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An adaptive thermal protection method-and arrangement for a power amplifier by remote sense is disclosed in Fig.

2 which maximizes the amount of output power from electronic equipment such as a radio frequency (RF) power amplifier |
(118), having a finite heat sink (119) and operating intermittently over a period of time. This method and apparatus utilizes
a remote temperature sensor (110A) and knowledge of the on/off, or key/dekey times in conjunction with a stored, prede-
termined thermal model to adjust the operating power level to a maximum permissible point within a range of operating
power levels such that the projected temperature of the power amplifier does not exceed a preset limit. In so doing, the ap-
paratus and method combines the advantages of thermal protection and power maximization and effects gradual changes
in the operating power level by adapting to variable environmental and operational conditions.
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ADAPTIVE THERMAL PROTECTION FOR
A POWER AMPLIFIER BY REMOTE SENSE

BACKGROUND OF THE INVENTION

The present invention relates generally to
protection circuitry for a power amplifier, and more
particularly to an improved method and arrangement for
maximizing the amount of output power from a radio
frequency (RF) power amplifier which has a relatively
small, or finitéfheatsink and which is operated

intermittently over a period of time.

In general, for RF power amplifiers having
transistors, 200°C represents a critical level of
temperature for the devices. Moreover, for a radio
operating in a mobile environment, it is often
impractical to implement unlimited cooling for the RF
power amplifier. 1In reality, most mobile radio
applications operate with relatively little cooling due
to the lack of circulating air and a relatively small, or
finite-sized heatsink. As a result, this translates into
a maximum heatsink temperature of 100°C in order to
avoild seriously reducing the life of the devices.
Therefore, the heat-dissipating devices within the RF
power amplifier must be provided with some form of
thermal protection to insure that the devices never
exceed such critical temperatures.

Previously known power amplifiers typically have
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- only one or two output power levels, with an elementary

thermal protection circuit causing the RF power amplifier
to switch to a lower power level upon sensing the 7
temperature of various critical components (e.g., power
output transistors) when the temperature of these
components rises to a critical level.

In radios operating over a narrow band of
frequencies, such thermal protection often merely takes
the form of a thermal shutback switch or circuit, while
in radios operating over a wide band of operating

frequencies, previously known arrangements utilize both a

temperature compensation circuit and a thermal shutback
circuit. The temperature compensation circuit provides
leveling of the output power for relatively large changes
in frequency, while the thermal shutback circuit provides
abrupt thermal shutback in the event of extreme operating
conditions caused by high ambient temperatures or lengthy
operation of the transmitter, as is encountered during
continuous keyed operation.

However, such elementary forms of thermal

protection for a power amplifier can create serious

problems when the ambient temperature adjacent to the
finite heatsink on which the power amplifier is mounted
is already high, due to high surrounding air temperature
or extremely long transmit (keyed) operating times. Such

conditions may cause the transmitter to shut back to a
fixed lower level that was preset to protect against

every possible combination of worst-case operating

conditions. During this'shutback condition, the power

output versus time characteristic may exhibit "ringing®
as the temperature crosses over the threshold, and
furthermore, the transmitter may produce so little output
power during shutback that the quality of communications
with desired receivers is jeopardized.

o
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Accordingly, there exists a need for improved
thermal protection for a power amplifier by remote sense
which provides the combined advantages of thermal
protection and power maximization, and which is able to
ensure a safe operating temperature for the transmitter
with a minimum of additional components while effecting
gradual changes in the operating power level for varying

environmental and operational conditions.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide
an improved, thermal protection method and arrangement
for a power amplifier which automatically determines an
operating power level near a permissible maximum while
insuring that its projected temperature does not exceed a
preset limit and which overcomes the foregoing

deficiencies.

It is a further object of the present invention to
provide an improved thermal protection method and
arrangement for a power amplifier of the foregoing type,
utilizing a remote temperature sensor already located in
an included reference oscillator and elapsed times
associated with the key or dekey condition of the power
amplifier, which effects gradual changes so that the
operating power level may be set to a point near a
permissible maximum while ensuring that the projected
cperating temperature does not exceed a preset limit,
thereby ensuring a safe operating temperature while
providing a maximum permissible level of'operating output
power. _

In practicing one form of the inveﬁtion, a mobile
radio is described having a transmitter, a receiver, and
a microcontroller. The transmitter comprises an exciter
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and an RF power amplifier whose ouput power is controlled
by the microcontroller. The receiver includes a
temperature compensated reference oscillator. A
thermistbr, which is part of the reference oscillator,
provides an indication of present opefatinq temperature
as well as'functioninq to temperature compensate the
reference chillator, Although remote from the finite
heatsink of the RF power amplifier, this thermistor and

an included counter are utilized by the micocontroller to

arrive at a projected temperature for the power
amplifier. The microcontroller uses a stored thermal
model to calcuIate a projected operating temperature that
is kept within A'preset limit, converting that into a
corresponding permissible operating level. In so deing,
the microcontroller maintains the operating power level
point near a permissible maximum within a range of
operating power levels, such that the projected
temperature does'not exceed a preset limit, thereby
ensuring a safe operating temperature for the mobile
radio while providing maximum utilization of the finite
heatsink. ' ,

These and other objects of the present invention
will become apparent to those skilled in the art upon
consideration of the accompanying specification, clainms,
and drawings. '

BRIEF'DESCRIPTION OF THE DRAWINGS
-Referring to the drawings, wherein like reference

numerals indicate like elements in the several figures
and in which:.
Fig. 1 is a block diagram of a mobile radio

embodying the present invention.

o

«<)



WO 88/07267

10

15

20

25

30

35

PCT/US88/00679

Fig. 2 is a more detailed block diagfam showing the
preferred embodiment of the present invention.

