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Abstract

Due to the high level integration of the system-on-a-chip (SoC), it becomes
more and more important to monitor the IR drop of the power network during chip
operation. In this thesis, an all-digital on-chip voltage sensor which uses a relative
reference modeling (RRM) is presented. After one-point calibration at 1.1V, the
proposed all-digital voltage sensor can monitor the operating voltage of the chip and
outputs digital codes for SoC chip debugging and testing. It achieves a 0.027mV
resolution and has a maximum error 16.4mV with process, voltage, and temperature

(PVT) variations.

In addition, the prior work of the on-chip oscillator with RRM is improved.
The timing consuming cell selection flow in prior on-chip oscillator design can be
reduced by two digital controllable oscillators. The control codes of the two DCOs
are adjusted to achieve the desired trend lines of delay ratio versus temperature and
voltage curve. As a result, the frequency error of the on-chip oscillator can be
reduced. Both the proposed relative reference modeling based static IR-drop

monitor on-chip silicon oscillator are implemented in 90nm CMOS process.

Keyword: all-digital, static IR-drop monitor, oscillator, tolerance PVT variations
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Chapter 1

Introduction

1.1 Static and Dynamic IR Drop Analysis in SOC

Design Verification and Testing

The process technology has enhanced rapidly and the number of devices on a chip has
grown aggressively and it causes SoC has many challenges than before. According to
Moore’s law shown in Fig. 1.1. The numbers of transistors in a chip will double every two
years, and the integration level of the system-on-a-chip (SoC) also becomes higher than
before.
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Fig. 1.1 CPU transistor counts against fates of introduction
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1.1.1 Current Challenges in Semiconductor Industry

One of the main challenges in semiconductor industry is the variability in devices and
circuit parameters which will harm the performance and the energy efficiency of the circuit.
Parameters are separated into two groups such as static and dynamic behaviors due to their
temporal features. The static parameter variation is produced during manufacturing process
and is known as process variation. Although the static parameter may change from die to die,
but it is static after fabrication. The dynamic parameter variation happens when the chip is
operating including working conditions and surrounding environment. Dynamic parameter
variations includes supply voltage drop which known as voltage variation, temperature
gradient which known as temperature variation, and transistor aging effects [18]. The
random variations, process, voltage and temperature (P\/T) are major challenges to the high
performance SoC.

Fig. 1.2 presents the distributions of frequency and standby leakage current of the
microprocessors within a wafer where every spot refer to a different chip. The spread in
frequency and leakage distributions is caused by variations in transistor parameters and it
results in about 20 times of variations in leakage current and 30% variation in chip
frequency. The most concern groups are highest frequency chips with large leakage and low

frequency with high leakage chips which may affect the yield [19].
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Fig. 1.2 Leakage and frequency variations [19]

The variation in channel length and variations.in the threshold voltage cause the spread in
standby current. Fig. 1.3 illustrates the die-to-die V; distribution and its resulting chip g
variation. The figure of V; variation is a normal distribution whose 3¢ variation is about
30mV in a 180nm CMOS logic technology which causes a significant variation in circuit
performance and leakage. The most sever critical paths in a chip may be different from chip

to chip. Fig. 1.3also shows the 20 times of Iy, variation distribution in detail [19].
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Fig. 1.3 Die-to-die V4, ls, variation [19]



From above discussion we can clearly understand the process variation within wafer
bring significant effect to the performance and stability to microprocessors. In the following
section we will head to voltage and temperature variation.

Uneven power dissipation across the die is caused by the variations in switching
activity across the die and diversity of the type of logic. This variation results in uneven
supply voltage distribution and temperature hot spots, across a die, causing transistor
subthreshold leakage variation across the die. Due to the difficulties in scaling threshold
voltage (Vt), and to meet the transistor performance goals. Maximum Supply voltage V. is
specified as a reliability
For the target performance, limit for a process and minimum V. is required. V. variation
inside the max-min window: is shown in Fig. 1.4. This figure shows a droop in V., which
degrades the performance. Packaging and platform technologies do not follow the scaling
trends of CMOS process. Therefore, power delivery impedance does not scale with V.. and

AV has become a significant percentage of V[19].
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Fig. 1.4 Supply voltage variation [19]
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Fig. 1.5 shows the thermal image of a leading microprocessor die with hot spots. The warm
colors in the thermal image show the heating locations, and cold colors refer to the cooler
part of the die. Within die temperature fluctuations have become major performance and
packaging challenge for microprocessors. Both devices and interconnects are effected by
temperature that higher temperature will cause performance degradation. Additionally,
temperature variations across communicating blocks on the same chip may cause

performance mismatched and lead to logic or functional failures [19].

Fig. 1.5 Withing die temperature variation [19]



The demand for low power consumption makes voltage variations being unignorablys. We
had discussed the impact of PVT variations on circuits and microprocessors. In the section
1.1.2, we discuss voltage drop and also search for the solutions for PVT variations
compensation. Moreover, we will also present possible solutions to reduce or tolerate the

parameter variations in high frequency microprocessor design.

1.1.2 How Dynamic and Static Voltage Drop Affect
Circuit
Power is defined as the product of voltage (V) and current (I) which shown in Eqg. 1.1.
P=1V (Eq. 1.1)

The sources of power dissipation can be classified into three types. Firs type is called
dynamic power dissipation which is caused by the circuit activities when the node value
changing from 1 to O or vice versa at logic gates. The formula for dynamic power
consumption is expressed in Eq. 1.2.

Py = CV2f (Eg. 1.2)

The second type of power dissipation is short circuit current which is generated during
the rise/fall time of the circuit input. The above two types of power dissipations are
occurred while the circuit is active. The third type of power dissipation is called static
power dissipation which will consume power even when the circuit is stand-by. We can
classify above power dissipations into two types, as dynamic power and static power
dissipations. The dynamic power consumption happened when the CMOS logic gate drive
their outputs to new values. The static power is consumed even when the logic gates are
inactive and the output values are not changed. The current flow through the power to the
ground rails only happened during active state except leakage current. The circuit generates
a resistive path to draw current from the power rails when nodes switching their states

which bring the current flow of the design [10].
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As process technique advancing aggressively, the operating voltage toward low voltage
and reduces the dynamic power dissipation. However, over voltage which is the difference
between operating voltage is also reduced of the threshold voltage, and sub-threshold
conduction becomes more and more important. Despite that, the above power dissipation
can be estimated by Computer-Aided Design (CAD) tools. Voltage fluctuation during work
time which known as voltage drop or IR-drop is hard to be predicted by CAD tools since
there are too many possible conditions.

The voltage drop occurs due to the suddenly increase of the switching activities in
microprocessors, and large current transient in the power rail. Thus, voltage drop contains
two parts, DC and AC. The DC part Is due to the resistance of the power rail network and
when current flows resistance causes voltage. The AC part is generated by the parasite
resistance, inductance and capacitance (RLC) response for current change [10]. The voltage
drop will increase with the delay of a logic gate. The supply voltage fluctuation is shown in
Fig. 1.6. The inductance (L) and capacitance(C) of the package, the socket and the
motherboard are the main reason of the noise for mid frequency (1-10 MHz) circuit which
spread all across the die [8]. The noise of the low frequency is mastered by L and C of the
\oltage Regulator Module (VRM) and the motherboard. Fig. 1.6 shows the factors which

influence the voltage noise and worsen the performance of microprocessors.
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Fig. 1.6 Diverse supply voltage variation in frequency domain [9].

When the on chip voltage varies on a time scale which is comparable to the cycle time
of the circuit, and then the switching speed will be affected [15]. Voltage fluctuation may
cause the performance of the design unpredictable. The high performance modern
microprocessor may cause more severe voltage drop phenomenon due to their higher
operating frequency [18]. Fig. 1.7(a) shows the difference before taking supply noise into
consideration of an SRAM. The measurement result is different from simulation result.
Fig .1.7(b) takes voltage variation into consideration, and the curve of measurement result

can close to the simulation results of an SRAM [15].
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1.2 Survey of Conventional On-Chip Voltage Sensor
for IR Drop Monitoring

As discussed in previous sections, voltage fluctuation in microprocessor is unignorably.
As a result, plenty of voltage sensors have been proposed.

There are mainly two IR-drop monitoring applications. One is aimed to estimate
real-time (dynamic) IR-drop and the other is targeted on long-term (static) IR-drop. Each of
them is applied for different fields. Fig. 1.8(a) shows an VDD waveform example and Fig.
1.8(b) shows the example of sampling the VDD waveform with 1 GHz sample rate. From
the Fig 1.8(b), we can see that the purpose of real-time IR-drop monitoring is to catch every
voltage change versus time. However, most of the circuits have certain voltage-drop tolerant,
and a dynamic IR-Drop circuit usually takes a lot of cost and power consumption. Instead,
we study in designing a static voltage sensor which can detect the average IR-drop with a
simpler architecture with relatively less power consumption and relatively low calibration

cost.
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(a) An example VDD waveform.

