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Abstract

In recent years, low power designs for portable deviees become popular. Many consumer
electronics are asked to consume as less power as possible to extend the battery lifetime.
Owing to the progress in CMOS technology, the threshold voltage of the transistor keeps
degrading. But the degrading of the system supply voltage is much faster. Under the low
power supply environment, the gate-source voltage decreases which leads to the decay of the
driving ability. Hence the operation frequency of digital circuit is limited. Besides, the system
suffers from process variation badly when the supply voltage is near the threshold voltage of
the transistors. For the ADPLL systems, low power supply decreases the operation frequency
of the oscillator. So we propose a bootstrapped delay cell for the digitally-controlled oscillator
in ADPLLs. With the bootstrapped cell, the output swing of the oscillator is —Vpp to 2Vpp.
This enlarged swing not only enhances the driving ability but keeps the transistors operate at
super Vry region. The circuit then suffers less from the process variation compared to the
oscillators composed of the traditional inverters. Finally, our ADPLL is fabricated in 90nm
CMOS technology. The core area is 0.057 mm?. Under supply voltage of 0.5V, the locking
range is 240 MHz to 480 MHz. The peak-to-peak jitter is measured 69.1 ps while operating at
400 MHz, and the power consumption is 70 uW .

Keyword: ADPLL, low power PLL, bootstrapped delay cell, low power ADPLL
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Chapter 1

Introduction

1.1 Motivation

As the CMOS technology develops rapidly,. the transistor number in one chip increases
tremendously. Many complicated circuits with different function can be integrated on a chip.
That’s why the concept of System-on-Chip (SOC) becomes more and more popular. So the
synchronization of clocks among different modules becomes important. First, there is a
reference frequency from external crystal oscillator. This external clock is used as the
reference clock for all the Phase-Locked Loops (PLL). PLLs provide the synchronized
clocks for all the modules in the system to prevent errors from clock skews. In addition, PLLs
can also work as frequency synthesizers to provide variety of clock frequencies to meet the

system requirement.
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In recent years, eco-awareness gains ground. A lot of electronic products are required to
consume as less power as possible to extend the life time of batteries. In PLL systems, the
most power consuming block is the oscillator which operates at the highest frequency in the
system. If one wants to realize a low power PLL, the most efficient method is to reduce the
power of the oscillators. Since the power consumption of an oscillator is proportional to the
supply voltage (Vpp) of the system, the most straightforward way to reduce the power

consumption is to reduce the supply voltage of the system.

1.2 Challenges

When we reduce the supply voltage of the circuits; many problems arise. Owing to the

reduction of supply voltage, the gate-source voltage (V) of the MOSFETs decreases, and so
does the overdrive voltage ( Vio=V,;) of the transistors.. So the drain current of the
transistors decreases under low supply voltage environment. It leads to_the increase of rise
time and fall time of the transistors. Hence, the operation frequency of the circuit is limited at
low supply voltage. Generally speaking, ‘the threshold voltage (V.;) of the transistors in
90nm CMOS is about 0.26V. When the supply voltage goes down near V., the circuit may
become more sensitive to the process variation. Especially for the oscillator, the linearity
becomes worse and it may fail at SS corner.

In this thesis, we propose a bootstrapped cell for the digitally-controlled oscillator (DCO)
being designed. By the characteristic of bootstrapped cell, the output swing of the DCO is
-V, t02V,,. This wider output swing not only enhances the driving ability of cell output,
but also makes the transistors operate at super threshold region. So the linearity of DCO curve
is better than those in the sub-threshold region. The supply voltage we use here is 0.5V which
is the output voltage of a solar cell, so with this bootstrapped cell we can achieve higher

operating frequency and reduce the overall power consumption substantially.
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1.3 Organization

This thesis comprises six chapters. The motivation and features are described in this
chapter. Chapter 2 describes the background studies. It starts with an overview of the basic
PLL systems. Then, we introduce the architectures of the low power oscillators. Finally, we
introduce the different architectures of ADPLLs.

Chapter 3 addresses the architecture of the proposed bootstrapped delay cell and analyzes
its behavior. The oscillation frequency is also discussed. Based on this discussion, the DCO
consisting of the bootstrapped delay cells is.implemented. Chapter 4 depicts the linear model
of the ADPLL. With this approximation, we can. design the ADPLL parameters for the
stability of the feedback system:

Chapter 5 shows.the layout.and.post-layout simulations of the ADPLL. Measurement
environment is also presented in this chapter. The measured results and the comparison table

are depicted as well. Finally, Chapter 6 concludes this thesis.
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Chapter 2

PLL Fundamentals

2.1 Introduction to Different Types of PLL

In this chapter, we’re «going to.introduce three types of PLLs. They are analog PLL
(APLL), charge pump PLLs (CPPLL), and all digital PLLs (ADPLL) respectively. The first
PLL model was proposed by a French engineer Bellescize in 1930. It is commonly used in
clock generator, clock and data recovery (CDR), and frequency synthesizer circuits, which are

the important circuits in modern electronic industry.

2.1.1 Analog PLL

Analog PLL is composed of three basic analog blocks, a phase detector (PD), a loop
filter, and a voltage-controlled oscillator (VCO). The block diagram of an APLL is shown in

Fig. 2-1.
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Reference PD Loop Filter
Input 1

|+ 6 (5)
Bi (s) —ro—» Kb

_A |

\

F(s)

VCO

B, (8)

Kvcols [«
Feedback Signal

Fig. 2-1: Analog PLL linear model

The phase detector compares the phase of the reference input clock with the oscillator
feedback signal. The detected phase-erroris multiplied by a gain of K, so it comes out with
a voltage which represents the phase-error between the reference input clock and the feedback

signal. The output of PD is given by
Uy (5) = K,,0,(8) = K [0,(5)-0, ()], @.1)

The loop filter is usually an active or passive low pass filter to filter out the high frequency
input noises. It provides a DC control voltage to VCO to _have it oscillate at the desired
frequency. As for the VCO, it converts-the control voltage from loop filter to an output

frequency. The VCO behavior is like an integrator with a DC gain of K,,. Its transfer

function is given by

eo(s):m_ (2.2)
So the transfer function of the analog PLL is expressed as
K K. F
H(s)= 0,(s) __SpByveo (s) 2.3)

0,(s) s+K Ky F@s)’
where F(s) is the transfer function of the loop filter. It should be noted that in analog PLL the

output frequency is the same as the input reference frequency.
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2.1.2 Charge Pump PLL

A charge pump PLL is also known as a digital PLL. It is usually composed of a phase
frequency detector (PFD), a charge pump, a frequency divider, a loop filter and a VCO. The
block diagram is shown in Fig. 2-2. PFD detects the phase and frequency error between the
reference clock and the feedback clock to produce a lead/lag signal to the charge pump. Based
on the lead/lag signal, the charge pump charges or discharges the loop filter to adjust the
control voltage of the VCO. In CPPLL, a frequency divider is often inserted. So the frequency

multiplication can be achieved. Each block will be briefly introduced in the next paragraphs.

