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Due to the continuously shrinking device structures and increasing densities of FPGAs, thermal aspects
have become the new focus for many research projects over the last years. Most researchers rely on tem-
perature simulations to evaluate their novel thermal management techniques. However, these tempera-
ture simulations require a high computational effort if a detailed thermal model is used and their
accuracies are often unclear.

In contrast to simulations, the use of synthetic heat sources allows for experimental evaluation of tem-
perature management methods. In this paper we investigate the creation of significant rises in temper-
ature on modern FPGAs to enable future evaluation of thermal management techniques based on
experiments. To that end, we have developed seven different heat-generating cores that use different
subsets of FPGA resources. Our experimental results show that, according to external temperature probes
connected to the FPGA'’s heat sink, we can increase the temperature by an average of 81 °C. This corre-
sponds to an average increase of 156.3 °C as measured by the built-in thermal diodes of our Virtex-5
FPGAs in less than 30 min by only utilizing about 21 percent of the slices.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Temperature-aware reconfigurable systems have drawn a con-
siderable amount of attention from researchers in recent years.
Several approaches for temperature management have been pro-
posed, ranging from dynamic voltage and frequency scaling [1]
and temperature-driven thread scheduling and migration [2-4]
to fully temperature-aware systems that are capable of learning
their own thermal characteristics at run-time [5,6].

With ever shrinking device structures and increasing densities,
thermal management of FPGA-based systems will become more
and more important in the foreseeable future [7,8]. In order to
evaluate thermal management techniques for FPGAs today,
researchers usually take one of two different routes.

One approach is to perform a simulation involving a tempera-
ture model based on manufacturer specifications or real world
measurements of the device’s thermal characteristics. While this
allows for great flexibility in the modeling of possible future de-
vices such as stacked multi-layer FPGAs [9] or 3D-many-cores
[10], the simulation approach has several drawbacks. The thermal
characteristics of the simulated devices and circuits are often at
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least partly unknown and have to be estimated. Also, for larger sys-
tems—for instance reconfigurable system-on-chips (SoCs)—a full
functional and temperature simulation may consume a prohibi-
tively large amount of computation time.

Another approach is the implementation of the system under
test on an actual FPGA, using external and internal devices to mea-
sure the on-chip temperature distribution, such as infrared cam-
eras [3], ring oscillators [11,12] and thermal diodes. When
investigating thermal management techniques on real world sys-
tems, often the need arises to purposefully generate heat in specific
regions of the FPGA [9,13] using dedicated circuits.

In the area of thermal management, heat-generating circuits
can be used to emulate active cores on a many-core system-on-
chip architecture. Researchers can then migrate functionalities be-
tween homogeneous or heterogeneous cores in order to avoid high
spatial temperature gradients on the chip [3]. Cores that generate a
high temperature increase also consume much power, hence heat-
generating cores could also be used for power management, such
as dynamic frequency scaling. However, in this paper we do not
study the power consumption of our heat cores. Furthermore,
heat-generating cores have been utilized to experimentally evalu-
ate the accuracy of FPGA-based temperature monitoring systems
under stress. For instance, heat-generating circuits have been used
to evaluate the quality of ring oscillators as local temperature sen-
sors on modern FPGAs [12,14]. Heat generators can also be found
in research areas that do not primarily focus on thermal or power
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management. For instance, high-power heat generators can mask
the activity of a hardware encryption block in order to protect
against side-channel attacks, i.e. power attacks [15]. In this exam-
ple, heat generators improve the security of an FPGA-based circuit.

In summary it can been said that multiple research areas would
profit from a cookbook such that researchers can follow well-de-
fined recipes in order to build the set of heat-generators, which
they require for their specific experiments. However, little consid-
eration has been given to the design of such heat generating cir-
cuits in the past. Often, ad hoc solutions involving flip-flop (FF)
pipelines are employed without further examination of possible
alternatives. In reality there are many different resources on mod-
ern FPGA that may be integrated into a heat generator such as
LUTs, shift registers, RAM blocks, or multiply-accumulate blocks.