_ 102 -
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(b) Discrete VDD waveform with 1GHz sampling rate. (0.935 V)

Fig. 1.8 An example VDD waveform and its sampled version at 1 GHz sampling rate

[13]

1.2.1 Voltage Sensor for Dynamic IR-Drop Monitoring

The dynamic IR-Drop monitor aims to track the real-time voltage fluctuation. This
type of voltage sensors often require high sampling rate to sample the high frequency
transients. We will discuss different methods in the following paragraph to get a closer view
to the real-time voltage sensor.

In the previous research, an ADC is commonly used to sample the analog voltage into
digital codes [20]. However, in this voltage sensor the power consumption is extremely high
( 49 mW) and the chip area is also large (1.2 mm?). Furthermore, in this voltage sensor, the
sample rate does not reach the required sample rate as GHz. After a year, the related work
[31] uses a high speed ADC to perform the measurement on VDD. The power consumption
in the voltage sensor is also very could be extremely high (nearly 50 mW), and this could

make this direct measurement scheme useless. It is important that an embedded IR-drop
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monitor should not consume too much power. Otherwise, the voltage sensor worsens the
IR-drop.

In [30], they compare the sampled VDD signal with an external threshold voltage to
produce a one-bit result to inform whether there has any abnormal IR-drop. Even though
this method provides a high sample rate, it cannot provide the information about the worse
IR-drop. Therefore, the decision of picking appropriate operating voltage is difficult.

The logic gates density is high in the modern VLSI circuit. When there are several
gates connect to a M2-M3 via and simultaneously switch, the region of a M2-M3 via may
cause voltage drop in the power supply which is known as droop [14]. The analog on die
droop detector [9] proposes a method which compares the difference between sampled
VDD signal and external supplied threshold voltage to generate a one-bit result signal to
warn if there existing any IR-drop. The system architecture is shown in Fig. 1.9 which

contains three main units including a control unit, a reference unit and a detector module.

CONTROL UNIT

DIGITAL Input:
LOW SPEED 1) Fluctuation Detection Mode
JTAG VO CZD 2) Circuit Calibration
(off-chip) 3) Fluctuation Threshold
4) Search Start/Stop Time (in core clks)
. Output:
Quiet 1) # of fluctuations observed(in core clks) above
Vec/Vss the given threshold within the given time window
referen_ce 2) Time & duration of first fluctuation (in core clks)
(off-chip) DIGITAL ﬁ DIGITAL LOW & HIGH
@ LOW SPEED SPEED INDICATORS

CONTROL |
|

REFERENCE UNIT
Input:
1)"Quiet" Supply
2) Digital calibration
and threshold settings

DETECTOR MODULE(s)
Input:
1) Monitored (Vcc-Vss) supply
2) Analog Iref+ & Iref-
ANALOG |[references

Qutput: REF 3) Digital d trol

1) Analog Iref+ & Iref- . ) Digital mode controls
QOutput:

references

1) Synchronous &

MONITORED D Asynchronous detection ]

VCC-VSS rails indicators I

Fig. 1.9 On-die droop detector (ODDD) architecture [9]
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The Control Unit is the interfaces to the external world using the standard JTAG port
and it implements the following features, negative versus positive overshoot detection,
noise level and duration detection settings, start/stop time for the droop search window,
PVT calibration for the analog circuits. The reference unit uses a non-noise supply pin to
provide a differential analog input to the detector module. The on-die droop detector

modules are cloned and placed at different location to compare the monitored local power

supply(Vce-Vss) level with the threshold which is set via Iref /Iref pair. The asynchronous

results record the change events via the JTAG clock. Then, the second output is
synchronized to the core clock for higher time resolution and for improving the capability of
event-filtering. This on-die droop detector (ODDD) aims to provide a high sample rate as
multigigahertz. However ODDD unable to provide further information about how sever
does. Moreover, the decision of appropriate threshold voltage is hard to decide itself [9].
The recent work [13] provides high accuracy and a high sampling rate by adopting the
popular method VDD-to-Time-to-Digital Conversion (VTDC) to convert the voltage
measurement results into an oscillator period measurement problem. Furthermore, it also
using dynamic voltage scaling (DVVC) design methodology and assumes the availability of
several clean VDD reference voltages (0.8V, 0.9V, 1.0V) as the work proposed in [12]. The
proposed system architecture of [13] is shown in Fig. 1.10. This work contains two modes,
the calibration mode and the monitoring mode. During the calibration mode, the monitor
circuit uses several VDD reference supply voltages (which are assumed to have no IR-drop),
to the monitor circuit. 8-bit digital codes are generated for each VDD reference voltage. The
relation between the VDD reference voltages and their corresponding output codes are
modeled mathematically as a VDD-versus-output-code dictionary. During the monitoring
mode, a time-varying VDD signal under monitoring is applied to the monitor circuit for a

designated monitoring window. In the sequel, this signal is denoted as VDD-monitored. At
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the end of the monitoring window, an 8-bit digital code will be produced, which is

correlated to the smallest VDD level (or the worst-case IR-drop) during the monitoring

window [13].
Calibration mode Monitoring mode :
VDD References !
(ie. 0.8V, 0.9V, 1v) i VDD-monitored
] : i ]
CLK-* Monitor \ CLK -1 Monitor !
- M, Ring i -, Ring
Reset——* controller llator Reset <+ controller Oscillator
_ Max. Period S Max. Period
i MP““_W Measurement Circuit [RO_CLK| : M'_:'mt_m Measurement Circuit | RO_CLK
Circuit Junan | i Circuit JUUUL

i

[ Mathematic Regression

Output Code
Interpretation

1 { 1

r

i Predicted
VDD-vs-output-code  faeea- Predicted redi
Dictiona Worst-Case Worst-Case
Y VDD Sam IR-Drop Sam

Fig. 1.10 Overview of the worst-case IR-drop monitoring method [13]
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Fig. 1.11 shows the operating sequence of the system. First of all, it begins with a
calibration session and follows with a sequence of measurement sessions. Each of the
measurement session further consists of three intervals which are the monitoring interval,
the settling interval and the output interval. During monitoring interval, the monitor circuit
continuously receives the IR-drop-bearing oscillation signal which is about 1 ns. Assume
that the monitoring interval is set as 1000 ns, then there will be approximately 1000 clock
cycles to be examined and the maximum one will be recorded. The settling interval is for
computing the output code after the oscillation signal stops and passes the code to the
monitor circuit. The period of settling interval depends on the latency for a signal to travel
through the monitor circuit which is about 100 ns. Finally, the output interval is the time for

the monitor circuit to report the output code before another measurement session start [13].

This voltage sensor does meet its goal to have a high sample rate as 1.193 GHz and
high accuracy as the maximum error voltage less than 4.81 mV. However, the voltage
sensor [13] needs to execute the calibration process periodically (e.g. every 1ms) for
compensation for temperature variations. In addition, in each calibration process, it also
requires three input reference voltages (0.8V, 0.9V, and 1.0V) for 2nd-order polynomial

regression which makes the voltage sensor [13] not easily applicable for SoC design.

Measurement window

A

[

AR g
gls gls
Process #1 Monitoring |2 | & #2 Monitoring |2 | S
Calibration Interval 5= Interval 5|3 eee
] m m ]
(s (s
100 ns 100 ns
: ——t —— > Time
3900 ns 1000 ns 200 ns 1000 ns 200 ns

Fig. 1.11 A typical operation sequence [13]
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Another similar work proposed in [23] compares the voltage sensor performance between
[12] and [23]. It mentions that there are two main drawbacks of using mitigator transistor to
provide a current variation of the opposite sign with respect to the one generated by the
concurrent activation of the sinking circuit blocks of the system under control. Firstly,
adding a mitigator will increase power consumption. Secondly, it needs an external signal to
trigger the mitigator before the droop event [23]. To overcome those problems, [12] adding
a feedback logic as shown in Fig. 1.12 to control the inducers to allow them flowing the real
time droop event and mitigate it. In Fig. 1.12 the gate of an NMOS mitigator and the drop
event is controlled by the same voltage. When VDD is normal, M2 conducts a constant
current. Otherwise, if the droop event causes VDD lower than the normal condition, the
mitigator will become led conductive to reduce the current flow through it: However, this

work did not take any P\/T variation into consideration.
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Fig. 1.12 Feedback based droop mitigation [23]

Another monitoring technique proposed in [24] uses the oscillation frequency of a ring
oscillator as the metric of effective power supply voltage. Fig. 1.13 shows the measurement
circuit called “gated oscillator” which gate the ring oscillator by the transmission gate. The
construction of this gated oscillator is built by inverters, and NAND gate and transmission

gates from standard cell libraries.
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Fig. 1.13 Gated oscillator [24]

The operation of gated oscillator is shown in Fig. 1.14. While enable signal equals 1, the
gated oscillator begins to oscillate, and while the enable signal turns to O, then the
oscillation is stopped by the transmission gates. The cycle count of the oscillator is recorded.
The supply waveform is sampled while the enable signal is equal to 1. Otherwise, the

operation of the gated oscillator is hold.
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The gated oscillator needs a cycle counter to repeatedly obtain the toggle count for accurate
measurement. The measured voltage waveform is reproduced at each sample time as shown
in Fig. 1.15. The measured voltage is computed from the toggle count and the prepared
calibration table. The calibration table describes the relation between the measured voltage
value and the toggle count, and this table is constructed by measuring the toggle count
without any noise varying the voltage supplied to the proposed circuit. The measured
voltage is the average voltage value of the actual waveform during each time slot. As a

result, the bandwidth of the voltage sensor depends on the width of the time slot during

measurement.
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Fig. 1.14 Operation of gated oscillator [24]
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Fig. 1.15 Waveform measurement with gated oscillator [24]

This gated oscillator provides the smallest area to be embedded within the chip. However,
the monitor can linearly trace severely limited range of the noise magnitude. The large
dynamic range is desirable for chip-wide measurement within all voltage domains of digital

and analog circuits.