Fig. 3 depicts curves of the actual and calculated
temperature/time characteristics of a heatsink mounted RF
power amplifiér'in relation to the reference temperature,
taken during constant key conditions, and useful in
determining the thermal model constants needed for
characterizing a particular radio.

Fig. 4 depicts a curve of constant power output
until shutback occurs.

Fig. 5A and 5B represent histograms for a randomly
varying message sequence depicting how well the constants
derived from Fig. 3 characterize the thermal response of
the power' amplifier during various on/off, or key/dekey,
periods of time.

Fig. 6A and 6B depict a simplified flow chart
summarizing the method of the preferred embodiment.

Fig. 7A, 7B, and 7C depict a set of additional
flowcharts which describe in greater detail the
subroutines utilized in Fig. 6A and B.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
Referring now to the drawings, Fig. 1 depicts a
block diagram of mobile radio 100 which accommodates the
?ethod and arrangement of the present invention.
Included is antenna 102 which couples to transmit/receive
(T/R) switch 104. Coupled to T/R switch 104 is receiver
106, which then couples to speakef 108. Reference
oscillator 110 provides a stable reference signal for
receiver 106 and an indication of present operating
temperature from internal temperature compensation
circuitry 110a via line 111 to microcontroller 112.
Reference oscillator 110 also provides the stable
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reference signal to exciter 114, which has microphone 116
at its input and power amplifier 118 on its output.

Power amplifier control lines 118a and 118b are brought
out to accessible points, or nodes, én finite heatsink
119. Finite heatsink 119 also has accomodations for

‘nodes 119a and 119b for the RF input and RF output

connections, respectively. Notably absent from the
finite heatsink is a temperature sensor that is usually
included in conventionally known thermal protection
circuitry. Ccontrol circuitry 120 couples to power

amplifier 118 via nodes 118a and 118b, as well as to

microcontroller 112 via nqde 120a. The functional blocks

~outlined as 121, together with power amplifier 118

mounted on finite heatsink 119, are covered in more
detall in Fig. 2.
Turning now to Fig. 2, block dlagram 200 deplcts

Vthe exemplary embodiment of element 121, and its relation
to power amplifier 118 within finite heatsink 119.

Beginning in block 110a, thermistor 202 and stage 204
(which may be one or more operational amplifiers) are
shown7as part of temperature compensated reference
oscillator 110 (not shown); with an output voltage or
current indicative of present operating temperature

available at line 111. This line (111) couples to

microcontroller 112, which includes microprocessor 206,
A/D converter 208, timers 210 and 212 acting as
resettable counters, and memory block 214 hav1ng
predetermlned stored, thermal model constants. The
output from mlcrécontroller 112 proceeds to node 120a,
which is the input to control block 120. This control
block contains D/A converter 216, comparator 218, and
voltage control transistor stage 220. Although stage 220
is rendered as a single transistor, it may include a
number of similar transistors paralleled

)
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together to provide an amount of current sufficient for
power amplifier'lls. Power amplifier 118 may consist of
a chain of one or more amplifier stages, although
rendered here as merely one stage for simplicity.

Turning now to Fig. 3, a temperature versus time
graph is shown at 300 which is useful in determining the
thermal model constants that characterize a typical 25
watt mobile radio operating in a VHF frequency band. As
shown, curve 302 represents the temperature as actually
measured at the finite heatsink during controlled
conditions with a constant key time period of about 29
minutes. Curve 304 represents the temperature response
of a thermal sensor located within the reference
oscillétor and remote from the power amplifier. Curve
306 represents the calculated value of temperature for
the power amplifier as projected by a thermal model based
upon thermal constants derived from the relationship
between Curves 302 and 304 of Fig. 3.

It is well known that heat flow can be analyzed
with a thermal circuit in the same way that current flow
can be analyzed with an electrical circuit. See chapter
12.9 of Solid State Radio Engineering, by Kraus, Bostian,
and Raab, 1980, pp.384-385. As a result, dissipated
power is analogous to a current-source, temperatures are
analogous to voltages, and each element in the thermal
path has an associated thermal resistance. Moreover, any
heat storage along this thermal path has an associated
thermal capacitance which induces a thermal lag or time

constant. _ , )
A first thermal constant, Tgg, (equilibrium
temperature) is derived from the temperature difference
between Curves 302 and 304, Tg, as time t'approaches
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infinity. [Note that at time t = 29 minutes, Ta =

559C, with an estimate of the asymptotic value of
equilibrium temperature, Tgg, = 65°C.] A second

thermal constant, Tcap, describes the time lag
associated with a change in temperature due to a heat
wave orlglnating‘from the heat-dissipating dev1ces in the
power amplifier (mounted on the heatsink) and arr1v1ng at
the temperature sensor located remotely within the mobile
radie. This time lag is analogous to an electrical
resistance-capacitance time constant, often expressed is
the Greek letter "tau". It will be apparent to those of

skill in the art that this time lag can be determined
empirically from Curve 302 by utilizing a curve-fitting
 routine. As will be seen shortly, once these two thermal

constants, Teqg and Teap, are known, they can be used
for characterizing the thermal response of the heat wave
for a particular mobile radlo having a fixed mass and a

