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Abstract

This thesis presents a study on a phase-locked loop (PLL) with an injection-locked
ring oscillator. The proposed injection-locked PLL separates the injection-locked
ring oscillator from the phase-tracking loop of the PLL such that can provide sta-
ble lock-state maintenance and the tolerance to temperature and supply voltage
variation. The ideal lock range is also derived under direct injection method in
an injection-locked ring oscillator to clarify stable lock state. The measurement
results show that the proposed injection-locked PLL has the tolerance to a voltage
variation of 11.2% in supply voltage of 1.2 V. In-band noises of the proposed PLL
at offset frequencies of 10kHz and 100kHz are -108.2dBc¢/Hz and -114.6dBc/Hz,
respectively.

Moreover, the metastable range detection method is introduced to achieve a
balance of frequency coverage of the PLL. Also, the compensation technique to
voltage and temperature variation in PLLs with hybrid control is introduced to

enhance the tolerance to the variations
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Chapter 1
Introduction

Semiconductor technology has greatly been progressed over the last few decades.
It may not be exaggeration that semiconductor technology has also accelerated
the development and improvement of other technology and improved many as-
pects of our lives. Semiconductors allow various electronic devices to be imple-
mented in an integrated chip and to be operated with low power consumption
and high speed. These days, the most popular semiconductors would be com-
plementary metal-oxide-semiconductor (CMOS), which is widely used for various
systems since it is cheap, small, stable, and less-power hungry.

CMOS is very suitable for digital processing owing to very low static power
consumption and also used in analog circuits, such as analog-to-digital converters
(ADCs), digital-to-analog converters (DACs), and RF baseband circuits. More-
over, mixed circuits with both analog and digital systems can be implemented
by CMOS in the same wafer [1]. Development of CMOS technology has allowed
high speed high resolution analog-to-digital converters (ADCs), high performance
baseband circuits, high speed digital signal processors, and so on.

In CMOS integrated circuits, most of systems require periodic signals, called
system clocks, generally to synchronize internal components or to sample data.
The quality of the system clocks critically affects the performance of many sys-
tems. For example, noisy clock generators can increase bite error rate of commu-
nication systems and reduce signal-to-noise ratio (SNR) in ADCs [2].

The clock generators in most of integrated circuits are implemented by the

frequency synthesizers, such as phase-locked loops employing a crystal oscillator



as a reference, for high performance and stability [3] [4]. With the development
of the CMOS technology, the clock generators have also been required to reduce
power consumption and cost while maintain the quality of their performances.
This chapter summarizes the process scaling, also called semiconductor scal-
ing, guiding the CMOS technology development. And it reviews challenges in

mixed signal circuits. The motivation of this thesis is also introduced.

1.1 Process Scaling

In 1965, Gordon Moore predicted that the number of components on the IC
would be roughly double each year, based on the late 1950’s and the early 1960’s
technologies [5]. He also insisted that the increase of the components results in
a cost reduction for components. It was not for the long term but for the next
10 years. However, the trend of the increase of components has been continued
for the last few decades [6] - [13]. The increase of components has been mainly
achieved by the device scaling. In 1974, the scaling method of the circuit was
proposed by Dennard as shown in Table 1.1 [17]. Even though the limit and the
future of scaling have been discussed for long time [6]- [16], Iwai expected that
the scaling would be continued until the gate length of around 5nm, which is

supposed to be the physical limit [13].

Table 1.1: Scaling results for circuit performance

Device or circuit parameter | Scaling factor

Device dimension t,,, L, W 1/k
Doping concentration Na K

Voltage V 1/k

Current [ 1/k

Capacitance €A/t 1/k

Delay time/circuit VC/I 1/k

Power dissipation/circuit VI 1/k?
Power density VI/A 1

Figure 1.1 shows load map for gate length and cut-off frequency, fr, based
on the scaling of CMOS processes in ITRS 2011 [21]. CMOS scaling provides
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Figure 1.1: ITRS load map for gate length.

digital circuits with a few benefits [8] [18]. When gate length is reduced, gate
capacitance, Cgg, is also reduced and its cut-off frequency is increased since it is

inversely proportionally to gate capacitance [22].

am

fr = g (1)

It allows faster circuits. And chip area decreases such that the cost of the

circuit can be reduced and power consumption too.

Pdigital - C1‘/D2Df (12)

Power consumption, Fyigia, in digital circuits is also reduced since the power
supply voltage, Vpp, has been reduced as well as the reduction of the gate length,
even though the rate of the voltage supply reduction is not as large as the rate

of the gate length reduction [6].



1.2 Analog and Digital Circuits

One of advantages of CMOS process can implement analog and digital circuits
in one wafer. In these days, many kinds of communication systems have been

implemented together with digital circuits in CMOS process.

1 v g
ogtf | oo Analog o
S |_Digital |
ot |
s | B
o4 N
o2l (| || |
0

0.35um  0.25um  0.18um  0.13um

Figure 1.2: Chip area in a system-on-chip (SoC).

As well as digital circuits, the device scaling provides analog circuits with some
benefits, such as the reduction of the minimum noise figure of a MOSFET and the
improvements of the quality factor of MIM (Metal-Insulator-Metal) capacitor [18].
However, analog circuits do not have benefits from the process scaling as much
as digital circuits. The intrinsic gain is reduced and the gap between pre- and
post-layout simulation results is widen as the devices are scaled down [19] [20].
Area sharing ratio of analog circuits in a chip becomes larger. Figure 1.2 shows
chip area when the mixed signal system-on-chip (SoC) is fabricated in the CMOS
process [23]. As the process scaling proceeds, the whole area becomes small but

the chip sharing ratio of analog circuits increases since the passive circuits, such



as inductors and capacitors, are hardly scaled down with the process scaling.

Especially, inductors require large area.
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Figure 1.3: Comparison between current consumptions of LC and ring oscillators.