1.2.2 Voltage Sensor for Static IR Drop Monitoring

The static IR-drop monitor aims to track the average voltage variation in long-term.
These types of voltage sensors often require longer periods to catch the long-term voltage
transient behavior. We will discuss different methods in the following paragraph to get a
closer view to the long-term voltage sensor.

The method proposed in [6] is ambitiously provided a high accuracy, low power and

wide voltage range PVT sensor without using voltage/current analog-to-digital
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convertor(ADC) or the bandgap reference to avoid high power consumption and large area

cost as compared to the voltage sensor with an ADC [20]. The system architecture of this

PVT sensor is shown in Fig. 1.16, and it consists of four main blocks, a temperature sensor,

a voltage sensor, a voltage reference and a process sensor.

4_|_
Voltage Voltage |
Reference Sensor > V[4:0]
T‘ji Fixed Pulse !
b Generator il7 \"f_T.. ounter Temperature , T19:0]
v ) '
Bias current Ring 1/ CU”"PE“[‘SEUOH
Generator [Vbiasn”| Oscillator
f;
Process | 'P,5 counter - P{3:0]
Sensor

Fig. 1.16 Architecture of the PVT sensor circuit [6]

First of all, the temperature sensor produces proportional frequency (fr) to measure the

temperature. The frequency passes through the counter and generates a corresponding

temperature code T [9:0]. However, this T [9:0] digital code contains the effects of the

voltage and process variations. As a result, the voltage sensor and process sensor is built to

remove the variations of temperature and process. The process sensor designed with zero

temperature coefficient (ZTC) characteristics which the ZTC point of NMOS and PMOS

are at 0.4V and 0.6 V respectively. The PMOS and NMOS mutual current are compensated

at 0.5V to make the result immune to the temperature variation and generate current process

information P [3:0] as shown in Fig. 1.17. The counter converts the output frequency (fp)

into 4-bit digital code P [3:0] from SS corner (0100) to FF corner (1111).
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Fig. 1.17 Process sensor simulation results [6]

The voltage sensor used a novel ultra-low voltage to time convertor (ULV*TC) to convert
the input analog voltage into time or phase information. It converts input voltage to a 5-bit
digital code V [4:0] as shown in Table 1.1 and using the control bit to compensate process

variation. TABLE 1 represent the V/[4:0] for different voltages, and the quantization step is

50 mV [6].
Table 1.1 Voltage sensor digital code table [6]
. Digital Code
Vin ; ; ; T -
VO] V1] V2] V[3] V[4]
0.3V 1 0 0 0 0
0.35V 0 1 0 0 0
04V 0 0 1 0 0
0.45V 0 0 0 1 0
0.5V 0 0 0 0 1

However, this work cannot provide precise environmental voltage information and the
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0.5 mV resolution of voltage sensor is good enough. Furthermore, it doesn’t take account
temperature variation effect to voltage sensor which may affect the accuracy of the voltage
sensor.

The enhanced work of [13] is proposed in [7] which improves the resolution and is
able to work in near subthreshold voltage range. It can easily apply to ultra-low voltage
dynamic voltage and frequency scaling (DVFS) platform. Unfortunately, the disadvantages
of this work are such as imprecise voltage output and without compensating for temperature
variations of the voltage sensor.

The similar work proposed in [12] also aims to measure the magnitude of the voltage
droop event. It is assumed to achieve high accuracy IR drop by using the
VDD-to-Time-to-Digital conversion (VTDC) method. The voltage sensor [12] requires
three different input reference voltages for sensor calibration. Each on-chip voltage sensors
are calibrated individually, and the process variation of the voltage sensor is normalized
after calibration. However, the error of the voltage sensor will be increased accordingly with
temperature variations after chip calibration since the calibration for each voltage sensor is

performed once.

The high performance and low power are becoming much higher demand in mobile
application system-on-a-chip (SoC). As a result, an on-chip low dropout (LDO) voltage
regulator is required. It can supply suitable voltage for each circuit block of the SoC
depending on its performance requirements. In addition, it is able to suppress voltage noises
generated in the switching DC-DC converter. However, many LDOs are needed in the SoC

in order to provide different voltages for the blocks. Hence, reducing the area of the LDOs
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is an important challenge. Recently, digitally controlled LDOs are discussed for their low
sensitivity to process variations and low voltage operation [3]. The architecture of digitally
controlled LDO is shown in Fig. 1.17.
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.—
O

COUT RLOAD
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Fig. 1.18 Block diagram of the digitally controlled LDO [3]

This LDO consists of six major components as depicted in Fig. 1.18, which are a
PMOS pass transistor P, a current sensing circuit, a ADC, a DAC, a digital controller and a
gate-source overvoltage comparator. The output voltage is sensed by the ADC. The
controller calculates the actuating variable by the digitized output voltage, and then the
DAC converts this result into the current to drive the gate of the pass transistor P,. The drain
current of Po generates the output voltage on the R oap and the capacitor Cour.

However, the analog-to-digital converter (ADC) and the digital-to-analog converter
(DAC) blocks are analog circuits which need large chip area. Also, digital-control DC-DC
converters included an analog-to-digital converter (ADC) is a quite complex analog circuit

block. Furthermore, it does not show any technique to take care of the process variation.
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In [4] a tunable critical path replica based dynamic variation monitor which is able to
capture voltage or frequency fluctuations. However, the drawbacks of the existing on-chip
monitors are that the monitors require high area overhead due to the presence of analog
blocks or customized operations. The sensors monitor the noise events dynamically at each
clock cycle. As a result the worst case scenario is often unseen. Furthermore, the sensors
cannot compatible in SoC’s architectural.

A digital voltage sensor [1] using the characteristics of FINFET devices including
superior ability in controlling leakage and minimizing short channel effects to build the
controllable delay element to govern the propagation of the clock input. Fig. 1.19 shows the
relationship between the input voltage Vi, and the propagation delay of the controllable
delay element (CDE) in which Vin increases gradually from 0.7 V to 1.1 V by the step of 50
mV. It can be seen that the propagation delay of the CDE is linearly proportional to Vi,
which means that we can control operation of CDE by V.
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0.534 .
0.52 ./
051 _/

0.504
0.49
048
0474

0.46-
0.45 1

Delay (ns)

070 075 080 085 090 095 100 105 1.10
v,

Fig. 1.19 Delay against Vi, of the controllable delay element (CDE) [1]
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The 32 nm FinFET-based voltage sensor is shown in Fig. 1.20 which consists of a
controllable delay block, a calibration block, positive-edge flip-flops, and XOR gates [1].
The clock passes through calibration block and be separated by the delay buffers to create
the lag between consecutive D input of flip-flops. Simultaneously, controllable delay block
is governed by Vi, to determine shifting delay of the rising edge of the clock to shift the
rising edge of the clock into the gap between two adjacent D inputs of the flip-flops. At the
Q outputs of the flip-flops, XOR gates are applied to detect the difference between two
adjacent Q outputs and make the voltage sensor output only one high value at once. The

lookup table for the sensor output is shown in Table 1.2.

Calibration block DDI ND2 [\Dz [\D4 D5 D D6 DD? DDS DDQ D10

el o s s M R e
| | | | |
iﬁwmwﬂ wﬁ
YUY '\77

v
Vo] Vi1 V21 \ [4] \ V7] V8]

—
N

in

Fig. 1.20 \oltage sensor schematic [1]
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Table 1.2 shows the corresponding 9-bit digital codes of the sensor outputs for several

values of Vij,.
Table 1.2 \oltage sensor digital code table [1]

Digital code

T\-"'m -
v[0] [VI1] |V[2] |VI3] |V[4] |VIS] |VI6] |V[7] |V[8]
0.7 1 0 0 0 0 0 0 0 0
0.75 0 1 0 0 0 0 0 0 0
08 | 0 0 1 o o [0 |o 0 | o
085 | 0 0o |0 1 o 1o |o o 1o
09 |0 o o |o 1 o | o o 1o
0.95 0 0 0 0 0 1 0 0 0
10 |0 0 |0 |o |0 |o 1 0 | o
105 | 0 o o o [o |0 |o 1 0
11 0 0 0 0 0 0 0 0 1
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The waveform of Vj, and the corresponding V,,: waveforms are shown in Fig. 1.21, where

each value of Vi, is mapping to a V, value and only one high value is set once.
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Fig. 1.21 Simulation results of Vi, and Vo [1]
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The digital voltage sensor [1] consume low power consumption as 20.6 pW, operate under
wide voltage range (i.e., £22% of the supply voltage), and has a high conversion rate as 100
MHz. However, it cannot give the precise voltage value. Moreover, this method does not
take temperature variations into consideration which may make the performance

unpredictable under different temperature variations.
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1.3 Motivation of Proposed All-Digital Voltage

Sensor

In above real-time and static voltage sensors we have discussed in the 1.2.1 and 1.2.2
own their pros and cons. However, we have noticed that most of these works didn’t consider
the PVT variations which will affect the relationship between the measured voltage values
and the output digital codes.