Our goal is to empirically and systematically investigate how
the different on-chip resources of a modern FPGA can be utilized
for heat generation and how much heat we can expect to generate
with each resource. An analysis of the different causes of heat
generation is beyond the scope of this paper and, beyond that, re-
quires access to vendor proprietary design data. In previous work
[16], we have presented a detailed examination of heat-generat-
ing cores, examining a variety of different approaches using dif-
ferent on-chip resources and heat generation techniques, such
as ring oscillators, LUT-FF-pipelines, shift registers and DSP
blocks. Compared to [16], in this paper we have re-evaluated
our experiments using a more reliable external temperature
probe, and we have investigated the impact of sample variation
by comparing measurements on 4 different FPGAs. In [16] we
used Xilinx’ built-in thermal diode to quantify the temperature
increases of our heat-generating cores over time. Since the
accuracy of the built-in diode has been questioned in [12], we
have repeated our experiments with an external temperature
probe. The results of these measurements are also shown in this
paper. Additionally, this paper discusses the sample variation be-
tween four different FPGAs of the same make and model. Finally,
this paper gives an estimation of the spatial temperature gradi-
ents that can be achieved with our most efficient heat core. We
hope that our results will enable researchers to evaluate their de-
signs using more efficient heating circuits, that can generate more
heat per unit area, leading to greater rises in temperature.

The paper is structured as follows: Section 2 presents related
work on heat creation on FPGAs. We lay out the heat generator de-
sign space in Section 3. The methodology that we use to provoke
high temperatures is presented in Section 3. In Section 4 we intro-
duce our heat generator designs. Furthermore, we present dedi-
cated heat-generating cores that utilize different sets of FPGA
resources. In Section 5, we describe our experimental setup and
evaluate temperature measurements of each dedicated heat-gen-
erating core. Finally, Section 6 concludes our paper and gives an
outlook towards future developments.

2. Related work

This section presents related work on the creation of heat on
FPGAs. Few years ago, most researchers relied on external heating
blocks to generate heat [17,18]. In the last two years, more and
more researchers investigated methods, where the FPGA itself gen-
erates heat due to processing using dedicated cores. This method is
sometimes referred to as self-heating [14]. For instance, Ebi et al.
[3] measured a spatial thermal gradient of 2 °C over 10 mm on a
Xilinx Virtex II FPGA using an infrared camera. The heat was gen-
erated by 1000 toggling flip-flops clocked at 100 MHz, where the
heater is constrained to a rectangular area on the FPGA. Zhang
et al. [9] used pipelines composed of look-up tables (LUTs) and
FFs to generate heat on a Spartan 3E-250K FPGA. They could

measure that, when utilizing 100% of the slices at a clock frequency
of 100 MHz, the temperature of the FPGA rises to a steady state
temperature of 55 °C. Whereas the steady state temperature was
35 °C when only 20% of the slices were used.

In previous work [13], we have used 10,000 toggling flip-flops,
clocked at 100 MHz, to generate spatial gradients of 6.5 °C across
the entire die of a Virtex-6 FPGA. We have measured the tempera-
ture distribution of the FPGA using a self-calibrated sensor grid
where ring oscillators were used as temperature sensors. For the
sensor self-calibration, we have increased the chip temperature
on the entire chip area evenly using dedicated heater circuits and
have mapped the frequencies of the individual ring oscillators to
the temperature readings of the built-in thermal diode. After this
initial calibration phase each ring oscillator could translate its
oscillation frequencies to its corresponding local temperature.