Vglven amount of output power. Thus, the temperature

difference between the PA and the reference sensor as a

function of time can be described in general as:

l)' Ton = Tgq(l - e't/TCAP), during key:;
2) Toff = Ton(e~*/Tcap), during dekey,

- where Tgy is the temperature difference existing at the

end of the key interval, discussed later with respect to
Fig. 5A. Although time constant Tcap is described as a
constant, in fact it is a function of both the type of PA

‘and the thermal resistance, Reh, which is a temperature

variation factor dependent on ambient temperature. This
dependency can be readily seen by breaking down Teap
into its constituent parts, thermal resistance and
thermal capacitance.

w
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In the example of a heatsink for a mobile radio
rated at 25 watts, the thermal capacitance is calculated
by knowihg the volume, density, and specific heat of the
material. Given a volume of 136.67 cubic centimeters of
aluminum, and density of 2.7 grams per cubic centimeter,
the mass equals 369 grams. Since the specific heat for
aluminum is 0.22 Calories per gram ©C, the thermal
capacitance Cyp, or mass specific heat, is:

Cen = 369gm x 0.22 cal/gm ©C = 81.2‘Cal/°c,

which is a constant not dependent upon temperature.

On the other hand, the thermal resistance, R¢p,
corresponds to the loosely coupled thermal link between
the major source of heat and the thermal mass of the
mobile radio. This coupling is dependent on the ambient
temperature. Solving equation (1) for Tcap vields a
family of values which are related to a set of Rep
values by the constant C¢p. As a result, there is one
value of Rty for conditions measured at +30°C, and
another value for conditions measured at +60°C. '
However, the values of Ryp at these respedtive
temperatures are sufficiently close that the value at
+30°C can be used as a good approximation. Thus, with
Ren = 3.33, Teap is fixed at 270 over the typical
temperature range of =-30°C to +60°C for a mobile
radio, and the temperature difference between the PA and
the reference sensor can be described in terms of
equation (1) and (2) under all encountered conditions.

Although the above equations (1) and (2) can be
incorporated into the mobile radio microcontroller in a-
number of ways, an analog solution was not chosen, since
a digital microcontroller was already available. Thus,
an approximation suitable for a digital controller had to
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be found which would give good results, without cdnsuming 7
vast amountsrdf storage and operating'capability. |
Fortunately, such a task is readily done on a small
computer. Approximations of various types were tried,

~ 5 including piece-wise linear, but the one which worked the

| best was based on the first few terms of a well-known
infinite series approximation for the base of natural

logarithms:
10 C3) e¥ =1+ x4+ (x2/21) + (x3/31) + ...

for |x| < 00 . BSee Reference Data For Radio Engineers,
Fifth Edition, ‘Howard W. Sams, Inc., 1972, p. 44-26. The
‘approximation finally chosen utilizes the firstrtwo terms
15 (1 + x), and was evaluated to test the concept over
various temperature conditions, for a given mobile radio
housing and heatsink. The advantage of such an approach
is that a given housing and heatsink retain flexibility
- for programming different options by the designer. Such
20 options may include fitting less-efficient 25 watt UHF
radio circuitry in place of a 25 watt VHF (or low-band)
radio circuitry, or offering a 50 watt PA mounted on the
original heatsink that was sized for a 25 watt PA.
Regardless of the reasons for the variations, a stored
25 value for Tgg and Teap is all that is needed for each
model. By temperaturé testing a number of PaAs
corresponding to the different models of mobile radios,
these two thermal constants can readily be determined for

each such option, or model, utilizing a common housing
30 and heatsink. 7
As expected, several passes were required to arrive
at a set of thermal constants in order to accurately
predict the thermal response for the PA in the mobile

- radioe. After a fourth pass, the values for the variables
35 ' ' '
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are: 7
65°C, and

TEQ
Teap = 270. .

Having these constants, the programmed microcontroller is
ready to begin operation, either encountering continuous
keyed conditions, or short duration keyed conditions,
depending on the type and nature of the messages handled.

In operation, and assuming the radio is at ambient
temperature initially, the mobile radio begins operation
at full power. As the radio is subsequently operated
with either long transmit durations or operated in an
environment with high ambient temperatures, a heat wave
effectively encroaches towards the remote temperature
sensor located within the radio at the reference
oscillator Circqit. This elevated temperature in turn
causes the microcontroller to calculate a projected
future temperature for the PA, utilizing the thermal
model and the stored thermal constants which characterize
the mobile radio, such that the microcontroller
adaptively cuts back the operating power level to a
permissible maximum that corresponds to a safe operating
temperature. The relationship between increasing
temperature and power output is best seen in Fig. 4,
while the operation during intermittent keyed conditions
will be discussed in connection with Figs. S5A and SB.

Referring to Fig. 4, curves are shown at 400 which
depict power output watts and power amplifier temperature -
as a function of time during constant key conditions.
Curve 402 represents PA temperature measured along
vertical axis 404, and Curve 406 represents power output
measured with respect to axis 408. Note that as
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the temperature climbs, the power output is gradually
reduced - slowly at first, then faster as the temperature
approaches the limit of safe operating temperature of
100-1059C. Thus, for reasons'previously mentioned, an
abrupt change from a high power level to a very low power
level is ellmlnated.