In the view of chip area, performance, and power consumption, there is very
big difference between analog circuits with or without inductors. Let us give an
example of design of a clock generator. When the clock generators are designed
for the system, one of two major types of oscillators is generally selected. One
is LC oscillators and the other is ring oscillators. LC oscillators are composed of
LC resonant circuit and have low noise characteristic than other oscillators. Ring
oscillators have poor noise characteristics such that they are seldom used for the
systems requiring high purity oscillation frequency. However, ring oscillators have
several advantages compared to LC oscillators. They have wide tuning range, low
power consumption, and small occupied area. Figure 1.3 shows comparison of
power consumption between the ring oscillator and the LC oscillator fabricated
in 90nm CMOS process [24]. Both increase current consumption as the oscillation

frequency increases. However, the LC oscillator consume the current about 2.5



times larger than that of the ring oscillator. Power consumption becomes more

important in mobile systems using battery.
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Figure 1.4: Comparison between occupied chip areas of LC and ring oscillators.

Figure 1.4 shows comparison of occupied area between the two oscillators. As
the oscillation frequency increases, the occupied area of the L.C oscillator decreases
while the area of the ring oscillator looks almost same. Since the oscillation
frequency of the LC oscillator is inversely proportional to the inductance, the
area of the LC oscillator becomes small as the oscillation frequency increases. It
is thus considered that LC oscillators will be preferred as high frequency clock
generator in fine CMOS process without any restriction of power consumption.
In the case of the relatively low oscillation frequency, for example, around 1GHz,
it is not easy to select one between ring and LC oscillators. Considering the
power consumption, chip area, and tuning range, the ring oscillator is suitable.
But the phase noises of the ring oscillators is hard to reach the LC oscillators
theoretically [25]. On the other hand, the LC oscillator has better phase noise

characteristics but requires large area and has a limited tuning range.
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Figure 1.5: Signal-to-noise ratio (SNR) of an ADC due to the clock jitter.

Relatively low frequency clock generators with low phase noise is generally
required for analog-to-digital converters (ADCs) and digital-to-analog converters
(DACs). Figure 1.5 shows signal-to-noise ratio (SNR) of an ADC due to the
clock jitter [26]. When the clock has any timing disturbance during sampling
operation of an ADC, it generates error in the sampled data and directly effects

performance of the ADC.

Figure 1.6 shows SNR due to the clock jitter in a 7-bit 1Gsps ADC [2]. When
the frequency of the input signal is low, the clock jitter seldom affects performance
of the ADC. However, when the frequency of the input signal goes higher, the
SNR of the ADC goes down rapidly. For input signal with one-half the sampling
frequency, the clock jitter should be below 2ps. Thus, the clock jitter is very
important factor for the performance of the ADCs and DAC.
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Figure 1.6: SNR due to the clock jitter in a 7-bit 1Gsps ADC.
1.3 Motivation and Thesis Organization

1.3.1 Motivation

The scaling of CMOS technology allows faster circuits, small chip areas, and low
power consumption for many systems. However, not every system requires a
high frequency clock as high as the frequencies required in RF circuits. When LC
oscillators are implemented as a clock generator with a frequency around 1GHz in
a fine CMOS process, very large area and power consumption are accompanied.
On the other hand, ring oscillators can not provide good noise characteristics as
low as the LC oscillator.

This thesis focuses on the relatively low frequency oscillators with low noise
characteristic and small occupied area. Recently, injection-locked oscillators as
frequency multipliers are rising again [27] - [32]. Injection-locked oscillators gen-
erally have been used to be not frequency multipliers but frequency dividers [33]

- [36]. There are two kinds of injection-locked oscillators. One is based on ring



oscillators and the other is LC oscillators. The injection-locked LC oscillators
require large area as same as LC oscillators but injection-locked ring oscillators
do not. When they are locked, the phase noise of the injection-locked oscillators
tend to follow the low phase noise of the reference. However, there are a few
challenge in using the injection-locked ring oscillators as a frequency multiplier.
First of all, it is difficult to achieve high multiplication ratio. The second is
that the lock range is still ambiguous. The third is that it is very weak to the
voltage-temperature variations.

Thus, this thesis discusses about a maximum lock range of an injection-locked
ring oscillator and an injection-locked charge-pump phase-locked loop to maintain
the stable lock state.

1.3.2 Thesis Organization

In chapter 2, fundamentals of oscillators and the phase locked loop are described
and the trade-offs in selecting oscillators for the phase-locked loop is discussed. In
chapter 3, an ideal lock range of an injection-locked oscillator used as a frequency
multiplier is derived. In chapter 4, it is introduced that an injection-locked ring
oscillator is embedded in the charge pump phase-locked loop. Chapter 5 describes
lock detection technique in a lock controller and how to enhance the tolerance
to voltage-temperature variations in the injection-locked phase-locked loop. In

chapter 6, a summary of this thesis is presented with the future works.
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Chapter 2

Phase-Locked Loops

In submicron processes, design of frequency synthesizer in relatively low fre-
quency, for example around 1GHz, looks facile since much more higher frequency
synthesizers can be implemented. However, considering some required specifica-
tions for the frequency synthesizers, such as power consumption, occupied chip
area, and low phase noises, it is difficult and tricky for the designer to handle
trade-offs among them. When it is implemented in more fine processes, it be-
comes more tricky. PLLs are widely used in many systems which requires clock
generator since they can provide stable high frequency signal. This chapter de-
scribes the noise in the clock generators and clarifies the trade-offs in design of

the PLLs after basic concepts of their components are presented.

