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ABSTRACT

In this work, an FPGA-oriented tenperaturemonitoring scheme

is presentedA control circuit enable a ring-oscillator during a

short period and measures itoutput frequemry, a magnitude
thatis a function of the die tenperature. Seeral senars have

been constrwcted usig Xilinx chips, obtaining sensitvities

between 17 Kz per °C and 7 kHz per °C. The charaterization

of sef-heatirg, matching betveen idential sensrs, power

supply dependece and detetion of signal contentions hasalso
been pefformed. The usdulness of other chip resurces as
themmal transducers, lke the built-in OSC4 cell or the IOB

clamping diodes, has also been verified. The useof ring-

oscillators convert the FPGAs in a pwerful tod for reseathers
interestedin themal modeling of integrated circuits. Just the
possibility of “moving” a sensr (or anarray of them) over the

die, in a sinple, fast, ad inexpensie way, is almost impossible
in any other VLSI technology.

1. INTRODUCTION

The speed,gate densit, and snall packages of current field-
progammable bgc devices (FR5AS) hare appendd themal
consideratons t the tralitiona design trade-offs. The
consumption assciated b a given configuration is unkrown a
priori; thus, the particular feaures of a circuit (fine-grain
pipelines, hih-activity heaily loaded buses, &) can produce
an urforeseen pwer overhead.In additon, some desgner’'s
errors like sgnal contentions, inadequate rtiing of the RAM
modules [1], or a wrong implementation of the configuration
scheme al® increase chip temperature. Consequentl, the
inclusion of athemal monitoring unit allows the user b detect
several poblems. However, in lage FRGA-basedsystems is
difficult to employ classt themal transdeers [2]:
themocouples, themistors, or integrated senss require bth
extrawiring andcircuitry thatmust be imnmune b the irfluerce
of the hih-frequemy signals usuall presenton the tward.
Moreover, the desjner must py attenton to topics begond the
scope of fastprototyping, like sensr positioning, themal
coupling, or analog instrumentation.

Theimplementatbn of on-chip sensrs is an alternate  avoid

several of the inconvenierces desribed alove. However, the
main available techniques [3], [4] require afull-cusbom chip

redesgn; thus thg appear inadequateo tendusers of

commercial chips. An ingenious alternatie o overcome this

limitation was poposed ly Peter Alfke [5]: to calculate the die
temperaure by measiring the junction forward voltage of the

clamping diodes bcated in the FBA pads. This tehnique lets
the degjner b obtainfree, snall and abundantn-chip themal

sensors at the cost of some external analog circuitry.

In this paper, a send alternatie is poposed by employing
ring oscillators as tenperature transder [6], a ype of circuit
that can be easyl implementedwith few FPGA elements. The
advantages of this appoach aremultiple: a) like other on-chip
sensrs, the jumtion temperature insteadf the package one is
measured b) even considerirg that temperature is an anaj
magnitude, all sjnals result djital; thus, thg can be processed
using the general resurces of the tard c) the senar itseff is
small: practical circuits use wo logc blocks, and a minimum-
size sensr canbefittedin just anl/O block; d) a senar or even
an arrgy of them can be plaed in ay position of the chip,
making possible theconstriction of a themal map of the die;
and f) the sensor can be dynamically inserted or eliminated.

output buffer

St
-
QI_‘ enable

Fig. 1: A ring-oscillator scheme

This paper isorganized asfollows. In Section 2, the main
charateristics of the senars are presented. Thethe setyp of
the experiments is degibed. In Setion 4, the resgnsecf each
circuit is detailed and their u@inessfor on-line testirg is
verified. Finally, the main conclusions are summarized.

