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Chapter 1: Introduction

1.1 Motivation

Starting from 2300 transistors on a chip in 1971 by INTEL to 192 billion transistors on a single chip by AMD
in 2017, the technology has grown faster than expected and so did the leakage currents and power
consumption on these chips. These modern systems tend to have a behavior similar to positive feedback
i.e. leakage currents increase heat dissipation, increasing the temperature of the chip which in turn
exponentially increases leakage current. In a recent report it was reported by intel [1], that for every 15
°Crise in temperature delay will be increased by approximately 10% - 15%.

On-chip temperature monitoring has become inevitable in the current scenario when chips are running
at exceptionally high frequencies dissipating lots of heat to chip vicinity, which creates performance and
reliability issues in the microprocessor. In DRAMs, the self-refresh rate is dependent upon current die
temperature. On-chip temperature sensors provide critical feedback to the dynamic voltage and
frequency scaling blocks that are implemented to prevent excessive chip heating which can destroy the
device or-reduce the expected lifetime. Multiple small temperature sensors are distributed throughout
the chip at expected hotspots to monitor on die temperature, in applications where excessive heating of
chip is of concern.
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Fig. 1.1 Recent trend showing the number of on-chip temperature sensors in SoC. [3]

There are three basic requirements for designing a temperature sensor:

1. Sensors need to be small and compact. The increasing level of integration on a chip increases the
number of hotspots in the chip, also the location of these hotspots cannot be predicted so as to
incorporate as many as sensors in the chip.

2. The calibration cost of sensors should be low while their accuracy should be considerably high.

3. The sensors should work properly at low supply voltages (Vop) and should be immune to supply
voltage variations. In most of the digital circuits, these sensors are powered by local(logic) supply
voltage which is very noisy due to continuous switching.



1.2 Literature Review

There are several methods by which these temperature sensors can be realized. Different authors used
different approaches depending upon their requirements of the area, power consumption, sensitivity,
and output [2] - [4]. There are only two device parameters which are extensively dependent on
temperature i.e. threshold voltage (V1) and mobility (). Temperature information is converted in the
form of voltage, frequency or current by exploiting the Vy and p or sometimes thermal voltage (V+) in a
circuit. In [2], a wilder architecture based temperature sensor is presented which uses Vr as temperature
dependent parameter. The temperature sensor shows a sensitivity of -1.12 mV/ °C. The maximum INL
temperature error over a temperature range of 120 °C is about 0.4 °C. The threshold voltage change with
temperature is governed by the equation of V4 in BSIM model which is very linear. The very small non-
linearity in the simulated results are because of the finite output impedance of the MOS transistor due to
which threshold voltage can be expressed at output solely.

Vop

M4 }o———c{ M5
1:M

> Vour

M3

Vss

Fig. 1.2 Schematic of Inverse welder based temperature sensor circuit. [2]

The circuit diagram is shown in Fig 1.2, Vour is found to be proportional to the threshold voltage of
transistor M1 and is given by the equation (1). It is quite apparent from this expression that Vour depends
linearly on threshold voltage (V) and is independent of supply voltage(Voo).

(1)




These models show Vpp independency only when Vpp is high and all the transistors are working in
saturation mode hence area and power consumption of these architectures is quite high. This design
acquires an area of 328.6 um?and the total power consumption is 103 uW at a supply voltage of 1.8 V. In
order to eliminate an undesired stable operating point a start-up circuit is required in this design to. In [3]
temperature sensors based on Vpp- compensated proportional to absolute temperature (PTAT) and
complementary to absolute temperature (CTAT) are proposed and shown in Fig 1.3.
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Fig. 1.3 (a) Basic structure showing front end design to find Vprar and Vcrar. The implemented structures of the (b) accuracy-
optimized, (c) accuracy-area-balanced, and (d) area-optimized front ends. [3]

In the circuit of Fig. 1.3 (a), M2 and M4 are NMOS transistors with nearly zero Vry so that they can be
activated with gate and source shorted. M1 and M3 are thin-oxide, High- Vs NMOS transistors that are
configured as diodes. M2 is sized larger than M1, and M4 smaller than M3, to generate Verar and Vcrar,
respectively. The difference of Verarand Vcrar is used to measure temperature in the back-end-read-out
circuits shared across front ends. The equation for Verar can be derived by simply equating the current
flowing through M1 and M2. Since both the transistors are in the deep subthreshold region (M1 due to
high Vry and M2 due to shorted gate and source), subthreshold current equations can be applied on both
the transistors and then equated and solved for Vprar as shown below.
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The fact to be noted here is that the offset term in equation (3) itself contains V4 term which will cause
nonlinearity even in the differential readout of Verar and Vcrar. The measurement results of 400 um? front



end show a worst-case error of 5.4 °C across 64 instances. The circuit consumes 0.85 uW of power for the
front end design and a total of 0.36 mW power including the readout circuitry. This sensor technique
requires additional ADC to convert the analog voltage to equivalent digital temperature data. This design
is also affected by local process variations in differential read-out mechanism.

