIG. 2 may be
calibrated by inputting known DC power to resistor 42
and noting the output indications.

While the preferred embodiment illustrated in FIG. 2
uses transistors 70, 72 to dissipate the variable bias
power, it should be recognized that the transistors 70,
72 are not absolutely necessary. Instead, the emitters of
transistors 74, 76 can be connected directly to the col-
lectors of respective transistors 52, 54. However, elimi-
nating the transistors 70, 72 has the effect of reducing
the sensitivity of the sensor and making the incremental
change in bias power in transistors 52, 54 not directly
equivalent to the input signal power. As with all practi-
cal transistors, the transistors 52, 54 have internal resis-
tance between their collectors and their emitters. As a
result, when the collector-emitter voltages of the tran-
sistors are changed (assuming that the cascode transis-
tors 70, 72 are eliminated), internal electrical feedback
within the transistors caused by the collector-emitter
resistance causes the current through transistors 52, 54
to also change, not entirely due to thermal feedback
effects. The result is a change in the response character-
istics of the sensor.

The manner in which the sensitivity of the thermal
sensor is reduced and response altered by undesirable
changes in the current through the transistors 52, 54 can
be explained by considering the response of the thermal
sensor to an increase in the power of the input signal
applied to the thermal sensor. If the power of the input
signal applied to the resistor 42 increases, the resulting
thermal energy coupled to the transistor 52 causes an
increase in the current through the transistor 52. The
feedback loop would then reduce the voltage applied to
the collector of transistor 52 (assuming that the cascode
transistors 70, 72 were eliminated) in an attempt to bring
the transistors 52, 54 back into thermal equilibrium.
However, because the reduced collector-voltage would
also reduce the collector-emitter current, the effective
reduction in power of the transistor 42 would be greater
than the reduction caused solely by the decrease in
collector voltage. This mechanism has the effect of
reducing the sensitivity of the thermal sensor. Further-
more, the reduced collector-emitter voltage of transis-
tor 52 should reduce the power dissipated in the transis-
tor 52 linearly with the reduced feedback voltage.
However, since the reduced feedback voltage simulta-
neously reduces the temperature-dependent signal cur-
rent through transistor 52, less collector voltage change
is necessary to bring the collector currents into balance.
This change in collector current due to internal electri-
cal feedback within the sense transistors alters the rela-
tionship between the applied signal power and the re-
sulting change in the bias power. If the collector-emitter
resistance of the transistors 52, 54 is substantially con-
stant with variation in the collector-emitter voltage, the
effect of this internal electrical feedback is a change in
the constant of proportionality between the input
power and the bias power. Thus, while the transistors
70, 72 are not absolutely necessary, they should be used
where maximum sensitivity and optimum power re-
sponse linearity are desired. )

The transistors 70, 72 improve the power response
and increase the sensitivity of the sensor by effectively
raising the collector-emitter (i.e., output) resistance of
the transistors 52, 54 by a muitiple of the current gains
(Beta) of the transistors 70, 72. Since the bases of the
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transistors 70, 72 are held at a constant voltage by the
battery 88, the collector-emitter voltage of the transis-
tors 52, 54 remains fixed. This causes the sense transis-
tors 52 and 54 to operate under constant bias conditions
independent of the electrical feedback varying the col-
lector-emitter voltage of the transistors 70, 72. The
transistors 70, 72 thus increase linearity of the sensor
and make the sensor more sensitive to applied signals.

FIG. 3 shows an automatic means for combining the
indications of the meters illustrated at 90 and 92. Thus,
the terminals T5 and T6 across the linear power equiva-
lent voltage voltmeter 90 are connected to the input of
an analog-to-digital converter 125, which provides a
first input to a microprocessor 127. The terminals T7
and T8 across the square law power equivalent voltme-
ter 92 are connected to the input of an analog-to-digital
converter 129, which provides a second digital input to
microprocessor 127. The microprocessor in turn com-
putes a sum of powers value or an equivalent effective
or RMS voltage value to a suitable digital readout or
indicator 131. The readout 131 provides a calibrated
indicator of total sensed power or equivalent RMS
voltage from the lowest to the highest powers within
the dynamic range of the device.

Since the resistor 44 provides square law feedback,
the power measurement range is extended at the high
level end of the measurement range and the linear
power feedback method provides a good performance
down to the lowest detectable signal level which is set
by the sense transistor noise floor. The arrangement
provides good linearity over more than a 50 dB range.of
power measurement. At very high levels, the feedback
is via the resistor 44 and the loop essentially handles the
crossover between the two modes. The diode 60 deter-
mines the threshold level at which the square law feed-
back loop begins to act.