Reference Clock UP Output Clock
8, —» >
PFD Charge Pymp & . VCO .-
Loop Filter
90 —>| —>
DN
Feedback Clock

Frequency Divider

Fig. 2-2: Charge pump PLL block diagram

PFD detects the phase error of two different signals to produce an output impulse which
is proportional to the phase difference, as shown in Fig. 2-3. When 6, leads 0, the impulse
signal UP is produced whose width is equal to the phase difference of 6, and 0O, as shown
in Fig. 2-3(a). On the contrary, the DN signal appears when 0, leads 0., as illustrated in Fig.
2-3(b). The transfer curve of PFD is shown in Fig. 2-4(a). The dead zone is a key point of
PFD, which is shown in Fig. 2-4(b). Dead zone is the region that PFD fails to produce UP or

DN signal to the charge pump. It may result in large timing jitter in the output clock.
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S — ppp [ WP

B — — DN

o 1T o T

vpJ L up |
DN— DN _I__
(a) (b)

Fig. 2-3: Behavior of PFD

Vout Vout

Am -2m - d /

» Phase Error . :

oo 2m 41 /
& =

Dead Zone

(a) (b)
Fig: 2-4: (a) Transfer curve of PFD, (b) Dead zone of PFD.

» Phase Error

The charge pump shown in Fig. 2-5 consists-of two current sources and two switches.
When A has a higher frequency than B or lead in phase at the same frequency, the UP signal
will turn the switch S; on. Current I; will charge the capacitor Cp. It results in the increase of
the output voltage as shown in Fig. 2-6. Otherwise, S, is turned on. Cp is discharged by I, and
the output voltage drops. The transfer function of the PFD and the charge pump is

=[x 0.

Loump o (2.4)

where Ipymp 1s the output current of the charge pump and I=I,=I, is the current of two current
sources. Note that (2.4) is just an approximation because charge pump itself acts as a
discrete-time system. Only if the loop bandwidth is much smaller than the input reference

7
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frequency (usually 1/10~1/15) can equation (2.4) be approximated to a continuous-time

system.

Vbp
l4
S;
A —» — UP_° LLiwe
PFD _— Vout
B——> —— DN S2 C

Fig. 2-5: PFD, charge pump, and loop filter

e\ _18¢
" l

Vout

Fig. 2-6: Operation of the charge pump

The Loop filter decides the stability of a PLL system. It is implemented in either active or
passive manner. The passive one has better ability to filter the noise and is also easier to

design. So the passive filter is usually used in most PLL systems. Fig. 2-7 shows the first

order, second order, and third order loop filters respectively. V.., 1s the control voltage for
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the VCO.

VeTrL

1 order 2" order

Fig. 2-7: 1 order, 2™ order, and 3™ order filter

lpump

I L

3% order

R2

VeTrL

The VCO is the most important block in a PLL system since it provides the output clock

signal. The control voltage V., decides the oscillating frequency of the VCO. Fig. 2-8

shows the characteristic curve of a’ VCO. When V., is zero, the VCO has a free running

frequency Fy. The slope of the curveis the gain of the VCO or K ;. Its frequency output

equation is given by

Fout B Fo + cho 28 VCTRL .

Four
A

e
>

VerrL

Fig. 2-8: Characteristic curve of VCO

(2.5)
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There are two major structures of the oscillators. One is the ring oscillator and another is
the LC tank oscillator. A ring oscillator has a wider frequency tuning range and occupies
smaller chip area. But its phase noise is high. A LC tank oscillator takes the advantage of low
phase noise and high operating frequency, however it occupies more area since it’s composed
of capacitors and inductors. So designers must choose the structure of oscillator by their
specifications and application needs.

A basic single-ended voltage-controlled ring oscillator is illustrated in Fig. 2-9. Vp
controls the charging current of each stage while Vy controls the discharging current. The
larger the current is, the shorter the'delay time and the higher the oscillation frequency will be.
The output frequency is controlled by Vp and V. As for the LC tank oscillator, a capacitor is

connected paralleled with an inductor as:'shown in Fig. 2-10. The output frequency is

1
Opsc = ﬁ (2.6)

Under this oscillating frequency, the impedance is infinite theoretically. But the inductor has a
parasitic resistance;which may consume encrgy while current flows through it. So a negative
resistor is added to eliminate the power consumption of the parasitic resistor. The basic LC
tank oscillator is illustrated in Fig. 2-10 where Rp is the parasitic resistor, and the cross-couple

pair made by M/M, providesthe equivalent negative resistor.

VDD VDD VDD
v
N

L

So—

N N
Pamn P

il

Fig. 2-9: Voltage-controlled ring oscillator
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VDD

Fig. 2-10: LC tank oscillator

2.1.3 All-Digital PLL

The ADPLL is composed of digital circuits only, as shown in Fig. 2-11. Traditional
charge pumps are replaced by a time-to-digital converter (TDC). TDC converts the phase
difference between the reference clock and the feedback clock into /digital codes. The digital
code is fed into the loop filter. The digital loop filter (DLF) substitutes. the traditional analog
loop filter. The output clock is provided by a digitally-controlled oscillator (DCO) whose
input signal is given by the digital loop filter.. ADPLLs take advantage of small area
occupation, and better stability, but suffers from lower output frequency and higher output
jitter. The detail of each block of an ADPLL will be discussed in Chapter 3 and Chapter 4.

Table 2-1 demonstrates the comparison of different types of PLL.

11
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Reference Clock UP/DN Output Clock
6, —» P
TDC DLF > DCO >
6, ™ -
Event
Feedback Clock .
Frequency Divider
Fig. 2-11: All-digital phase-locked loop
Table 2-1: Comparison of different PLL
APLL CPPLL ADPLL
Noise Immunity Low Low High
Power Consumption High High Low
Area Large Large Small
Output Frequency High High Low
Oscillator Resolution High High Low

12
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2.2 Architectures of Low Power Oscillator

The most power consuming block in a PLL system is the oscillator since it operates at the
highest frequency in the system. So reducing the power consumption of the oscillator is the
most efficient way to decrease the system power. In this section, some low power VCOs and

DCOs will be outlined.

2.2.1 0.6~1.2V Current-Controlled Oscillator [4]

In order to achieve a wide range of power-supply operation without introducing a
secondary higher power supply,-a clock generation architecture needs to be able to operate
down to sub-1V regions.. CMOS ring oscillator based on the self-biased architecture [1]
requires a voltage = headroom——of 'V, >V, +2V, . for operation. Existing
current-controlled _oscillator [2] also has similar wvoltage headroom requirements.
Current-starved inverter ring oscillator [3] has'a V,, requirement of V;,, + V... The PLL
presented in [4] is based on a single V., current-controlled oscillator, which still require

enough voltage headroom for low power supply applications.