One of the major concerns with these analog designs is their large area and current to be accompanied
by digital circuits working on low supply voltages. To overcome this problem, Ring Oscillator (RO) based
designs with transistors working in the deep subthreshold region were proposed. The additional
advantage of this approach is that along with temperature these can be tuned to sense process variations
as well. In [4] a Ring oscillator based temperature sensor is proposed which doesn’t require a reference
clock and has reduced supply sensitivity. This sensor harvests the Vry dependency of VCO frequency and
converts temperature into the frequency and then into digital data for further processing. The sensor
works with the supply voltage varying from 0.85 V to 1.05 V with a supply sensitivity of 0.034 °C/mV. The
basic working architecture is shown in Fig 1.4 below.
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Fig. 1.4 (a) Basic architecture of the proposed temperature sensor. (b) The phase versus time plot showing division concept in
the proposed architecture. [4]

Two RO chains with different V1 sensitivities are used such that the frequencies of both RO chains have
different CTAT slopes with temperature. Their frequencies are accumulated and divided such that the
ratio of Fycor and Fycoz is PTAT. The ratio Fycoi/Fvcoz is independent of u and only dependent on Vi,
although Fyco: and Fycoz individually are dependent on both p and V4. The frequency ratio is given by
equation (4).

FVCOl (VDD w VTHl) CLZ (4)

FVCOZ (VDD L VTHZ) CL1

Reverse short channel effect is leveraged to create the required threshold voltage difference between the
transistors used in the delay cells of VCO1 and VCO2. Transistors in VCO2 have longer channel lengths as
compared to the transistors in VCO1. The advantages of this approach over other previous approaches
are that it is a complete digital technique ready to be operated even with logic supply voltage. These RO
based sensors don’t require a clock or bandgap reference. Also, the sensor can be made insensitive to
supply variations by trimming junction capacitance of inverter. The layout of this design occupied an active
die area of 0.004 mm? in 65 nm CMOS technology. The peak to peak nonlinearity with and without
polynomial correction is £ 0.9 °C and 2.3 °C, respectively, over a temperature range from 0 °C to 100 °C.



Chapter 2: Proposed Approach

2.1 Temperature Sensor Concept

In the proposed approach RO chain works as a temperature sensing element. Change in the temperature
near this sensing element changes the Vry and p of the NMOS and PMOS embedded in each delay stage
of RO chain. Changed Vtu and p changes the current which charges and discharges the load which in turn
changes the oscillation frequency of RO. Mathematically the frequency of an RO (Fgo), to the first order
approximations, can be easily expressed by the simple equation as

w
4 N COXT(VDD = VTH)Z
FRO a § 5 (1)
Vpp(1 —gl Vpp)Cy

Here p is mobility of electrons/holes, W and L are the width and length of the MOS transistors, Cox is the
gate-oxide capacitance, Vpp is the supply voltage, Vru is the average threshold voltage of NMOS and PMOS
transistors used in the single delay stage, A is the channel length modulation parameter and C, is the load
capacitance of single delay stage.

Mobility and threshold voltage have CTAT and PTAT temperature dependency respectively, which can be
expressed as

(2)

(Temp>_”
papy T,
Vru = Vrao — k(Temp — Ty)

Where L, is the mobility at room temperature, p is a fitting parameter generally in the range of 1.2 to 2.0,
and k is approximately in the range of 1-3 mV/ °C.
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Fig. 2.1 (a) Frequency of RO1(Fgro1) and RO2(Fgoz) versus temperature. (b) The ratio of the frequency of RO1 over frequency of
RO2 (Fro1/Froz) versus temperature.



A single RO is sufficient to measure temperature changes through its frequency but this CTAT curve is not
very linear because Fro is simultaneously dependent on u as well as Vru. Thus one of the dependencies
needs to be removed from the Fgro equation, which can be easily done by taking the ratio of two RO
frequencies. From the equations of pw and Vyy, it can be noted that 1 has a CTAT relation with temperature
while V14 has a PTAT relation. So the temperature sensitivity of an RO can be modified by either changing
the mobility or threshold voltage. Since we cannot control mobility directly, Viu is used to create
temperature sensitivity difference.

The proposed temperature sensor architecture has a single RO chain having 17 stages of configurable
delay stages. These delay stages are designed such that they can show two different kinds of delays
depending upon the status of the select signal. So two different kinds of frequencies i.e. Fro1 and Froz can
be obtained from single RO chain multiplexed in time with select signal. The difference in sensitivity is
created using two different inverters having different threshold voltages. Inverter stages which are
producing Fro: have high threshold voltage compared to inverter stages which produce Fgroz. As a result,
RO2 frequency is more dependent on the effect of mobility variation due to temperature compared to
RO1 frequency. Consequently, the frequency versus temperature plot of RO2 has a steeper slope as
compared to RO1 in Fig. 2.1(a).

FROl (VDD . VTHl) CLZ

a (3)
Froz  (Vpp — Vruz) Cia

The ratio of frequencies of RO1 and RO2 [Fro1/Froz2] shows the desired PTAT characteristic as in Fig. 2.1(b)
and depicted from equation (3). This ratio can be digitized with the help of digital logic to obtain the digital
output carrying the temperature information.
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Fig. 2.2 (a) Effects of channel length on threshold voltage due to short channel effects. (b) Effects of channel length on
threshold voltage due to reverse short channel effects.