Sayed and Jones [12] used LUT-FF pipelines to create different
workloads on the FPGA to characterize a ring oscillator-based ther-
mal sensor. They have toggled different amounts of the FPGA re-
sources (20%, 40%, 60%, 80%) at different frequencies, 50 MHz,
100 MHz, 150 MHz and 200 MHz. For the clock frequency of
100 MHz, they measured a temperature increase of +6 °C by utiliz-
ing 20% of the FPGA resources, +16 °C by utilizing 40% of the FPGA
resources, +28.5 °C by utilizing 60% of the FPGA resources, and, fi-
nally, +37.0 °C by utilizing 80% of the FPGA resources on a Xilinx
Virtex-5 LX110T FPGA, which contains 17,200 slices, by using the
built-in thermal diode. For a Virtex-5 LX50T FPGA with only
7200 slices they measured a temperature increase of +4 °C by uti-
lizing 20% of the FPGA resources, +8 °C by utilizing 40% of the FPGA
resources, +12 °C by utilizing 60% of the FPGA resources, and,
+17.5°C by utilizing 80% of the FPGA resources (clocked at
100 MHz). According to their observations, the Xilinx system mon-
itor might measure the temperature incorrectly. Using an external
thermometer they measured temperature differences of 12.7 °C for
a Virtex-5 LX50T FPGA and 20.3 °C for a Xilinx Virtex-5 LX110T
FPGAs between the temperature readings of the external thermal
diode and the built-in thermal diode. For a Virtex-5 LX110T the
junction-to-case thermal resistance 0, of the chip lies between
0.10 °C/W to 0.15 °C/W [19]. The maximum power consumed by
the Virtex-5 LX110T was 5 W, which results in a maximum differ-
ence of 0.5-0.75 °C between the chip and the case. The difference
of 20.3 °C between chip and case temperature can also not be ex-
plained by additionally taking into account the manufacturer’s
specification of a maximum measurement error of +4 °C for the
internal temperature sensor [20].

More recently, Tradowsky et al. [ 14] experimentally generated a
spatial temperature gradient on a Xilinx Virtex-5 LX110T FPGA of
+12 °C over the entire die by toggling 750 flip-flops (about 1% of
the FPGA’s flip-flops) at one corner of the FPGA. According to a
net of four ring oscillator-based temperature sensors, this corner
of the FPGA increased its temperature by +33 °C in about 28 min.
The built-in thermal diode, which is assumed to be located in the
center of the FPGA, measures a temperature increase of +21 °C in
28 min for the same experiment. The toggling frequency was not
reported, but we assume that it was at least 400 MHz.

In this paper, we rely on the thermal measurements of the Xi-
linx system monitor whose error range is stated to be +4 °C by
the vendor. In contrast to previous work, we perform a systematic
study of heat-generating cores utilizing different on-chip resources
and examine the impact of the clock frequency.

3. Background and methodology
In the following section, we will first present a brief overview

on heat generation in digital circuits and how clock frequency,
voltage, and capacitance influence heat generation in general.
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Then, we present the different reconfigurable resources we exam-
ine as well as the methodology we follow in our experiments.

3.1. Heat sources

Sources of heat in semiconductor devices can be divided into
two groups. Static heat generation is independent of switching
activity and is caused by currents flowing through resistors. On
highly integrated devices such as modern FPGAs, leakage currents
inside transistors and between interconnects are major contribu-
tors to static heat generation. In contrast, dynamic heat is caused
by cross-conduction losses as well as capacitive power losses due
to switching activity. Given the capacitance C of a net, the supply
voltage V, the toggle frequency f, the power loss P on that net
can be calculated as

P =fcv?

For instance, for a capacitance driven by a flip-flop with clock
frequency fq that toggles on every cycle, the power loss is
Pgr = %fclkCV2 because the toggle rate equals half the clock
frequency.

On an FPGA there are a number of reconfigurable circuit ele-
ments that introduce power losses proportional to the toggle rate
of the net they are part of. Since power losses are proportional to
the toggle rate, it is possible to assign a characteristic energy E;
to each circuit element i that is released every time a switch occurs.
The total power losses of a circuit can then be calculated as the
sum:

P=f->FE

The characteristic energies can be used to estimate a circuit’s
power consumption, as it is done by various automated power esti-
mation tools. The spreadsheet-based Xilinx Power Estimator for in-
stance, gives a characteristic energy of 1.641 - 10" ] for a flip-flop
on a Virtex 5 device. Because of additional capacitance driven by
the flip-flop, the real world power consumption may be higher.

In our investigation we focus on the following circuit compo-
nents: slice elements (LUTs, FFs, Latches), on-chip block RAM, ded-
icated multiply accumulate units (DSP slices) and routing
resources. On Virtex 5 devices, one in four LUTs may be used as
shift registers or distributed RAM, hence we allow for different
characteristic energies of the LUT components, dependent on the
mode of operation.