VDD
L 4 \ 4

Mp1 Mp2

Vouse o—] I: l s :I b—o Ve

Fig. 2-12: Differential delay element of current-controlled oscillator [4]
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The basic delay cell used in [4] is shown in Fig. 2-12. M,,/M,, and M., /M,, form
a complementary differential pair that are driven by current sources M,, and M,,. The

swing of the differential output and input nodes depends on the bias current I, , the voltage

drop across M,, ,, and the size of the differential load devices. When the delay cells are
connected in ring oscillator, Vg, = Vo —| Vpguarp | and Vg o =l Vg |, where Vg,

and Vg, are the drain-source saturation voltages of M,, and M, , respectively under a

given bias current I, . Therefore the high-low and low-high transition delay can be

expressed as

C C C .Aszin
o = —+ L~ — = 2.7)
gmy, . gMy Lgias
C. -AVyg.
Cop ™ =+ == (2.8)
Lias

where AV

swing

= (Vomax - Vomm). Thus, for an N-stage ring oscillator the frequency of

oscillation is

IBIAS

f .o & ;
T 2N-CL AV,

swing

{I f I
A\/sting by VDD = BBlAS = BB—IAS : (2 10)
Mp, My 2

Above equations imply that Vp, can be scaled down to V= max(| Vi |, Vi) - This

(2.9)

1s the minimum requirement in maintaining the switching capability of the ring oscillator.

2.2.2 VCO Using Bulk-Driven Technique [6]

One important solution to the threshold voltage limitation is the bulk-driven technique. It
is a typical technique to the operational amplifier design in low-voltage [5]. The bulk-driven

MOSFET allows zero, negative, and even small positive bias voltage to achieve the desired

14
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DC current. It also extends the input common-mode range which is difficult to achieve at low
supply voltage. Typically, the bulk terminals of MOSFETs are always connected to the
highest (or lowest) voltage in the circuit for PMOS (or NMOS) transistors to avoid the
latch-up problem. In a 0.5-V design, no risk of forward biasing of this junction exists. The

bulk terminal can be used with a rail-to-rail input.

30 L 1 . I " I ! I L I g I 420
28 |- | ]
A - 410
Bk e Ve i L L
L R b= ; - 400
24 - L == 0.-’ =
E T : - 3005
<4 e S - £
20 F - 2 {380 5
18 | e TR 1370 &
g 16 = - /0}““""‘ b ﬁ
2 L K L 4360 =
- 14 LV ean / A~ ‘H..h_ -
12 o TN
B P . ﬁ
10 - o°"  —e—Bulk-Driven PMOS 140 &
S —8— Gate-Driven PMOS w/o FBB J 330 £
6 - —k— Gate-Driven PMOS with FEE 1 320
ik \ \ 0= V_ of Bulk-Driven PMOS ]
o 4 310
0 L 1 H\\""‘—u’ A, o i % i ] 300
0.0 0.1 0.2 03 04 05

Vetrl (V)

Fig. 2-13: Comparison between gate- and bulk- driven [6]

Fig. 2-13 shows the characteristics of the gate- and bulk- driven PMOS transistors. In the
gate-driven PMOS without forward body biasing (FBB), the source-to-gate voltage must be
greater than the absolute value of the threshold voltage while in the bulk-driven technique, it

can eliminate the above limitation.
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Vop
® ®
VeTrL
_o| = — |o_
= =
- +
IN+ 0—e OuT OuT —0O |[N-
HE 5 AR
VcrtrL © ® @
—» IN+ OUT- IN+ OUT- IN+ OUT-
— »| IN- ouT+ IN- OouT+ IN- ouT+
lvco

Fig. 2-14: Circuit configuration of the bulk-driven VCO [6]

In [6], a bulk-input technique is employed to implement a' VCO to improve the operating
frequency at lower supply voltage. Fig.2-14 shows the circuit configuration of the VCO. It
consists of three stages of fully differential cells. The NMOS transistors (M;, M,) in the delay
element are used in a positive feedback topology to reduce the transition time of the output
and ensure the logic state. The bulk terminals of the PMOS transistors in the delay elements
are directly controlled by the loop filter output voltage Vcrrr. Therefore, the bulk-input
technique can extend the dynamic range of the control voltage to rail-to-rail to provide a
highly linear gain without a V-I converter. In addition, the current source Iyco is
digitally-controlled by a 2-bit word from the calibration circuit to prevent PVT variations and

maintain the desired operating frequency.
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2.2.3 Ultra-Low-Power and Portable DCO [7]

) Coar-gé-Tuning-]"Stage

Reset — : Segmental Segmental coe Segmental
| ! I Delay Cell 'I' Delay Cell _l Delay Cell _l
: Path-Selection MUX /i

Coarse [M-1:0]

E |,> 0 DCO_OUT

Fine [N-1:0]
Fig. 2-15: Architecture of proposed DCO [7]
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- 4 g [ [ 2 N J
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Fig. 2-16: Coarse tuning stage [7]
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Fig. 2-17: Fine tuning stage [7]
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Fig. 2-15 illustrates the architecture of an ultra-low-power DCO in [7]. The main idea of
[7] is to change the oscillating frequency by means of modifying the delay time of the signal
path. To preserve the control code resolution and the operation range, the DCO employs a
cascade structure consisting of coarse-tuning and fine-tuning stages. Therefore, the control
code-to-delay linearity and operating range can be achieved easily. Two low-power
techniques are obtained in [7]. First, the segmental delay line (SDL) can disable the transition
of redundant segmental delay cells in coarse-tuning stage, as shown in Fig. 2-16. Second, the
hysteresis delay cell (HDC) is proposed for the fine tuning stage to reduce the number of
short-delay cells. The fine tuning stage is shown in Fig: 2-17 which has three sub-fine-tune
stages. It is composed of . a HDC, a long-delay digitally-controlled varactor (DCV), and a
short-delay DCV. In addition, it;should be noted that the controllable range in each stage must
be larger than the delay step of the-previous stage. So the cascade DCO structure doesn’t have

any dead zone larger than the LSB resolution of the DCO.
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2.3 Other ADPLL Architectures

Three oscillators used in low power PLLs are mentioned in the above section. Since our
low power PLL is implemented in all-digital way, we focus on the architectures of ADPLL in

the following sections.

2.3.1 Low Jitter ADPLL [8]

In ADPLLs, digital loop filters replace analog loop filters to reduce the area overhead.
But an extra adder is required to sum.up the proportional and the integral parts of the digital
loop filter. As shown in Fig. 2-18, with a mixed-signal PFD, the extra adder is no more
needed and the longest transport delay is reduced: In addition, the PFD has a shorter
switching time. It is proportional to the phase error. So it has better jitter performance than the
bang-bang PFD. As for the DCO, higher frequency resolution of DCO can decrease the output
jitter. Thus, a DCO resolution enhancement circuit is applied to achieve the low jitter

requirement.

Frer UP
— REF upP

\ A

PFD DCO
DN

20 12 N D1~D11

Yy Y

bl UP Sign Digital D
_ 5, igita Resoluti
5-bit TDC Integrator D Enﬁ::;;?;lnt
DN Load o2 —

8 Modulatok

.

Yy VY

\

» Four

Divide-by-60

Fig. 2-18: Low jitter ADPLL architecture [8]

Fig. 2-19 shows the architecture of the DCO. To improve the frequency resolution, a 8-bit

sigma-delta modulator is applied. Besides, a DCO resolution enhancement circuit is added to
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the DCO. It controls one PMOS from the array with the high frequency output of the
oscillator to improve the resolution. Without the enhancement circuit, the on- or off-time of
the control signal from sigma-delta modulator is beyond one reference clock period. On the
other hand, the equivalent on- or off-time is halved with the enhancement circuit, which

means the equivalent frequency resolution is doubled.