Some designs are analog based approaches. However, due to several advantages of the
digital-based design approaches, such as Insensitivity to noise, robustness to process
variations and work environment, and more design flexibility to other processes. As a result,
we propose an all-digital voltage sensor which uses a relative reference modeling (RRM).
Furthermore, we want to reduce the calibration cost. In this thesis, we propose an all-digital

cell-based voltage sensor with one voltage point calibration and can against PVT variations.
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1.7 Thesis Organization

Chapter 1 briefly discuss the challenge we are facing in semiconductor industry
nowadays, the effect of static and dynamic IR-drop to circuit performance, we also
introduce the pros and cons of published voltage sensors.

The rest of the thesis is organized as follows: Chapter 2 describes the design of the
proposed static IR-drop monitor including the method and the simulation result. Chapter 3

introduces the improved work of prior relative reference modeling on-chip silicon oscillator.

Finally, in Chapter 4, we make a con s thesis and describe the further works

about several design issues which
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Chapter 2 Relative Reference Modelling

Based Static IR-drop Monitor

2.1 The System Architecture

The system architecture of the proposed relative reference modelling based static
IR-drop monitor is as shown in Fig. 2.1. The proposed static IR-drop monitor is composed
of a delay ratio estimator (DRE), a temperature sensor, a process sensor and a linear
calculator. The delay ratio estimator is built by three ring oscillators, and each of them are
combined by different cells which will be detail described in the section.2.2. The DRE
generates delay ratio 1 (R1 (P, V, T)) and delay ratio 2 (R2 (P, V, T)) which present the
distinct relation between process, temperature, and voltage. The value of delay ratio 1 and
delay ratio 2 will be the input of temperature sensor and process sensor. Temperature sensor
will use the value of delay ratio 1 to sense the current working temperature range from 0°c
to 75¢°c. Process Sensor will sense the process corner of the chip by the value of delay ratio
2. After temperature sensor generates the temp_code, and the process sensor produces the
process_code, the linear calculator uses the temp_code, process_code, R1 and R2 as inputs

to calculate the current working voltage.
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Fig. 2.1 Proposed static IR-drop monitor

We need to perform many SPICE s ns to obtain the delay ratios with PVT

variations. In addition, we can cha e DRE to obtain the desired delay

ratio characteristics.
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2.2 Relative Reference Modeling versus Delay

Ratio

The proposed static IR-drop monitor adopts relative reference modeling in the circuit.
The propagation of logic cells are easily effected by process, voltage and temperature (P, V,
T) variation. Our goal is to eliminate the PVT variation from our IR-drop monitor to make it
reliable and stable under the operating range. As we know, different cells have different
reaction to different process, temperature and voltage. In addition, some are sensitive to
certain variation parameter and some are immune to certain variation parameters. As a result,
we can use this feature to choose different delay cells from cell-library to build up the delay
ratio estimator. One type of cell is adopted as reference delay cell (RDC), another two type
of cells is used as compared delay cell 1 (CDC1) and compared delay cell 2 (CDC2). These
cells are chosen through the cell selection flow from cell library. The delay ratios of these

delay cells are expressed as Eq 2.1 and Eq 2.2

e DCDCl(PlV'T)

RI(p, v, T) = 222000 (Eq 2.1)
= DCDCZ(P'V'T)

R2(P,V,T) = 2220 (Eq2.2)

Eg. 2.1 and Eq. 2.2 show the delay relationship between CDC1, CDC2 and RDC,
respectively. Under a certain constant temperatures, the R1(P,V,T) will be shown as several
approximate straight lines which mean that the delay ratio of CDC1 and RDC is more
sensitive to temperature than voltage. On the other hand, the R2(P,V,T) is expressed as
several approximate straight lines under certain constant voltages which present the delay
ratio of CDC2 and RDC is more sensitive to voltage than temperature. The characteristics of

R1(P,V,T) and R2(P,V,T) can be used to determine the working voltage and temperature.
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2.3 The Implementation of Static IR-drop

Monitor

Fig. 2.1 shows that the proposed IR-drop is composed by four main blocks. The key to
the propose design among these block is the DRE which is shown in Fig. 1.34. In section
2.2, we discuss the relative reference modeling approach. Here, we illustrate how our
proposed design applies this concept.

Fig. 2.2 shows the simulated R2(P,V,T) curves. The desired R2(P,V,T) characteristic is
that the values of R2(P,V,T) at 1.1V are not overlapped in different process corners.
Therefore, the simulated values of R2(P, \, T) can be used to identify the process variations
of the voltage sensor when the process variation is unknown. For example, after chip
fabrication, if we calibrate the chip at 1.1V, and R2(P, V, T)*1024 is 670. Then, the value of
R2(P, V, T) is close to the simulated FF process corner. Therefore, the proposed process

sensor can determine that the voltage sensor is at FF process corner.

Voltage versus R2*1024 under three process corners
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Fig. 2.2 Simulated R2(P,V,T) curves

Fig. 2.3 shows the simulated R1(P,V,T) curves. The desired R1(P,V,T) characteristic is
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that at each process corner (TT, SS, FF), the values of R1(P,V,T) at different temperature are
not overlapped. Therefore, the simulated values of R1(P, V, T) can be used to identify the
temperature variations of the voltage sensor when the temperature variation is unknown.
For example, after chip was calibrated at 1.1V, the process corner is known as SS process
corner. If R1(P, V, T)*1024 is 1040. Then, the value of R1(P, V, T) is close to the simulated
condition at 50°c. Therefore, the proposed temperature sensor can determine that the voltage

sensor is at 50°c.

Voltage versus R1*1024 under three process corners
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Fig. 2.3 Simulated R1(P,V,T) curves

In the proposed all-digital voltage sensor, the relationship between the measured
voltage values and the output digital codes are fixed even with PVT variations. Fig. 2.4
shows the simulated (R1 - R2)/R1 curves. In each process corner, at different temperature,
the relationship between (R1 - R2)/R1 and the measured voltage value (i.e. voltage code)
can be approximated as a linear equation. Therefore, the simulated values of (R1 - R2)/R1
can be used to determine slope and intercept of the linear equations to compute the output
voltage code. For example, if the process corner is known as SS process corner, and the
voltage sensor is at 50°c, and then the proposed linear calculator can use the suitable linear

equation from the simulation results to compute the output voltage code with the current
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value of (R1 - R2)/R1.

Voltage versus R1-R2 under three process corners
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Fig. 2.4 Simulated (R1 - R2)/R1*1024 curves

The operation flow of the proposed all-digital sensor is explained as follows. After chip
fabrication, the proposed all-digital voltage sensor needs to be calibrated at 1.1V. During the
calibration process, the chip operating temperature is not important, since the proposed
process sensor can determine the process corner of the voltage sensor without temperature
information as illustrated in Fig. 2.2. When the process_code shown in Fig. 2.1 is
determined, the proposed temperature sensor can always determine the chip temperature
(temp_code) when the operating voltage ranges within 0.9V to 1.1V as illustrated in Fig. 2.3.
Subsequently, the linear calculator of the proposed all-digital voltage sensor will use the
value (R1 - R2)/R1 and selects a suitable linear equation to compute the measured voltage

value (voltage_code) as illustrated in Fig. 2.4.
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The operation flow of the proposed static IR-drop monitor is shown in Fig. 2.5. The
first step is to input the external parameter, meanwhile DRE starts to calculate the delay
ratios. After DRE calculating R1(P,V,T) and R2(P,V,T). The process sensor and temperature
sensor use R1(P,V,T) and R2(P,V,T) to determine the current working temperature and
process. By previous steps, we can calculate the current voltage by the Eq 2.3 which is a
simple linear operation. The value of slopes and intercepts are from Circuit simulation.
When the current voltage is calculated the circuit will output voltage code, process_code

and temp_code. Meanwhile, the circuit will start another cycle when process and

temperature condition are changed.

