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ABSTRACT

Thermal issues have resulted in growing concerns among industries fabricating semicon-
ductor devices such as Chip Multiprocessors (CMP) and reconfigurable hardware devices. To
reduce passive cooling costs and eliminate the need to package for worst-case temperatures,
dynamic thermal management (DTM) techniques are being devised to combat thermal effects.
Reliable runtime measurement of device temperature is necessary for implementing DTM tech-
niques. Ring oscillators have often been used for on-chip Field Programmable Gate Array
(FPGA) temperature measurement due to their strong linear temperature dependence and
compact design using available spare reconfigurable resources.

A major problem in using ring oscillators to measure temperature, however, is that their
frequency of oscillation is affected by changes in device core voltage and current distribution,
induced by changes in application workload. The need, then, is to have a workload-compensated
ring oscillator-based thermometer for reconfigurable devices.

This work performs a characterization of the ideal as well as non-ideal effects of workload
variation on ring oscillator frequency response. Where non-ideal refers to impacts on ring os-
cillator oscillation frequency due to phenomena other than the workload’s impact on device
temperature. The data obtained from this characterization is used to compensate for these
non-ideal effects. A complete hardware-software solution is implemented to collect tempera-
ture and power related data along with ring oscillator frequency response to varying workload
configurations. The characterization results show an error of approximately 1°C in the es-
timated temperature for every 8.6mA change in current drawn from the supply on a Xilinx
Virtex-b LX110T FPGA, with respect to the current draw measured while running a baseline
workload during thermometer callibration. This lead to a maximum error of ~74°C for the
workloads evaluated. The compensation technique implemented is shown to reduce this error

to ~2°C.
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In addition, a potential issue with using the Xilinx System Monitor to measure die tem-
perature at high temperatures is observed. The System Monitor reported temperatures show

a deviation of up to 20°C from temperatures obtained using a case-mounted thermal probe.
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CHAPTER 1. Introduction

This chapter provides an overview of issues associated with rising power and temperatures
in microprocessors and Field Programmable Gate Arrays (FPGAs). Reasons for the continuous
increase in these two inter-related issues are discussed and sources of each outlined. The need
for temperature measurement in microprocessors and FPGAs is established, and the use of ring
oscillators as thermal sensing elements in such chips is discussed. Then, a concern when using
ring oscillators in FPGA-based circuits is described, which forms the motivation for this thesis.

Reasons for rising temperature and power. One of the major reasons for increased power
densities in microprocessors is a continuous increase in terms of frequency [ISSCC Trends
Report (2011); Rusu (2004)] and die-sizes [Yung et al. (2002); AMD Bulldozer (2011); Intel
Processors Online (2012)], while supply voltages have not seen proportional downscaling [Borkar
(1999); Huang et al. (2011)]. The number of transistors per chip has been rising according to
Moore’s law [Moore’s Law Inspires Intel Innovation (2011); Bohr (2002); Intel Press Release
(2004); Ghani (2009); Intel 22nm Technology (2011)], worsening the power density problem
every year.

Sources of power dissipation. The power dissipation of a chip can be categorized as two
types, static power and dynamic power. Dynamic power, which is the power consumption due
to the switching activity of transistors, has been the dominating component of processor power
consumption. However, static power in today’s chips cannot be ignored, especially with chips
below 100nm, where static power can reach up to 50% of the processor’s total power [Kim et al.
(2003); Hasan and Bird (2011); Chakraborty and Pradhan (2012)], and continues to be a major
design challenge beyond 22nm [ITRS (2009)]. The main source of static power is the leakage
current of transistors. Since this leakage current is directly proportional to the temperature of

the chip, a positive feedback loop is formed between the two resulting in thermal runaway and
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consequent circuit failure [Velusamy et al. (2005); Heo et al. (2003)].

Need for on-chip temperature measurement. Thermal and power issues have become a major
bottleneck in the development of next generation semiconductor devices [ITRS (2009)]. This has
necessitated devising techniques to keep chip temperature and power dissipation from crossing
safe boundaries. One approach is to design a chip’s package to tolerate worst case temperatures.
However, this method has become increasingly complex and prohibitively expensive over the
years [Borkar (1999); Jiang et al. (2008)]. Therefore, instead of designing thermal packages to
tolerate maximum power dissipation, they can alternately be designed to handle the typical
power dissipation, and dynamic thermal management (DTM) techniques can be used to handle
scenarios where temperatures exceed predefined thresholds [Brooks and Martonosi (2001)]. To
implement DTM, however, it is necessary to accurately measure on-chip temperatures, and
several techniques have been proposed to that end.

Ring oscillators as thermal sensors. Ring oscillators are one mechanism for measuring on-
chip temperatures of reconfigurable architectures. They are compact design elements that can
be implemented using very few reconfigurable logic resources. As a thermal sensor, the linear
dependence of their oscillation frequency on temperature is a desirable property [Velusamy
et al. (2005); Lopez-Buedo et al. (2000); Zick and Hayes (2010); Jones et al. (2007); Mangalagiri
et al. (2008); Franco et al. (2010); Lopez-Buedo et al. (2002); Boemo and Lépez-Buedo (1997)].
However, the oscillation frequency of ring oscillators is sensitive to small changes in a device’s
core voltage, rendering their application as thermometers cumbersome [Zick and Hayes (2010);
Jones et al. (2007)]. One of the reasons for core voltage variations in FPGAs is that supply
voltage varies with changes in workload activity [Jones et al. (2007)].

Contributions. The primary contributions of this work are:

1) A quantification of ring oscillator based-thermometer dependence on non-ideal effects of
workload variation,

2) A technique for mitigating ring oscillator-based thermometer workload variation dependence
to obtain accurate device temperature estimates,

3) A temperature measurement method using ring oscillators that does not require the appli-

cation to be paused for making stable measurements, unlike previous approaches (described
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in Section 3.2), and
4) A hardware-software solution to collect temperature- and current-related data from two
Xilinx Virtex-5 FPGAs.
In this work, non-ideal refers to impacts on ring oscillator oscillation frequency due to phenom-
ena other than the workload’s impact on device temperature, such as variations in the FPGA’s
core voltage.