Next, turning to Fig.VSA,ra temperature versus time

graph is given at 500 which represents a histogram for a
randomly varying message sequence. Curve 502 represents
the - calculated PA temperature prOJected by the perferred
embcdlment of the present invention, with respect to the

 reference temperature represented by Curve 504. Near the

bottom base line of the chart, the randomly varying
message sequence is represented by intervals of ON time,
or keyed time, 506, as well as intervals of OFF time, or
dekeyed time, 508. Actual PA temperature is represented
by Curve 510, over the indicated test time interval of 20
minutes, 512. Before proceeding to the flowcharts,

~ certain terms will need to be defined, and so a time
‘interval defined by end points 514 and 516 were chosen to

depict a magnified portion of curves 502 and 504 in Fig.
5B, which follows next. , ,

, Referring next to Fig. 5B, a temperature versus
time graph is shown at 520 for an interval of time

between end points 514 and 51s6. Sunlnterval 522 deplcts
‘the rlse in reference temperature 524, while the

transmitter is keyed, or the PTT (push-to-talk) switch is
activated. During this subinterval of time, a
temperature difference above reference temperature is
calculated and shown as 526 which, when added to the
reference temperature denoted as 524, provides a
projected temperature, or calculated Pa temperature
represented by Curve 528.

&
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In contrast, during a dekeyed subinterval of time
530, corresponding to the transmitter PA being off, the
reference temperature decreases along Curve 532, such
that at time T2 the reference temperature is represented
by point 534, which may be above the initial temperature
point, as shown. At time T2 the method of the preferred
embodiment next determines temperature difference 536 as
Toff, based upon stored constants and knowing the
length of time interval T1-T2. Then, adding the
reference temperature associated with point 534 and
temperature difference 536, the method determines a
calculated PA temperature, Tpa at any point along curve
538, and in this example at point 540.

Next, during time interval 542, corresponding to
the transmitter being keyed, the reference temperature
Tref i1s measured by the remote sensor during
subinterval of time T2-T3 and follows Curve 544 to point
546, Again, calculating the temperature difference 548
above point 546 as Top, a calculated PA temperature can
be arrived at anywhere along Curve 550, such as that
represented at point 552. Moreover, if the subinterval
of time between T2 and T3 greatly exceeds the thermal
time constant associated with the finite heat sink and
the PA, such that point 552 nearly equals a preset limit,
or a safe operating temperature, then the method will
adjust the operating power level of the PA to a
permissible point so that the projected temperature does
not exceed the preset limit. 1In the preferred
embodiment, this safe itemperature preset limit equals
approximately 100 degrees centigrade. An example of an
instruction set for microcontroller 112 is described next
in simplified flowchart form.

Turning now to Figs. 6A and 6B, flowchart 600
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 summarizes the method steps utilized in the preferred
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embodiment. Upon power up, the method initilizes
everything which is a variable, represented by blocks 602
and 604; respectively. Next, the method checks to see if
the PTT status has changed, as represented at block 606.
If the status has changed and the transmitter is on, the
method calls the Key subroutine, as represented along YES
paths to block 608 and block 610, respectively. This Key
subroutine will be described in further detail in Fig.
7A. However, if the transmitter was not keyed, then the
Dekey subroutine is called, as represented at block 612.
This Dekey subroutine 612 will be described later in
conjunction with Fig. 7B.

Upon éompleting either of these subroutines, the )
method then checks to see whether 17 milliseconds (mS)
has elapsed since the start of the background loop, as
represenéed at block 614. If this amount of time has not
elapsed, it waits until this described time has elapsed,

‘as represented by NO path back to the input of block 614.

For purposes of simplification, 17mS represents a
rounding of the actual 16.9 mS used in the preferred
embodiment. ' ' )

If, however, the method determined that PTT status
had not changed, as represented via NO path from block
606, then it again checks to see if the transmitter is
keyed, as shown at block 616. If the transmitter is not
keyed, it updates a dekey timer which keeps track of an
interval of time such as T1-T2 from Fig. 5B, and shown at
block 618. Next, the method checks to see if the dekey
timer overflowed, and if it has, the method sets the

timer to maximum, as shown at blocks 620 and 622,

respebtively. Upon setting this timer to maximum, or
finding the dekey timer has not dverflowed, the method



WO 88/07267

10

15

20

25

30

35

PCT/US88/00679

- 15 =

proceeds to do other housekeeping chores, represented by
block 624, and also checks to see whether 17mS have
elapsed since the start, as shown at block 614. 1If,
however, the transmitter is keyed, as determined at a
condition statement represented by block 616 and the Yes
path, the method updates a Key timer, represented by
block 626 in Fig. 6B. Then, determining that the key
timer overflowed, the method sets the timer to maximum,
as shown by condition blocks 628 and block 630,
respectively. Upon setting the timer to maximum, or
determining that the key timer did not overflow, the
method'checks'whether the control véltaQe as currently
set exceeds a maximum, as shown at block 632. If this
maximum has been exceeded, then the power output is shut
back according to any number of possible algorithms, as
represented at block 634.