As the channel length of a transistor decreases, short channel effects reduces its threshold voltage (refer
Fig. 2.1). On the other hand, in case of reverse short channel effect threshold voltage increases as the
channel length decreases (refer Fig. 2.2). Since in our technology node i.e. 65 nm RSCE is present therefore
we use it to create the threshold voltage difference. RSCE is dominant in 65 nm technology node and is
therefore leveraged to create threshold voltage difference between two transistors by increasing the
channel length of one transistor compared to other. In advanced technology nodes in which RSCE is no
longer present, two different types of transistors should be used to create the required threshold voltage
difference.

In this work, we have used longer channel length transistors in RO2 as 600 nm and 200 nm channel length
in RO1 to induce a threshold voltage difference of about 27 mV in NMOS transistors and 19 mV in PMOS
transistors.

2.2 Supply Voltage Variations Sensitivity

One of the key features of the on-chip temperature sensor is that it should be insensitive to supply voltage
variations. Since in a single chip there are numerous sensors placed so in order to reduce the overhead
associated with the routing of separate dedicated power supply, a sensor should be able to operate from
the logic supply voltage. However, because of the presence of DVS in modern processors and high
switching there tend to be low average voltage and fluctuating supply respectively. Therefore, a sensor
should be independent of supply voltage variations.

As stated earlier the frequency of a ring oscillator (RO) is given by equation (4) below, using which ratio

1 4 uCoxW/L(Vpp — Vr)? (4)
3 5
VDD (1 | EA'VDD) CL

of the frequencies of two RO chains can be expressed by equation (5) —

Fro1  (Vpp — V) “Cz (5)
o a
Froz (Voo — Vrn2)“Cpy

Here Vru1 and Vrwz are threshold voltages of transistors in RO1 and RO2, Ci; and Cy; are load capacitances
of the delay stages in RO1 and RO2, and a is from the a-power law model [1]. It is quite clear from
equation (5) the frequency ratio Fro1/Fro2 is dependent on the supply voltage.

The load capacitance C, of an inverting stage (delay cell) consists of gate-to-source capacitance (Cgs) of
next stage, gate-to-drain capacitance (Cep) of next stage, wire capacitance (Cw) and drain-to-bulk
capacitance (Cps) of same stage [6]. Here Cpg is the reverse biased PN junction which reduces when the
reverse bias voltage across the PN junction increases as shown in Fig. 2.3. Since body is tied to ground and
Voo in NMOS and PMOS respectively, so effectively it is the drain voltage which is going to affect this
capacitance.



Fig. 2.3. Drain to body junction capacitance (Cpg) versus reverse bias voltage.

After simplification of equation (5) a new equation (6) is obtained which has two terms. The First term
which is inside the square brackets, shows a positive dependency on supply voltage i.e. Fro1/Froz increases
as the supply voltage increases as shown in Fig. 2.4(a).

Fro1 AV, Co

x[1- — (6)
Fro2 Vop = Vmw ™ Cua
C AY
ﬁoc[1+—]0-5 (7)
Ci1 Vpp + ¥

The second term is ratio Ci»/Ci1 which shows a negative sensitivity to supply voltage given by equation (7)
and illustrated by Fig. 2.4(a), considering that Cpg is dominant in load capacitance C, in a delay stage. So if
load capacitance C, is changed by changing Cps such that it cancels out the effect of the first term then
frequency ratio Fro1/Fro2 can be obtained as independent of supply voltage as shown in Fig. 2.4(b).
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first term in equation (6).
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Fig. 2.5. Block diagram representation of proposed temperature sensor.

In the proposed sensor architecture, a single delay cell is designed such that the Cpg dominates among all
the capacitances contributing in the total load capacitance. The size of the transistors in load stage is
chosen such that the effective Cpg and hence Ci,/Ci1 due to cancels out the supply sensitivity of the first
term in equation (3). Consequently, the ratio Froi/Fro2 becomes more tolerant to variations in the supply
voltage.

The proposed circuit is shown in Fig. 2.5, in this circuit, when RO1 behaves as an inverter, RO2 behaves as
a dummy load in each stage of RO chain, such that its effective load capacitance is increased. Since we
have to increase the ratio Ci»/Ci1 to cancel the effect of the first term of equation (3), that is why the
dummy load is added in Fgro, chain only. The drain-to-body capacitance (Cps) is directly proportional to
width (W) of the transistor thus increasing the width (W) of dummy NMOS and PMOS increases Ci»/Cu1
factor and supply sensitivity seems to be decreasing. When RO2 acts as inverter RO1 acts as inverter but
since its size is very less compared to RO2, it doesn’t have any significant load characteristics for RO2.

2.3 Sensor Architecture

The proposed temperature sensor uses a single RO chain instead of two separate ROs, to create two
different frequencies. This RO consists of 17 stages of reconfigurable delay cells such that they produce
one frequency, Fro; when the select line is low and second frequency (Fro1) when the select line is high.
2x1 MUXs designed using pass transistors are used to let the structure switch between inverter or load.
The proposed sensor converts temperature information to the frequency and the digitized frequency ratio
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provides temperature information in digital bits. The oscillation frequency of CMOS ring oscillators (RO)
is dependent upon temperature through mobility (1) and threshold voltage (V1) variations of transistors.
A division operation will be carried out on Fro1 and Fgoz in a time multiplexed fashion.