Organization. The remainder of this thesis is organized as follows. Chapter 2 gives back-
ground on temperature measurement techniques and focuses specifically on using ring oscillators
as thermal sensors in FPGAs. Chapter 3 gives an overview of problems associated with us-
ing ring oscillators as thermal sensors and discusses work done to date for overcoming these
issues. Chapter 4 presents architectural details of the circuits developed for characterizing ring
oscillator workload variation dependence. Chapter 4 also describes the evaluation methodology
followed by an analysis of the characterization data. The compensation technique used to mit-
igate workload variation effects on ring oscillator-based thermometer is presented in Chapter
5, along with a discussion of post-compensation results. Chapter 6 describes an issue observed
with using the Xilinx System Monitor to obtain temperature measurements at high temperature

ranges. Chapter 7 concludes this thesis and suggests areas for future exploration.
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CHAPTER 2. Background

This chapter describes temperature measurement techniques available for processors and

FPGAs. It also provides an overview of ring oscillators, and how they can be used as thermal

sensors in FPGAs.

2.1 Temperature Measurement Techniques

The purpose of this section is to provide a survey of the various techniques available for
measuring the temperature of FPGAs and other silicon devices. For the purpose of this thesis,
techniques have been categorized into two types: General temperature measurement techniques
and ring oscillator-based temperature measurement techniques. This section covers non-ring

oscillator-based techniques.

Transducers. Traditionally, thermal transducers such as thermocouples and thermistors
have been used to measure temperature of VLSI-based circuits. However, such transducers have
a number of disadvantages for measuring temperature. Proper care needs to be exercised when
positioning, coupling, and instrumenting such sensors. In addition, measurements using such
transducers need to be immune to on-board high frequency signals [Lopez-Buedo et al. (2000)].
Due to these disadvantages, other techniques, including on-chip sensor implementations have

been proposed, which are described in the remainder of this section.

CMOS Sensors. Temperature sensing using the voltage and temperature dependence
of bipolar and CMOS transistors has been explored since the inception of research in the
area of temperature measurement. Although bipolar transistors have greater temperature

sensitivity and stability than their CMOS counterparts [Bakker and Huijsing (1996)], they are
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not well suited for such solutions in the CMOS-based processes [Szekely et al. (1997)]. Hence,
MOS transistors have often been employed as temperature sensors due to their temperature
dependence in the weak inversion region. Szekely et al. (1997) describes how this dependence
can be exploited to use CMOS technology based transistors as on-chip thermal monitors for
VLSI chips. The advantages of these sensors are very low space requirements and low power
consumption. The disadvantage, again, is that they exhibit relatively weaker temperature

dependence than bipolar transistors.

IR Thermometers. Another method for measuring the temperature of electronic devices
is using an infra-red thermometer pointed at a chip’s surface. A contactless method to measure
temperature with an infra-red thermometer is described in [Becker et al. (2009)], in which the
authors characterize the power consumption and temperature of the fine-grain fabric of four
different Xilinx FPGAs. No physical contact minimizes the influence of the measurement on
the system. Since the effectiveness of such sensors reduces on shiny surfaces, a thin blackened

aluminium coating is applied to chips with a metallic surface.

Software Simulators. Thermal simulators are another way of estimating temperature.
They are especially useful in measuring temperatures at different granularities of the chip. One
of the most widely used simulators, called HotSpot, is described in [Skadron et al. (2003)].
The HotSpot temperature model is based on an equivalent circuit of thermal resistances and
capacitances corresponding to microarchitectural blocks present on a chip. Investigations in
this work reveal that hotspots typically occur at the granularity of architecture-level blocks
present in a chip. Two models are derived for simulating temperatures, a vertical model of
heat flow from die to sink and sink to air, and a horizontal model that characterizes heat
transfer between microarchitectural blocks. Since validating such a model is difficult due to
lack of localized heat measuring techniques, a commercial finite element analysis simulator was

used for comparisons, and errors of less than 5.8% between the two models were reported.

Embedded Diodes. An alternative to CMOS sensor-based approaches is to calculate the

die temperature by measuring the junction forward voltage of the clamping diode located in
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the FPGA pads. Some generations of Xilinx FPGAs provided access to such a diode through
external pins, whose output can be connected to an external signal conditioning device to
obtain die temperatures. An example of using such a diode for temperature measurements is
presented in [Jones et al. (2006)], where the device is reprogrammed when the temperature
measured using the output of this diode crosses a threshold. In their work, they create thermal
benchmark circuits and monitor the temperaure of an FPGA to perform transient and steady-
state thermal anaysis of the benchmark response. The data is then used to propose a dynamic
thermal management technique based on temperature feedback.

System Monitor. More recent versions of Xilinx FPGAs (Virtex-5 onwards) come with
the “System Monitor” [System Monitor (2011)], which is a measurement system based on an
on-chip analog to digital converter (ADC) and a number of sensors thoughout the chip. For
temperature measurements, it consists of a built-in temperature sensing diode that produces a
voltage output proportional to the die temperature. The ADC is used to covert this to a 10-bit
digitized value that can be read by the FPGA logic.

Many works that target measurements or mitigation of on-chip temperatures are based
on either directly using the System Monitor, or using it to validate the data obtained though
another technique. However, the validity of the measurements obtained by the System Monitor
itself remains unquestioned. This could be a problem, since the work in this thesis reports a
potential issue with using the System Monitor to obtain die temperatures, especially in the

higher temperature ranges. This behavior is discussed with experimental data in Chapter 6.

2.2 Ring Oscillator-based Thermometers

Since the work in this thesis addresses overcoming ring oscillator-based thermometer work-
load variation dependence, this section is dedicated to providing background on ring osciallor-
based thermometers. It first gives a general overview of ring oscillators and fundamentals of
oscillation. This is followed by a discussion of why ring oscillators are suitable for use as ther-
mal sensors in reconfigurable architectures. The section concludes with a summary of research

performed to date in deploying ring oscillators for temperature measurement in FPGAs.
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Figure 2.1: A ring oscillator with odd number of inverters in a loop. The switch is used to connect/disconnect
the last inverter from the first to begin self-sustained oscillations. The output oscillation is observed on the
probe point shown after the first inverter.