-38 -



Calibration Chip Run-time

Output Result

| | |
| External | I External I
| Parameters I I»{ Parameters I
: Input : : Input :
| II L ! !
I | | I
| | calculate Delay | | | | Calculate Delay | |
I Ratios | | Ratios L
I | | I
I lL | | I
I | | - I
: Determine : : Determine :
| Process | | Temperture I
I | | I
— o o — — — — — | ’ I
| I
| Calculate |
| Voltage |
| I
| I
| - I
| I
| [
| I
| I

Fig. 2.5 The operation flow of the proposed static IR-drop monitor

The timing diagram of external input values from is shown in Fig. 2.6. When the
in_flag trigger a pulse, the coeff will start assign to the parameters from 10O pad with

ext_clk.
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Fig. 2.6 The timing diagram of input external values

Fig. 2.7 presents the timing diagram of the DRE. Three oscillators of the DRE start

oscillating together with different frequency. Each of three counters connected with

oscillators. When the RRO counter count from 0 to 1023 cycles, the value of CRO1 counter

will be R1(P,V,T)x 1024 and the value of CRO2 counter will be R2(P,V,T) x 1024 as

1109 and 627 in Fig. 2.7. Once the circuit outputs the value of voltage out, temp_out and

process_code the DRE will restart and recalculate the new R1(P,V,T) and R2(P,V,T).
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Fig. 2.7 The timing diagram of DRE

f (R1-R2)
R

will be one digit after decimal point. As a result, we

make % times 1024 to solve the problem of decimal point. Also, to solve the problem

of the chosen slope is third digit after decimal point by multiple it by 215 as Eq. 2.3.

voltage_code = 2° X (slope X RlR—RZ

1

=40 -

+ intercept)

(Eq. 2.3)

The system diagram is shown in Fig. 2.8. After DRE produce R1(P,V,T) and R2(P,V,T).



We can sequentially determine process_code, temp_code and the voltage code which is
computed by Eg. 2.3. After voltage code is generated, the out_flag raises a pulse to start
output detected values through the 10 pad and also raises a pulse of reset_flag to reset the
circuit for another monitoring cycle. Each of monitoring cycle may not always get the same
value, but will be very close if operating conditions are not changed. The detected real

voltage will be voltage_code dived by 2. For example, in Fig. 2.8 we get the voltage_out

voltage out __ 29456

0o = 222 = 0.898(V).

from first round monitoring where the real voltage value is

crol_clk
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Fig. 2.8 The timing diagram of circuit monitoring
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The chip floorplan and 10 plan of proposed static IR-drop monitor is shown in Fig. 2.9 and
10 pad detail description is in Table 2.3. The number 10 pad is one of the main area cost
and packaging cost of the chip. During floorplan the number of 1/O pin numbers determines
whether the chip is a core limit design or a pad limit design. We prefer our design tend to be
the core limit design, as a result, we have to limit the number of 10 pads.

We use two pair of core power pads and four I/O pad powers pads for the test chip.
10-bit I_COEFF is used for external input when | _IN_FLAG raises a pulse. The external
coefficients will be cut into pieces due to |.COEFF only has 10 bit. The output detected
values are output through four bit I_OUT after | OUT_FLAG raise a pulse. Those detected
values are also needed to separate into 4 bits data to meet the bit width of |_OUT. | _RESET
will reset the circuit. |_EXT_REF_CLK is the clock for external input and I OUT_CLK is

for output.
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Fig. 2.9 Chip floor plan and 10 plan

Table 2.1 The 10 pad information of proposed design

Pin Number Pin Name Input/Output Information

1 VDDP3 Input Pad Power

2 | COEFF_7 Input Input coeff[7]
3 | COEFF_6 Input Input coeff[6]
4 \VDDP2 Input Pad Power

5 | COEFF_1 Input Input coeff[1]
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6 | COEFF_0 Input Input coeff[0]
7 \VVDDP1 Input Pad Power
8 \VVSSP1 Input Pad Power
9 \VSSCO Input Core Power
10 \VSSPO Input Pad Power
11 \VVDDCO Input Core Power
12 | RESET Input Chip Reset Pin
13 \VSSP2 Input Pad Power
14 | EXT_REF_CLK Input Input external clock
15 |_IN_FLAG Input Input data flag
16 \/SSP3 Input Pad Power
Change to power on
17 \VDDP4 Input
pad
18 | COEFF_8 Input Input coeff[8]
19 | COEFF 9 Input Input coeff[9]
20 | OUT_FLAG Output Out_flag signal
21 | OUT_CLK Output DCO output clock
22 \VVDDC1 Input Core Power
23 \VDDPO Input Pad Power
24 VSSC1 Input Core Power
25 | OUT. 0 Output output value pin[0]
26 | OUT_1 Output output value pin[1]
27 I COEFF 5 Input Input coeff[5]
28 |_COEFF_4 Input Input coeff[4]
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29 | COEFF_3 Input Input coeff[3]
30 | COEFF 2 Input Input coeff[2]
31 | OUT 2 Output output value pin[2]
32 | OUT_3 Output output value pin[3]
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2.4 The Simulation Result of Static IR-Drop

Monitor

The proposed static IR-drop monitor is implemented in TSMC 90nm CMOS process.
The operating voltage ranges from 0.9V to 1.1V, and temperature range is from 0°C to 75°C.
Fig. 2.10 shows the timing diagram of sensor output. The Out_flag raises a pulse, then the
Output signal outputs the values of temp_code, process _code and voltage code in

sequential along with ext_clk.

R S R (N D (O R

Out_flag ((
Output E\ X temp._code Xprncess_cnde Xvultage_code Xtemp_cude Xprncess_cndex \mltage_cndex

Fig. 2.10 The timing diagram of sensor output process
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The proposed static IR-drop monitor achieves a 0.027mV resolution and has a maximum
error 16.4mV with process, voltage, and temperature (PVT) variations as shown in Figs.
2.11 and Fig. 2.12. Fig. 2.11 shows the output voltage value versus the ideal voltage value
under corner simulations, and we can see that the curve of detected voltage value is close to

ideal voltage value as we expected.

Voltage versus sensor voltage out under three corners
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=t —FF 75°C
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~-880°C
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—~—88 50°C
~+88 75°C

i

o
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o
©
a
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0'88‘9 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08 11
Ideal Voltage(V)

Fig. 2.11 The output of the voltage sensor versus ideal voltage
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\oltage error is defined as the sensed voltage value minus ideal voltage value. The voltage
error of proposed static IR-drop monitor is shown in Fig. 2.12, where the maximum error
voltage is 16.4mV at SS corner and the minimum error voltage is 0.1mV also at SS corner.

The average voltage error is 5.1mV.

Voltage versus simulation error voltage (mV) under Three corners

18
T T T T T T T FFO°C

|=FF25°C
—~FF 50°C
|=~FF75°C
~TT0°C

~TT 25°C
~TT 50°C
|=-T1T75°0
~880°C

6l X \‘/)\ ’ , o /+ss 75°C

Error Voltage (mV)

| | | |
8.9 0.92 0.94 0.96 0.98 1.02 1.04 1.06 1.08 11

VoItaLe(V)
Fig. 2.12 The error of the proposed voltage sensor

We also run the simulations at 15°C, 35°C and 65°C. The complete simulation results
of R2(P,V,T) versus voltage is shown in Fig. 2.13, R1(P,V,T) shown in Fig.2.14 and (R1 -
R2)/R1*1024 shown in Fig.2.15.

Although we didn’t simulate these temperature values in Fig2.2, the process sensor can

still operate correctly according to the simulation curves shownin Fig.2.13.
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Fig. 2.14 Simulated R1(P,V,T) curves under non-corner temperature
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Fig. 2.15 Simulated (R1 - R2)/[R1*1024 curves under non-corner temperature

However, since the relationship between (R1 - R2)/R1*1024 and the output voltage code is

correlated to the temperature value, the misjudgment of the temperature value increase the

maximum error voltage of the proposed all-digital voltage sensor from 16.4mV to 57.2mV.
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Fig. 2.16 The error of the proposed voltage sensor under non-corner temperature

The layout of proposed static IR-drop monitor is shown in Fig. 2.17 which contained

SSC_constrained and SSC_unconstrained two main blocks. We adopt hierarchical
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automatic placement and routing to implement our chip. We separate the whole chip into

two blocks by whether they are timing constrained or not. If the block mainly contains

the temperature sensor and the linear

timing constrained function such as the process sensor

calculator, we merge these blocks as SSC_constrained. On the contrary, the non-timing

we merge the blocks as SSC_unconstrained. The

constrained block such as the DRE

proposed design can operate from 0.90V to 1.10V, and the temperature range from 0°C to

75°C.The active area of the test chip is 0.063 mm?. The power consumption of the proposed

design is 1.0068mW at 1.0V.
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Fig. 2.17 Layout of proposed design
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We used a power supply (Agilent E3600), a signal generator (Agilent 81134A), a
seeeduino ADK main board, a chip and a test board for chip measurement of the static
IR-drop monitor test chip. The power supply provides the Core power and Pad power for
the proposed voltage sensor, and the Core power is 0.90V to 1.10V and the Pad power is
3.3V.