As shown in Fig. 2.6 MUX1 & MUX2 have a common select line, so when select line S is given logic zero,
transistors M1 and M2 receive a common signal i.e. Input and this structure behaves as simple inverter.
At the same time, MUX3 & MUX4 pass Vop & GND to transistors M3 & M4 respectively because of which
they are turned off and behave as the load on M1 and M2.

When S is switched to logic one, M1 and M2 receive Vpp & GND respectively and behave as the load to
M3 & M4 which in turn are now working as normal inverter since MUX3 & MUX4 pass input to both the
transistors.

M2

=

)

Fig. 2.6. Circuit diagram of a single delay cell of the proposed approach.

Temperature sensitivities have been modified by changing the length of transistors M1 & M2 from M3 &
M4. M1 and M2 have aspect ratio, W/L = 400nm/200nm and 200nm/200nm respectively while M3 & M4
have aspect ratio W/L = 9um/0.06um & W/L = 9um/0.06um respectively. The number of the stages are
same i.e. 17 for both the cases of select line. Fro1 has high value and steep slope because a large amount
of current flowing through M3 & M4 charges and discharges a small load of M1 and & M2 compared to
Fro2 Where a small amount of current flowing through weak M1 & M2 charges and discharges a strong
load of M3 & M4. Thus Fgo1 is quite higher than Fro, and hence temperature sensitivity of design is
0.0048/°C, which is much better compared to supply sensitivity of [4], i.e. 0.0017/°C.

The advantage of this technique over the previous [4] is based on the basic architecture only. Since there
is only one RO chain in this model there are no inter-RO process and mismatch variations in mobility ()
and threshold voltage. Only with-in RO variations are present among different inverters in the same RO
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chain. Also, we require load stage to balance supply sensitivity, so we are using it to create frequency as
well. In this model frequency ratio does not depend on the number of stages, it remains constant for any
number of stages while in [4] frequency ratio depends on the number of stages in chain 1 and 2. Due to
spatial correlation, intra-RO process and mismatch variations are also minimized in this approach.
Although a single delay cell here occupies more area compared to that of [4], but in terms of application
and scalability this approach is more area efficient. For example, to reduce the frequency by half then 16
stages should be added in the existing design, while in [4] you need to increase 34 stages in chain 1 and
66 stages in chain 2, i.e. 100 stages in total to keep frequency ratio constant. Thus overall this approach
solves quite a few architectural level problem of design in [4].

2.4 Summary

In this chapter a new model is proposed for sensing temperature. Although the concept of this design is
same to what is mentioned in [4], but the architecture of our design is a bit different from [4]. In our model
a single delay cell is used to generate two different frequencies on same output pin. A select line is used
to switch between both the frequencies. The design is also made insensitive to supply variations by
balancing the load capacitance with Vpp dependence of frequency ratio. The design used multiplexers for
switching between frequencies. These multiplexers are designed using the pass transistors logic and
minimum dimensions so as not to load the input much.

11



Chapter: 3 Simulation Results

3.1 Post Layout Simulations

Layout for the proposed temperature sensor is made in a 65 nm CMOS technology node and is simulated
post layout. The model operates with temperature varying from 0-100 °C and a supply voltage range of
0.85 V to 1.05 V (200 mV). All the simulations are done at a supply voltage of 1.0 V and temperature of 30
°C unless otherwise stated. The sensor occupies a total area of 0.00053 mm?, as shown in the layout in
Fig. 3.1(a). The transient response of the sensor is shown in Fig. 3.1(b). When transiting from high
frequency to low frequency, this technique takes some time to settle down the output to the low
frequency.
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Fig. 3.1. (b) Transient response of the proposed design.
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The temperature sensitivity of Fro1 and Fro; is plotted in Fig. 3.2(a) and (b) respectively. Fro1 varies from
86 MHz to 79.1 MHz having a slope of =69 KHz/°C for a temperature variation of 0 °C to 100 °C. Fgo; varies
from 24.66 MHz to 19.93 MHz with a slope of approximately —47.3 KHz/°C for a temperature change from
0 °Cto 100 °C. As described earlier, the negative slope of RO1 is steeper compared to the negative slope
of RO2 because of the aspect ratio and hence strength of transistors in the inverter of RO1 are much

higher compared to that of RO1. The ratio of frequencies of two ROs i.e. Froi/Fro2 has the PTAT
characteristics, as shown in Fig. 3.2(c).
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Fig. 3.2 (a) Simulated RO1 frequency (Fro1) versus temperature. (b) Simulated RO2 frequency (Fro2) versus temperature. (c)
Simulated frequency ratio of RO1 frequency over RO2 frequency (Fro1/Froz2) versus temperature.

The errors in temperature linearity of the proposed sensor with TPC is shown in Fig. 3.3. With two-point

calibration, at 30 °C, the peak-to-peak nonlinearity is 2.87 °C, without polynomial correction over a
temperature range of 0 °C to 100 °C.