2.2.1 Theory of Operation

A ring oscillator is formed by connecting an odd number of inverters to form a loop, as shown
in Figure 2.1. As seen in Figure 2.2, a transition in the oscillation occurs after a time period
equal to one gate delay times the number of inverters in the loop. The period of oscillation,
therefore, is twice the sum of delays of all the inverters in the loop, and is given by Equation

2.1 as,

T=2xtgx(2n+1) (2.1)

where T is the period of oscillation, t4 is the delay of one inverter, and 2n+1 is the number
of inverters in the loop.

To begin oscillating, first the last inverter of the loop is disconnected from the first. Next, a
constant input is applied to the first inverter. After the input is allowed to propagate through
all the inverters in the loop, the output of the last inverter is reconnected to the input of the
first. Now, the oscillation is self-sustained.

The frequency of oscillation of a ring oscillator is proportional to changes in temperature,
since the switching speed of the transistors that make up each inverter is directly influenced by
temperature. Equation 2.2 gives the relation between the carrier mobility in a MOSFET and
temperature [Filanovsky and Allam (2001); Ku and Ismail (2007)]. This dependence is close to

linear, making the output frequency of ring oscillators easily calibrated to give direct estimates
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Figure 2.2: Ring oscillator period of oscillation. The output of a ring oscillator toggles after delay times number
of inverters in the loop, making the period of oscillation twice the sum of delays of all the inverters in the loop.

of chip temperature.

= po(T/To)™ (2.2)

where T is the temperature, Tp is the nominal temperature, pg is the mobility at Tp, and «y, is
an empirical parameter referred to as the mobility temperature exponent, with a typical value

between -1 and -1.5.

2.2.2 Benefits of Deployment in FPGAs
Some of the avantages of using ring oscillators as temperature sensors are:

o Junction Temperature Measurement. Since they are implemented on the FPGA fabric,
ring oscillators can be used to measure junction temperatures as opposed to external
temperature measurement devices like thermocouples, which can only measure package

temperatures.

e Compact Size. A ring oscillator can be realized on an FPGA by configuring the available
Lookup Tables (LUTs) to implement the structure of Figure 2.1. The size of a ring
oscillator is small and takes up only a small fraction of the available chip resources. In
terms of number of LUTSs, the size of a ring oscillator can be as small as 8 [Zick and Hayes

(2010)].

e Digital Output. Unlike other temperature transducers (such as a thermal diode), the

ing-oscillator is fully digital, eliminating the need for an analog to digital
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converter after sensing.

e Finer Granularity. Localized temperature readings can be obtained with the use of
ring oscillators by placing them at various locations of the chip. This can be helpful in

implementing strategies that target minimizing hotspots on a chip.

e Reconfiguration Capability. Through dynamic reconfiguration, the sensors and associated

circuits can be removed from the FPGA when not needed and reinserted as required.

2.2.3 Summary of Research use in FPGAs

Temperature sensing. Perhaps the first notable use of ring oscillators as temperature sensors
on programmable logic devices was done by Quenot et al. (1991). They developed a system
with a programmable ring oscillator, an 18-bit counter and a control circuit. In addition
to temperature, they also conducted experiments to show the dependence of ring oscillator
frequencies on supply voltage. The measurements were made in a stable ambient temperature
room and the circuit was heated using a built-in resistor. For temperature measurements, they
reported an accuracy of around 3°C.

Lopez-Buedo et al. (1998) used Xilinx chips for designing and testing ring oscillator-based
thermal sensors. Their basic idea was to count the oscillation of a ring oscillator by making
periodic measurements using a control circuit. Along with temperature-dependent frequency
data, they also collected data to show the impact of self-heating, the dependence of oscilla-
tion frequencies on power supply variations, and the usefulness of other on-chip resources for
measuring temperature, such as the IOB clamping diodes. The thermal sensors were cali-
brated with the help of a temperature-controlled oven and an Iron-Constantan thermocouple.
A microcontroller-based mechanism was used to measure the output frequency of the ring os-
cillator. Their results showed that the sensors exhibited a linear temperature and power supply
dependence in the devices’ normal temperature and voltage operating range.

To further their work with ring oscillator-based temperature sensors, Lopez-Buedo et al.
(2002) proposed a new strategy to build a fully digital temperature transducer based on ring

oscillators that could be dynamically inserted, operated and then eliminated from the circuit
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using run time reconfiguration techniques. They first inspect the bitstream of the application
running on the FPGA to find potential spaces where the ring oscillators and related temperature
measurement and control circuits can be placed. The FPGA was then partially reconfigured
to insert the thermal sensors. Once measurements were complete, the FPGA was partially
reconfigured to remove the thermal sensors.

Another use of ring oscillators as thermal sensors can be seen in [Velusamy et al. (2005)], in
which the authors distributed sensors throughout an FPGA and interfaced to a controller for
measurements. For cross-validation, they compared their readings with an architecture-level
thermal modeling tool named HotSpot [Skadron et al. (2003)]. The temperature sensor design
was identical to the one described in [Lopez-Buedo et al. (1998)]. In comparisons with HotSpot,
they reported temperature differences of less than 0.2°C.

A ring oscillator was used in [Jones et al. (2007)] to design a thermal monitor to make a
temperature self-regulated system. Since their work also deals with overcoming an issue with
using ring oscillators as thermal sensors, it is discussed in detail in the next chapter, along with
other related work.

Thermal validation. Mangalagiri et al. (2008) outlined the effects of temperature variations
on long term reliability of FPGAs. They gave an overview of temperature-related failures due
to failure mechanisms such as Electromigration and Time Dependent Dielectric Breakdown in
65nm FPGAs. They also studied performance degradation due to Negative Bias Temperature
Instability. In their work, they developed a thermal predictive model using HotSpot, and used
a ring oscillator-based thermometer to validate the results of their simulation tool.