2. ON-CHIP SENSORS FOR FPGAs

Ring-oscillators (Fig.1) can be mappedon FPGAs using the
look-up tables [UTSs) or the ppgrammable irverters iluded
in the inpu-output Hock (IOBs). An odd number of inversons
produces the neessay phase slifing to start theoscillation.
The resulting period is twice the sm of the delgs of all the
elements that compose he loop. In practical goplications, it is
uséul to insett an external gjnal © disable theoscillator, and
an output buffer to prevent frequency variations.

This paper isnainly focusedon XC40Q serieschips ard CLB-
based oscillators, but preparaty studies ikluding XC3000
circuits aswell aslOB-based rigs can befound in[7]. From all
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possible ring implementations, three classes of circuits, called
oscl, osc2 and osc3, have been characterized. In addition, four

identical oscillators (osc5 to osc8) situated in the chip corners

have been constructed in order to determine the degree of sensor

matching, as well as to detect thermal gradients. Finally, the
thermal response of the 8-MHz output of the built-in clock

generator osc4 cell [8] has also been measured. Main circuit

features are summarized in Tables 1 and 2.

Circuit Features

oscl high net delay, 2 CLBs,
four F/G LUTSs plus two H LUTs

osc2 similar net and LUT delays, 2 CLBs,
four F/G LUTSs plus two H LUTs

osc3 high LUT delay, 2x2 CLBs,
eight F/G LUTs plus four H LUTs

osc4 8MHz built-in oscillator cell.

osc5 to osc8| high LUT delay, 2x2 CLBs, situated in
the die corners.

Table 1: Main characteristics of the oscillators.
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Fig. 2: IOB diode as thermal sensor.

3. EXPERIMENT SETUP

Sensors calibration was done by introducing the chip sample in
a temperature-controlled oven. An Iron-Constantan (Fe-CuNi)

thermocouple was placed in the center of the package, and was
fixed to it with a heat conductive silver epoxy (a study about

mechanical details of thermal sensors can be found in [8]). The
error in the case temperature estimation was maintained near 1
°C. In the oscillator-based sensors, long ribbon cables (near 0.8
meters) were utilized to carry the frequency outputs outside the
oven. A driver 74HC125 was inserted to isolate the FPGA from

these cables, in order to prevent excessive sensor power

Circuit LUT delays [ns] net delays [ns]
oscl 12.6 26.0

0sc2 12.6 11.6

osc3 25.2 11.9
osc5toosc§ 23.2 11.8

consumption due to these high off-chip loads.

Table 2: Ring-oscillator loop delay components (Xilinx
Timing Analyzer data).

For the sake of completeness, Alfke’s solution has also been

implemented. This method is based on the voltage-current

relation of an ideal diode, depicted in Eq.1:
1=l (/T -1) [1]

where | includes six parameters that depend on the

temperature, which practically determine the overall thermal
characteristics of the junction. In short, for a fixed voltage, the
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Fig. 3: Error in osc5 calibration. Short enable versus
continuous operation. Sample rate: 250 ms.

current rises almost exponentially with T, meanwhile for a fixed A custom instrumentation based on a 68HC11 microcontroller

current, the voltage across the junction diminishes almost
linearly with T [9]. Practical applications [10], [11] have used
the second operation mode. In Fig.2, a simplified structure of an
IOB is depicted along with the measurement scheme utilized in
this paper. The output buffer was tri-stated, meanwhile a
current sink circuit was used to fix 1 mA in the lower diode.

and an XC3130 FPGA was designed to count the frequencies. It
allowed us to reduce the error caused by the own sensor
dissipation. Each measurement was performed in two steps
using a short enable window of 4.2 ms. First, the oscillator was
left running during 0.2 ms to stidike the output. Then, the

frequency measurement was performed during the following 4
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ms. Although this strategy improves the sensor characterization,
in a practical application it can be avoided, considering that the
error caused by self-heating was found less than 3 °C. This fact
is illustrated in Fig.3. The output frequency of osc5 was
captured every 250 ms, using both short enable and free-running
operation. In the last case, a frequency drift of more than 129
KHz (equivalent to 2.5 °C) can be observed. This effect is
negligible in the short enable operation mode.