VDDD5
T# ‘ D|5 D6 s D11
D4 —» *clI:,l 'Fc“:ll —CII:IT : ‘ ‘
lizitati
m—»% . ! . g g § g oo % g
D1— »(1':,1 'Fql:i ,_4':1
~dlz b HIE
b g b V
D[ZZ:: Er?:::é:i?;m - Three-Stage Ring Oscillator
OUIT3+ OUITS- OUIT2+ OUIT2_ OUIT1+ OUIT1-
Foury m Qo O 2 L o 2 £ 0 2 2 2 Q2
b Ol oo o hr e e he bed e bl
DN

Fig. 2-19: DCO architecture [8]

2.3.2 Wide Frequency Range ADPLL [9]

The ADPLL in [9] is implemented in a single-loop structure which is shown in Fig. 2-20.
Based on the binary bang-bang PFD, a third-order sigma-delta modulator and a programmable
proportional-integral-differential loop filter are introduced. The ring oscillator based DCO
consists of the tri-state inverters and has 768 frequency output levels to cover the PVT

variation. The use of the bang-bang PFD and the array-controlled DCO let the ADPLL system
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having a wide supply voltage range as well.

Divide-by-N Clock
! ? Clock
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Ref. Clock "BB\"/ Early | Filter | LsB g DCO | 5 ffer [7° Clock Out
o—p > > A A
PFD Late 4 7 A
¢ ) [ ) v
SCLK — , .
Data In — Serial Interface Control and Registers
Data Out <«—

Fig. 2-20:" Wide frequency range ADPLL [9]

Fig. 2-21 shows the schematics of the DCO. An inverter array composed of three-stage
ring oscillators contains 17 columns and 48 rows. By changing the current driving ability, 768
output frequency levels can be attained aiming for the wide frequency output applications. An
accurate DAC or binary-to-thermometer converter is no longer needed here, since the DCO
converts the digital codesto output frequency directly. The function of binary-to-thermometer

converter can be achieved by controlling the shift of columns and rows inside the DCO.
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Fig. 2-21: DCO structure [9]

2.3.3 Low Noise, Wide Bandwidth ADPLL [10]

The ADPLL in [10] utilizes a high resolution time-to-digital converter to attain wide loop
bandwidth and prevent long settling time. Its architecture is shown in Fig. 2-22. Based on a
counter-assisted PLL, it does not need a programmable frequency divider to prevent the high

frequency noise, which is different from the traditional fractional-N PLL.
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Fig. 2-22: Low noise and wide loop bandwidth ADPLL [10]

In the time-to-digital converter, time amplifier is introduced to improve the resolution
and decrease the quantization noise. Fig. 2-23 is the TDC mentioned here. It consists of a
coarse tuning and a fine tuning stage.-When the time difference is less than the delay time of
an inverter, the time amplifier enlarges the time difference and passes it into the fine tuning

section. In this way, a root mean square resolution less than 1ps is achieved:
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Fig. 2-23: Time-to-digital converter [10]
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2.4 Summary

In Section 2.2, several low power techniques [4], [6], [7] have been presented, but still
some problems remain. For instance, the delay cell in [4] cascodes less transistors to have a
wider operating supply voltage range. But when the supply voltage goes down to the voltage
near the threshold voltage, the current might decrease severely. The bulk-driven technique [6]
reduce the threshold voltage of the transistor to get better current driving ability. As the
threshold voltage decreases, the leakage current of a turned-off transistor Ipgr increases. So
the bulk-driven technique can not solve the leakage current issue under low power supply
application. In [7], in order to.achieve wide tuning range, a great amount of loading cells are

required. These loading cells would result in large leakage current as well.
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Chapter 3

Digitally-Controlled Oscillator with
Bootstrapped Delay Cells

The most important block in a:ADPLL is the DCO-which provides the different output
frequency according to the binary control code. In this chapter, we will introduce the proposed

DCO with the bootstrap delay cells for low power supply environment.

3.1 Bootstrap Delay Cell

The proposed delay cell shown in Fig. 3-1 is a bootstrap inverter. Transistors My, Mp;
provide the charging and discharging path for the capacitors. Transistors Mx,, Mp, work as
current switches, and inv1, inv2 are the traditional CMOS inverters. Capacitors C;, C, are the

bootstrap capacitors. The proposed cell can obtain an output swing from —Vgyp to 2Vgsup,
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enhancing the driving ability for the next stage.

Vsup

INVA1

INV2

Fig..3-1:-Proposed bootstrap delay cell

The operation of the delay cell is illustrated in Fig. 3-2. When the input signal drops
from Vgypto 0, the initial voltage across the capacitor C, makes the drain of the transistor Mp;
boost to 2Vgyp. The ‘input signal also turns on Mp;, and the output node is charged to 2Vgup as
well. At the mean time, the output.voltage would turn on My, and C, will be charged until
the voltage across it is Vsyp. So:Csprovides the boosting voltage, and C; is reset while the

input signal experiences a falling edge.
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mmmmm—-

Fig. 3-3: Operation of the cell (input from low to high)

When the input signal rises from 0 to Vgyp as illustrated in Fig. 3-3, the voltage across C,
makes the source of My, boosted downward to —Vgyp. Then the output node is discharging
to —Vgsup. Similar to the operation above, the output voltage turns Mp; on, so C; is charged

through Mp;. At this moment, C; provides the boosting voltage and C, is reset. The
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waveforms of each node are shown in Fig. 3-4.
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Fig. 3-4:. Waveforms of each node in proposed delay cell

As we know, the traditional bootstrapped inverters in [12] [13] suffer from several
non-ideal effects. Firstly, the bootstrapped inverter induces the reverse current which may
decrease the boosting efficiency. The bootstrapped cell in [12] is illustrated in Fig. 3-5 (a). Fig.
3-5 (b) shows the primary structure of the boosting cell. dn Fig. 3-5 (b), when the input signal
changes from 0 to Vpp, the voltage of Vg should be boosted to 2Vpp. Owing to the symmetry
of the MOSFET, node B, the terminal with the highest voltage, will become the source of the
transistor. Hence the Vg of the transistor produces the reverse current from the boosted node
to the power supply, causing the charge leakage of the capacitor to the power supply.
Although the reverse current won’t cost extra power consumption, somehow it will decrease
the voltage of Vg and make it less than 2Vpp. As to the proposed cell in Fig. 3-1, because the
gates of Mp; and Mp; are connected to the output node which is boosted to 2Vpp or -Vpp, the
gate-source voltage of Mp; and My; will not be large enough to turn on Mp; and My;. In this
case, the reverse current is cut off. Hence, the bootstrapped cell provides better boosting
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efficiency than the ones in [12] and [13].