Run-time temperature prediction. In [Happe et al. (2011)], the authors designed a system
with a self-calibrating net of thermal sensors based on ring oscillators distributed over an FPGA.
The sensors were calibrated with the help of an in-built thermal diode by activating heat-
generating circuits throughout the chip. After calibration, spatial and temporal gradients were
generated on the FPGA by activating selected heat-generating circuits. A learning algorithm
was then used to determine the parameters of the system’s internal thermal model, enabling
the system to measure and predict temperature distributions autonomously. The temperature

predictions obtained from the model were shown to have an average error of 0.72°C as compared
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to run-time temperature measurements.

Hotspot management. Zhang et al. (2010) used ring oscillators and associated counter cir-
cuitry to predict heat emissions locally and define a temperature-power relationship in FPGA-
based systems. Their aim was to use this relationship to restrict the power consumtion in
systems such as Cognitive Radio equipment.

In [Franco et al. (2010)], experiments at low core voltages, eg. below 1.0V, were conducted
to collect sensor responses to varying voltages and temperatures. Their results showed increased
non-linearity of ring oscillator frequencies at low voltages.

The works described in this section presented various uses for ring oscillator-based thermal
sensors. However, there are concerns that must be addressed when using ring oscillator-based

thermometers. The next chapter discusses these concerns, and presents previously used solu-

tions.
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CHAPTER 3. Related Work

This chapter discusses challenges associated with using ring oscillators as thermal sensors in
FPGAs, and summarizes the techniques developed to date to overcome these challenges. The

work in this thesis is then placed in context with this body of work.

3.1 Ring Oscillator-based Thermometer Concerns

A major issue with using ring oscillators as temperature sensors is that their frequency
is not dependent on temperature alone, but also on supply voltage. This section describes
this problem and the next section presents work that has been done to date to overcome the
voltage-induced effects on ring oscillator frequency.

While running an application on an FPGA that employs ring oscillators as thermometers,
changes in workload results in significant abrupt shifts in the frequency of the ring oscillator.
This is illustrated in Figure 3.1, which forms the motivation for this work. Two postulated
reasons for this frequency shift are:

1) an increase in workload causes dips in the core operating voltages, which in turn reduces
the ring oscillator frequency, and

2) an increase in workload stresses the power distribution network of the FPGA, thus
providing less current to logic elements, which in turn decreases the ring oscillator frequency.

Small variations in voltage (on the order of 1-5mV) can cause significant shifts in the
output frequency of a ring oscillator [Zick and Hayes (2010); Jones et al. (2007); Franco et al.
(2010); Boemo and Lépez-Buedo (1997)]. Taking a specific example from this work, a change
in workload from 0% to 80% utilization of a Virtex-5 LX110T FPGA running at 100MHz,

causes the output count value obtained from a ring oscillator-based thermal monitor circuit
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Figure 3.1: Ring oscillator frequency dependence on workload. Blocks in red indicate active parts on the FPGA.

to instantaneously decrease by 295, resulting in a 74°C error in estimated temperature. Thus

making it imperative to account for the impact of workload variation.

3.2 Techniques for Mitigating Ring Oscillator-based Thermometer

Concerns

Several researchers have made use of ring oscillators as compact thermal sensors on recon-

figurable devices [Velusamy et al. (2005); Lopez-Buedo et al. (2000); Zick and Hayes (2010);

Jones et al. (2007); Lopez-Buedo et al. (1998)]. The problem of ring oscillator frequency vari-

ation due to changes in a device’s core voltage has been discussed in [Zick and Hayes (2010);

Jones et al. (2007)]. These works in addition develop different approaches to work around this

issue.

In [Jones et al. (2007)], the authors switch to a temperature measurement mode to obtain

stable temperature measurements. While in the temperature measurement mode, the appli-

cation is paused, thus reducing the effects of supply voltage variations induced by workload

variations. An event counter is used to signal the beginning of the temperature measurement

mode, and a sample mode controller is used to pause the application while temperature is being
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measured. These temperature measurements are then used to regulate an image recognition
application implemented on a Xilinx Virtex-4 FPGA.

Zick and Hayes (2010) use a ring oscillator-based sensor built using only 8 LUTs that is
deployed onto a Xilinx Virtex-5 FPGA. To remove the effects of voltage variations, measure-
ments over a range of temperatures and supply voltages are made for the purpose of building an
empirical model. Then, the application is paused to make measurements of the frequency and
voltage, and finally the frequency and voltage values are plugged into a model that estimates
temperature.

A major problem with the workarounds presented in this section is that they require the
application be paused to obtain stable temperature measurements. This often leads to negative
impacts on application performance. Furthermore, in certain scenarios, it is not feasible to
pause the application. The work in this thesis differs from other works to date in that it does not
require the application to be paused to obtain accurate temperature estimates. The system can
continue normal operation while the mitigation technique proposed in this work is implemented

for obtaining reliable temperature measurement using ring oscillator-based thermometers.
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CHAPTER 4. Ring Oscillator-based Thermometer Characterization

This chapter first describes the ring oscillator-based thermal monitor used in this work.
Next, architectural details of the thermal benchmark circuit used for thermal characterization
are presented. This is followed by a description of the characterization experiments that were
performed. Lastly, this chapter provides results and analysis of the data obtained during

characterization.

4.1 Architecture

4.1.1 Thermal Monitor

The thermal monitor architecture is shown in Figure 4.1. It counts the number of ring
oscillator oscillations within a fixed period of time. This is achieved by having the ring oscillator
generate the clock, whose frequency is dependent on temperature, of an incrementer circuit.
The clock generated by the ring oscillator is called Ring Clock. Another incrementer, which is
driven by a fixed system clock, is used to measure how many times the temperature-dependent
incrementer counts over a fixed period of time. Since the ring oscillator period is a function of
temperature, the count obtained varies with the temperature of the circuit.

In this implementation, a fixed 33MHz system clock drives a 12-bit incrementer, the most
significant bit (MSB) of which is applied to an edge detection circuit. The output from the
ring oscillator (Ring Clock) drives a 16-bit incrementer. As soon as an edge is detected on the
MSB of the fixed-clock incrementer, a select signal is applied to a multiplexer that places the
output of the 16-bit thermally-dependent incrementer on the final output of the circuit, and a
ready signal indicates the output is ready to be read. The 16-bit incrementer is then reset to

0. As the FPGA die temperature varies, the number of ring oscillator oscillations counted by
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Figure 4.1: Thermal Monitor Architecture with ring oscillator and associated counter circuitry.

the 16-bit incrementer in a fixed time period changes due to the effect that temperature has
on the period of oscillation.