2.1 Jitter and Phase Noise

All electric systems suffer undesired noises. An ideal clock generator outputs a
certain signal waveform with a fixed period or frequency. However, real clock gen-
erators provide output signals of which periods or frequencies fluctuate around
fixed ones as shown in Fig. 2.1. The clock generator can be an oscillator or a
system including the oscillator, such as phase-locked loop. The clock generators
with excessive noise will increase the bit error rate in communication systems or
malfunction in digital systems. First of all, in order to avoid such undesired con-

ditions, stability of the oscillators must be considered. Stability of the oscillators
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Figure 2.1: Free running outputs of (a) an ideal oscillator and (b) a real oscillator,
and (c) the output frequencies and (d) phases of the oscillators.
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for systems are generally quantified by two means. One is observed in the time
domain and the other is in the frequency domain.

The instability of the clock in time domain is called timing jitter. Jitter is
specified by statistical terms since it has a random characteristic. Two kinds of
timing jitters are widely used. One is a period-jitter and the other is a cycle-to-
cycle jitter. A period jitter, AT,, as shown in Eq. 2.1 is a change of the period
from an ideal period and generally used to calculate timing margin in digital

systems [37].

A7}) =T} — Tigear (21)
Its RMS (root-mean-square), o, is expressed as following:

N
2

. 1 2
%zlmgNEJA@) (2.2)

N—oo
k=1

Cycle-to-cycle jitter, AT.o., is a deviation in the period between two adjacent

periods as shown in Eq. 2.3 [38].

AT = Tyir — Ty (2.3)

The RMS of the cycle-to-cycle error, 0.9, is

N
. 1
c2c — lim N Z(ATCZC>2 (24)

Figure 2.1 shows the characteristics of a noiseless and a noisy oscillators with
sinusoidal waveforms. The ideal oscillator outputs Asin(27 f,t) but a noisy oscil-
lator does Asin(27mfyt + ¢,). ¢, is a noise component called jitter. The change
of the transition of the oscillators in the time domain results in fluctuation of
the oscillation frequency in the frequency domain as shown in Fig. 2.1(c). Thus,
its spectrum looks skirt around the ideal oscillation frequency as shown in Fig.
2.2. ¢, is also a noise component to modulate the phase of the oscillator in the
frequency domain. Thus, phase noise is used to evaluate the stability of the oscil-
lator in the frequency domain. Phase noise, L(Af), is defined as the ratio of the

noise power in a 1 Hz bandwidth at a certain frequency offset, Af, to the signal
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Figure 2.2: Definition of phase noise.

power at a carrier frequency, f,.

noise power in a 1 Hz bandwidth at frequency offset

L(Af) = 10log{ }dBc/Hz]

(2.5)

power at a carrier frequency

Phase noise is a very important factor to evaluate the purity of the oscillators
or frequency synthesizers since phase locked loop is generally designed in the
frequency domain. Figure 2.3 shows the characteristic of the phase noise in the
oscillators. In the low offset frequency, the phase noise is inversely proportional to
the frequency. Especially, the phase noise with a 30dB/decade slope is associated
with the flicker noise which is the dominant noise source at low frequencies in
silicon MOSFETs. The flicker noise is expressed by the fluctuation of the channel
free carriers due to the random capture emission or the fluctuations in the surface
potential. It is mainly dominated in NMOS by carrier-density fluctuation and
in PMOS by mobility fluctuation [53]. Thus, it can be roughly modeled as two
dominant approaches [52]. The first approach provides a power spectral density

Sny(f), of the equivalent input noise voltage appearing in series with the gate.

K 1
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Figure 2.3: Phase noise of an oscillator.

where K is process-dependent coefficient, C? = oxide capacitance per unit area,
and W and L the channel width and length. This equation is suitable for NMOSs
since flicker noise of the n-channel devices have independence on the gate bias
voltage. Another approach is for PMOSs providing a power spectral density for

the equivalent input noise voltage, which depends on the gate bias voltage.
S ) = VG 1 (2.7

' WL f

where K is bias-dependent coefficient. In oscillators, the flicker noise is up-
converted to the oscillation frequency and is dominant in 1/f3, region of phase

noise [54].

2.2 Oscillators

In electronic systems, two kinds of oscillators are widely used. One is LC oscil-
lators and the other is ring oscillators. In this section, their characteristics are

investigated. Furthermore, injection-locked oscillators are also described. The
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injection-locked oscillators are generally used as frequency dividers. A few papers

presented that the injection-locked oscillators are used as frequency multipliers.

2.2.1 LC Oscillators

(@) (b)

Figure 2.4: (a) Ideal LC resonant tank (b) resonant tank with parasitic resistance.

LC oscillators are a type of the most widely used oscillators in CMOS tech-
nology since they have low phase noise characteristic than other oscillators. The
LC oscillator is composed of resonant component of inductor and capacitor as
shown in Fig. 2.4 [39]. Its resonant frequency depends on inductance and capac-
itance. Resonant tank has an infinite impedance at the resonant frequency such
that the oscillator outputs a periodic signal. The resonant frequency is obtained

as following:

1
f= o /IC (2.8)

Since a real inductor has series parasitic resistance as shown in Fig. 2.4 (b),
the real resonant tank composed of only an inductor and a capacitor outputs
not a periodic signal but a decaying signal. The series parasitic resistance can
be replaced with the parallel parasitic resistance as shown in Fig. 2.5 (a) [40].
The parallel parasitic resistance, I,, can be expressed by the series parasitic

resistance, Ry, and the quality factor, @), of the inductor.
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Figure 2.5: (a) Resonant tank with a parallel parasitic resistance (b) resonant
tank with a negative resistance.

R,=(Q*+1)R,  where Q = & (2.9)

Xp
where X, is a shunt reactance. When negative resistance is connected to
the resonant tank in parallel as shown in Fig. 2.5 (b), the resonant tank will
recover infinite impedance at the resonant frequency. The negative resistance
can be implemented by cross coupled transistors and its value is determined by

the transconductance.