INo

(@) (b)

Fig. 3-5: (a) Proposed cell in [12] (b) primary boosting cell

In addition to the reverse current, the parasitic capacitors can also lead to the degradation
of the boosting efficiency. The boosting cell and its equivalent circuit are shown in Fig. 3-6.
With the parasitic capacitor Cp and the boosting capacitor Cg, the voltage variation of Vgis

expressed as

AVB = AVIN (3 ) 1)

while Vv 1s changed by AV, . The value of Cp is decided by the sizes of transistors. A small
transistor has small Cp. But it has weaker driving ability as well. Hence, reducing Cp by using
smaller transistor to reduce Cp is not a good approach. Since the value of Cp has been fixed,
we have to use larger Cg to reach required boosting efficiency. The consequence is the large

area overhead. Fig.3-7 shows the boosting voltage (V) with different boosting capacitors
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(Cg), from which the value of Cg can be decided.
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Fig. 3-6: Parasitic capacitor-and boosting capacitor equivalent circuit
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Fig. 3-7: Boosting capacitor verses Vg
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3.2 Derivative of Oscillating Frequency

The simplest ring oscillator is implemented by three inverters. It provides the highest
oscillating frequency. Fig. 3-8 shows a three-stage ring oscillator composed of traditional
inverters and waveforms of each node. Tp is the propagation delay of each stage. Since the

output has a rail-to-rail large signal swing, the oscillating frequency is presented by

Fo 1
osc 2NTD : (32)

N represents the number of stages in the ring oscillator. N must be an odd number to avoid
circuit latch up. There are some differential implementations which can utilize even number
of stages by simply making one stage without inverts.. The-number of stages in a ring
oscillator is determined by many. factors,.such as speed, power dissipation, noise immunity,

etc. In most applications, three to five stages provides optimum performance.

Fig. 3-8: Waveform of a three-stage ring oscillator

In order to estimate the output frequency of the oscillator, we have to calculate the
propagation delay of a single cell. Assume a rising edge from Vo to Vg is applied in the
input node as illustrated in Fig. 3-9, where Vor and Voy are two output voltages of the
bootstrapped cell. Consider the non-ideal effect mentioned above, Vo and Vou can be

expressed as
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— CB
Vo= goa Gy o) (3.3)
CB
-8B )
Von =~ ¢, Ve (3.4)

where Cpi, Cp, are the parasitic capacitors at nodes Vpy and Vpp respectively. The output
propagation delay from high to low tpyr can be separated into two periods. In the first period,
the output is discharging from Vop to Vop-Vi, and My; is in saturation region. So tpyr; is

calculated from

[ T dt= [ e\

T VOH out
= Ty X oy, = CL X (_Vt)

CLVt

= Loy = 0
1, W
2 K0l Vor = Vou =V0)’] 3:5)

In the second period, the output is-lowing from Vop-Vto 0.5(Vou-Vor) and My, operates in

triode region. Thus tpyy, is derived from
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1, dt=C,dv_,

W
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W
k(O .
= dt = —dV,,
2CL [Z(VOH - VOL - Vt )Vout - Vout]
3 3
CL 5 VOL - EVOH " 2Vt VOH — Vt
= bz =y I N Vo4V (GO
kn (f)n (VOH - VOL - Vt ) E (VOH - VOL ) oL OH '
Vsup
IN A
Vo=
VoL == t

Fig: 3-9: Propagation delay calculation (high to low)

From (3.5) and (3.6) the propagation delay tpy; can be expressed by

Cor = Copy + Lpprrs - (3.7)
Similarly the same method can be applied to calculate the propagation delay from low to high

tpLy as follows,
CLVt
1 W ’
2K Vo = Vor =V’ 38)

Cormy =
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5 3
5 Voo =5 Vou + 2Vt - —
b =~y S In[2 1 2 X \i?ﬂ \i(;L \it/ I 3.9
V., +V,, + :
kp (f)p (VOH - V0L - Vt) 5 (VOH - VOL) Ot oL '
torn = tor + Loz - (3.10)

Once tpyr and tpry are obtained, the propagation delay of the single stage delay cell is
1
T :E(tPLH"‘tpLH)' (3.11)

After that, the oscillating frequency can be estimated by (3.2). In our design the ring oscillator

is composed of 5 stages, so the output frequency is

g 1
osc — 10T, : (3.12)

Fig. 3-10: Propagation delay calculation (low to high)
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3.3 Digitally-Controlled Oscillator

The overall DCO architecture is illustrated in Fig. 3-11, which is a 5-stage ring oscillator.
According to the previous equations we can control the output frequency by manipulating the
supply voltage of the delay cells Vsup. The voltage control circuit plays as a variable resistor
in Fig. 3-12. It adjusts the equivalent resistance Rgq to control the Vsyp. As shown in Fig.
3-12, the voltage control circuit is composed of PMOS array which is similar to the one in [§].
A 9-bit PMOS array contains 5 bits for coarse tune and 4 bits for fine tune. The least 4 bits are
transformed into thermometer code for better linearity. The rest 5 bits remain binary to save
the chip area.

VDD

-

\oltage Control‘Circuit

Vsup

2Vsup | | T i T |
ouT
mE >°—|f1>°—|:I>T°

-Vsup
Bootstrapped Delay Cell

Fig. 3-11: Architecture of DCO

Ds Dy
[ T —leed | —3— Teee ————— ]
ol S A HE IE)
oz | T | |:lJ |:1]|
REQ D2 g ; *ZI-I |000| _I eece 1 _I I
. 0. — 52 R B I
.. 3 _‘3 I . I I ° .I
. - *~~~~ g I Ioool [ XN ] I
Ring Oscillator D, — % T1?-II:|J:I.,,I _|E . _|E H |
- “Fine Coame =

Fig. 3-12: Voltage control circuit of DCO
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In [8] the PMOS array of the voltage control circuit is binary-weighted. The Vgup is given

by

R

V — FIX X V
SUP REQ +RFIX DD (313)

where Rpix is the equivalent resistance of the delay cells. From (3.13) we can tell that Vgup
will not have a linear behavior while Rgq varies linearly. In ours design the PMOS array is not
binary-weighted. It is designed individually to maintain the linearity of the transfer curve. Fig.
3-13 shows the HSIPCE post-layout simulation of the DCO transfer curve. In addition to the
TT corner, the other two extreme corners' FF and SS are also simulated to make sure the
operation frequency of DCO ‘can work at 400MHz under process variation. The simulation
gain of the DCO is about 563 kHz/code at TT corner-and the DCO gain of the other corners is

listed in Table 3-1.