Figure 4.2 illustrates the waveform representation of the thermal monitor’s operation. It
shows the dependence of the ring oscillator frequency on temperature. As temperature de-
creases, the period of oscillation reduces, resulting in an increase in the output frequency, and
hence an increase in the measured incrementer count value. The basic idea of the thermal
monitor described above is based on [Jones et al. (2007)].

Figure 4.3 shows the gate-level structure of the ring oscillator used in this work. It consists
of 23 inverters connected in a loop. The OR gate is used to initialize the oscillator and the Ring
Clock output generates the temperature-dependent clock. The typical frequency of operation
at room temperature of this ring oscillator was ~80MHz. The number of inverters was chosen

such that the count varies by 1 for every 0.25°C change in temperature.
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Figure 4.2: Ring oscillator frequency temperature dependence example. The thermally dependent clock’s fre-
quency changes with temperature, giving different counts at the output of the thermal monitor during a fixed
measurement period.
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Figure 4.3: Ring Oscillator with 23 inverters in a loop. The OR gate is used to initialize oscillations. Output is
obtained at the Ring Clock probe point.
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Figure 4.4: Core Block consiting of a chain of D-type Flip Flops connected together. The LUTs between the
flip flops in the figure are configured as AND gates.
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Figure 4.5: Thermal Workload Unit consisting of an array of core blocks. The input generator is made up of a
NOT gate and a D flip flop and is used to excite the workload unit.

4.1.2 Thermal Benchmark Circuit

The work in this thesis was implemented on two different Virtex-5 FPGAs, an LX110T
mounted on a Xilinx XUP-V5 board [LX110T User Manual (2011)] and an LX330 mounted
on a Hitech Global board [LX330 User Manual (2008)]. For both chips, a ring oscillator-
based thermometer was placed in the middle of the chip and a flexible thermal benchmark
circuit occupied the chip’s resources. This benchmark circuit is based on a thermal benchmark
architecture described in [Jones et al. (2006)].

Figure 4.4 shows the implementation of a Core Block using FPGA resources, which is the
primary building block of the thermal benchmark architecture. Each core block is a chain of
D-type flip-flops connected to each other through logic gates to form an array.

Figure 4.5 illustrates the formation of a Thermal Workload Unit using core blocks. A

thermal workload unit consists of a chain of core blocks concatenated to form a Computation
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Resources | LX110T | LX330
LUTs 1152 3312
FFs 1152 3312

% of chip 1.667 1.597

Table 4.1: Size of a single workload unit on the LX110T and LX330

FPGA
E ° Thermal
gl Workload Units
Thermal
Monitor

System Monitor
Thermal Sensor

Figure 4.6: Workload placement on the FPGA. The ring oscillator-based thermometer is placed at the center of
the die, surrounded by thermal workload units occupying the entire chip.

Row, and an Input Generator that drives the activity rate of the computation row. The main
purpose of the workload units is to toggle the resources (flip-flops and logic gates) every clock
cycle. This results in maximum power consumption and heat generation inside the chip.

The benchmark circuit is composed of a number of workload units. They can be selectively
enabled to control the amount the FPGA heats. Table 4.1 shows the resource utilization of
one workload unit on the LX110T and L.X330. The LX110T houses 53 workload units and the
L.X330 houses 54 workload units to achieve a maximum utilization of 88% and 86% respectively.

The workload units were placed on the FPGA using Xilinx relative location constraints
(RLOCs) [Virtex-5 User Guide (2012)]. They were placed in a grid fashion as shown in Figure

4.6. The thermal monitor was placed at the center of the die to minimize the difference between
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Control and
data-logging FPGA
program \ \

UART Control
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\f =
External PC Workload Units Ring Oscillator

Figure 4.7: Hardware-software setup. The external PC is used to send commands to and receive data from the
FPGA over a UART interface.

the temperature given by the ring oscillator-based thermometer and the temperature from the
Xilinx System Monitor [System Monitor (2011)], which is located at the center of the die. This
was useful when performing comparative studies between the temperature estimates from the

ring oscillator calibrated using an external thermal probe and those from the System Monitor.

4.1.3 External UART/Command Interface

A program running on an external PC was used to selectively enable portions of the FPGA
by activating sets of workload units. In addition, the program continuously logged data during
each experiment. The information logged consisted of ring oscillator frequency, current pull
from the power supply, and System Monitor temperature readings. For activating workload
units and logging data, the external program sent commands over a UART interface that were
acted upon by a command processing module deployed on the FPGA. Figure 4.7 shows the
overall architecture of the measurement system. The psuedo code executed on the external PC
is shown in Algorithm 1. Tests that enabled 0% though 80% of the available FPGA resources, in
steps of 20%, at various frequencies were performed on both the Virtex-5 LX110T and Virtex-5

LX330.
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Algorithm 1 C program to send enable/disable commands to and log measurement data from

the FPGA.

Start

Initialize read and write UART ports

Initialize commands
while not end of test do

Write command to UART port
Read response from FPGA on UART port

Log data in file
end while
Close port
Exit

4.1.4 Current Measurement

R3

To FPGA Core Voltage

3 MQ
R1
+ v+
120 KQ
ouT
MCP 6321
R2

V-

0.0080 120KQ —
Digital Power ) To System
S | R6 Sense Resistor Monitor Vp/Vn
upply —
R4 < 3 MQ
5v
L

Figure 4.8: Difference Amplifier. The voltage across the sense resistor is amplified and provided as input to the

System Monitor on the Virtex-5 for conversion.

An indirect method was used to characterize the effect of workload variation on the mea-

surement obtained from the ring oscillator-based thermal monitor. Changes in power supply

current draw were used to track workload changes of the thermal testbench circuit. A sense

resistor of 0.008 ohms was connected in series with the power supply to help compute current

draw. A Microchip MCP6231 op-amp was used, as shown in Figure 4.8, to amplify the volt-

age across the sense resistor by a factor of 81. The amplified voltage was then provided to

the System Monitor’s internal Analog to Digital converter (ADC) via two external Virtex-5
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pins (Vp/Vn). The resulting 10-bit digital value from the ADC was then read by the UART
controller on the FPGA.
Once received by the ADC, Equation 4.1 was used to convert the analog voltage to a 10-bit

digital value [System Monitor (2011)].