Widely used LC oscillator has cross coupled negative resistance as shown
in Fig. 2.6 [41]. It is possible to be implemented only with NMOS or PMOS
cross coupled negative resistance. The phase noise spectrum, L(Aw), of the LC

oscillator can be expressed as following [42]:

2FkT{1 o Wo
Psig QQAW

I+ ) (2.10)

L(Aw) = 10log| A

where F' is fitting factor to account for excess noise in all regions. The phase
noise of the LC oscillators mainly depends on the quality factor, ), of the LC

tank and the signal power, Py,.
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Figure 2.6: Complementary LC oscillator.

2.2.2 Ring Oscillators

A different type of most widely used oscillators is a ring oscillator since it has less
occupied area, wide tuning range, and low power consumption. Figure 2.7 shows
a 3-stage inverter-based ring oscillator. Its oscillation frequencies are generally
controlled by the current sources, which can be only one between top or bottom
ones. Inverter-based ring oscillators are composed of odd-stage inverters. An
inverter basically outputs the reversed voltage of its input voltage. As shown in
Fig. 2.7, the input of the first stage is high but the output of the third stage is
low. When the input of the first stage is connected to the output of third stage,
the inverter chain becomes unstable and then oscillates. That is, an unstable
state results in a stable oscillation.

The ring oscillator has a very simple structure. However, it is not easy to

achieve an accurate oscillation frequency estimation since it has not any resonant
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Figure 2.7: Inverter-based ring oscillator.

components unlike LC oscillators. Oscillation of ring oscillators is substantially
based on amplification of MOSFETs and RC delays. Since MOSFETs are inher-
ently nonlinear active devices, analyses of them are not facile. However, they
can be linearly analyzed under the restricted condition called small signal analy-
sis, which the gate bias is fixed and the input and output signals are very small
enough to be linearized. However, ring oscillators have large input and output
signals, generally from ground to the supply voltage, called full swing. The small
signal analysis is not useful for analysis of the ring oscillator. Moreover, they
change in time. In other words, ring oscillators are a nonlinear and time variant

system. Thus, accurate analysis of them is quite tricky.

The oscillation frequency estimation of the ring oscillator is mainly performed
by two approaches. The first approach is to use charging and discharging mech-
anism of a capacitor. A simple circuit model of the inverter is shown in Fig.
2.8 [43]. The load capacitor, Cy, is parasitic capacitor at the output of the in-
verter stage. An additional capacitance can be also loaded at the output node.
The current, I, is controlled by the control voltages, Vi, and Vegn, which are
gate bias voltages of the NMOS or PMOS used to be current sources. When the

capacitor is charged as shown in Fig. 2.8 (b), the current, Iy, is as following:
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Figure 2.8: (a) Delay stage of the inverter-based ring oscillator, and a simple
circuit model to estimate (b) rising and (c) falling delays.

Cozp W,
Ictrlp = a 9 pL_pG/ctrlp - ‘/thp)2 (211)
p

where Vp,, is a threshold voltage of the PMOS, p, is a mobility of a carrier,
Cogzp 1s an oxide capacitance, and W, and L, are the channel width and length,
respectively. Thus, the rising time, ¢,, is C,Vpp/Ium, and can be rewritten as

following:

2L, 1

t, = CLV,
Lrop Wp“pCoxp (VDD - V;thp)2

(2.12)

When the capacitor is discharged as shown in Fig. 2.8(c), the falling time, ¢,
can be also obtained by the same method. Thus, the oscillation frequency. fosc,

of a N-stage ring oscillator can be estimated as following:

1
fosc = NCETR) (2.13)
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Figure 2.9: Linear model of the ring oscillator.

The other approach for the oscillation frequency estimation is to linearize a
delay cell with Gm cell and RC load in the case of a 3-stage differential ring oscil-
lator [44]. Figure 2.9 shows a linear model of the ring oscillator. The oscillation

frequency of a 3-stage ring oscillator is as following:

fosc = ﬁ
OS¢ = 9rRC

The oscillation frequency can be also estimated by considering currents in the

(2.14)

delay stage and time-varying characteristics of parasitics and the gate resistance
[45], or by analyzing a ring oscillator as a nonlinear feedback system [46].

Phase noises of the inverter-based ring oscillator were introduced in [25]. They
were modeled by producing a voltage ramp at its output in response to a correctly
positioned step input. The phase noises, Lying1/7(f) and Lyingwhite(f), due to

flicker and white noises, are respectively

Cl. unKen  pupKep f2
(PRSI 22 SRy e

2kT 1 1 . fosc .o
Lrin white - e 2.16
gawhite(f) 7 (VDD_W(VNJFVP)JFVDD)( 7 ) (2.16)

where [ is a pull-up current charging an inverter’s load C' to Vpp, uny and
pn are carrier mobilities of NMOS and PMOS respectively, K¢y is the empirical

coefficient, K;p is a bias-dependent quality, f, is oscillation frequency, V; is the
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threshold voltage, and vy and ~p are noise factors of NMOS and PMOS, respec-
tively. These equations show that the low phase noise can be obtained by the

longest channel length and the larger current consumption.
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Figure 2.10: (a) Delay line with only one noisy stage and (b) waveforms of the
delay line.

Another phase noise model can be derived from phase noise of a delay line

multiplying a shaping function [47]. Figure 2.10 shows three-stage delay line with
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only one noisy inverter and node voltages at each output. Under a certain input
frequency, the output voltage of the latter stage has more large noise since it
suffers all uncorrelated noises of the previous stages. Homayoun obtained the
two-sided phase noise, S¢ pr, of the delay line from uncorrelated jitters on the
rising and falling edges and derived the phase noise. Homayoun’s approach is to
obtain the phase noise of the delay line with only one noisy stage and the overall
phase noise of the delay line by multiplying the phase noise of the one noisy stage
with the number of delay stages. The two-sided phase noise, S white.nr, due to
white noise and the two-sided phase noise, Sg.1/¢,pr, due to 1 /f noise in N-delay

line are respectively

7T2

S& white, DL, = o 1S1(f)|naos + Si(f)|paos]
D
2kT 72

N 2.17

IpVbp (2.17)
2
T

Se1/f,pL = m [S1/¢(f)Inaos + S1/¢(f)|prios] (2.18)

where S;(f) is the thermal noise current, S ,¢(f) is the flicker noise current, k
is the Boltzmann constant, 7" is the absolute temperature, Ip is the drain current
of the on-transistor, and Vpp is the supply voltage.