Upon shutting back the power out level, or
determining that the control voltage does not exceed the
maximum, the method next checks to see if the background
loop counter equals 10 seconds. If it does, the method
calls the power monitor subroutine and then resets the
background loop counter, as shown by condition block 636
and block 638, respectively. If, however, the background
loop counter does not equal 10 seconds, the method
increments the background loop counter, shown at block
640, and then checks whether 17 mS has elapsed since the
start, as shown at ‘block 614 in Fig. 6A. Similarly,
after resetting the background loop counter, as shown at
block 638, the method also checks whether 17mS has
elapsed, as represented in block 6l4. Once this 17mS) has
elapsed, it checks whether the PTIT status has changed
again, as represented at block 606, and reached via YES
path 615. In this way the method repeatedly




WO 88/07267

1o temperature difference between the PA temperature and the

15

20

25

30

35

PCT/US88/00679

- 16 =

checks the status change of the PTT every 17mS to update
the calculated PA temperature and the proper power output
level instruction to be sent to the digital to analog
converter (DAC) 216, and checks the background loop
coﬁnter evéry 10 seconds to provide automatic shutback of
the power oﬁtput during any perceived fault conditions.
Turning now to Fig. 72, the Key subroutine 610 is
shown in which the method begins at a starting point and
initializes key variables, as represented at block 702
and 704, feSpectively. "Next, it checks to see if the

reference temperature exceeds Teqg, the thermal
equilibrium temperature difference, as represented at
condition block 706. The method next calculates a value
of temperature, Toff, in proportion to a factor which

is based on an approximation for an exponential curve
given earlier as equation (3):

(1-(tors/Tcapttors) ),

‘as represented at blocks 708 and 710. If the thermal

equilibrium constant was not exceeded, then, as shown at
block 708, the proportionality factor utilized as the
second factor is (Tpa-Tfef), as given at block 708.

If, however, the thermal equilibrium constant has
been exceeded, then, as shown at block 710, the
prdprtionality factor is merely equal to Teq, as shown.

Next, as depicted at block 712, a value is assigned to

the variable, POgac, which represents an instruction

for nominal - (or fuli) power output for a given frequency
which has béen adjusted for any power versus frequency
variations across the operating band by POjntp. Next,

a check is made to see whether the combined temperatures
of the reference and the OFF temperature computed above
exceed the safe temperature, Tgare, as depicted
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at condition block 714. If this safe temperature is
exceeded, then an instruction is given to the DAC to
update the power output by introducing an incremental
amount of power cut, POCUTr as shown at block 716. If
the safe temperature has not been exceeded, then the
method merely maintains the nominal or full power output,
since the total power cutback is equal to 0, as shown at
block 718. The new output power level is sent as binary
data to the DAC, as represented at block 720. The method
then resets the variable key time, tgop, and then

returns, as depicted at block 722 and block 724,
respectively.

Dekey subroutine 612 is depicted in Fig. 7B. This
subroutine begins at a starting point and initilizes
Dekey variables, as represented at block 732 and 734,
respectively. The method then sets the power level from
the DAC equal to zero and outputs this new data to the
DAC, as represented at block 736 and 738, respectively.
Then the subroutine resets the dekey time, or tgoff, and
then returns, as represented at block 740 and 742,
respectively.

Finally, the power monitor subroutine is depicted
at 750 in Fig; 7C as shown. This subroutine 750 forms a
part of the instructions'as represented at block 638 of
the simplified control loop 600 given in Fig. 6. The
subroutine begins at a starting point and initializes the
power level of the DAC, as represented at block 752 and
754, respectively. Next, the subroutine checks to see
whether the power level as set by the DAC exceeds the
nominal plus interpolated power output levels appropriate
for this particular radio model, as represented at
condition block 756. If the present power level of the
DAC is determined to exceed the assigned power level for
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this particular radio model, then the subroutine sets the
power level of the DAC equal to the proper power level,
as Vr,epresente'd at block 758. With a proper power level
in the DAC, the subroutine next calculates the variable
thermal sﬁﬁ,rTsum, which is used in a following step to
determine the temperaturerduring the on, or key time

Ton, as represented at block 760 and 762, respectively.
Next, the temperature of the PA is calculated as

Tpa=TontTref*tToff,

as depicted at block 764. Then, the subroutine checks to
see if the temperature of the PA exceeds a safe operating

~ temperature limit, Tgapp, as represented at condition

15

20

block 76s6. ,

If this safe temperature limit is not exceeded,
then the subroutine permits output of the new data to the
DAC, as represented at block 768. If, however, the PA
temperature exceeds the safe operating temperature, then
the subroutine updates the power level of the DAC to a
reduced level as represented at block 770, and then
applies a reasonableness test to determine if this
updated power level of the DAC is less than 0, as

‘represented at condition block 772. If this updated

25

30

35

power output level of the DAC is not less than 0, the
subroutine proceeds in the usual way to output the new
data to the DAC per block 768. On the other hand, if
this updated power level of the DAC is less than 0, then
the subroutine sets the power level of the DAC equal to
0, or equivalently, the ambunt of power level cutback is
equal to the full amount, as represented at block 774.
Then after providing whichever updated power level to the
DAC has been accomplished at block 768, the subroutine
then proceeds to return to the main set of instructions
as represented by point 77s.