In a synchronous circuit the toggle rate f can be adjusted
through the clock frequency. When the aim is to increase heat gen-
eration, raising the clock frequency is of course an option. There is
however a limit to this approach, since at some point setup and
hold violations may occur between clocked components which
may lead to aliassing effects and a decrease in overall switching
activity, thereby lowering the total heat output.

3.2. Methodology

An FPGA is a semiconductor device that is based on a matrix of
configurable logic blocks (CLBs) connected via programmable
interconnects. On a Xilinx Virtex-5 FPGA, a CLB contains multiple
look-up tables and flip-flops. Besides CLBs, there are further com-
ponents, such as random access memory blocks (BRAMs) and so
called digital signal processing blocks (DSP blocks) that function
as efficient multiply-accumultate units.

We developed dedicated cores that have the single purpose of
generating heat. In our experiments we studied different resources
(LUTs, FFs, BRAMSs, DSPs) separately and, in the case of LUTs and
FFs, also in combination. In order to create maximum heat, we

want to provoke as much toggling of signals and/or our storage ele-
ments as possible. Besides the mentioned FPGA resources, inter-
connect can play a huge role in the heat generation of a circuit.
Unfortunately, unless the routing it is manually specified, intercon-
nect utilization is largely unpredictable. Specifiying the routing
however is not a practical approach in many situations, since this
means bypassing automated hardware synthesis and requires
placing and routing circuit components by hand - a lengthy and er-
ror-prone process that has to be repeated for each new target
architecture. We therefore aim at keeping the influence of routing
to a minimum by manually placing circuit elements in a pipelined
fashion, wherever possible. This reduces fan-out and unnecessary
routing. Most of our cores are clock controlled, thus we did not
only evaluate each type of resource, but also the impact of the
clock frequency on heat generation.

The heat cores were specified as VHDL descriptions and auto-
mated tools were used for synthesis and implementation of the de-
signs. Due to the nature of exploring the limits of the FPGA with
respect to heat production, timing and design rules check (DRC) er-
rors were expected for some of our heater designs. For some of our
high frequency synchronous heaters, for instance, the routing algo-
rithm was unable to generate designs that were guarantied to sat-
isfy the inferred timing constraints. In these cases the tools were
instructed to proceed and ignore timing violations.

3.3. External versus internal temperature sensors

We tested each heater design independently on 4 different Xi-
linx XUPV5 Boards. We obtained temperature measurements via
the internal temperature diode as well as via an external tempera-
ture probe connected to the heat sink of the FPGA. Performing tem-
perature measurements on an otherwise idle FPGA (no bitstream
programmed) we noticed a significant deviation in the tempera-
ture as reported by the internal sensor between the individual
boards. Fig. 1 depicts the idle temperature measurements, internal
as well as external. While the temperatures obtained by the exter-
nal probe have very little deviation (well below 1 °C ), the internal
sensors measure considerably different values (about 20 °C devia-
tion). This finding contradicts the manufacturer’s specification of a
maximum measurement error of + 4 °C for the internal tempera-
ture sensor [20]. In addition to the concerns about the temperature
diode’s accuracy raised in [12], it seems appropriate to focus on
external temperature measurements in the remainder of this
paper.

70 -
internal —
external

60

a
o

temperature (°C)
w »
o o

N
o

-
o

A,
g S 3,
% k< % %

Fig. 1. Temperature measurements of idle FPGAs (at 25 °C ambient temperature).
Temperature measurements by the external probe and internal sensors on an idle
system.
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4. Heat generators

In this section, we first present the heaters that are based on
synchronous circuits. Since these heaters depend on a clock signal
their heat outputs vary with the clock frequency. We then present
the ring oscillator - a heat generating circuit based on a feedback
loop, that does not use an external clock signal.

4.1. SRL pipeline

For our first heat core, we use the LUTSs as shift registers (SRLs).
By cascading the SRLs, it is possible to create one large shift regis-
ter. By feeding an alternating sequence of 1s and Os to the SRL pipe-
line’s input, we make sure that the 16 bits within the SRLs undergo
constant toggling.