While one preferred implementation of this arrange-
ment has been illustrated and described, other imple-
mentations are feasible. For example, it would be possi-
ble to have the sense transistors 52 and 54 operating as
they do in the conventional configuration of FIG. 1
with additional electrically isolated transistors on each
island which would dissipate power in a linearly con-
trolled manner and provide thermal feedback to the
sense transistors. To obtain linearly controllable power
dissipation, the heater transistors could be operated at a
constant collector current while their collector-emitter
voltages could be varied differentially in a manner simi-
lar to the description of the invention. Conversely, their
collector-emitter voltages could be held constant while
their collector currents were varied differentially, pro-
viding the desired linear power relationship. These

_solutions produce significantly increased complexity

due to the increased number of leads that must be
brought off each island to add the additional transistors.
Maintaining matched device currents or voltages while
the opposite parameter is varied is an additional compli-
cation as well as increased complexity of the off-chip
circuitry in these other implementations make them less
preferable than the described embodiment.

Still another variation might involve use of a device
such as a Zener diode on the island in addition to the
sense transistor because the Zener diode holds its volt-
age constant as its current is varied. Such devices would
permit variation of power as a linear function of one
control parameter. However, the additional embodi-
ments mentioned all involve mechanical and/or electri-
cal circuit complexity, which makes them less desirable
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than the preferred embodiment of the invention illus-
trated and described in connection with FIG. 2. It
should also be noted that the input signal power need
not only be dissipated in a resistor placed on the island
and directly connected to the input source by means of
signal leads. The unknown input signal could be cou-
pled to the sense transistor by any mechanism that
causes thermal energy to be dissipated on the island that
the sense transistor is on. An example might be electro-
magnetic energy in the infrared or visible regions of the
spectrum impinged onto a suitable absorber located on
the island and heating the sense transistor. Another
implementation could be the use of a resistive film lo-
cated on the island and suitably positioned in a micro-
wave waveguide structure such that the guided waves
are coupled to the resistive element dissipating energy
and heating the sense transistors.
I claim:
1. An apparatus for deriving an output signal that is
related to the magnitude of a signal derived from a
source, comprising:
first and second matched circuit devices thermally
isolated from each other and substantially isolated
from ambient thermal energy, said circuit devices
each having a variable characteristic controlled by
an amount of thermal energy incident thereon;

means for thermally coupling the first circuit device
to said source so that thermal energy from said
source is incident on the first device;

means responsive to a control signal for applying

additional thermal energy differentially to said first
and second circuit devices and for raising the ther-
mal energy of said first and second circuit devices
to a quiescent value of thermal energy greater than
that due to ambient thermal energy;

means for sensing said variable characteristics of said

first and second circuit devices;

means responsive to said variable characteristics for

generating said control signal to control said means
for applying additional thermal energy so that the
first and second circuit devices have a tendency to
be thermally balanced; and

means responsive to said control signal for determin-

ing the magnitude of said applied additional ther-
mal energy, said magnitude of said applied addi-
tional-thermal energy corresponding to the magni-
tude of the signal from said source.

2. The apparatus of claim 1 wherein said means for
applying additional thermal energy comprises a first
source of thermal energy coupled to said first circuit
device and a second source of thermal energy coupled
to said second circuit device, and said means for gener-
ating said control signal includes means for generating
differential control signals and means for applying said
differential control signals respectively to said first and
second sources of thermal energy, and further including
a third source of thermal energy responsive to said
differential control signals for applying further addi-
tional thermal energy to said second circuit device.

3. The apparatus of claim 2 wherein said first and
second matched circuit devices are mounted respec-
tively on first and second substrates which are substan-
tially thermally isolated from each other and from ambi-
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4. The apparatus of claim 1 wherein said first and
second matched circuit devices are biased, bipolar semi-
conductor junction devices.

S. The apparatus of claim 4 wherein said first and
second bipolar semiconductor junction devices are bi-
polar transistors, respectively.

6. The apparatus of claim 1 wherein said output signal
is linearly related to the amount of power derived from
said source.