13



Error [*C]

0 10 20 30 40 50 60 70 80 90 100

Temperature [°C]

Fig. 3.3 Non-linearity in frequency ratio versus temperature expressed in terms of error in temperature after two-point
calibration at 0 °C and 100 °C.

The supply sensitivity of Fro1 and Froz is plotted in Fig. 3.4(a) and (b) respectively. RO1 frequency shows a
variation from 61.21 MHz to 90.22 MHz having a slope of 145.05 KHz/mV for a supply voltage range of
0.85V to 1.05 V (200 mV). RO2 frequency shows a variation from 16.7 MHz to 24.9 MHz having a slope of
41 KHz/mV for a supply voltage range of 0.85 V to 1.05 V (200 mV). The sensitivity of load capacitance
(Coe) of RO2 to supply voltage helps to match the supply sensitivity of the two oscillators. The error in
frequency ration of sensor due to supply voltage variation was simulated at 30 °C, and the results are
shown in Fig. 3.5(b). For these measurements, the supply voltage was varied by 200 mV, ranging from
0.85V to 1.05 V. At 30 °C, the measured peak-to-peak variation is 6.55 °C for 200 mV of DC supply voltage
variation, which is equivalent to a supply sensitivity of 0.032 °C/mV. In the current implementation, the
junction capacitance (Cps) is fixed, which resulted in limited supply noise cancellation. However, if this
capacitance is balanced depending on the operating supply voltage, supply sensitivity can further be
reduced over a range of temperature and across process corner.
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Fig. 3.4 (a) Simulated RO1 frequency (FRO1) versus supply. (b) Simulated RO1 frequency (FRO1) versus supply.
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Fig. 3.5 (a) Simulated frequency ratio of RO1 frequency and RO2 frequency (Fro1/Froz) versus supply. (b) Simulated
temperature sensor error versus supply voltage at 30 °C.

In order to check for process and mismatch variations 1000 Monte Carlo simulations were performed on
the design with only mobility (i) variations and keeping threshold voltage (V1) and other parameter
variations constant. Simulation is done around the typical corner (TT) at 30 °C for 100 ns transient time to

find Fro1, Fro2, and Froi/Fro2. Histogram resulted from Monte Carlo simulations for Froi/Froz is shown in
Fig. 3.6.
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Fig. 3.6 Frequency ratio sensitivity with 1000 Monte Carlo Simulations at TT corner at 30°C with mobility variations.

15



3.2 Comparison Table

This Work JSSC’16 [4]
Technology 65 nm 65 nm
Type MOSFET MOSFET
Area [mm?] 0.00053 0.00014
Supply [V] 0.85-1.05 0.85-1.05
Power 180 pW @ 1V 154 pW @ 1V
External Clock Reference YES NO
Supply Regulator NO NO
Temperature Range [°C] 0-100°C 0-100°C
Calibration 2-point 2-point

Temperature Sensitivity

[1/°]

0.0048 /°C @ 1V

0.0017 /°C @ 1V

Temperature Inaccuracy
(w/o correction)

287°C@ 1V

6.47°C@ 1V

(due to mismatch)

Supply Sensitivity [°C/mV] 0.032 °C/mV @ 30°C 0.055 °C/mV @ 30°C
Supply Inaccuracy 6.55 °C 11.07 °C
Temperature Error 2.6°C 4.43 °C

Table 3.1 Performance comparison of the proposed temperature sensor with reference paper [4].

3.3Summary

Layout for the proposed design was made in 65 nm CMOS technology and post-layout simulations were
done to extract temperature and supply sensitivities as shown. The layout occupied an active area of
0.00053 mm?. The temperature and supply sensitivities of our design are better than that of design in [4],
which is also made in 65 nm CMOS technology node. Linearity error in temperature is calculated using
two-point calibration and Monte Carlo simulation were run at TT corner to study the effects on frequency
ratio due with-in die process variations in mobility. The power consumption in case of our design is nearly

equal to the power consumption in [4].
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Chapter 4: Dynamic Voltage Scaling Through Die Temperature Feedback

Dynamic voltage scaling is a technique in which the supply voltage of a system is dynamically varied
depending upon some feedback from a system such that system temperature and power consumptions
are within a certain limit. In this design, the temperature is used as the feedback to scale supply voltage
of FPGA peripherals, so as to limit the die temperature from going beyond a limit of 40 °C.

4.1 System Level Implementation

Dynamic Voltage Scaling is implemented on a VC707 evaluation board which has the XC7VX485T-2 FPGA
on it. The block diagram of the circuit that is used to dynamically scale the voltage of the FPGA is shown
in Fig. 4.1. Different parts of the block diagram are PicoBlaze, pre-programmed ROM, Interrupt controller,
XADC, adders, multiplexer, demultiplexer, deciding logic, power regulator and PMBus controller. The
supply voltage is regulated by the power regulator depending on the commands coming from the
PicoBlaze through the PMBus. These commands are generated based on the die temperature, calculated
using ADC and interrupt controller. This forms the closed loop configuration in which the voltage is
controlled by the feedback from the die temperature.