Homayoun’s model for the phase noise of the ring oscillator also assumed that
the only second stage inverter has noise. And it investigated the effect on the
output of the stage as shown in Fig. 2.11. Contrary to the delay stage, the
ring oscillator accumulates the previous jitters as shown in Fig. 2.11 (b). The
output waveform was thus obtained by convoluting the noise sources with g(t)
and adding it to an ideal wave. The phase noise, S ring, of the ring oscillator
shown in Fig. 2.11 (a) was obtained by multiplying the phase noise of the delay
line with the shaping function, G(f).

Sering(Af) = Sa.pr(ANIG(S) (2.19)

2
= (Scb,white,DL + Sq>,1/f,DL) (gX}) (2.20)
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Figure 2.11: (a) Ring oscillator with only one noisy stage and (b) waveforms of
the ring oscillator.

This equation can be rewritten as follows

336 | 2T
Song(A) = 3257 SHAD lvaros + A paos] + 1)
O2SC 1
_|_

4N]I%Af2 2]% [Sl/f(AfNNMOS + S1/f<Af)|pMog] (2.21)

Equation 2.21 shows that the phase noise due to white noise in the ring os-
cillator is inversely proportional to the drain current of the on-transistor and the
supply voltage. And the phase noise due to flicker noise is inversely proportional

to the number of the delay stages and the drain current of the on-transistor. The

24



number of the delay stages is inversely proportional to the oscillation frequency.
When the oscillation frequency is predetermined and the current consumption
is fixed, the phase noise due to flicker noise mainly depends on the flicker noise
current, which relies on area of the MOSs and the process characteristics. Thus,
Homayoun’s model also shows that the phase noise of the ring oscillator mainly
depends on the current consumption under the same supply voltage and oscilla-

tion frequency. It gives the same design insight as Abidi’s model.

Figure 2.12: 4-stage differential ring oscillator.

Another popular topology in ring oscillators is a differential type as shown in
Figure 2.12. While the inverter-based ring oscillators must have odd stages, the
differential ring oscillators can have odd or even stages. The oscillation frequency

in differential ring oscillators can be also estimated by the above methods.

Ring oscillators can be implemented with small chip area and low power con-
sumption, but they have generally poor phase noise since they do not have any res-
onant components unlike LC oscillators. The phase noises, Ly /¢(f) and Lot (f),
due to flicker and white noises in a differential ring oscillator were introduced
in [25].

Ky L f2

Lys) = A )

(2.22)
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where K is the empirical coefficient, I is the tail current, V. ssq is the effective

Lwhite (f)

gate voltage on the differential pair, Vs is the effective gate voltage in the tail
current source, and V), is a differential peak output voltage swing, Comparison
between the phase noises of the ring and LC oscillator in [25] shows that the
ring oscillator takes takes 450 times large current compared with that of the LC
oscillator in order to achieve the same phase noise. That is why LC oscillators

are mostly used in applications requiring low phase noise.

2.2.3 Injection-Locked Oscillators

Yoo

vVCO

VerrL f\)
fosc

finj

Figure 2.13: Concept of an injection-locked oscillator.

Basic concept of an injection-locked ring oscillator is shown in Fig. 2.13. The
injection-locked oscillator is composed of a voltage-controlled oscillator and an
external signal source. Let’s consider that the oscillator outputs a signal with a
frequency, fosc, which is controlled by a voltage, Vorgrr. Then, when the external
signal with a frequency, f;,; is inputted to the oscillator and the oscillator is locked
by the external signal, the output of the oscillator is realigned every period of the
injection signal. The injection signal can be sinusoidal or pulse shaped signals.

Figure 2.14 shows waveforms in an injection-locked oscillator when the injec-

tion signal and the oscillator have the same frequency. In noisy oscillator, the
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Figure 2.14: Waveforms in an injection-locked oscillator.

output waveform fluctuates from an ideal waveform. When time goes by, the
deviation from the ideal waveform may increase due to noises. However, if the
injection signal has lower phase noise than the oscillator, the waveform of the
oscillator will realign at the injection signal every injection period and the phase
noise of the oscillator approaches the one of the injection signal. The injection
oscillators are generally used as a frequency divider, called the injection-locked
frequency divider, and especially preferred for high frequencies, which the digital
dividers can not cover [48]- [50].

The phase noise of the injection-locked frequency divider is mainly determined

by the phase noise of the injection signal.

LILFD ~ Linj — QOZOQ(N) (224)

where L;; rpp is the phase noise of the injection-locked frequency divider,
L;,; is the phase noise of the injection signal, and N is the division ratio. The
injection-locked frequency dividers can be based on LC or ring oscillators. LC-

based injection-locked oscillators have better noise performance the ring-based
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but suffer narrower locking range and unwanted harmonics.
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Figure 2.15: Waveforms in an injection-locked oscillator.

The injection-locked oscillators can be also used as frequency multipliers. Fig-
ure 2.15 shows waveforms in an injection-locked oscillator when the frequency of
the injection signal is higher than the oscillator. When the ratio between two
frequencies is small, the phase noise of the oscillator is closer to the phase noise
of the injection signal and the lock state is more stable. However, when the ratio
becomes larger, it is getting hard for the oscillator to be locked by the injection
signal since the deviation from the ideal waveform may increased due to the noises
generated by the oscillator itself during non-injected periods.