7. An apparatus for generating an output signal indic-
ative of the magnitude of an input signal, said apparatus
comprising:

first and second matched circuit devices thermally
isolated from each other and substantially isolated
from ambient energy, each of said circuit devices
having a variable characteristic controlled by the
amount of thermal energy incident thereon;

means for coupling the first circuit device to said
input signal so that thermal energy derived from
said input signal is incident on said first circuit
device, thereby controlling the variable character-
istics of said first circuit device;

means for sensing the variable characteristics of said
first and second circuit devices and for generating
first and second control signals corresponding
thereto;

means linearly responsive to said first and second
control signals for applying additional thermal
energy differentially to said first and second circuit
devices over a first range of said input signal to
raise the thermal energy of said first and second
circuit devices toward a quiescent, thermally bal-
anced condition that is greater than that due to
ambient thermal energy, the magnitude of said
additional differential thermal energy being lin-
early related to the magnitude of said input signal
over said first range;

a source of thermal energy responsive to at least one
of said first and second control signals in accor-
dance with a predetermined relationship for apply-
ing further additional thermal energy to said sec-
ond circuit device over a second range of said input
signal, the magnitude of said further additional
thermal energy having said predetermined rela-
tionship to the magnitude of said input signal over
said second range; and

means for generating said output signal as a function
of the magnitude of said additional thermal energy
and said further additional thermal energy.

8. The apparatus of claim 7 wherein said first and
second ranges overlap each other for at least a portion
of said first and second ranges of said input signal.

9. The apparatus of claim 7 wherein said first and

'second matched circuit devices are bipolar transistors,

the means for applying additional thermal energy differ-
entially to said first and second circuit devices includes
means for adjusting the bias power dissipated in said
devices responsive to said control signal, and said
source of further additional thermal energy is a resistor.

10. In a voltage and power sensing device including a
pair of matched, forward-biased bipolar transistors con-
nected in a differential common emitter configuration,
wherein each transistor is associated with one of a pair
of matched resistors, heat transfer means thermally
coupling each resistor to a respective transistor so that
heat generated in the resistors is coupled to their respec-
tive transistors to cause temperature variations therein,
said transistors exhibiting a collector-emitter current
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that is a function of the temperature of the transistor,
whereby the collector-emitter current through said
transistors varies as a result of the power being dissi-
pated by the respective resistor, said transistors being
connected to a first amplifier which senses and amplifies
a differential voltage resulting from different currents
flowing through said transistors and produces an output
signal in response thereto, the output signal being con-
nected in a feedback loop to the second of the matched
resistors, the first matched resistor being connected to
an input terminal for receiving a signal or power source
to be sensed, the improvement comprising:

a respective cascode transistor connected in series
with each matched transistor, said cascode transis-
tors having their respective bases coupled to differ-
ential outputs of a first differential amplifier in an
attempt to balance the temperatures of said
matched transistors by varying bias power dissi-
pated in said matched transistors as a function of
the differential outputs of said first differential am-
plifier, a voltage drop across said matched transis-
tors varying as a linear function of the power being
sensed; and

means connected to the output of said first differential
amplifier providing an indication of the said power
being sensed, said indication bearing a substantially
linear relationship to said differential voltage.

11. The apparatus of claim 10, further including a
second amplifier means connected to the output of said
first differential amplifier, said second amplifier provid-
ing a signal of the second of said matched resistors,
thereby causing said matched resistor to dissipate fur-
ther additional power, said signal bearing a substantially
square root relationship to said power being sensed.

12. The apparatus of claim 11, including means for
combining said indications of power being sensed and
providing an indication of power sensed over an effec-
tive range of said power sensing device.

13. A voltage and power sensor for determining the
voltage or power from an external source, said sensor
comprising:

first and second matched sense transistors thermally
isolated from each other and substantially isolated
from ambient thermal energy, said sense transistors
having their bases coupled to each other and to a
fixed voltage and their emitters connected to each
other and to a current source;

a first thermal element thermally coupled to said first
sense transistor, said first thermal element dissipat-
ing power, said first thermal element being coupled
to said external source so that the current through
said first sense transistor varies as a function of the
heat coupled to said first transistor by power dissi-
pated in said first thermal element;

a differential amplifier generating a differential out-
put that is proportional to the difference in currents
through said first and second sense transistors;

first and second heating transistors thermally coupled
to said first and second sense transistors, respec-
tively, said first and second heating transistors hav-
ing respective emitters connected to collectors of
respective sense transistors and respective bases
connected to each other and to a higher fixed volt-
age so that the collector-emitter voltages of said
sense transistors remain substantially constant; and

first and second cascode transistors having respective
bases connected to respective outputs of said differ-
ential amplifier and respective emitters connected
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to collectors of respective heating transistors, said
cascode transistors varying the collector-emitter
voltages of respective heating transistors causing a
change in the power dissipated in the heating tran-
sistors which results in a temperature change of the
heating transistors as a linear function of the output
from said differential amplifier, thereby attempting
to thermally balance said sense transistors,
whereby the output of said differential amplifier is
indicative of the power from said external source.