The output values of the proposed static IR-drop monitor have too many bits.
Therefore, the measurement should take the input and output values from limited I/O pads.
We will use the Seeeduino V3.0 to connect with.the test board for input external values and
samples values output from the test chip. Seeeduino ADK Main Board is an Android Open
Accessory Development Kit(ADK), with the general purpose 1/0 (GPIO) function. The
GPIO function can generate digital or analog pluses and provide 3.3V and 5V modes. We
can input signal by the test board to our chips by using the GPIO function of the Seeduino.

The Seeeduino V3.0 is shown in Fig. 2.18.
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Fig. 2.18 Seeeduino V3.0

The specifications of Seeeduino V3.0 are shown in Table 2.2. Noted that although the
clock rate is claim to be 16 MHz. For error prevention concern, the external and output
clock of design is aimed to be under 5 MHz by our experience. The input and output values
will transmit data via 14 bits of digital 10 pins and 8 pins of analog pins.

The application of our design is as shown in Fig. 2.19. We plan to place our static
IR-drop monitor in a SoC design. We can place voltage sensor separately around different

blocks to monitor the static IR-drop of the chip.
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Power Source

On-Chip Voltage
Regulator

IR-Drop IR-Drop IR-Drop
Monitorl Monitor2 Monitor3
IR-Drop IR-Drop IR-Drop
Monitor4 Monitor5 Monitor6
IR-Drop IR-Drop IR-Drop
Monitor7 Monitor8 Monitor9

Fig. 2.19 The schematic diagram of application
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Table 2.2 The specifications of Seeeduino V3.0

Microcontroller

Atmel ATmega328 (AVR 8-bit) in TQFP-32 package

Board (Boot-loader)

Arduino Duemilanove w/Atmega328

Operating Voltage

5V or 3.3V (choice by slide switch)

Maximum output current of
3V3 port and 5V port

5V port - 500mA, 3V3 port - 800mA(need to be powered by DC
jack or Vin)

Maximum output current of
digit pins

40mA

miniUSB Input Voltage

5V. Maximum is 5.5V.

DC Jack & Vin Input
\oltage

7V to 12V (lower is preferred). Maximum is 20V. If input lower
than 7V and switch set to 5V, then VCC at AVR is about 2V
below the input.

Digital 1/0 Pins

14 (of which 6 provide PWM output)

Analog Input Pins

8 (of which 2 are used for 12C communication - PC4 and PC5)

Flash Memory

32 KB

SRAM 2 KB
EEPROM 1 KB
Clock Speed 16 MHz
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The table 2.3 shows the comparison table of recent IR-drop monitors. Although [13] shows

better error voltage, however it require three clean reference voltage inputs and is not

reasonable for real application. The research [28] using voltage to-time-to digital convert

technique to convert the ring oscillator period into digital value. The work in [12] using

although provide high accuracy result but it also request for three clean reference voltage. In

addition, all of these recent works cannot against the variation of PVTs which lowers the

accuracy of the performance.

Table 2.3 The comparison table

This work [13] [6] [28] [12] [4]
Worst-case IR-drop
Type Voltage sensor PVT sensor VBIST TDC
IR-drop Monitor monitor
Technology(nm) 90 90 65 90 65 45
Temp. Range 0~75 NA -50 ~ 125 -40~90 NA 30-90
VDD Range 0.9-1.1 0.8-1.0 0.3-1.0 0.9-1.1 0.9-1.1 0.9-1.1
Within 10% of the
Voltage Error 57.2mV 4.81mV NA NA actual measure 27.5mV
value
Resolution 0.027 mVv 3.74mV 50 mV NA NA NA
power(mW) 1.0068@1.0V 1.94@0.8V 0.0037@0.3V NA NA NA
Active
5 0.063 0.184 0.1 0.027 NA NA
area(mm )
3 temperature
Calibration 1 voltage 3 clean voltages - pointsand 5 | 3 clean voltages 3 voltages

voltage points
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Chapter 3 Relative Reference Modelling

Approached On-Chip Silicon Oscillator

3.1 Reference Clock of Highly Integrated System

Nowadays, there are numerous highly integrated circuit designs have been developed.
These complex circuits often require an external quartz crystal oscillator to provide a stable
input reference clock to the system for synchronization. Most of the microprocessors, the
integrated circuits and the system-on-chip (SoC) require a stable high-speed clock generated
by the clock generator. However, the clock generator requires an stable input reference

clock.

The quartz crystal is made of silicon and oxygen atoms which chemical name called
Silicon Dioxide (SiO2). When the quartz crystal is pressed by a direction of the electric

field, the direction of the quartz crystal may be shocked because of the piezoelectric effect.

The quartz crystal characteristics of piezoelectric effect can use the resonance
phenomenon to produce precise oscillation frequency which can be used as the reference

clock for the clock generator.
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Fig. 3.1: various quartz oscillator.

Fig. 3.1 shows various kinds of quartz crystal osc'illators, including the quartz crystal
oscillator (XO), Temperature compensated ;:rystal oscillator (TCXO), Oven-controlled
crystal oscillator (OCX0) and Voltage-controlled crystal osc_:illatdr (VCXO). The quartz
oscillators are commonly applied in plenty of products in the current market, such as,
motherboards, CPUs, and large-scale medical equipments. These circuits will choose a
suitable quartz crystal oscillator according to different applications. For example,
integrated circuit or system-on-chip (SoC) often uses the TCXO as oscillator, due to the
feature of temperature variation immunity of TCXO. Such circuits do not take price, size,
and power consumption as their major consideration. Instead, frequency accuracy is more

important than others.
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3.2 Survey of Conventional On-Chip Silicon

Oscillator

3.2.1 The Band gap Voltage Reference-Based On-Chip

Silicon Oscillators

In the prior researches, most of the on-chip silicon oscillators use an external
temperature sensor or an input reference voltage [32][33][34][35] to replace the external
quartz crystal. These type of circuits, we call them band gap voltage reference-based

on-chip silicon oscillators.

Vref
%
Comparator>— CRILPR
Ve, Controller
sp
+ VctrI/
f Control code
requency
sensor outclk | VCO/
(frequency to voltage | DCO |
converter)

>
out_clk

Fig. 3.2: The architecture of the band gap voltage reference-based on-chip silicon

Fig. 3.2 shows the block diagram of a band gap voltage reference-based on-chip silicon
oscillator [34] compensation loop. While the circuit applied analog charge pump, it is
composed of a comparator, a charge pump (CP), a loop filter (LPF), a frequency sensor and
a voltage controlled oscillator (VCO). If the circuit applied a digital approach, it is

composed of a comparator, the digital controller, a frequency sensor and a digital controlled
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oscillator (DCO). After the VCO/DCO generates the difference frequency (out_clk) by the
difference voltage (Vi) or the difference digital control code, the frequency sensor detects

the VCO/DCO frequency and converted the frequency into the voltage value (Vgp).

With an external stable DC voltage reference (Vy), the comparator compares the
difference between Vgp and Vyer. If Vg is smaller than Vi, the circuit will speed up the
VCO/DCO by increasing the V¢ or digital control code. On the other hand, if Vs is larger
than Vet the circuit will slow down the VCO/DCO by decreasing the V¢ or digital control
code. During the compensation mechanism, it can against process and temperature

variations.

Even though, this circuit does not require a reference clock. However, external
reference voltage (Vi) IS required to eliminate the process and temperature variations.
Moreover, frequency sensor produced some errors while converts frequency into voltage
value with PVT variations. Therefore, the frequency error of the band gap reference-based

on-chip silicon oscillators is increase with PVT variations.

Fig. 3.3 shows the block diagram of the temperature sensor-based on-chip silicon
oscillator [36] compensation loop. It is composed of a temperature sensor, a non-linear
mapper, a divider, a phase detector (PD), a loop filter, a digital/voltage controlled oscillator

(DCO/VCO) and an electrothermal filter (ETF)[24] oscillator(OSC).
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Fig. 3.3: The architecture of the band gap temperature sensor-based on-chip silicon

oscillator.

First of all, this circuit uses a temperature sensor to measure the operating temperature
and then it uses a non-linear mapping table to change the divider ratio of the PLC.
Subsequently, it adopts the phase detector (PD) to compare the phase difference between
ETF/OSC and the divided clock to adjust the frequency of the DCO/VCO. The non-linear
mapping table can be used to calculate the control code to the frequency divider according
to the temperature value. Finally, the control code with temperature variation adjusts the

frequency of the DCO/VCO.

A mobility-based frequency reference [36][37] and thermal diffusivity-based frequency
reference [38][39] are based on the band gap temperature sensor-based on-chip silicon
oscillator. The advantages of these designs are high accuracy, low power, wide temperature
range variations and relatively small process variations. However, these designs cannot
eliminate voltage variation and they have strongly temperature dependency. As a result,
these methods often need accurate temperature sensors to compensate for the output

frequency and occupy a large chip area.

3.2.2 The Bias-Based On-Chip Silicon Oscillator
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The block diagram of a bias current compensation mechanism frequency-locked loop
technique of on-chip silicon oscillator is shown in Fig. 3.4 [40]. It is composed of a current

comparator, a VCO, an amplifier (AMP), and a digital-to-analog converter (DAC).