I
2
in_port o
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=
Y 1 read_adc
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Block / ‘ port_id Interrupt | ISR | Deciding i
PicoBlaze ol > * ol
ROM |instructi: n Interruptd Adk ontroller ogic "l
temperature
1
@
x
out_port % control_signal
Sl '
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E- PMBus
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D L
PMBus Controller
7y
¥
Voltage
Regulator

Fig. 4.1 System level implementation of Dynamic Voltage Scaling.
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4.2 PicoBlaze

PicoBlaze is an 8-bit RISC microcontrollerimplemented as a soft macro for use in FPGA’s. It can be included
one or more times in any of the Virtex-6, Spartan-6, 7-series or Zynq designs. It uses a block memory and
26 logic slices. The main advantage of using a PicoBlaze in any design is that hardware is parallel and
processors are sequential. Hence implementing a processor is very much useful when a large number of
states are to be achieved in a particular sequential order. This is also useful to time-share hardware
resources when there are several other slower tasks to be performed.

The PicoBlaze processor can execute any program of up to a maximum of 4K instructions. Every instruction
in PicoBlaze takes 2 clock cycles to execute and every instruction is 18-bit long. This makes the flow of the
program very predictable and the time to calculate the completion of a routine can be easily estimated.
There are a total of 68 opcodes which are used in PicoBlaze. The maximum clock frequency is device
dependent. A maximum clock frequency of 238 MHz is achieved in the Kintex-7(-3 speed grade) device.
The block diagram of PicoBlaze is shown in Fig. 4.2.

PicoBlaze has 2 banks of 16 general purpose registers. These can be used to manipulate the flow of 8-bit
data. The ALU (Arithmetic and Logical Unit) provides all the basic comprehensive set of instructions for
performing AND, OR, ADD, SUB, left shift, right shift, rotate, TEST, COMPARE. The instructions JUMP, CALL,
RETURN control the flow of the execution.

The other advantages of using a microcontroller within the FPGA fabric over other FPGA’s like Zyng which
have a full-fledged microprocessor is that it avoids the complex ways of communicating between the
processor and the FPGA fabric. The PicoBlaze is instantiated as a module and hence the communication
is simplified by using the output pins as a wire.
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Fig. 4.2 Block diagram of PicoBlaze.
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The sequential program to be run on PicoBlaze is written in assembly language and stored in a file with “.
psm” extension. This program is compiled using an assembler to generate the Verilog or VHDL file which
contains the instructions to be stored in ROM (Read Only Memory) and can be used directly in the top-
level implementation of the design. This Verilog or VHDL module is interfaced with the PicoBlaze module
and the instructions are read from this ROM during the execution of the design.

The PicoBlaze microcontroller using the OUTPUT instruction can output 8-bit values to up to 256 general
purpose output ports. This is implemented using port_id to which the output port is written and the data
is written to the out_port. The write_strobe signal is set high when writing data to an output port.
Similarly, the input is taken from the INPUT instruction by writing the input port to port_id and taking the
input in the in_port.

The PicoBlaze microcontroller also has an optional interrupt input which allows for handling external
events asynchronously. The Interrupt Service Routine (ISR) is called within five clock cycles. The
interrupt_ack pin is set high to acknowledge that the interrupt is received properly and being serviced.

4.3 Power Rails

Dynamic Voltage Scaling is done on a VC707 evaluation board which has a Virtex-7 XC7VX485T-2 FPGA on
it. There are several power rails present on this board that supply power to various parts such as the FPGA
core, /0, etc. The voltage to the FPGA core is supplied through the power rail named VCCINT. Changing
the value of VCCINT changes the voltage supplied to the FPGA which in turn changes the temperature of
the die of FPGA. The main supply to the VC707 board is a 12V external supply. The supply to the power
rail VCCINT is adjusted using a switching regulator PTDO8A020W present on the board. This switching
regulator is controlled by UCD9248 PMBus controller from Texas Instruments present on the board. Table
4.1 shows all the power rails that can be controlled using three UCD9248 PMBus controllers and the
addresses of the PMBus at which these controllers can be accessed.

Rail number Rail name Nominal
voltage(V)
UCD9248 Power Rail #1 VCCINT 1
Controller at Rail #2 VCCAUX 1.8
Address 52 Rail #3 VCC3v3 33
Rail #4 VADI 1.8
UCD9248 Power Rail #1 VCC2V5 2.5
Controller at Rail #2 VCC1V5 15
Address 53 Rail #3 MGTAVCC 1
Rail #4 MGTAVTT 1.2
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UCD9248 Power Rail #1 VCCAUX_IO 2

Controller at Rail #2 VCC_BRAM 1
Address 54 Rail #3 MGTVCCAUX 1.8
Rail #4 VCC1v8 1.8

Table 4.1 Different Power rails connected to PMBus Controllers.