900M

800M

700M

600M

500M

400M

Frequency (Hz)

300M

200M

100M

100 200 300 400 500 600
Control Codes

Fig. 3-13: Simulation of the DCO transfer curve
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Table 3-1: The DCO gain at different corners

TT

FF

SS

FNSP

SNFP

Gain

(kHz/code)

563

733

843

981

1100

The output frequency of the ring oscillator composed of the traditional inverters is shown

in Fig. 3-14. The horizontal axis is the supply voltage and the vertical axis is the oscillation

frequency. Fig. 3-14 shows that the linearity degrades while supply voltage goes down. At the

SS corner, the oscillator can hardly work around 0.3V. In addition, the gain of output

frequency versus supply voltage (Kyco) is high which may lead to the large output jitter for

the PLL. Compared to the traditional one, the boosted output swing (from —Vpp to 2Vpp)

keeps the transistors ‘from operating-in sub-threshold region at low supply voltage. The

bootstrapped ring oscillator has better linearity, lower Kyco, and better immunity against

process variation.

o L I I I I I I
= inv_TT ce
26 |-e-inv_FF T
g -4 --inv_SS ol
— —=— bootstrap TT
> - v
Q —e— bootstrap FF v
o —a— bootstrap_SS ol "
o 1G g g -1
o
|
L
5
s
=]
@)
0 A
1 1 1 1 1 1 1
015 020 025 030 035 040 045 050

Supply Voltage (V)

0.55

Fig. 3-14: Supply voltage versus output frequency of different oscillator
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Chapter 4

Low Voltage 400MHz ADPLL Design

4.1 System Architecture

The proposed ADPLL architecture is shown in Fig. 4-1. The phase frequency detector
(PFD) detects the phase error between the reference clock and the feedback signal. Then the
phase error is quantized in a 4-bit binary code in the time-to-digital converter (TDC). The
output of TDC is fed into the digital loop filter (DLF) to control the DCO. The 4-bit decimal
output of the DLF is fed into the sigma-delta modulator to dither the LSB of the DCO to
improve the equivalent DCO resolution. Besides, the divider provides a division ratio of 1/16.
In our design the input reference clock is 25MHz, and the output frequency is 400MHz. All

sub-circuits will be described later in this chapter.

38



Chapter 4 Low Voltage 400MHz ADPLL Design

Frer —» REF uP »| LEAD SIGN > 9
25MHz PFD TDC 4 DLF > DCO > Four
FB DN »| LAG ouT |—Ff—» ™ 400MHz
4 /+] SDM
Frer 4 [ A
J
Divider |=

Fig. 4-1: ADPLL architecture

4.2 ADPLL System Analysis

Since a PLL is a closed-loop system] the system must be maintained stable to have proper
operation. In this section, the S-domain system model.of ADPLL will be introduced and
compared to the traditional CPPLL model. So we can base on the CPPLL analogy to design

the ADPLL system parameters.

4.2.1 S-Domain Model of ADPLL

The s-domain ‘approximation for the ADPLL system is shown at Fig. 4-2 [14]. The
phase- frequency detector converts the input phase error to an‘impulse output. The transfer
function of the PFD can be approximated as

T
'L (4.1)

where T, is the period of the input reference clock. The output from PFD is digitized by
the time-to-digital converter of resolution A, ,.. The resolution of the TDC is considered
fixed in this analysis and its transfer function can be obtained as

TDC(s) = —

(4.2)

TDC
The digital domain phase error is then filtered by the digital loop filter and fed into the DCO

with a transfer function given by
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K
DCO(s) = —b<2
(s) S 4.3)
PFD TDC DLF DCO
FREF_>
_ TREF/Z'IT > 1/ATDC > H(S) > KDCO/S »> FOUT
1/N  [=

Fig. 4-2: S-domain model of ADPLL

Comparing the model above with the s-domain-model of a CPPLL shown in Fig. 4-3, we

obtain the following equations,

= Tier
cP >
Arpe
Kyeo =Kpeo s

So the parameters of a CPPLL can be determined first for a specific specification. Then with

(4.4), we can get the corresponding parameters for the ADPLL.

PFD+CP LF VCO

F

T tgpi2n el Z(s) | Kucols —> Four
1IN |

Fig. 4-3: S-domain model of CPPLL

As for the loop filter, a traditional CPPLL usually has a second order loop filter in order
to attenuate the ripple caused by the nature of CPPLL. But in ADPLLs, this problem does not

exist. So the first order loop filter is sufficient. In the following paragraphs, we will discuss
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how to calculate the filter parameters due to a given stability criterion. A first order analog
filter can be implemented by a resistor and a capacitor as illustrated in Fig. 4-4. The transfer

function is given by

—&zR_{_L

28274 «C (4.5)

The open loop transfer function of the 2" order CPPLL is

I, K l (s+o,)
G(s) = -k Vo Z/R .
®) 2t s N S (4.6)

The zero frequency ®, is

®; = RC' (4.7)
The phase margin (PM) of the system is

PM = tan ' (2veB )
OJZ

(4.8)
where o, 1s the unit gain bandwidth. It is also known as the loop bandwidth in a PLL
system. If we have a specific phase margin, the zero frequency ®, can be decided from (4.8).

Based on |G(jogz){=1, the resistance value R in (4.5) is

27N O on
LepKyeo \/(DaGB + wé (4.9)
From (4.7) and (4.8), the capacitance of C is‘found to be
Co tan(PM)
- Royy, (4.10)

Follow the steps above, we can calculate the parameter of the loop filter in a 2" order CPPLL

system.
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4.2.2 Calculation of the DLF Parameters

The digital loop filter can be transformed from the analog one. As illustrated in Fig.4-4, a
digital filter contains two signal paths, the proportional path (K, ) and the integral path (K,).
K, and K, are obtained from R and C values of the analog filter through bilinear
transformation. Bilinear transformation also converts the S-domain eauations to the Z-domain

equations. The bilinear transform from S to Z domain is given by

_il—z_1
TS 1+Zfl ? (411)

where Ty is the sampling time in a discrete time system: In our design, the sampling time is

the same as the ADPLL reference input period.

VeTrL Bilinear
Transform i ¥
IN D— OUT
A
Ki

»(1)

Y
o
A\

A

o
-

Treeg —™

Fig. 4-4: Implementation of DLF from analog filter

. . . 1 .
In Z-domain the integrator is expressed as T and the transfer function for the
-z

digital loop filter in Fig. 4-4 is
1 (K, +K)-K,z"

H(z) =K, + Ky 7— —_— : (4.12)
Then, (4.5) is converted to Z-domain by bilinear transformation as
(G Is +R)+z “( s -R)
Z(z)=—2C . (4.13)

1-z"
Comparing (4.12) with (4.13), the parameters of the digital loop filter K, and K, are
expressed as
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_TS
K=%- (4.14)

Following the steps mentioned above, we can design the parameters of the digital loop filter
for some specific stability criteria. Finally we use MATLAB to verify our design, and the
frequency response is shown in Fig. 4-5. The parameters of the ADPLL are listed in Table

4-1.