Virpvn = Vin/ (977 % 107°) (4.1)

Where Vi, vy, is the analog to digital converted 10-bit value and Vj;, is the voltage applied
at the System Monitor Vp/Vn pins.
The calculation performed to obtain the current draw from the power supply is given by

Equation 4.2.

Inmeasured = (VVp/Vn/Gain)/Rsense (42)

Where Icqsured 18 the current drawn from the supply in amperes, Gain is the voltage gain
of the difference amplifier used (in this case Gain = 81), and Rsense is the value of the sense
resistor (0.008 ohms).

Chapter 5 describes how the measured current (I ,eqsured) Was used to compensate for
non-thermal effects of workload variations on the ring oscillator-based thermal monitor mea-
surements.

Figure 4.9 illustrates the architecture of the measurement setup after including supply
current measurement instrumentation to the architecture depicted in Figure 4.7. A snapshot

of the actual setup used for this work is shown in Figure 4.10.

4.2 Experimental Setup and Methodology

The design described in Section 4.1 was instantiated on two different FPGAs, the XC5VLX110T
residing on a Xilinx XUPV5-LX110T board [LX110T User Manual (2011)] and the XC5VLX330
residing on a Hitech Global TB-5V-LX330-DDR2-E board [LX330 User Manual (2008)]. Char-
acterization experiments were performed to correlate FPGA temperature, ring oscillator period,

and current draw of the FPGA. These three pieces of data were collected over a wide range
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Figure 4.10: Actual hardware setup.
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Table 4.2: Test Configurations. For each configuration, the following data was collected : 1) current from power
supply, 2) FPGA case temperatures from thermal probe, 3) ring oscillator count.

Percentage of chip enabled
Frequency(MHz)

0 20 40 60 80

50

100

150

200

of operating points. Table 4.2 provides these specific operating points, in terms of operating
frequency and logic resources.

A thermal probe was used to monitor the temperature of the FPGA case. This, as opposed
to using the Xilinx System Monitor [System Monitor (2011)], was used for FPGA temperature
monitoring due to an odd behavior of the System Monitor being observed at high temperatures.
This behavior is described in Chapter 6.

Relying on a surface mounted thermal probe to measure temperature instead of the System
Monitor was deemed reasonable based on the following analysis. The difference between the
Xilinx Virtex-5 FPGA junction and case temperatures is dictated by the junction-to-case ther-
mal resistance (0;.) of the chip, which is specified to be 0.10°C/W to 0.15°C/W in [Virtex-5
Packaging/Pinout Spec (2012)]. The maximum power consumed by the LX110T was 5W and
by the LX330 was 12W, which translates to a maximum temperature difference between the
case and junction of 0.75°C for the LX110T and 1.8°C for the L.X330. Given the temperature
ranges over which our experiments were performed, this maximum delta is acceptable.

These tests were performed to characterize the dependency of ring oscillator frequency on
workload variations for a range of temperatures. The test procedures for conducting these

experiments is as follows:

1. 0% utilization: The chip was heated to 80°C by enabling the maximum number of
workload units and with the assistance of an external heating source. A command was

then issued across the UART that disabled all the workload units, and data was collected
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as the chip cooled to its steady state temperature.

2. 80% utilization: The chip was cooled to a minimum steady state temperature by
disabling all workload units. Then a command was issued that enabled 80% of the

FPGA resources, and data was collected as the case temperature moved towards 80°C.

3. 20%, 40% & 60% utilization: These tests were run in two phases to collect data over
a wide temperature range. Phase 1 is identical to test procedure 1, except instead of
going to 0% FPGA utilization after reaching 80°C, the utilization was set to the target
utilization being tested. Phase 2 is identical to test procedure 2, except instead of going
from 0% to 80% utilization, the FPGA utilization was set from 0% utilization to the

target utilization being tested.

4.3 Results and Analysis

Figures 4.11(a) and 4.11(b) plot temperature versus thermal monitor count value for a
subset of the tests conducted (100MHz only). Figure 4.11(a) shows the response for the
XC5VLX110T FPGA, and Figure 4.11(b) shows the response for the XC5VLX330.

These graphs illustrate how workload variation impacts the relationship between the tem-
perature of the FPGA and the count of the thermal monitor (i.e. ring oscillator period). The
SS (Steady-State) Current indicates the current being drawn from the supply used to power the
FPGA board after running a particular configuration for about 15 minutes, and the AI value
indicates the total change in current from the supply while the workloads are in a particular
configuration, for the duration of the test.

The real significance of this data is that between different configurations, different ring
oscillator counts are obtained for the same temperature. For the LX110T, a change in current
pull of approximately 650mA between configurations 0% and 80% utilization causes a change
of around 300 in the count obtained from the ring oscillator. The slopes of Figures 4.11(a) give
a relation of ~4 counts per degree celcius. Assuming the 100MHz/0% utilization configuration
was used to calibrate the ring oscillator-based thermometer, a change of 300 counts translates

to a discrepancy of ~75°C in the estimated temperature. This emphasizes the necessity to
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compensate for the effect of workload variation. It should be noted that although the plot for
the XC5VLX330 shows measured values for the entire range, the plot for the XC5VLX110T

contains extrapolated values for temperatures greater than 60°C.
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Alternately, the collected data can be plotted to illustrate how the ring oscillator count
varies with current draw for constant values of temperature, shown in Figures 4.12(a) and
4.12(b). The points on each of the lines correspond to different configurations of the chip, from
0% utilization through 80% utilization in steps of 20%. The count values for both FPGAs show
a near linear variation with changes in current draw.

Since each line corresponds to a constant temperature, the dependence of count values
on current can be quantified. The average slopes obtained from Figures 4.12(a) and 4.12(b)
are 465.64 (Counts/A) for the LX110T and 4010.49 (Counts/A) for the LX330. Given ~4
counts/°C, this translates to a temperature error of ~1°C per 8.6mA of current change (relative
to a baseline workload configuration used to callibrate the ring oscillator-based thermometer)
for the LX110T, and given ~12 counts/°C this translates to a temperature error of ~1°C per
3mA of current change for the 1.X330. Thus changes in workloads executing on an FPGA can
have a large impact on a ring oscillator’s measurement of temperature.