4.4 PMBus

I12C bus (Inter-Integrated Circuit) is a packet switched, multi-master, multi-slave serial bus. The
communication in 12C occurs through two wires namely SCL (Serial Clock) and SDA (Serial Data) which are
pulled up to Vcc through a resistor. The current bus master generates the clock signal and the data is
sampled by the slave devices at the positive edge of this clock signal. The message format consists of two
frames, address frame, and data frame. In the address frame, the master specifies the slave to which the
message is being sent and the data frame consists of one or more 8-bit data packets sent either from the
slave to master or vice versa. SMBus (System Management Bus) is a subset of the 12C bus. I12C protocol
supports arbitrary message structures while the SMBus restricts the number of message structures to
nine.

PMBus refers to the Power Management Bus. It is a variant of SMBus (System Management Bus) which
helps in managing the power supplies. It defines a number of domain-specific commands required by
power control and management components which have to be implemented along with the
communication protocol. The PMBus slave must be able to start up in a controlled manner without any
interaction from the serial bus. This ensures that the power is supplied properly with the default values
even when the master is unable to communicate with the slave.

PMBus has predefined set of commands in comparison with SMBus in which the user defines the set of
commands that are to be operated. There are a total of 255 sets of commands given in the PMBus
specification out of which 208 commands are standardized for all manufacturers and products, whereas
the rest of the commands are set by the manufacturer of the product using the PMBus. There are a variety
of PMBus commands which are used to monitor and/or manipulate the device attributes such as voltage,
current levels, temperature, etc. For example, the PAGE command is used to select a power rail on which
subsequently we can operate other commands, like reading or setting the values of voltage, current,
temperature, etc.
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4.5 XADC: Analog to Digital Converter

The XADC has two ADC with 12-bit precision, 1 Mega sample per second (MSPS) and on-chip sensors. The
ADCs and sensors are fully tested and provide a general-purpose, high-precision analog interface for a
range of applications. Fig. 4.3 shows a block diagram of the XADC. The ADCs support a range of operating
modes like externally triggered and simultaneous sampling on both ADCs and various analog input signal
types, for example, unipolar and differential. The ADCs can individually multiplex up to 17 external analog
input channels.

The XADC also includes sensors like on-chip die temperature sensors and on-chip power supply voltages
measurement. The digital data generated after conversion of analog voltage is stored in some fixed
registers called status registers. These registers can be accessed through the FPGA interconnect using a
16-bit synchronous read and write port which is known as the dynamic reconfiguration port (DRP). ADC
conversion data can also be accessed through the JTAG TAP. For JTAG TAP, users are not required to
instantiate the XADC because it is a dedicated interface that uses the existing FPGA JTAG infrastructure.
As discussed later, if the XADC is not instantiated in design, the device operates in the default mode that
monitors on-chip temperature and supply voltages.
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Temperature Supply - u
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\ Control Status
VP_0 O— 12-bit, Registers >| Registers
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VAUXN[0] O— .
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Fig. 4.3 XADC Block Diagram.
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4.6 Interrupt Controller

An interrupt is used to pause the normal program execution sequence of KCPSM6 for time being and
execute some high priority task. This means that when the ‘interrupt’ input is driven High (‘1’), the
interrupt controller will force KCPSM6 to abandon the code that it is executing, save its current
operational state and divert its attention to executing a special section of program code known as an
Interrupt Service Routine (ISR). Once the interrupt has been serviced, KCPSM6 returns to the program at
the point from which it was interrupted and restores the operational states like flag status and register
values from the stack so that it can resume execution of the program as if nothing had happened.

The KCPSM6 processor has two pins dedicated to interrupts; an ‘interrupt” input and an ‘interrupt_ack’
output. To initiate an interrupt, the ‘interrupt’ input must be driven High for 3 or 4 clock cycles. The
interrupt input is sampled once every two clock cycles consistent with the instruction execution rate. For
this reason, it is vital that the interrupt input is High at the right time to be observed by KCPSM6 and the
easiest way to achieve that us to drive the interrupt input High for longer than one clock cycle. There are
two fundamental schemes that can be used which can really be described as being ‘open-loop’ and ‘closed
loop’. In this design ‘closed loop’ interrupt mechanism is used which is discussed below —

Closed loop Interrupt

In this scheme, your design drives the interrupt signal High to request an interrupt and then keeps driving
it High until KCPSM6 generates an ‘interrupt_ack’ pulse confirming that it has seen it. This ensures that
the interrupt will always be observed by KCPSM6 when it is able to. If interrupts have been temporarily
disabled deliberately, or whilst servicing a previous interrupt, then the response will be delayed but the
event cannot be missed. Likewise, if KCPSM6 is held in sleep mode when the interrupt is requested it will
remain active until KCPSM6 is allowed to wake up and observe it.

kcpsmé
M D Q interrupt interrupt_ack
Lo clk
') R l_'
1 I

Fig. 4.4 Closed loop interrupt controller circuit.

Open loop interrupt

The simplest way of initiating an'interrupt is to generate an active High pulse that has a duration of 2 clock
cycles. The pulse can be longer but should have returned Low before the ISR completes otherwise KCPSM6
will immediately think there is another interrupt to service. Once KCPSM6 observes the High level on its
interrupt input it will abandon the next instruction and immediately move to the ISR.

kcpsmé
i | — interrupt
! 1
Spipipipipiyl —» clk

Fig. 4.5 Open loop interrupt controller circuit.