4.2. FF pipeline

One way to use FFs exclusively is to cascade them and build a
shift register similar to the SRLs mentioned above. They have the
same inputs, outputs and are clock-controlled with a clock enable
signal. Beyond that, they have the same purpose, more precisely
both pipelines are shift registers except that the FF can only store
one bit compared to the 16 bit SRL in Virtex-5 FPGAs. Fig. 2 shows
an example for a FF-based heater with two elements.

4.3. LUT-FF pipeline

Another way to exploit the given hardware components is to
use the whole slice, instead of solely LUTs or FFs. In order to com-
bine LUTs with FFs, we have designed a pipeline similar to the FF
pipeline (Fig. 2). The difference is, that between each pair of FFs
there is a LUT interconnected, as can be seen in Fig. 3. In this design
all look-up tables are implemented as an exclusive OR (XOR) of the
input signals 10 and I1.

PRE PRE
| |

D Q D a_

CE CE

c c

FDCPE FDCPE
clr clR

CLK

enable_heater

Fig. 2. FF-based pipeline.
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Fig. 3. LUT and FF-based pipeline.
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Fig. 5. DSP-based pipeline.

4.4, SRL-FF pipeline

An additional way to use LUTs and FFs is to make use of SRLs,
instead of LUTs, and FFs. Therefore, each SRL’s output signal is con-
nected to the input signal of a FF. This creates the most area effi-
cient shift register for the available area.

4.5. BRAM pipeline

The BRAM-based heater also uses a pipeline design, built on the
Xilinx primitive FIFO36. Therefore the data input bus and the data
output bus (with a width of 32 bit) are interconnected to each
other. Once the first BRAM is filled with random data, it passes
the first 32-bit word in it to the next BRAM. Hence, all BRAMSs have
their memory contents changed constantly. The general structure
of the BRAM-based pipeline can be seen in Fig. 4.

4.6. DSP pipeline

DSP blocks are also cascaded and arranged in a pipeline. There-
fore the output signal is passed through all DSP blocks by intercon-
necting it with the successor’s input signal C. All input signals A
and B of the DSP blocks are connected to global signals, which
are toggled at every clock cycle. Fig. 5 depicts two strongly simpli-
fied segments of the DSP pipeline.

I

enable heater
10 =

LUT6E

Fig. 6. LUT-based ring oscillator.
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4.7. The LUT-based ring oscillator

LUTs can also be used as ring oscillators, where an odd number
of inverters are connected to each other to form a ring. When the
number of inverters is odd, the signal is unstable and toggles be-
tween '0’ and 1. The number of inverters and the delay of the
interconnect define the toggling frequency. Since we intend to
maximize the toggling frequency in order to create heat, we have
used ring-oscillators with a single LUT, as depicted in Fig. 6.

5. Experimental results

In this section, we describe our experimental setup, present our
temperature measurements for each dedicated heat-generating
core and evaluate our experimental results.

5.1. Experimental setup

For our experiments we used a Xilinx Virtex-5 XPUV5-LX110T
FPGA (package: ff1136, speed grade: —1). The FPGA board features
a default heat sink. An external Voltcraft K204 thermometer has
been attached to the heat sink of the FPGA in order to measure
the outside temperature of the device. The manufacturer specifies
the measurement accuracy of the thermometer as 0.1 °C for tem-
peratures up to 200 °C. For our LUT and FF-based heaters, we con-
strained the area of our heater to 61 x 61 slices which contain

t
MicroBlaze Sys ?m heater time base
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4 1§
system bus (PLB)
UART Iy PP L
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Fig. 9. Measurements of the internal thermal diode and the external temperature
probe for the LUT oscillators heat core on a Xilinx Virtex-5 LX110T FPGA.

14,884 LUTs and 14,884 FFs. This area was used by our LUT oscil-
lator-based heater that contained 1,000 1-level ring oscillators.

To be able to compare the diverse LUT and FF-based heaters
with each other, we have used the same amount of slices for each
LUT and FF-based heater.