The sensitivity of ring oscillator-based thermometer error due to current change appears
to be about 2.7 times greater for the LX330 because the Hitech Global board is powered off
of a 12V power supply, while the XUP-V5 board runs on a 5V power supply (a 2.4 factor
difference). Ideally current values should be measured directly from the 1V voltage regulator

supplying the FPGA’s core voltage.
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Current vs Count - XC5VLX110T @ 100MHz
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Figure 4.12: Current versus ring oscillator count data for utilizations from 0% through 80%. (a) shows current
vs count values for constant lines of temperature for LX110T. (b) shows current vs count values for constant
Ithough the lines in (b) appear close together, they are actually much farther
» a maximum difference of around 2700 in the count as compared to 300 in (a)
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CHAPTER 5. Mitigating Impacts of Workload-variation on Ring

Oscillator-based Thermometer Behavior

This chapter presents a technique to compensate for the impact of workload variation on
ring oscillator-based thermometers. An approach that exploits the observed linearity of the ring
oscillator-based thermometer response to FPGA current draw is described. The experiments
performed to validate the effectiveness of the approach are then described. A discussion of
the experimentation results obtained after applying this compensation technique concludes the

chapter.

5.1 Approach

The technique proposed in this section aims to compensate for the shifts occuring in the
thermal monitor response caused by workload variations. These shifts were characterized in
Figure 4.11. Figure 5.1 shows the expected result from the proposed compensation technique.
The goal is to obtain, for a given temeperature, the same count value irrespective of the FPGA’s
application mode. In other words, for a given temperature in Figures 4.11(a) and 4.11(b), the
count value measured should be independent of the FPGA workload. We assume the 0%
utilization configuration was used to callibrate the ring oscillator-based thermometer. The
remainder of this section derives compensation equations from the data obtained during the
characterization phase (Chapter 4).

The plots in Figures 4.12(a) and 4.12(b) show the variation of the ring oscillator counts
with respect to current draw of the chip for constant temperatures, thus the slopes of these
lines correlate changes in current draw to changes in count values (Slopecount per.amp). This

correlation was used to compensate for workload variation as follows. First the difference
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Figure 5.1: Workload-variation compensation. The plot on the left shows shifts in the counts received from the
thermal monitor due to changes in workload. The compensation technique in the middle makes use of the ring
oscillator frequency’s linear current dependence obtained in Figures 4.12(a) and 4.12(b) to correct the shifts.
The plot on the right shows the expected response of the thermal monitor after the compensation technique is
applied, with all workload configurations yielding the same response as the baseline configuration.

between the baselines configuration’s current draw (Ipgse_config) and the presently executing

configuration’s current draw (Ipeqsured) Was computed.

Al = Imeasu'red - Ibase-config (51)

For the LX110T chip, Ipgse config = 1.42A for the 100MHz/0% utilization configuration.
Then, using the data from Figure 4.12(a), the correlation between count values and current

draw (Slopecount_per_amp) allows us to compute the compensated count value (Ceomp) as:

Ccomp = Cheasured + (AI * Slopecount_per_amp) (52)

Where Cheqsured 18 the thermal monitor count for the configuration executing. For the
LX110T chip, the Slopecount_per_amp Was found to be 465 counts per ampere.

The following example shows how the set of equations above was used to obtain the Ciomp
values for a 100MHz/80% utilization: For the 100MHz/80% utilization, the measured current

value, Lneqsured = 2.044A. Using the Ipgse config value of 1.42A, we obtain the difference in

www.manharaa.com




32

100MHz - XC5VLX110T (compensation applied)

10490
10440
10390
10340
x 09
= 10290 %
3 % 20%
© 10240
. A 40%
10190 § m 60%
| + 80%
10140
10090 :
actual data %- SS =
10040 i Steady
ol State
45 50 55 60 65 70 75 80

Temperature (°Celcius)

Figure 5.2: Compensation applied on Figure 4.11(a). A single response line is obtained after applying the
compensation technique, giving a unique value of count at a given temperature in every mode.

current draw using Equation 5.1 as:

AT =2.044 — 1.42 = 0.624 (5.3)

Plugging this value in Equation 5.2 and using the thermal monitor count values Cy,eqsured
and the Slopecount_per.amp value of 465 for the LX110T, the compensated count values can be

obtained as follows.

C1comp = Cpeasured + (0-624 * 465) (54)

Therefore, for the 100MHz/80% configuration on the Virtex-5 LX110T, the compensated

count values are given by,

Ccomp = Cmeasured +290 (55)
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Figure 5.3: Comparison of compensated and uncompensated temperature estimates on LX110T.

5.2 Results and Analysis

Applying the compensation technique described in the previous section gives a temperature
versus thermal monitor count plot as shown in Figure 5.2. This plot shows as expected, that
the proposed technique compensates for the effect of FPGA workload variation on thermal
monitor response.

An experiment was also performed to evaluate the effectiveness of this approach in an envi-
ronment where over time the FPGA workload varies. During this experiment, the percentage
utilization of the LX110T FPGA was changed every minute while the system ran at a constant
frequency, and response count values were collected. The application was run using 4 different
utilizations as shown in Table 5.1.

The data obtained after running this experiment is shown in Figure 5.3, which compares
the following over time: 1) the temperature from the thermal probe mounted on the FPGA

(Probe Temp), 2) the temperature estimate from the uncompensated counts obtained during
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Table 5.1: Compensation test table.