When the oscillator is locked by the injection signal, the phase noise of the
oscillator tends to follow the phase noise of the injection signal. When the fre-
quency of the injection signal is N-times higher than the oscillator, the phase

noise, Losc of the oscillator as following:

Losc ~ Lmj + 2OZOQ(N> +« (225)

where « is noise of the oscillator during (N — 1) periods. When the frequency
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Figure 2.16: Phase noise in the injection-locked ring oscillators as a frequency
multiplier.

of the injection signal is N-times lower than the oscillator, the phase noise, Losc
of the oscillator becomes as shown in Fig. 2.16. At the low offset frequency, the
phase noise of the oscillator is a little bit higher than L;,,; +20log(/V) and at the
high offset frequency, the phase noise of the oscillator becomes L;,,; + 20log(N).
In CMOS technology, it is substantially difficult to secure the stable lock state

due to quite narrow lock range, process variations, and poor modeling [51].

2.3 Phase-Locked Loops

In many CMOS VLSI systems, the clock generators do not consist of only oscil-
lators since the generated signal can have quite poor and unstable performance.
Thus, the clock generators are generally composed of a system including the os-
cillators, such as PLLs. Simple block diagram of charge-pump PLLs is shown in
Fig. 2.17. Charge pump PLLs are most widely used for clock generators since

they have good stability and reasonable phase noise characteristics.
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Figure 2.17: Block diagram of a charge-pump PLL.

The charge-pump PLLs are composed of a voltage-controlled oscillator, a
frequency divider, phase-frequency detector, a charge-pump, and a loop filter.
The voltage-controlled oscillator is controlled by a voltage, which is proportional
to the frequency of its output signal. The frequency divider divides the frequency
of its input signal to output the frequency-divided signal. Then the output of
the divider has the same frequency to the reference. The crystal oscillators are
frequently used as the reference since they have low phase noise and high stability.
The phase-frequency detector detects the frequency or phase difference between
two input signals, the reference signal and the output of divider, and outputs
the indicating signal whether the phase of the output of the divider leads or
lags the phase of the reference. The charge-pump converts the pulse width of
its input signals to current. This current is a high frequency signal and then is
filtered in the loop filter. The loop filter is actually a low pass filter and is a very
important component to secure the stability of the feedback loop. The output of
the loop filter is inputted to the oscillator and the frequency of the oscillator is

thus controlled by the phase difference with the reference.

2.3.1 Phase Detector

A simple phase detector can be implemented by an exclusive-OR gate as shown

in Fig. 2.18. It outputs high when the two inputs are different with each other.
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Figure 2.18: (a) Exclusive-OR phase detector (b) input an output signals of the
exclusive-OR, gate.

Thus, its average output has the same value when the phase difference. The
transfer function of the phase detector is called the gain of the phase detector

and defined as following:

Vmean
Ad

KPD = [V/rad] (226)

where V,,cqn is the mean of the output voltage and A® is the phase difference.

The phase detector of the exclusive-OR has the following phase gain:
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Figure 2.19: The gain of the exclusive-OR gate.

Kpp = Vi = Ve o _p s Ap <0 (2.27)

™

_ _Ya—W for0 < Ap < (2.28)
T

The stable lock happens at the phase difference of -7/2 or 7/2. Thus, only
the range of 7 is usable. The gain with the same sign in positive and negative

phase differences may lose the lock.

These kinds of problem can be solved by a tristate phase-frequency detector.
It is composed of two D-flipflop and an AND gate as shown in Fig. 2.20. It
outputs two kinds of signals, UP and DOWN. When the reference leads the
output of the divider, the phase frequency detector outputs UP first and then
when the output of the divider is high, the down signal is outputted and the
phase-frequency detector is reset. The phase-frequency detector has three states,
that is, up, down, and zero. Zero state is not substantially zero. As shown in
Fig. 2.21, the phase-frequency detector outputs up and down at the same time

when the two inputs are the same phase. The pulse width, PW,,;,, in this case
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Figure 2.20: Tristate phase-frequency detector.
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Figure 2.21: Input an output signals of the tristate phase-frequency detector.

Y
A

is determined by delay of the AND gate, D-flipflop, and delay block. Without
the delay stage, the phase-frequency detector outputs a very narrow pulse when
two inputs has almost zero phase difference. it can not properly operate the next

stage of the charge pump and results in dead zone. The deadzone will increase
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phase noise. The problem can be solved by inserting the delay stage. The delay

stage increases minimum pulse width to properly operate the next stage.

Figure 2.22: Gain of the tristate phase-frequency detector.

The transfer function of the phase-frequency detector is shown in Fig. 2.22.

[ts linear phase detection range is 47, which is four times wider than that of the

exclusive-OR.

Vg — V)
Kprp = % for —2m < A¢ < 27 (2.29)
T
1
= 5 when Vg =1 and V;, = —1 (2.30)
T
The gains with different signs in positive and negative phase differences allow

frequency detection and stable lock happens zero phase difference.
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Figure 2.23: Charge pump.

2.3.2 Charge Pump

The charge pump is a kind of a converter converting digital error pulse to analog
current. Figure 2.23 shows a simple block diagram of the charge pump. The UP
and DOWN signals switch on or off the current source, respectively. When UP
is high, the current, Iop flows in the load and when DOWN is high, the current
flow out of the load. Thus, the transfer function of the charge pump is Iop[A/V].
This simple concept does not provide relation between the phase error and the
output of the charge pump. When both the phase-frequency detector and the
charge pump is considered at the same time, the relation between them can be

provided and the combine gain of them also obtained.