&
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Throughout the above discussion of the preferred
embodiment, control of a power amplifier in a mobile
radio has been described in which a remote temperature
sensor and the key/dekey, or on/off times are utilized in
conjunction with predetermined thermal time constants to
project the temperature of the devices in the power
amplifier and effect a maximum amount of permissible
output power which adapts to randomly varying message
sequences. As will be recognized by one of skill in the
art, various alternate embodiments are contemplated from
the above, in which, for example, an audio power
amplifier is controlled by a remote sensor and the duty
cycle of the audio signals passed therethrough.

Although the arrangement of the present invention
fully discloses many of the attendant advantages, it is
understood that various changes and modifications not
depicted herein are apparent to those skilled in the art.
Therefore, even though the form of the above-described
invention is merely a preferred or exemplary embodiment
given with a suggested alternative, further variations
may be made in the form, constructioh, and arrangement of
the parts without departing from the scope of the above

invention.
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1. A method for automatically ensuring a safe
operating temperature for electronic equipment heving
heat-dissipatingrdeQices which are operated
intermittently over a period of time, the method
comprising the eteps of:

a) measuring, at a location within the electronic
equipment which is remote from the heat-dissipating
devices, present operating temperature as a reference
teﬁperature and an elapsed time associated with a first
or a second state of intermittent operation thereof;

b) calculating a projected temperature for the

heat-dissipating devices based upon a stored,

predetermined thermal model which utilizes said measured
temperature and said elapsed time, and an operating power

level associated with the heat-dissipating devices; and

¢) adjusting the operating power level to a
maximum permissible point within a range of operafing
power levels so that said projected temperature does not
exceed a preset limit, thereby ensuring a safe operating
temperature for the electronic equipment while providing
a permissible maximum operating power level. '
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2. The method according to claim 1, wherein said
step of measuring present operating temperature includes
measuring ambient air temperature within another included
component, such as a reference osciliator which has
temperature compensation components therein, and
measuring an elapsed time includes counting the time
duration of either of said first or said second state of

intermittent operation.

3. The method according to claim 1, wherein said
step of calculating a projected temperature includes
utilizing a first and a second exponential equation for
said first and second states of intermittent operation,

as follows:
Ton = Tgoll-e~Ton/TcaP], and
Toff = Tonle toff/Tcar] ,

where:

Ton (= Tgg as ton == ©0) is the temperature rise of
the devices above reference temperature, and

Toff(= 0 as tgff -- 00) 1is the temperature fall of

the devices with respect to the reference temperature,
and where the thermal constants derived are:

Teap(= RenCen) is the thermal time constant;

Rtp is the thermal resistance of a path between devices
and reference; and

Ctn is the thermal capacitance of this path.

4. The method according to claim 1, wherein said
step of calculating a projected temperature includes
approximating a first and a second equation for the
projected temperature difference above the reference
temperature during said first and second states of

intermittent operation as follows:
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Ton = [TsuMlton/ (Tcap + ton)l
Toff = [Tpa=Trefl(l-tors/ (Tcap + torff)]

where
5 Ton (= Tgg as ton -- 00) is the temperature rise of
the devices above reference temperature;
TsuM = (TEQ-Torr-T(pP.o. decrease)], which
represents a modified equilibrium constant, where Tgq
is the thermal equilibrium constant for full power and t
10 -~ oo; Topp is the temperature above reference at the
conclusion of the last "off" state; and T(p.o. decrease)
is the ﬁemperature fall due to power decrease;
Tcap (= RtnCtn) is the thermal time constant;

15 Tore(= 0 as tgoff -- 00) is the temperature fall of
the devices with respect to the reference temperature;

Tpa = Tref + TON, wWhere

Toff is temperature fall during the "off" condition,
20 ' )

and Toy is the temperature above reference at the

conclusion of the last "on" state.

5. The method according to claim 1, wherein said
25 step of adjusting the operating power level includes
decrementing, through a plurality of steps, the operating
 power level of the heat-dissipating devices.

6. Theé method according to claim 1, wherein said
step of adjusting the operating power level includes 128
steps for decrementing the operating power level of the

30

heat-dissipating devices.

35
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7. Apparatus for automatically ensuring a safe
operatihg temperature for electronic eguipment having
heat-dissipating devices which are Eperaﬁed
intermittently over a period of time, the apparatus

5 comprising: 7

a) means for measuring, at a location within the
electronic equipment which is remote from the heat-
dissipating devices, present operating'temperature and an
elapsed time associated with a first or a second state of

10 intermittent operation thereof;

b) means for calculating a projected temperature
for the heat-dissipating devices based upon a stored,
predetermined thermal model which utilizes said measured
temperature and said elapsed time in step (a), and an

15 operating power level associated with the heat-
dissipating devices; and

c) means for adjusting the operating power level
to a maximum permissible point within a range of
operating power levels so that said projected temperature

20 does not exceed a preset limit, thereby ensuring a safe
operating temperature for the electronic equipment-while
providing a permissible maximum operating power level.