4. RESULTS

In Figs. 4 and 5, the main experimental results are shown. All
sensors exhibit a linear temperature dependence in the normal
range of operation. The outputs of rings with identical layout
(Fig.5) can differ as much as 3.6%. As a consequence, any array
of sensors to study the die temperature must be individually
calibrated. However, their frequency variations respect to the
room temperature values are similar. The power supply
dependence of all oscillators result linear in the operation range,
as is depicted in Fig. 6. Sensors whose loop delay is mainly
caused by wiring are slightly less sensitive to poweppb/
fluctuations.

In Fig.7, the results of the diode-based experiments are
summarized. Two sensors, D1 and D2, have been characterized
using different chip models, an XC4005EPC84 and an
XC3030PC84-125 respectively. In this case, a linear fit around
80°C shows slopes of -1.2 mV per °C and -1.4 mV per °C.
Diodes as thermal sensors result less linear than oscillators;
however, they exhibit less power-supply dependence. For
example, a voltage variation of 1% have been measured in the
D1 sensor, for Vcc ranging between 4.5 and 5.5 volts.

In Fig.8, two examples of thermal testing are summarized. In

the top graph, an intentional short-circuit between pins 35 and

36 (fixed to opposite logic levels) was produced. Both pins are

situated in the bottom left corner, close to osc6. The graph

shows the normalized frequency of the sensors (respect to their
values at room temperature). Each output was sampled every
250 ms. In t=0, the short-circuit begins, finishing at t=25 sec. A

data analysis indicates that all frequencies decrease following a
second-order exponential; however, the decay is different for

each sensor, pointing a temperature gradient. A peak
temperature was detected by osc6: near 3°C higher than the
measured in the opposite corner. Temperature in the equidistant
corners (osc5 and osc7) resulted almost equivalent. In the
bottom graph, the experiment was repeated for a short-circuit
produced in two internal tri-state buffers situated near osc6.

Even considering the small magnitudes involved in this case,

the behavior is similar to the obtained in the previous test.

5. CONCLUSIONS

A group of experiments demonstrating the feasibility of on-line
thermal monitoring on FPGAs have been presented. The die
temperature have been exactly measured, without using the
junction-to-case thermal resistance parameter, a value that can
vary from one application to another. The designer can
automatically detect several type of failures with the addition of
a simple digital circuitry.
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Fig. 4: Output frequency vs. temperature, oscl to osc4.
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Fig. 5: Output frequency vs. temperature, identical-
layout sensors osc5 to osc8.
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0-7803-4455-3/98/$10.00 (c) 1998 IEEE



normalized output frequency

normalized output frequency

Vdiode [mV]

560
| | ‘ | | XC3030PC84-125
5204 i g . -1LAmMVIC @ 80°C
BOO - e SN
480 T b N
/75101 [SUUNOU SO IO SO SO B
h h DJ' . . : : h
440 i XCAOOSEPCBA4-3 i i
‘ . -12mV/°C @ 80°C | ‘
420 T T T T T T T T

10 20 30 40 50 60 70 80 90 100
Temperature [°C]

Fig. 7: Diode junction voltage vs. temperature.
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Fig.8: Thermal testing of signal contention using ring-
oscillators. Top: short-circuit at output pins. Bottom:
short-circuit at internal long-line buffers.

All prototypes show a linear response in relation to temperature,
but the best results in frequency range, resource occupation, and
power supply serigvity corresponded to the built-in X4D00-
series oscillator. However, the main disadvantage of this circuit
is its fixed position in a corner of the chip. On the contrary,
CLB-based ring oscillators can be situated in virtually any
position.

This paper also suggests a new field of application for FPGAs.
The reconfiguration capability transform these devices in a
powerful tool for the study of thermal aspects of integrated
circuits, allowing the researchers to perform an unlimited
number of experiments.
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