Bode Diagram

60 - ~_
— 400 ™~
m
° ~—
g S~ System: g
2 20 S~ Frequency (rad/sec): 8.15e+006
% \\ Magnitude (dB): -0.41
S o m g
| | |
-90 = T
S -120F LN 8
§ System: g
o Frequency (rad/sec): 8.15e+006
© 0
£ 150 ) Phase (deg): -119
//
80— -
10° 10° 10’ 10°

Frequency (rad/sec)

Fig. 4-5: Bode Plot of the 2" order ADPLL
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Table 4-1: Parameters of ADPLL

Parameters
Reference Frequency 25 MHz
Loop Bandwidth 1.25 MHz
Phase Margin 60°

DCO Gain 563 KHz/code
TDC Resolution 20 ps
DLF Coefficients K,=2" K,=2"
Output Frequency 400 MHz
Divider Number 16

4.3 Sub-Circuits of the ADPLL System

4.3.1 Phase-Frequency Detector

The phase-frequency detector (PFD) compares the edges of the input reference clock and
the feedback signal to produce output signals UP and DN« The phase and frequency difference
are embedded in UP and DN. In the linear operation range, the output pulse width is
proportional to the phase difference of the two input signals. The architecture of the PFD is
shown in Fig. 4-6 (a) which consists of two half transparent registers (HT) and a NOR gate.
The schematic of HT is illustrated in Fig. 4-6 (b). Since the PFD is composed of dynamic
circuits, it can operate at higher frequency. The delay path of the reset signal (RST) is a NOR
gate. The DN signal will generate an extremely narrow pulse while the reference clock leads

the feedback one, and vice versa. The simulation of the PFD is shown in Fig. 4-7.
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Fig. 4-6: (a) Phase-frequency detector, (b) half transparent register

0 10n

20n

30n
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Flg 4-7: (a)FREp leads FB, (b)FB leads FREF

4.3.2 Phase Selector

The phase selector illustrated in Fig. 4-8 is similar to the one in [8]. It is composed of one

Fig. 4-9 below.
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comparator, two multiplexers (MUX), and two delay elements. The comparator decides
whether UP leads DN or not. If UP leads DN, the output of the comparator will be 1. Then the
UP signal will be transferred to LEAD and DN is transferred to LAG. On the contrary, if DN
leads UP, the comparator output will be 0. UP and DN will be transferred to LAG and LEAD
respectively. In addition, UP and DN signals can not be sent to MUXs until the comparator
output SIGN reaches MUXs. Here we insert a delay element for each signal path to make sure

the comparator has finished the comparison. The operation of the phase selector is shown in
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UP © IN1
COMP. a o SIGN

0 j
—oO LEAD
1
0
LAG
1

Fig. 4-8: Phase selector
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Fig. 4-9: Operation of the phase selector(a) Frgr leads Fp, (b) Fp leads Frer

4.3.3 Time-to-Digital Converter

Fig. 4-10 shows the architecture of the 4-bit Vernier TDC. In our work, a traditional
Vernier TDC similar to [15] 1s implemented. There are two signal paths for the LEAD and
LAG signals from the phase selector. LEAD passes through the delay element with delay time
T+ AT, and LAG passes through the delay element with delay time T. As LEAD and LAG
propagate in their own delay chain, the timing difference between the two signals decreases

by AT in each stage. AT is also the resolution of the Vernier TDC. Additionally, the phase
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comparators in each stage detect lead or lag information for its inputs and produce a
thermometer code. The comparator is composed of two cross-coupled latches as depicted in
Fig. 4-11. Finally a thermometer to binary decoder is used to convert the thermometer code to
a 4-bit binary output. The simulation result of the TDC is shown in Fig. 4-12. The resolution

is around 20ps.

/

T+AT oo 00

>

T+AT

>
>

LEAD —»{T+AT

LAG —»

VN

SRAVAY%

IN IN

COMP.Q B Yt COMP.a COMP.Q
— N2 _l IN2 _l IN2

Thermometer to binary decoder

% BO~B3

Fig. 4-10: 4-bit vernier TDC

IN

IN1 O—

QB

IN2 0—

Fig. 4-11: Phase comparator
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Output

E—
a 20p A0p B0p 80p  100p 120p  140p

Phase Difference

Fig. 4-12: Simulation result.of the 4-bit Vernier TDC

4.3.4 Sigma-Delta Modulator

Fig. 4-13 shows the z-domain-block diagram of the 1% order SDM. From Fig. 4-13, the

input/output transfer function 1s as follows

Y(z) =[X(2) =Y(z)xz ']x +E(2),

1-z"
Y(2)=X(2) +E(z)x(1=2"). (4.15)

It is converted into the discrete time signal flow diagram as shown Fig. 4-14. The accumulator

output V[n] contains a 1-bit overflow output and the negative value of the quantization error

E[n]. The quantization error is then fed into the register waiting for the next input signal.

Quantization
Noise
Integrator E(z)
Input 1 + +¢ Output
D > »(1) >
X(2) _:_\“J ™ 1_7 >0 >Y(2)
z' |

Fig. 4-13: Block diagram of 1% order SDM
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E[n]
K V[n] Voo
X[n] ——>&D 7 »@PD—+—— Y[n]
’ K+1 Overflow
K{
z' [—P=

-E[n]

Fig. 4-14: Discrete time signal flow diagram

The SDM mentioned here is used to control the least-significant bit (LSB) of the DCO to
realize the high speed dithering. With dithering we can enhance the resolution of the DCO
without other hardware cost. For example, the output period of the DCO is 2.5ns when the
LSB of the DCO is 0, and the period is 2.6ns when the LSB is 1. The resolution of the DCO is
100ps. If the input of the SDM X[n].=.0.0625, the value of the output Y[n] is listed in Table
4-1. From Table 4-1, we can tell that the average period of the DCO output during the 16
clock periods is 2:50625. So the equivalent DCO has 16 times the resolution improvement

with the SDM dithering. Fig. 4-15 is the digital implementation of the SDM.

Table 4-2: Oscillating period change due to SDM dithering

Accumulator Oscillating
X[n] E[n] Y([n]
Output Period (ns)
0.0625 0.0625 -0.0625 0 2.5
0.0625 0.125 -0.125 0 2.5
0.0625 1.875 -1.875 0 2.5
0.0625 0.25 -0.25 0 2.5
0.0625 0.3125 -0.3125 0 2.5
0.0625 0.375 -0.375 0 2.5
0.0625 0.4375 -0.4375 0 2.5
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0.0625 0.5 -0.5 0 2.5
0.0625 0.5625 -0.5625 0 2.5
0.0625 0.625 -0.625 0 2.5
0.0625 0.6875 -0.6875 0 2.5
0.0625 0.75 -0.75 0 2.5
0.0625 0.8125 -0.8125 0 2.5
0.0625 0.875 -0.875 0 2.5
0.0625 0.9375 -0.9375 0 2.5
0.0625 1 -0 1 2.6

4
Input —#

\~_p

\

9]
O
}

d=— CLK _OSC

Fig. 4-15: All digital 1* order SDM
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Chapter 5

Layout, Simulation, and Measurement

5.1 Chip Layout and Simulation

Our ADPLL chip is fabricated in UMC 90nm process. The chip layout is shown in Fig.
5-1 which contains a ADPLL circuitand a bootstrapped oscillator test key. The detailed circuit
placement of the ADPLL is shown in Fig.m 5-2. The chip area of the ADPLL is
326umx175um. The input and output pins are listed in Table 5-1. After chip layout is
accomplished, we verify our layout with Calibre to extract the parasitic capacitors and
resistors of the chip. HSPICE is utilized to complete the post-layout simulation, and the

simulation result is shown in Fig. 5-3 and Table 5-2.
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Fig. 5-1: Chip layout
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Fig. 5-2: Layout of ADPLL
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Table 5-1: The input and output pins of the chip