25

30

35
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8. The apparatus according to claim 10, wherein
said means for measuring present operating temperature
includes,a'thermistor which serves to temperature
compensate another device, such as an included reference

5 oscillator, and said means for measuring an elapsed time
includes at least one resettable counter for clocking an
interval of time corresponding to the duration of either
of said first or said second state of intermittent
operation. ' '

10

9. The apparatus according to claim 10, wherein
said means for adjusting the operating power level
includes a controller having a D/A converter, a

comparator, and a voltage control transistor stage.
15

20

25

30

D]

35
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10. A mobile radio having an improved thermal
protection circuit for RF power devices mounted on a
finite heatsink attached thereto and operated
intermittently over a period of time, the mobile radio

5 comprising in combination:

a) transceiving means, including:

transmitting means having at least exciter
means and RF power amplifying means;
receiving means;

10 temperature compensated reference oscillator
means, coupled to said exciter means and said receiving
means, including a thermistor located therein;

. b) at least one resettable counter for clocking an
elapsed time associated with a keyed or a dekeyed

15 condition 'of the RF power devices;

c) a microcontroller, coupled to said thermistor
and said resettable counter, having a stored,
predetermined thermal model which utilizes a temperature
measured by said thermistor, said elapsed time clocked by

20 (b), and an operating power level associated with the RF
power devices to calculate a projected temperature for
the RF power devices; and

d) a digital power controller, interposed between
said RF power amplifier and said microcontroller, which

25 permits step-wise adjustment of the operating power level
to a maximum permissible point within a range of
operating power levels so that said projected temperéture
does not exceed a preset limit, thereby ensuring a safe
operating temperature for the mobile radio while

30 providing a higher operating power level over the period
of time and permitting a significantly smaller finite
heatsink to be utilized.

35
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11. An improved thermal protection circuit for an
audio power amplifier having heat-dissipating devices
which are mounted on a finite heatsink and operated
intermittently over a period of time, the circuit
comprisingrin combination:

a) a thermistor placed at a location within the
audio power amplifier which is remote from the heat-

- dissipating devices;

b) at least one resettable counter for clocking an
elapsed time associated with an on and an off state of
the heat-dissipating devices;

c) a microcohtroller, coupled to said thermistor
and said at least one resettable counter, having a
stored, predetermined thermal model which utilizes said
temperature measured by (a), said élapsed time clocked by
(b), and an operating power level associated with the
heat-dissipating devices, to calculate a projected
operating temperature for the heat-dissipating devices;
and - ,

d) a controller, interposed between said
microcontroller and said devices, to step-wise adjust the
operating power level to a permissible maximum point
within a range of operating power levels so that said
projected temperaturé does not exceed a preset limit,
thereby ensuring a safe operating temperature fér the .
audio power amplifier while providing a permissible

~maximum operating power level.

A



PCT/US88/00679

WO 88/07267

f " O1A

1/9

ENVEMER!

HILLNSNVIL

6L1

NE R 1
\.c ¥amod | A7
a6l gLLs velil
_ aglLl vall
A N N l‘l
OMINOD

LLiL
!

43110X3

vil

-

r

r 1 ¥OLVYTIOSO

VOoit

SO\ EREEE R

c0l

43AI303Y

Ty

—_.W)NNF.

gll

Oott

9oL/

801




PCT/US88/00679

WO 88/07267

SI10A

103130 vd
vell -
——|= 6L1 G DIA
. Xxo8 |
Indino g 8LL Vd LNdNI
4y /,_ | w N 00z
8611 _ | V6Ll |
SLT0A O~ gg1 L
JOYINOD Vd ¥ITIOHLNODOYIIN yINIL
A3N-3d
5 _
022 v/a J AN
) YOzl 7
__ 912 90z S * Otc
velLl 1 T— SINVLISNOQ
4 _ v SLTOA _ UALIIANOO | maon
AY3LivE 103130 vd
L T04INOO | ) g0z J AL
J J A & 9 DR, NI,
ocl AN _ —
| _ LLL 1 =
<o:x_
| 0T Z0T




WO 88/07267 . PCT/US88/00679

FIG.3 5/9

125.0 -
- 300
115.0 =
g 105.0 -
W 950~
E -
g 85.0 :
% 75.0‘:
Ll
-~  65.0
é -
Z 5504
7] i
4 45.0-
I -
35.0
25.0 | G e S S R Y N N R B RS N N A N Y R O B O L BB L B
00 50 10.0 150 200 250  30.0
TIME OF KEY (MIN) |
we TG, 4 408\
1504 400 -50.0
135 | _ 45.0
~120- - 40.0
3 W Tpa L
~—105 - 350
& ' ' i S
S 90- -30.0 =
= B o
W 79+ 402 —25.0 e
a. o o |
= 604 . - 20.0 ©
— - 8.4
X 45- -150 £
z i
= - - 10.0 a.
= 30 -10.0°
T 15+ PO I 5.0
0 T T T T T T T T[T 1 r 11ttt o i 0.0
0 5.0 100 150 200 250  30.0

TIME OF KEY (MIN)




WO 88/07267 PCT/US88/00679

wo. FIG.5A 9

81.041 500

72.0
©63.0
Qo

N’

0 504
&
a

36.0 - '

I
I
|
|
1
!
|
I
i
|
I
I
~516
I
1
|
|
|
'

Ll
o
]
5 514 —
o 512

- e man e 8 e

506 508
maa ——n M na®
0.0 | ﬂl [ l/—\ I | ﬂl | Alﬂ | OFF
0.0 2.0 40 6.0 80 100 12.0 140 16.0 18.0 20.0