Our architecture is depicted in Fig. 7. A MicroBlaze processor is
connected to the Xilinx system monitor that accesses the sensor
readings of the built-in thermal diode on the FPGA. Furthermore,
our architecture contains a time base and the heat-generating core
under examination. The heater is enabled/disabled by a timer-dri-
ven program that runs on the MicroBlaze which also reads the
temperature values. The temperature readings are forwarded to a
workstation using a UART interface.

In all experiments we first wait for 30 min until the tempera-
ture of the FPGA is stable, before we enable the heater for
30 min. Next, we disable the heater for 30 min to see the fall in
temperature for the cooling phase. Finally, we enable the heater
again for another 30 min to confirm the repeatability of the
experiment.

5.2. Temperature measurements

Fig. 8 shows the temperature progressions for the heaters,
which have been introduced in Section 4, on a single Xilinx Vir-
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Fig. 8. Measurements for six heat cores on a Xilinx Virtex-5 LX110T FPGA using external temperature probe.
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Table 1
Temperature increase of the heaters over 30 min: the highest temperature increases
per heater are highlighted.

Heater Temperature rise (°C)
LUT osc. +81.2
With different frequencies [MHz]
100 (°C) 200 (°C) 300 (°C) 400 (°C) 500/550 (°C)
SRL +2.9 +5.5 +8.4 - -
FF +34 +7.7 +12.2 +15.6 -
LUT-FF +7.2 +13.1 +20.2 +26.3 -
SRL-FF +4.5 +8.5 +13.5 - -
BRAM +3.9 +7.6 +11.2 +14.5 +18.1
DSP +2.4 +3.7 +6.1 +8.5 +11.9

tex-5 LX110T FPGA. Unless noted otherwise, all temperatures men-
tioned in the text refer to values averaged over 4 different Virtex-5
LX110T devices as obtained by a temperature probe attached to the
FPGA'’s heat sink. Temperature increases caused by the heat gener-
ators are reported with respect to the idle temperature of the FPGA.
In our experiments the FPGA is considered idle, when it is powered
up and configured, but the heat generators are not yet active.

The least effective heat generator turned out to be SRL based
heater. We implemented the heater with 41 SRL pipelines each
consisting of 100 SRL-LUTSs, giving a total of 4,100 LUTs used for
heat generation. In Xilinx Virtex-5 FPGAs SLICEM slices can imple-
ment shift registers or distributed memory using look-up tables
whereas SLICEL slices cannot [21]. The ratio between SLICEM slices
and SLICEL slices on the used Virtex-5 LX100T FPGA is about 1:3.
Because only 1 in 4 LUTs can be configured as a SRL, we could only
use a quarter of the LUTs in the constrained area. The temperature
raise induced by the heater starts with 4.5°C at 100 MHz and
reached its maximum with 13.5 °C at 300 MHz. We were not able
to increase the heat output further by increasing the clock fre-
quency. Instead, the heat production decreases for operating fre-
quencies beyond 300 MHz due to an overall decrease in
switching activity incurred by timing violations. We could confirm
this by sampling the output signals of the 41 SRL pipelines.

For our FF heater, we used 14 pipelines with 1,000 stages each.
As expected, raising the clocking frequency lead to an increase in
the FPGA’s temperature. The FF heater managed to heat up the
FPGA to temperatures ranging from 3.4°C at 100 MHz up to
15.6 °C at 400 MHz. Going beyond 400 MHz did not yield a higher
heat output.

~
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Fig. 10. Graphical representation of the temperature rises of all individual heaters
over 30 min. Note that the LUT osc. heater is not clocked.

Table 2

Resource utilization for the heaters.
Heater LUTs FFs BRAMs DSPs
LUT osc. 14,608 375 - -
SRL 4364 376 - -
FF 233 14,376 - -
LUT-FF 14,276 14,376 - -
SRL-FF 4408 4476 - -
Constrained area 14,884 14,884 - -
BRAM 223 311 130 -
DSP 2252 4310 - 38
Virtex-5 LX110T 69,120 69,120 256 64