Type Pin Names Description
vddioh, vddiom, vddiol Powers of output buffers
vdd core Power of the core
Power
Vssio GND of the buffers
VSs_core GND of the core
Input ref input 25 MHz reference input
phl, ph2 400 MHz output
Output
divider out Output of the divider

o5 - I

0.4

LEAP / UAG

0.3

«= P1:593p,250m
P2:660p.250m

0.2
A BB.2p05:0

01

@0 @&00p @1n @1.5n E2n

Fig. 5-3:Post-layout simulation of the ADPLL
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Table 5-2: Post-layout simulation results

Post-layout Simulation
Process UMC 90nm
Supply Voltage 0.5V
Reference Clock 25 MHz
Output Frequency 400 MHz
Peak-to-Peak Jitter 66 ps
Power Consumption 52 pW
Core Size 326pum x175um

5.2 Measurement-Environment Setup

Fig. 5-4 shows the die photo of our circuits. The decouple capacitors are inserted to
minimize the noise on power and ground lines: Fig. 5-5 demonstrates the PCB (Printed
Circuit Board) photo. The input and output pins are placed near the core, so the signals suffer
less decay from metal wiring. The measurement setup is depicted in Fig. 5-6. Keiethley 2400
and Agilent E3610A are<used. to.provide the supply voltage for the ADPLL core and the
output buffers respectively. Agilent 81130A Pulse Data Generator provides the input reference
clock for the ADPLL. At last, we use Agilent 54832D Mixed-Signal Oscilloscope to observe
the output waveforms of the ADPLL and the frequency divider output. It can be used to

measure the timing jitter as well.
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Fig. 5-4: Die photo
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Fig. 5-5: PCB layout
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Agilent 81130A Pulse Agilent 54832D Mixed-
Data Generator Signal Oscilloscope

R oo
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Keithley 2400 Agilent E3610A
Power Supply. Power Supply

Fig. 5-6: Measurement Setup

5.3 Measured Results

In this section, we present the measured results of our ADPLL design. Fig. 5-7 shows the

free-running of the'DCO at 0.5V supply voltage: The free-running frequency is 586 MHz.

File Coniol Sehp Mesess  Anahse  Ubies  Help 12:42 44
o e

D I Ol E O By

T

Fig. 5-7: DCO free-running @ 0.5V
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Then we measure the different locking frequencies at the supply voltage of 0.5V, and
observe the output jitter of 10K hits. Fig. 5-8 shows the output waveforms and jitter measured
result of the ADPLL locked at 240 MHz. The peak-to-peak jitter is 105 ps. When the ADPLL
is locked at 320 MHz, the output jitter is 76.4 ps as depicted in Fig. 5-9. As for the 400 MHz
output in our design, the peak-to-peak jitter is 69.1 ps as shown in Fig. 5-10 and the power

consumption is 70 uW. Fig. 5-11 shows the output waveform and the peak-to-peak jitter

when ADPLL is locked at 480 MHz.

Fout = 240 MHz Peak-to-peak Jitter = 105 ps 10k Hits

sure  Analyze  Utilities  Help

File Comrol Setp Measure  Analyze  Utilities  Help 10:37 &M
d.

‘ LN A O O I S e
LA S S O YOO S O WO

- “/ .|

o L o= ] T [ dofp| Tlpemv A E 51 TS 2 L T 1 1 2 | e

[ef2) Markers | Logic | Scales Tef 2] Markers | Logic [ Col )
Fig. 5-8: ADPLL locked @ 240 MHz
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Fig. 5-9: ADPLL locked @ 320 MHz
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Four = 400 MHz Peak-to-peak Jitter = 69.1 ps 10k Hits
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Fig. 5-10: ADPLL locked @ 400 MHz
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Fig. 5-11: ADPLL locked @ 480 MHz

The jitter performance and the power consumption at different operation frequency can

be depicted in Fig. 5-12. Table 5-3 shows the measured results under different supply voltages.

Based on the measurement results above, the chip summary is given in Table 5-4.
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Fig. 5-12: Power consumption and jitter at different frequency
Table 5-3: Output performance of different supply voltage
VDD =04V
FRrer (MHZ) Four (MHZ) Power (MW )
9 144 18
10 160 19
15 240 25
VDD =03V
4 64 4.8
5 80 5.5
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Table 5-4: Chip summary

Process UMC 90nm
Supply Voltage (V) 0.5
DCO Type Ring
Locking Range (MHz) 240 ~ 480
Peak-to-peak Jitter (ps) 69.1 @ 400 MHz
Power Consumption (uW) 70 @ 400 MHz
Core Area (mmz) 0.057

5.4 Comparison

Table 5-5 presents the comparison of our ADPLL with other papers in recent years.
Owing to different process and operation frequency, it is not easy to compare the
measurement specifications. So the FOM (Figure of Merit) is utilized. According to [16], the

FOM of PLL is given by

FOM, = [gl—l\;;][jitter(ps) X mW ]. 5.1

Furthermore, if we take process and chip area into consideration, the FOM can be modified by

area(mm?’) . mW
FOM, = tech
(7

90

; [GHZ][jitter(ps) xVmW ]. (5.2)

Based on the FOMs numbers, we can conclude that the ADPLL in our design takes advantage
of the low power consumption and has much more superior performance than the other works.

Finally, the FOM comparisons are illustrated in Fig. 5-13 and Fig. 5-14.
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Table 5-5: Comparison table

TCASII’09 | ISSCC’08 | JSSC’09 | ISSCC’10 | ISSCC’10
This Work
[6] [18] [8] [17] [19]
Process 0.13 pm 65 nm 0.18 pm 65 nm 65 nm 90 nm
Supply
0.5 1.2 1.8 1.1 1.1~1.3 0.5
Voltage (V)
Oscillator
Ring Ring Ring Ring Ring Ring
Type
Operating 360 ~ 610 1~2 1.5 0.375~3 0.6~0.8 | 240 ~480
Frequency MHz GHz GHz GHz GHz MHz
Peak-to-peak 56.36 16.6 28.4 15 30 69.1
Jitter (ps) | @550MHz | @2.06GHz | @1.5GHz | @3GHz | @800MHz | @400MHz
1.25mW 3.3mW 2.66mW 70 uW
Power 19.68mW 15 mW
@550MHz @3GHz | @800MHz | @400MHz
Area (mm?) 0.04 0.049 0.053 0.088 0.052 0.057
FOM; 143 703 1099 29 162 3
FOM, 2.74 66 14 4.89 16.15 0.17
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FOM1

FOM1
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Fig. 5-13:FOM, versus operation frequency
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Chapter 6

Conclusion

In this thesis we have proposed an ADPLL with bootstrapped DCO. With the
bootstrapped delay cell in DCO, the driving ability under low power supply environment is
improved. Besides, it has better the linearity versus the control voltage and the process
variation in different process corner is decreased as well. On the other hand, the 9-bit DCO
with 4-bit SDM dithering enhances the equivalent DCO resolution without much hardware
overhead. Finally the proposed ADPLL is fabricated in UMC 90nm CMOS process.
According to the measured result, the core area is 0.057mm”, and the output locking range is
240 ~ 480 MHz under 0.5V power supply. While locked at 400 MHz, the output peak-to-peak

jitter is 69.1 ps and the power consumption is 70 uW .
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