The charge pump convert the output of the phase-frequency detector to
charge, which is proportional to the pulse width of the output. When the current
source outputs constant current, Iop, the UP and DOWN switch on or off the
current source for the pulse width, PWyp and PWpowny. Thus, charge, Qcp,

flows in or out of the load, Z;. Figure 2.24 shows the input and output signals

35



UP

Down

— L
-

Charge

-

Figure 2.24: Input and output signals of the charge pump.

of the charge pump. @)y is an initial charge in the capacitor. Thus, the output

charge, Qour, due to the phase difference, A¢, is as following:

IepA¢ C

o7 Frpr (2.31)

QOUT =

The output charge can be average by the period and converted to the average

output current, loyTmean-

Qour _ IepA¢
Trer 27 frEF

C
-Trer {;} (2.32)
This equation can be written as following:

IcpAd
2T

IOUTmean - [A] (233)

Thus, the combine gain, Kpppr.cp with the phase-frequency detector in Eq.
2.30 and the charge pump is obtained as following [55]:

(2.34)

K _ IOUTmean _ [CP A
PoECE A¢p 2r | rad
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2.3.3 Loop Filter

ILF(jw)|
Ry R, C A
O— W\ WW\—]
Ry/R,
© - ° TR,Cr log(®)
(a) (b)

Figure 2.25: Active proportional-integral loop filter.

The loop filter integrates the output current of the charge pump and outputs
the averaged voltage. The main purpose of the loop filter is to establish the
dynamics of the feedback loop and to secure a suitable control of the oscillator [56].
The loop filter can be implemented by active or passive elements, which are called
active loop filters and passive filter, respectively. Figure 2.25 shows an active
proportional-Integral (PI) loop filter. Its transfer function is as following:

L (s)] = S (2.35)

The active PI loop filter has a pole at 0 Hz and a zero at 1/(CyRy)Hz. Thus,
it has a large open loop gain at low frequency. While higher order active filters
can filter out of the noise, they has still a few of drawback. The linearity and
open loop gain of the active filter limits the frequency gain of the loop. And the
noise of the active filter can increase the phase noise of the PLL.

The most simple passive loop filter is shown in Fig. 2.26. Its transfer function
is as following:

1

|LEp1si(s)| = R+ oC (2.36)
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Figure 2.26: Passive 1st order loop filter.
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Figure 2.27: Passive 2nd order loop filter.

The passive 1st-order loop filter can track the signal more quickly than higher-
order loop filter. But this has critical drawback which the control voltage expe-
riences discrete steps due to abrupt changes in the charge pump current. This
ripple can be mitigated by adding an additive capacitor to the 1-st-order loop
filter. Then, the loop filter becomes 2nd-order shown in Fig 2.27. It has the
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following transfer function:

SCQRQ + 1
820102R2 + S(Cl + CQ)

If £ is larger than unity and C5 is k& times larger than 7, then the transfer

|LEpona(s)| =

(2.37)

function can be rewritten as following:

|LF (S)| o skCle—i-l
P2l 5k + 1)C1 {skC1 Ry (k + 1) + 1}

(2.38)

G

(a) (b)

Figure 2.28: Passive 3rd order loop filter.

In order to further suppress reference spurs and high frequency noise, another
pole can be added in the loop filter as shown in Fig. 2.28. Higher-order loop
filters can be also implemented. However, they are seldom used in practice since
it is hard to obtain the phase margin for stability. The 2nd and 3rd order loop

filters are mostly preferred.

2.3.4 Voltage Controlled Oscillator

The output of a voltage controlled oscillator such as LC and ring oscillators has
an inherent frequency sensitivity over control voltage. It is called an oscillator

gain, Kyco, defined as following:
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Figure 2.29: Transfer function of the voltage-controlled oscillator.

Wy — Wy radH z}
K = 2.39
vee Vetri2 — Vetril |: V ( )
Thus, the angular frequency, wosc(t), is
wosc(t) = Kvcoven(t) (2.40)
Thus output phase of the oscillator, ¢pogc(t), is
Posc(t) = KVCO/Uctrl(t)dt (2.41)

In the phase-locked loop, the transfer function of the oscillator is obtained by

taking the Laplace transform to the phase of the oscillator output.

Qosc(s) _ Kvco
‘/ctrl(s) S

(2.42)

Thus, an ideal voltage-controlled oscillator is an integrator.

2.3.5 Loop Transfer Functions

The linear model of the phase-locked loop can be expressed as shown in Fig. 2.30.
The loop characteristics of the phase-locked loop can be considered by the linear

model. The forward-loop transfer function, T'(s), is as following:

vosc  Kpprcp- LF(s)- Kyco
T(S) B ¢REF - S

(2.43)
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Figure 2.30: Linear model of the phase-locked loop.

The order of the phase locked loop is defined by the number of poles in the
open loop transfer function. When the passive 1st order loop filter is adapted,
the phase-locked loop is the 2nd order. Its forward transfer function becomes as

following;:

o ]CP ) KVCO (SCR+ 1)
o s sC'

The open-loop transfer function has two poles at 0 rad/sec and one zero at

T(s) (2.44)

w,1 = 1/(CR). The crossover frequency, w,, of the forward loop transfer function

is obtained by the following equation.

Iop Kyooy/o2CPRE 4 1
T(juw)| = 28 2VCOVReL L (2.45)

27 w2(C?

Assume that w?C?R? >> 1, then the crossover frequency, w,, is

" IcpKyvcoR
¢ 2nC
Figure 2.31 shows the open-loop response of the 2nd order phase locked loop.

(2.46)

Its closed-loop transfer function, is expressed as following:

41



T(o)|

-40dB/dec

-20dB/dec
: ~ o7
@ log(w)
(a)
LT(jw) log(@)
0 .

(b)

Figure 2.31: (a) Forward-loop response and (b) its phase of the 2nd order phase
locked loop.

H(s) = Posc _ Kppr.cp - LF(s) - Kyco/s
¢REF 1+KPDF~CP'LF(S> 'cho/(N'S)
N(sCR+1)

= 24
QWCNSQ/(ICPcho) —f—SCR—f— 1 ( 7)
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And its denominator can be expressed by the 2nd-order equation.

2rCNs*/(IcpKyco) + sCR+1 = K(s* + 26w,s + w?) (2.48)

Thus, the natural frequency, w,, the damping factor, £, and the constant, K,

are extracted from the denominator.