22



The simplicity of the ‘open-loop’ method is obvious but it must also be recognized that any open loop
system has its limitations. In this case, there are chances that KCPSM6 will miss an interrupt request and
therefore fail to service it. This could happen if the interrupt controller is already servicing a previous ISR
or the main program has deliberately disabled interrupts.

4.7 Deciding Logic

The deciding logic block whenever called upon by the interrupt controller sends a signal to XADC to read
the die temperature voltage and convert it to readable temperature and depending upon the temperature
decides the value of the voltage that has to be set.
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Table 4.2 Corresponding voltage value for each temperature
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The flow chart of this deciding logic is shown in Fig. 4.5. Initially, the main menu is being displayed and
actions are performed depending upon input based on the main menu. An interrupt signal is generated
every 10 seconds from the main source file which is received by the interrupt controller and. Whenever a
valid interrupt occurs deciding logic reads analog data from die temperature sensor through XADC and
convert it to a valid temperature value. Depending upon the temperature of die an increment or
decrement signal is sent to the PMBus module which in turn changes the supply voltage of FPGA core by
20 mV/°. As the supply of core is decreased for increased temperature the resultant temperature is
decreased and the core is settled at an intermediate temperature and supply voltage saving power and
controlling die temperature. Table 4.2 states the corresponding value of FPGA core voltage varying from
1.1V to 0.85 V for a corresponding change in temperature from 27 °C to 40 °C respectively.
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Print on Screen

Fig. 4.6 Flow chart of the functioning of the DVS circuit.
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4.8 Summary

This hardware level DVS algorithm was verified in the Xilinx Virtex-7 series VC707 board. The assembly
code containing XADC and interrupt handler code was compiled using KCPSM6 assembler and converted
to Verilog file. 500 1024-bit ripple carry adders were used as test circuit to increase the temperature of
the die, the adders were controlled by five external switches for 100 adders per switch. Cutecom serial
terminal was used to read output from UART of the board which was die temperature and die supply
voltage at an interval of ten seconds. Initially, when the DVS algorithm was switched off and adders were
switched on, die temperature was seen increasing till 38 °C and then settling there. But when DVS
algorithm was enabled and then adders were switched on, initially temperature increased till 38 °C but
later it was settled on 34 °C and die voltage was seen changing for each degree change in temperature as
per Table 4.2 above.

This was a very basic implementation of DVS, as it was governed by a LUT but this can be further extended
by dynamically increasing or decreasing supply voltage by the variable amount for some change in
temperature depending upon the activity on the die. But again that becomes a tedious task of OS, there
are certain limitations to implementing DVS on hardware level only. Fig. 4.7 shows a picture of UART data
received from the board and options available to be performed.

CuteCom -§g o x
b Device: /dev/ttyUSB2 Parity: N -
Close device Baud rate: 115201 ~ | Handshake: [ | Software Hardware |
About Data bits: 8 ~ | Open for: Readinc I
Quit Stop bits: 1 - Apply settings when opening
|Checking UCD9248 Controllers.... Ok |
| i
IMenu
H - Display this menu
| R —Read Die Temperature |
5 - Start volatge scalling
| ¥ - Live vecltage, current and power
C - Clear Screen |
- |
Yoxld
Clear ) Hex output [ | Log to: + | /nome/Harshit/cutecom.log

L T O e . o KW
L I
Input:

Send file... | |Plain v Nolineend « Char delay: 1 ms

Fig. 4.7 Cutecom serial terminal reading UART data from VC707 board.
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Chapter 5: Conclusion

A self-referenced temperature sensor with configurable delay cells is proposed. Single delay cell is used
in the design to obtain two different frequencies. Frequency ratio is used to convert temperature
information into digital bits, which has the additive advantage of removing temperature nonlinearities
due to the impact of mobility. Different temperature sensitivities are obtained by creating the threshold
voltage difference between the transistors used in the oscillator. Reverse short channel effect was
leveraged to create the threshold voltage difference between transistors. Area and power overhead of
voltage regulators and reference clock were avoided by making the design insensitive to supply voltage.
Supply sensitivity of the design was reduced by balancing the junction capacitance of the inverter stage.
The design was simulated post layout in 65 nm CMOS technology and occupies an active area of 0.00053
mm?Z. Based on the post-layout simulation results on both the approaches (this and [4]), we can draw a
comparison for a few key features including temperature sensitivity, supply sensitivity, area, power
consumption, and most importantly mismatch variations. Process and mismatch variation is the base of
our approach because the previous model [4] suggested that mobility effect will be nullified because of
frequency division but that was only theoretically possible. With the Monte Carlo simulations, we proved
that mobility is going to play a significant role and introduced an error of + 4.43 °C while our proposed
model tries to reduce this effect, and was quite successful in doing so since Monte Carlo simulations in
our approach show an error of + 2.6 °C. The supply sensitivity is found to be 0.032 °C /mV having a peak-
to-peak nonlinearity of 2.87 °C with two-point calibration and no polynomial correction for a temperature
range of 0-100 °C. In addition, the digital circuitry used to divide frequencies has to be changed in our
approach which will reduce hardware significantly.
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