TIME ———

FIG.5B
’/522 /530 520 /542

e t ON ——— sl  OFF de——————— 1 ON ——————i 552
502
g )
7
& 504"
2
S 546
a
516
£




WO 88/07267

FIG.6A

PCT/US88/00679

POWER UP 602
r 604

5/9

600 ] INITIALIZE I
»—a
YES
608
NO
UPDATE DEKEY TIMER
YES |
Al DEKEQI%MER
YES
CALL KEY OVERfLow
| CALL DEKEY
DO HOUSEKEEPING
L—-—-T—-——I o
> -« { B
614
NO -~ SINCE START
F BAC}gGROUND
615
{




WO 88/07267 PCT/US88/00679

| 6/9
FIG.68B

? 626

UPDATE KEY TIMER

DID
KEY TIMER
OVER’JFLOW

630

- | SET TIMER TO MAXIMUM |

632
YES

CONTROL
VOLTAGE FLAG
>MA)glMUM

634

' SHUTBACK POWER OUTPUT I

636

BACKGROUND
LOOP COUNTER
=1 OOSEC. '

YES

638

CALL POWER MONITOR
RESET BACKGROUND
LOOP COUNTER

r 640

INCREMENT BACKGROUND
LOOP COUNTER




WO 88/07267 PCT/US88/00679 -

702 7/9

r 704

INITIAUZE KEY VARIBLES

708 ,
t off

Toff = (qu ~Tref > (1—TCAP + 1 off )

et

v f712
POdqae = PONOM POintp
Toff
L +Tref >TSAFE
. ?
715\

UPDATE 7 PO dac < POdqc
—POCyT, SUCH THAT

POcut = POcuT

FIG.7A

s 718

r 720

OUTPUT NEW DATA TO DAC
r 722

RESET  on




WO 88/07267. PCT/US88/00679

8/9

FIG.78B

»
—
N

?‘ 732
734
INITIALIZE DEKEY VARIABLES |
736

OUTPUT NEW DATA TO DAC
r 740

RESET DEKEY TIME




WO 88/07267 PCT/US88/00679

POWER MONITOR )}~ 752 9/9
s 754

INITIAUZE PO dqe FIG.7C

‘ r 758

760

PO cut )
PONOM +POintp

Ton =T (—————tm ) 762
on UM \Teap+ t on

v
Tpa=Ton +Tref +Toff

Tsum = (TEQ ~Toff ) (1

764

—PO oyt SUCH THAT 770
POcut = PO cut +POCUT
SET PO dqc =9 774
) POcut = PONOM +P0intp
JD——<7

OUTPUT NEW DATA TO DAC I~ 768




INTERNATIONAL SEARCH REPORT

International Apphcation No.

PCT/US88/00679

1. CLASSIFICATION OF SUBJECT MATTER (i several classification symools apply, indicate all) 6

-According to International Palent Classification (1PC) or to both National Classification and IPC

INT C14 HO1O 11/12
Us Cl 455/117, 307/278, 298, 207P 340/584

Il. FIELDS SEARCHED

Minimum Documentation Searched 7

Classification System Classification Symbols

455/115-117, 126, 127 340/584, 588, 589
U.s. 330/278-280, 284, 298, 328/84
138, 139, 207P 307/310

Documentation Searched other than Minimum Documen(a(ioh
to the Exlent that such Documents are Inciuded in the Fields S'learched 8

I, DOCUMENTS CONSIDERED TO BE RELEVANT @

Category * Citation of Document, "' with indication, where appropriate, of the relevant passages 12 Relevant to Claim No. 13

f
Y U.S., A, 4,534,406, (NEWELL III ET AL}, 13 August 1, 5-9
1985, See entire cocument.

4,593,409, (MIILER, 03 June 1986

A U.s., A,
A, P| U.S., &, 4,709,403,(KIKUCH1),24 November 1987

A, p| U.S., A, 4,727,337, (JASON} 23 February 1988

A U.S., A, 4,158,180, (CHALLEN} 12 June 1979

A U.S., A, 4,563,775, (YOROSUKE), 07 January 1986

A U.S., A, 4,412,337, (BICKLEY ET ALj), 25 Octcber 1983
A U.S., A, 4,131,860, (FYOT), 26 December 1978

A U.S., A, 4,146,847, (OTAO ET AL), 27 March 1979

A U.S., A, 4,523,155, (WALCZAK ET AL), 11 June 1985

* Special categories of cited documents: 10

“A" document defining the general state of the art ‘which 1s not
considered to be of particular relevance

“E" earlier document bu!:ps;blished on ortafter the international
filing date

“L" document which may-throw doubts on priarity claim(s) or

which is cited to establish the publication date of another
citation or other special reason (as specified)

“O" document referring to an oral disclosure, use, exhibition or
other means

“P" document published prior to the international filing date but
later than the prnionty date claimed -

“T" later document published after the international filing date
or priority date and nat in conflict with the appiication but
cited to understand the principle or theory underiying the
invention

“X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step

“Y" document of particular relevance; the claimed invention
cannot be considered to :nvolve an.inventive step when the
document 1s combined with one or more other such docu-
ments, such combination being obyious to a person skilled
in the art,

"&" document member of the sams patent family

V. CERTIFICATION

Date of the Actual Completion of the International Search

15 July 1988

| Date of Mailing of this Intarnational Search Report

| 0 9 AUG 1988

International Searching Authority

ISA/US

i+ Signature oquutponze Officer
| Curtis A. ;untz

Form PCTASARR10 (secend sheet) {Rev,11-87)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