14. The voltage and power sense of claim 13, further
including a second thermal element thermally coupled
to said second sense tramsistor, said second thermal
element dissipating power as a function of the square of
a voltage across said second thermal element, said sec-
ond thermal element being coupled to the output of said
differential amplifier so that the current through said
second sense transistor varies as a function of heat cou-
pled to said second transistor by power dissipated in
said second thermal element, whereby the power from
said external source is determined as a function of the
sum of the square of the output of said differential am-
plifier and the output of said differential amplifier.

15. The voltage and power sensor of claim 14
wherein said second thermal element is coupled to the
output of said differential amplifier through a nonlinear
element so that said second thermal element does not
couple significant thermal energy to said second sense
transistor until the power from said external source
exceeds a predetermined value.

16. The voltage and power sensor of claim 13
wherein said first thermal element is a resistor.

17. A voltage and power sensor for determining the
power from an external source, said sensor comprising:

first and second semiconductor means thermally iso-
lated from each other and substantially isolated
from ambient thermal energy, each of said semi-
conductor means generating an electrical output
that is a function of the temperature of said semi-
conductor means, said first and second semicon-
ductor means dissipating power as a linear function
of respective first and second control signals ap-
plied to said first and second semiconductor means,
respectively;

a first thermal element thermally coupled to said first
semiconductor means, said thermal element dissi-
pating power as a function of the square of a volt-
age across said thermal element, said first thermal
element being coupled to said external source so
that the current through said first semiconductor
means varies as a function of the heat coupled to
said first semiconductor means by power dissipated
in said first thermal element; and

a differential amplifier generating said first and sec-
ond control signals as a function of the difference in
electrical outputs from said first and second semi-
conductor means, thereby varying the power dissi-
pated in said first and second semiconductor means
as a linear function of the output from said differen-
tial amplifier in an attempt to thermally balance the
temperatures of said first and second semiconduc-
tor means, whereby the output of said differential
amplifier is indicative of the power from said exter-
nal source.

18. The voltage and power sensor of claim 17
wherein said first and second semiconductor means
include respective first and second transistors thermally
isolated from each other and substantially isolated from
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ambient thermal energy, the current through said tran-
sistors varying as a function of the temperature of said
transistors.

19. The voltage and power sensor of claim 17
wherein said first and second semiconductor means
include respective first and second transistors, and
wherein said first and second control signals vary the
collector-emitter voltages of said first and second tran-
sistors, respectively, thereby varying the power dissi-
pated by said first and second transistors as a linear
function of said first and second control signals.

20. The voltage and power sensor of claim 17
wherein said first and second semiconductor means
include respective first and second sense transistors
thermally isolated from each other and substantially
isolated from ambient thermal energy, the current
through said sense transistors varying as a function of
the temperature of said sense transistors, said first sense
transistor being thermally coupled to said first thermal
element, said first and second semiconductor means
further including respective first and second heating
transistors connected in series with, and thermally cou-
pled to, respective first and second sense transistors,
said first and second control signals varying respective
collector-emitter voltages of said first and second heat-
ing transistors, respectively, thereby varying the power
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dissipated in said first and second heating transistors as
a linear function of said first and second control signals.

21. The voltage and power sensor of claim 17, further
including a second thermal element thermally coupled
to said second semiconductor means, said second ther-
mal element dissipating power as a function of the
square of a voltage across said second thermal element,
said second thermal element being coupled to the out-
put of said differential amplifier so that the current
through said second semiconductor means varies as a
function of the heat coupled to said semiconductor
means by power dissipated in said second thermal ele-
ment, whereby the power from said external source is a
function of the sum of the square of the output of said
differential amplifier and the output of said differential
amplifier.

22. The voltage and power sensor of claim 21
wherein said second thermal element is coupled to the
output of said differential amplifier through a nonlinear
element so that said second thermal element does not
couple significant thermal energy to said second semi-
conductor means until the power from said external
source exceeds a predetermined value.

23. The voltage and power sensor of claim 17

wherein said first thermal element is a resistor.
* * * * x
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