Time(minutes) | % Utilization
0-1 80
1-2 40
2-3 60
3-4 20

the characterization phase (Uncomp Temp), and 3) the temperature estimates obtained after
applying the compensation technique (Comp Temp). To obtain the temperature values for the
Uncomp Temp plot, the count values obtained in Figure 4.11(a) were plugged into the straight
line equation of the baseline 0% utilization configuration, since that is used to calibrate the
thermomter. To obtain the workload-compensated temperature estimates, the compensated
count values were plugged into the straight line equation for the baseline configuration.
Figure 5.4(a) shows the error (in °C) in temperature values estimated using the uncom-
pensated counts from the thermal probe-measured temperatures, and Figure 5.4(b) shows the
error (in °C) in temperature values estimated using the compensated counts from the ther-
mal probe-measured temperatures. It is evident from the plots that greater utilizations of the
chip result in larger errors in estimated temperatures. Before compensation, the 100MHz/80%
utlization configuration on the Virtex-5 LX110T gives a maximum error of 74°C in the esti-
mated temperature. This is understandable since the current draw is the maximum for this

configuration. After applying the compensation technique, this error is reduced to 2°C.
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Error values in workload-variation uncompensated temperature estimates

8 ; . . i
70 5 | |
80% utilization 40% utilization ; 60% utilization i 20% utilization i

100MHz 100MHz ; 100MHz ; 100MHz :

60 | : :
50 5 / t i

Error (°C)

30 é
20 ;
¢ i \_‘/0—0
o s e
o : :
0 0.5 1 15 2 25 3 35 4 4.5
Time (minutes)
(a)
Error values in workload-variation compensated temperature estimates
80
70
60
50
o
1
= 40
2
w
30 : - 7 T
80% utilization | 40% utilization ! 60%utilization |  20%utilization !
100MHz ; 100MHz : 100MHz ! 100MHz !
20 ; : : :
10 ; ; ' '
oo _| . . . :
0 o > — * ———————
0 0.5 1 15 2 2.5 3 35 4 4.5
Time (minutes)

(b)

e measurement between a) uncompensated estimates and the thermal probe,
1d the thermal probe, for various workload configurations.
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CHAPTER 6. Unexpected System Monitor Behavior

This chapter describes an odd behavior observed when using the Xilinx System Monitor for
measuring high temperatures on two Xilinx Virtex-5 FPGAs. It compares the temperatures
obtained from the System Monitor to those obtained using a thermal probe kept in contact
with the FPGA case. Rationale on why the case temperature can be relied to question the
validity of the System Monitor reported temperature is also provided.

Figures 6.1(a) and 6.1(b) show the steady state temperatures for different configurations of
workloads running at a frequency of 100MHz on two chips, the Xilinx XC5VLX50T and the
XC5VLX110T respectively. The two plots show the temperatures as reported by the System
Monitor (junction temperature) and by a temperature probe contacting the top center of the
device (case temperature). It was observed that the steady state temperatures as reported by
the System Monitor were higher than that obtained from the thermal probe, and this difference
increased with the FPGA temperature.

Examining the plot for the XC5VLX50T (Figure 6.1(a)) shows when 0% of the chip was
enabled that the System Monitor reported the temperature as 43.5°C, while the thermal probe
reported 39.7°C (a difference of 3.8°C). This was within the range of error for System Monitor
measurements (4°C), as specified in [System Monitor (2011)]. However, as the temperature
of the FPGA increased, the temperature reported by the System Monitor rose much faster
than that reported by the thermal probe. At 80% utilization, a steady state temperature of
60.5°C was given by the System Monitor, while the probe measured the case temperature as
47.8°C, a difference of 12.7°C. For the XC5VLX110T FPGA (Figure 6.1(b)), this difference
was even larger at higher temperatures. For this chip, at 0% utilization, the difference between
System Monitor and probe temperatures was 3.2°C (System Monitor showing 48.5°C and probe

showing 45.3°C) and at 80% utilization was 20.3°C (System Monitor showing 85.5°C and probe
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showing 65.2°C).

A temperature difference between the System Monitor and probe is to be expected based
on the thermal resistance between the junction and case, denoted by 8j.. 0. is specified to
be 0.10°C/W to 0.15°C/W for the Virtex-5 FPGA in [Virtex-5 User Guide (2012)]. Given the
maximum power utilized by either of these chips was 5W for these experiments, the thermal
resistance only accounts for a maximum expected error of 0.75°C. Thus, the temperature
deviations of 12.7°C and 20.3°C are significantly larger than expected. Potential reasons for

this unexpected behavior are still under investigation.
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CHAPTER 7. Conclusions and Future Work

This work has described a technique to mitigate the impact of workload variation on ring
oscillator-based thermometers. First, a method to characterize the effects of workload variation
on ring oscillator frequency response has been proposed and implemented. Temperature and
current related data for two Xilinx Virtex-5 FPGAs was obtained at frequencies of 50MHz,
100MHz, 150MHz and 200MHz, and at resource utilizations of 0%, 20%, 40%, 60% and 80%.
A ring oscillator-based thermal monitor and a flexible thermal bechmark circuit have been
designed and deployed on the two Xilinx FPGAs to obtain characterization data. A mechanism
to measure the current draw from the power supply has also been described. A complete
hardware-software solution was developed to log measurement data from the FPGA to an off-
chip computer in real time. On the Virtex-5 LX110T FPGA, workload variation dependence of
the ring oscillator-based thermometer resulted in ~1°C error in estimated temperature for every
8.6mA change in current draw of the FPGA. The maximum error in estimated temperature on
this device was observed to be 74°C.

The characterization results were used to derive a set of equations that compensated for the
non-ideal effects of workload variation on ring oscillator response. The compensation technique
reduced the maximum error in temperature estimates from 74°C to 2°C.

Lastly, an unexpected behavior when using the Xilinx System Monitor at high on-chip tem-
peratures has been discussed. When measuring high temperatures, a maximum temperature
difference of 20.3°C is observed between the System Monitor reported temperature and the
temperature obtained from a case-mounted thermal probe.

Future work in this area includes: 1) placing the ring oscillator in different locations of the
FPGA to characterize the impact of process variations within the FPGA on a ring oscillator-

based thermometer, 2) measuring voltage variations directly across the voltage regulator used
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to power the FPGA to obtain direct characterization of voltage variation-induced effects on ring
oscillator-based thermometers, and 3) characterizing the impact of hard blocks (such as Block

RAMs, DSPs, Embedded Processors, etc.) present on the FPGA and external I/O peripherals

present on the board, on ring oscillator frequencies.
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