After bias circuit generating a bias current (Igas), the AMP amplifies the difference
between lgjas and loyr as Vour pass to the VCO. The frequency-to-current converter
converts the frequency of fout into current loyt. Above blocks constructed as a feedback
loop circuit. The current comparator compares the difference between Igas and the output
of the converter current loyr which will adjust the control voltage (Vour) of the VCO until

the lout equal to Igas in this feedback loap.

This type of architecture [40][41][42] are the improved work of the band gap voltage
reference-based on-chip silicon oscillator which do not need an external reference voltage
as [32][33][34][35]. However, the designs have to face the challenges of circuit accuracy
due to the reference bias circuit will be affected by PVT variations and the conversion error

in the frequency-to-current converter.

Current Comparator

Bias
Circuit

VCO

Frequency-to-Current
Converter

Fig. 3.4: The architecture of the current comparator on-chip silicon oscillator.

-62 -



Fig. 3.5 shows the block diagram of a two voltages controlled on-chip silicon oscillator

[43]. It is composed of a voltage-swing controller, a bias current controller, and a ring

voltage controlled oscillator (RVCO).

Voltage-
Swing

meos bias

| Controller |:

Bias-
Current

| Controller

Vnmos bias

Fig. 3.5: The architecture of the two voltage controlled on-chip silicon oscillator.

This architecture uses on-chip bias-current controller and voltage-swing controller to

compensate process and voltage variations of the RVCO frequency.The voltage-swing

controller and bias-current controller separately generate different voltage and current for

RVCO to control PMOS and NMOS of the RVCO, simultaneously.
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Fig. 3.6 shows the simulation results of the voltage-swing controller and the
bias-current controller different voltage (Vswing) and different current (lyias) to compensate
the RVCO [43]. According to Fig. 3.6, the output frequency of the RVCO remains stable
with process and voltage variations. However, the voltage-swing controller and the
bias-current controller are required to generate the difference voltage to compensate the
frequency of the RVCO to overcome the process and voltage variations. In addition, this

design method is not suitable to against temperature variations.
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Fig. 3.6: The two voltage controlled on-chip silicon oscillator frequency with process

and voltage variation.
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3.2.3 Relaxation-Based On-Chip Silicon Oscillator

The relaxation oscillator [44]-[48] is an improved design of the RC-oscillator. The
architecture of the conventional RC-oscillator [44] is shown in Fig. 3.7 which is composed
of two comparators, a SR latch, some resistors and some capacitors. The conventional
RC-oscillator runs through a resistor to charge a capacitor from a current source. In this
circuit, the current source I, and I, have flicker noise, and thus when it uses for a long time,
the comparator and other circuit have process, voltage and temperature (PVT) variations

and the accuracy of frequency will be degraded.

The relaxation oscillators [44]-[48] aim to reduce the comparator delay time changes

(ty) with PVT variations.

QO O

Fig. 3.7: The architecture of conventional RC-oscillator.
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Fig. 3.8 shows architecture of the voltage averaging feedback (VAF) relaxation

oscillator which is composed of a VAF and a relaxation oscillator [44].

The relaxation oscillators [44][45] with power averaging feedback can tolerate not
only temperature but also voltage variations. The voltage reference of resistive divider
requires to cancel the temperature dependency which may cause 0.4% frequency error with
small voltage variations on the reference voltage (i.e. 2mV) [44]. This shows the sensitivity
of the design is to process variations after calibration. Relaxation oscillators [44]-[47][50]
need a bias generator to overcome voltage and temperature variations. The disadvantage of

these designs is that the bias generator occupies a large chip area.

Voltage Averaging Feedback

I1As i
+\¢\ '

-
e

Hig|
<HE
<H_

Relaxation Oscillator

Fig. 3.8: The architecture VAF relaxation-oscillator [44]
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3.2.4 The Relative Reference Modeling On-Chip Silicon

Oscillator

An all-digital on-chip oscillator with the relative reference modeling (RRM) is
proposed in [49]-[53]. The propagation delay time of the logic cells are easily affected by
PVT variations. In RRM, they choose two logic cells from the standard cell library, and one
uses as a reference delay cell (RDC), and the other cell uses as the compare delay cell
(CDC). With PVT variations, delay time of the RDC and the CDC will be both increased
and decreased. However, delay time variations in the RDC and the CDC are not the same.

In RRM, they define the delay ratio between these logic cells can be expressed as Eq. 3.1.

D PV,
R(P,V,T) = B%%%%ﬂz§% (Eq. 3.1)

where Drpc(P,V,T) and Depe(P,V,T) are delay time of the RDC and CDC, respectively.

The block diagram of the delay ratio estimator (DRE) is shown in Fig. 3.9. In DRE,
two logic cells, RDC and CDC are used to create two ring oscillators, the reference ring
oscillator (RRO) and the compared ring oscillator (CRO), respectively. The output of the
ring oscillator is connected to the counter to record the oscillation cycles of the oscillator.
The value of two counters can be used to calculate the delay ratio R(P,V,T) as expressed in

Eq. 3.2.

R(P,V,T) = Zenr  (gq. 3.2)

where CROcnt and RROcnr are the output of the CRO counter and the RRO counter,
respectively. The CRO counter will count from 0 to Nt;ve, and then the two ring oscillators

are stopped. The value of Nrve is power of two, thus the delay ratio R(P,V,T) can be
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computed without a divider.

RRO
FTTI——— }L RO

7 > = —
I RDC COUNTER | RO -~ Delay
Enable Reset mal Ratio
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CRO NTIME
A COUNTER ™GRO
CRO

Fig. 3.9: The architecture the delay ratio estimator (DRE).

Fig. 3.10 shows the simulation results of R(P,V,T) and Dgpc in typical corner, where
Drpc is the period of the reference ring oscillator. The Drpc €an be estimated in terms of

R(P,V,T) as expressed in Eq. 3.3.

DRpc(P, V, T) = CO€f0 + CO€f1R(P, V, T)

+CO€f2R2(P, V, T) B .. . coefnR”(P, V. T) \ (Eq. 3.3)

where coef, to coef, is the coefficients of nth-order curve modeling. In RRM, the high order
of curve modeling results in high cost. As a result, they need to trade-off the accuracy and

design cost. Finally, they uses a second-order mapper to implement the Eq.3.3.
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Fig. 3.10: The R(P,V,T), Drpc, and the second-order curve modeling diagram.

Fig. 3.10 shows the system architecture of the RRM. It is composed of a delay ratio
estimator (DRE), a mapper and a DCO. The DRE computes the R(P,\,T) at chip run time
with voltage and temperature variations. Firstly, the RRM requires multi point calibration.
In the calibration mode, the DRE estimates the R(P,V,T) and Dgpc at different voltage and
temperature. According to R(P,V,T) and Dgrpc values to build up the second-order curve
modeling diagram as shown in Fig 3.11. The mapper is used to to replace the second order

equation calculation with a mapping table. Then the mapper outputs control code to the

DCO.
Coef{icient
Delay | Digital
RP,V,T
Ratio CV0) Mapper cae Controlled CLK
Estimatot $ Oscillator
1:des

Fig. 3.11: The architecture of the Relative Reference Modeling On-Chip Silicon
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Oscillator.

The digital approach of the RRM makes it easy to design the on-chip oscillator.
However, a high order polynomial is required to minimize the modeling error, and thus, a
mapper is required to reduce the area cost. In addition, in RRM, multi-points calibration is

required. The high testing cost make it is not suitable for mass production.

-70 -



3.2.5 The Prior All-Digital On—Chip Silicon Oscillator

Our proposed all-digital on-chip silicon oscillator is the incremental work of [54]. The
propagation delay time of the logic cells are easily affected by process, voltage, and
temperature (PVT) variations. The [54] proposed a design which uses the relative modeling
to build up the on-chip oscillator. In addition, voltage and temperature classifiers are
proposed to reduce the modeling error from temperature and voltage variation to achieve a
better accuracy of the output frequency. The system architecture of the all-digital on-chip
oscillator is shown in Fig. 3.12. It is composed of a delay ratio estimator, a voltage classifier,
a temperature classifier, a linear calculator, and a digitally controlled oscillator (DCO). The
DRE estimates the R1(V,T) and the R2(\,T) at chip run time under voltage and temperature
variations. This design need to measure the values of R1(V,T), R2(\V,T), and Prro(V,T) with
five different voltages (V1 to Vs) and four different temperatures (T, to T,4). Therefore, it
needs to measure the values of R1(V,T), R2(V,T), and Prro(V,T) in totally 20 different (\V,T)

cases, and Prro(V,T) means the period of the RRO.