Table 3

Sample variation for selected experiments.
Heater Board number Delta

1 2 3 4

LUT osc. 76.3 76.8 82.1 89.7 13.4
SRL 8.0 9.3 7.8 8.5 1.5
FF 14.7 164 15.1 16.0 1.7
LUT-FF 26.6 254 25.9 274 2.0
SRL-FF 13.1 13.2 13.6 14.0 0.9
BRAM 17.6 183 18.0 184 0.8
DSP 11.3 11.6 12.7 121 14

Hybrid heaters that use both, LUTs and FFs, clearly outperform
the heaters which either use LUTs and FFs. The LUT-FF heater con-
tains 14 pipelines with 1,000 stages where each stage contains a
LUT and a FF. The result is similar for the SRL-FF heat core. Note
that again the SRL-FF heat core uses 41 pipelines with 100 stages
and, thus, significantly less resources than the LUT-FF heater.

For the BRAM heater, we were able to clock the heater up to
500 MHz. The BRAM heater contains 130 BRAMs and can heat up
the FPGA from 3.9 °C up to 18.1 °C depending on the clocking fre-
quency. Finally, the DSP heater contains a single pipeline of 38
DSPs. We were able to clock the heater up to 550 MHz.

For the DSP blocks, the temperature increase in 30 min again
depends on the clocking frequency. Here, the increase was 2.4 °C
for 100 MHz and 11.9 °C for 550 MHz. However, this pipeline addi-
tionally introduced a high number of LUTs and FFs and it is possible
that most of the temperature is generated by these resources. This
seems plausible if the measurement results for the heaters that are
purely based on LUTs and FFs are taken into account.

While synchronous heating circuits are ultimately constrained
by signal timing with respect to a fixed clock signal, the ring oscil-
lator suffers no such restriction. Here, the oscillation frequency is a
direct result of the signal delay, which means toggling occurs as
fast as physically possible. When we use 1,000 ring oscillators each
implemented with a single LUT, we can increase the FPGA’s exter-
nal temperature by 81.2 °C on average.

We have performed our experiments on four Xilinx Virtex-5
XUPV5 boards. Fig. 9 shows how the internal an external temper-
atures change over time for one specific FPGA board (FPGA #1).
The external temperature rises from 43.2 °C to 119.4 °C in the first
heating phase and from 43.8 °C to 120.1 °C in the second heating
phase, the internal temperature rise measured by the built-in ther-
mal diode is even higher.

At these heat sink temperatures we can only speculate about
the precise junction temperature of the FPGA, which at this point
clearly exceeds recommended operating conditions. Measure-
ments of the internal thermal diode quickly surpass 125 °C,
exceeding the measurement capabilities of the device as specified
in [20].
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Fig. 11. Temperature development for the LUT oscillator heater for all four FPGAs for two different test runs (left, middle) and the absolute temperature differences between

both runs (right)

Table 1 and Fig. 10 summarize the temperature increases of all
heat cores measured by the external temperature probe over a per-
iod of 30 min. It can be seen that the LUT oscillator heater gener-
ates most heat, followed by the LUT-FF heat core, which is
clocked at 400 MHz.

5.2.1. Resource utilization

Table 2 lists the resource utilization of the different heat-gener-
ating cores. Note that each heater includes a bus attachment to the
processor local bus (PLB) which utilizes a few LUTs and FFs. The
LUT oscillators required additional logic to ensure that the 1-level
ring oscillators are connected to the system, so that they were not
trimmed by the place and route tools.

5.3. Sample variation

We performed all our experiments on four different Xilinx
XUPV5 boards that are identical in construction and feature a Vir-
tex5-LX110T FPGA. All FPGAs were configured with the same con-
figuration bitstream. While our goal is not to present a
comprehensive study on sample variation, our results can be used
to give an indication on what to expect when the heat cores are
transferred to other FPGAs within the same device family. Table 3
shows the temperature increases for the seven heat cores running
at their respective frequency of maximum temperature yield.
Highlighted are the lowest (italic) as well as the highest (bold)
temperature gains achieved. The column 'Delta’ denotes the differ-
ence between minimum and maximum temperatures.

Fig. 12. Four infrared images of the FPGA captured in three second intervals. The
scale ranges from 80 °C (white) to 95 °C (black).