........................... Off-chip « = # » s s s v n s nnns,
© ¥ Linear Regression and R1, R2 Range Calculation
> V(‘ODE = a(Vn) X Rz(vnu T) + b(vn)
TCODE = C(Tu) X RI(V, Tn) + d(Tﬂ)
Coefficients
R Lyaxame(Va) R2yaxam(Th) a(Vy). b(vn)e c(T), d(Tn) '
RI1(V.T) v
Iy & Voltage )
L C‘lassiﬁerv Linear
R2(V.T) Temperature Calculator
Classifier DCO | CODE
Delay OUT CLK Dlgltally
Ratio <— Controlled
Estimator Oscillator

Fig. 3.12 The proposed on-chip oscillator architecture [54]

-71-



The block diagram of the delay ratio estimator (DRE) is shown in Fig. 3.13. In DRE,
three logic cells, RDC, CDC1, CDC2 are used to create three ring oscillators, the reference
ring oscillator (RRO), the compared ring oscillator 1 (CRO1), and the compared ring
oscillator 2 (CRO2), respectively. The output of the ring oscillator is connected to the
counter to record the oscillation cycles of the oscillator.

The value of these counters can be used to calculate the delay ratio R1(P,V,T) and

R2(P,V,T) as follows

R1(P,V,T) = 22aPVD) g q 3)

Drpc(P,V,T)

R2(P,V,T) = 2ee2®VD) g 1 g)

Drpc(P,V.T)

\4

crOl N >J, cRo1

COUNTER | CRO1cxr

R1(P, V,T)
M
wo e mws [Tee o
ENABLE COUNTER | RROgyr Nrime = 1023
P
CRO2 '—BDEHj-Ef = . CRO2 MRV
L COUNTER | CRO2cnr T

Il CDC1 [ RDC [ |CDC2

Fig. 3.13 The architecture of delay ratio estimator [54]
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Fig. 3.14 shows the cell selection flow chart for RDC, CDC1, and CDC2. At first, any three
logic cells are selected from the standard cell library to build up the delay ratio estimator.
Subsequently, we need to perform SPICE simulation of the DRE with PVT variations
to obtain delay ratios, R1(P,V,T) and R2(P,V,T). In [54], the voltage varies from V1 to V5
(V1=0.90V, V2=0.95V, V3=1.00V, V4=1.05V, and V5=1.10V), and temperature varies from
T1 to T4, (T1=0°C, T2=25°C, T3=50°C, and T4=75°C). In addition, the process variation
includes typical process corner (TT), best process corner (FF), and worst process corner
(SS). Therefore, it needs to simulate the DRE. in totally 60= (3x5x4) different P, V, T

combinations.

Choose three cells from the cell library
to build up the delay ratio estimator (DRE)
(RDC, CDC1, CDC2)

v

Perform SPICE simulation of DRE with PVT variations
to obtain Rl(P, V, T), RZ(P, V, T), GRr1, Sr1, Ggro and Sgro
!

At different process corner, R1(P, V, T) values has to be
monotonically increasing or decreasing with temperature
variations at different voltages.

)

Choose best cell combination for RDC, CDC1 and CDC2
based on Gr1, Sr1, Ggro and Skro

Fig. 3.14 Flow chart of how to choose cells from the cell library [54]
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Fig. 3.15 shows the delay ratios R1(V,T) and R2 (V,T) versus the period of the RRO,
PRRO(V,T) in typical process corner. In Fig. 3.15(a), with a fixed voltage value, the delay
ratio R1 varies with temperature variations. In Fig. 3.15(c), with a fixed temperature value,

the delay ratio R2 varies with voltage variations.

1.35 \ 1.35
%1_]5 { —0.95V E 1.15 ./._/l/. —0.95V
= ‘/ S A / 1.0V
/ 1,05V / ~1.05V
0.95 - —11v | 095 —1.1V
0.803 0813 0823 0.833 078 079 0.8 0.81
RI(V, T) R2(V, T)
(a) (b)
1.35 1.35
£ B
o —.-O”C 2 —I—UFC
50C 50°C
0.95 ‘ - I5C 0 095 —75C
078  0.79 0.8 0.81 0.803 0813 0823 0833
R2(V, T) RI(V,T)
(c) (d)

Fig. 3.15 Delay ratios R1 (V, T) and R2 (V, T) versus PRRO (V, T) in typical process

corner [54]

This on-chip oscillator with a relative modeling uses a voltage and temperature classifier to
roughly estimate the supply voltage and operation temperature at chip run time. The design
provides a systematic way to automatically generate the on-chip oscillator with PVT
variations tolerance. Thus the design can operate with a low supply voltage, and is very

suitable for low-power and low-cost system-on-a-chip application.
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3.3 Motivation of Proposed On-Chip Silicon

Oscillator

In section 3.2.5 we have discussed the prior design [54]. The advantagess of this work
is that it can operate under low voltage with PVT variation tolerance. However, the design
flow of choosing DRE cells as shown Fig. 3.14 is too complicated and takes too much effort
to find a beast cell combination. As a result, we want to simplify the cells selection
procedure of the DRE by using the idea of gated ring oscillator. We assume that tuning the

number of open gates in oscillator may have similar result as the cell picking rules in [54].

3.4 The System Architecture

We have done some simulations by connecting different number of CDC cells to see
the performance of trend line of voltage versus delay ratio. Furthermore, we define
equations to define the performance index includes range and the gradient. We want the
trend lines of voltage versus temperature and voltage do not have any overlapped and as
straight as possible to avoid wrong decision on decide current voltage and temperature.

Range= Max(R(Vn+1,Ti))-Min(R(Vn-1,Tj)) (Eq. 3.1)
Gradient=|(R(Vn+1,T75)- R(Vns1,To)) [+ [(R(Vn, T75)- R(Vn, To))| (Eg. 3.2)

In Eq.3.1 and 3.2 present voltage range from 0.9V to 1.0V and i and j present
temperature range from 0°C to 75°C. In different cell combination, the value of range is
larger one is better, and the value of gradient is also smaller one is better. The result of
temperature versus delay ratio of is shown in Fig. 3.16. Each lines present voltage from

0.9V to 1.1V under FF, TT and SS corners. Different colors show the different selected
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number of the delay cells in the CRO from 1 to 20 and from left to right in Fig. 3.16. When

the number of the selected delay cells in the CRO bellows larger, the distance of trend line
within the group is wider.

Temperature versus Delay ratio

80 T T T T
o) 0
60_-"""" -E ------ | ;“ |
o — el AN 5
9 H \
2
72_40_ ............................ -
£
: 1 |
30| -
L il
o | LD m
P
% oiz 0i4 08

Delay ratio

Fig. 3.16 temperature versus delay ratio under different connected number of CDC

Fig .3.17 shows the relation between the gradient and the range of different selected
delay cells of CRO. The selected delay cells of the CRO is from 0 to 20 and from the lower
left corner to right upper corner under FF, TT and SS corner. We want the wider the range

and the smaller the gradient but in Fig. 3.17 we see the trade trade-off between range and

gradient.
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From above test, we understand that we may be able to control the delay ratio versus
temperature and voltage trend line by choosing different number of delay cells of the CDC.
As a result, we replace ring-oscillators in Fig. 1.34 of the DRE unit by three DCOs. The
proposed is shown in Fig. 3.18. The gated path oscillator consists of 64 coarse tuning delay
cells (CDCs). The resolution of the proposed DCO is two consisted cells gates delay time.
In the proposed coarse tuning architecture, the one coarse tuning stage delay is two
consisted cells gates delay time. We aimed to use this architecture to see the trend line of
voltage versus delay ratio and temperature versus delay ratio will change with the coarse
code. Moreover, we expect the trend line will have similar or better performance than prior

decision cells.

Enable_ DCO

coarse[0] coarse[l1] coarse[2] coarse[61] coarse[62]

OUT_CLK

L

coarse[0] coarse[62]

 CB_OUT

BUF

Fig. 3.18 Proposed gated path oscillator
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Chapter 4 Conclusion and Future

Works

4.1 Conclusion

In this thesis, we use relative reference modelling method to build up the delay ratio
estimator. Then the characteristics of the delay ratios can be used to identify the process and
temperature variations which apply in design of a static voltage sensor and an on-chip
silicon oscillator. The linear calculator of the proposed IR-drop monitor can output an
accurate voltage value with PVT variations. The digital controlled oscillator can be
controlled by digital control code and output the stable 5 MHz frequency.

Both proposed relative reference modelling designs are implemented with standard
cells with the advantages of the digital design approach, such as insensitivity to noise,
robustness to process variations and work environment, more design flexibility to other

processes, and suitable for SoC design.
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4.2 Future Works

In this thesis, there are some weaknesses in our relative reference modeling based
IR-drop monitor and relative reference modeling approached on-chip silicon oscillator. The
area and power of three ring oscillators affect the IR-drop monitor and on-chip silicon
oscillator. In addition, the simulation time of DRE is too long. It takes approximate three
days to produce one delay ratio value in circuit simulation. Although we have found
methods to accelerate simulation speed, it still needs one day to generate the delay ratio. As
a result, we want to improve the architecture of oscillator in DRE to reduce the throughput
of the DRE. TDC might be the practicable method to reach the goal through its high
resolution and faster calculation speed.

If we can improve the DRE, then the proposed relative reference modeling based
voltage sensor and relative reference modeling approached on-chip silicon oscillator will
achieve more contribution at sensing environment parameters and also have more real-time

estimation ability.
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