As can be seen in the table above, the sample variation seems
especially pronounced for the LUT oscillator. While we do not
know the cause for this variation, likely causes are process varia-
tion and variations in the FPGA’s power supply. To confirm that
these results do indeed reflect sample variation as opposed to vari-
ations in the experimental setup (exact position of the temperature
probe, ambient conditions, etc.) we repeated the tests for the LUT
oscillator on all four FPGAs.

The results of this can be seen in Fig. 11, which shows the tem-
perature progression for the LUT oscillator in two independent test
runs (left versus right subfigure). While this is no replacement for a
more rigorous treatment of errors in the experimental setup, the
comparison demonstrates that sample variation as opposed to
experimental variation is the main cause for the observed temper-
ature differences between the four different FPGAs.

5.4. Spatial temperature gradients

While the results presented above show that it is clearly possi-
ble to generate significant temperature increases from within the
reconfigurable fabric of a modern FPGA, a question that remains
is, how the heat cores affect the spatial temperature distribution
of the chip. More specifically, we want to quantify the maximum
spatial temperature gradient that we can generate using our most
effective heater. Spatial temperature gradients are of particular
interest for researchers in the field of thermal thread management
as they call for sophisticated spatial thread mapping strategies and
the balancing of computational activity on the chip at runtime. In
order to demonstrate that such gradients can indeed be achieved
we stripped the package off of one of our Virtex5 LX110T devices
and captured the temperature distribution on the backside of the
die (the side that is up in a flip chip package) with the help of a
thermal imaging device.

Fig. 13. Floorplan of a Virtex5 LX110T device with four LUT oscillator heat cores
(one heat core per corner) and the other components of the experimental setup
(central structure)

(2013), http://dx.doi.org/10.1016/j.micpro.2013.12.001

Please cite this article in press as: A. Agne et al., Seven recipes for setting your FPGA on fire - A cookbook on heat generators, Microprocess. Microsyst.



http://dx.doi.org/10.1016/j.micpro.2013.12.001

8 A. Agne et al./Microprocessors and Microsystems xxx (2013) XxX—Xxx

Fig. 12 shows the temperature profile of four of our LUT oscilla-
tor heat cores at the corners of the FPGA. The cores were activated
for three seconds each, in clockwise order.

Fig. 13 shows the spatial location of the circuit as seen in the Xi-
linx FPGA Editor. Due to the low thermal resistance of the die, the
die acts as a spatial low-pass filter (heat source is blurred) for the
observed temperature distribution. A significant temperature gra-
dient of up to 10 °C over the entire die can still be observed across
the device. This result reinforces the need for future temperature-
aware configuration strategies.

6. Conclusions

In this paper, we propose seven dedicated cores that utilize dif-
ferent subsets of the FPGA resources in order to create heat. We fo-
cus on look-up tables, flip-flops, digital signal processor blocks and
RAM blocks. For our clocked heat-generating cores we additionally
analyze the influence of clock frequency on heat generation. Dur-
ing our experiments, we were able to increase the device temper-
ature by more than 81 °C using a large number of minimal ring
oscillators on a Virtex-5 LX110T FPGA in a time interval of
30 min. For our LUT and FF-based heaters, which include the two
hottest ones, we only utilized about 21% of the available slices.
For the most efficient heater, the LUT oscillator heater, we could
generate spatial temperature gradients of up to 10 °C over the en-
tire die in only three seconds.

In summary, we successfully demonstrated the generation of
high temperatures on today’s FPGAs. As expected, we could ob-
serve that a higher clock frequency results in higher temperatures
and that most heat can be generated using excessive routing com-
bined with high frequencies. To achieve a certain temperature goal,
a designer can thus trade FPGA resources for the clock frequency.
This paper—a cookbook on heat generators—is intended to serve
as a guideline for setting up experiments for heat generation on
FPGAs. Such experiments will be required for researchers that in-
tend to evaluate their novel FPGA-based thermal management
techniques with real measurements.

In future work, we plan to generate different temperature dis-
tributions on modern FPGAs based on our heat-generating cores.
We will also investigate the effectiveness of proposed thermal
management techniques that have so far only been evaluated using
simulations.
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