IcpKveo
= lerfveo 2.4
v 97CN (2:49)

£ = R [IcpKvcoC
2 2t N
K = u? (2.51)

n

Thus, the crossover frequency of the forward loop transfer function can be

rewritten in terms with the natural frequency.

N
When the zero of the closed loop transfer function is w, = 1/RC = w,/(2£),

the closed loop transfer function can be expressed as following:

We

(2.52)

B N(s2¢/w, + 1)
H) = 20 ¥ 26w + )

The closed loop gain of the 2nd order PLL is shown in Fig. 2.32. The

overshoot in the frequency response results in the overshoot in the step response

(2.53)

in the time domain. Thus, the damping factor is generally selected to be 1/+/2.
The most important function of the PLL is noise filtering. The open-loop transfer

function, G(s), is

5 (826 /wy + 1)
n 52

G(s)=NT(s) =w (2.54)

Figure 2.33 shows the linear noise model of the PLL. Transfer function from
each noise source to output phase can be obtained by the open loop transfer

function. For example, transfer function, Nogc(s), of the noise source from the
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Figure 2.32: Closed loop gain of the 2nd order PLL.
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Figure 2.33: Linear noise model of the PLL.

oscillator is 1/(1 + G(s)). Thus, the noise transfer functions from each noise

source are as following;:
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IN(s)| (dB)

Figure 2.34: Noise transfer functions of the 2nd order PLL.

Nosc(s) = i)(fjg((;) TSt 2§:ns +1 (2:55)

Norv(s) = 3255((5)) - w%_(g (f;gﬁ;ig%) (2:36)

Ner(s) = q:iiC(S)) T s +82[Zi§ +1 (2:57)

Npprep(s) = —0scls) (82 jon + 1) (2.58)

npprep(s)  Kppropw2(s? + 26w,s + w?)

The noise transfer functions of the 2nd order PLL are shown in Fig. 2.34.
Nj p(s) and Npppep(s) are transfer functions normalized by gains of Npp(s) and

Npprep(s), respectively. The noise transfer functions of the noises generated at
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the reference, the phase frequency detector and charge pump have characteristic
of a low pass filter. And the noise transfer function of the noises generated at
the loop filter has characteristic of a bandpass filter. Especially, noise transfer
function of the noise generated at the oscillator has high pass filter and then noises
with high power around the oscillation frequency can be filtered out. Thus, large
loop bandwidth can block much larger noises from the oscillator but increases
inband noise from the reference, the phase frequency detector, and the charge
pump. The loop bandwidth, fp, is generally selected by balancing the noises

such that the output noise can be minimized.

PDF-CP +Divider
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?

L(Af) (dBc¢/Hz)

""" e N
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'
Reference <--<----
:
>
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Figure 2.35: Total phase noise of the PLL.

Figure 2.35 shows the total phase noise of the PLL. The output noise mainly
depends on the noises of the oscillator and the reference. For lower phase noise,
LC oscillators are preferred but are accompanied with large power consumption
and chip area, and narrow tuning range. For wide tuning range and low power

consumption, ring oscillators are preferred but also accompanied with poor phase
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noise and large chip area for loop filter due to high frequency sensitivity of the ring
oscillator. For the PLL around 1GHz, the PLL with the ring oscillator has smaller
area since area of the LC oscillator itself requires large area about 500 x 500um?
[58], but the phase noise is inferior than the PLL with a LC oscillator.

2.4 Summary

In this chapter, basic concept of the phase locked loop was discussed and its
components described. LC oscillator-based phase-locked loops (PLLs) can pro-
vide relatively lower-jitter and lower-phase noise performance than ring oscillator-
based PLLs [59]- [61]. However, LC oscillator-based PLLs are more suitable for
higher frequency clock than required clock frequency of ADCs since high-Q in-
ductors for low frequency oscillator occupy relatively large chip area in modern
nano-CMOS technologies process. When ring oscillator is adopted for PLLs, area
of a ring oscillator itself is small but the PLLs have generally poor phase noise.
Furthermore, high voltage sensitivity of the ring oscillator increases area of the
loop filter.

Another approach for achieving low phase noise acquisition utilizes the ben-
efits of CMOS scaling such as All-Digital PLLs [89] [92]. They are suitable to
be implemented in fine digital CMOS technology but still require high power

consumption and large area to obtain low phase noise.
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Chapter 3

Injection-Locked Ring Oscillator
as a Frequency Multiplier

This chapter derives a simple lock range model for injection-locked ring oscillators
as a frequency multiplier to provide insight and guideline for designers. The model
is based on variations in the output signal of the injection-locked ring oscillator
when the injection signal is inputted. Moreover, it is discussed about asymmetry

of the lock range.

3.1 Conventional Lock Range of Injection-locked

Oscillator

Conventional models on injection locking in oscillators are mainly based on phase
shifts by external signals in resonance oscillation. Their lock ranges are repre-
sented in terms of quality factor of LC tank and powers of oscillation and injection
signals. Injection lock oscillators have been mainly used as a high frequency di-
vider called an injection lock frequency divider (ILFD). Thus, the analyses of the
injection-locked oscillators are mostly concerned with frequency dividers [51] [62]-
[65]

As shown in Fig. 3.1, conventional models on injection locking in oscillators
are mainly based on phase shifts by external signals in resonance oscillation [51]

[62]. When the radian frequency of the oscillator is w, and @ is the quality factor
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Figure 3.1: Conventional injection-locked oscillator model.

of LC tank, the lock range, wy, is

wr A~ Wo [inj
L~5~7
2@ [osc

They provide insight to analyze injection-locked oscillators based on a resonant-

(3.1)

based oscillator. However, it is somewhat tricky to apply their concepts for
injection-locked ring oscillators because ring oscillators are not composed of LC

resonant circuit.

3.2 Ideal Lock Range

It is discussed about an ideal lock range model for injection-locked ring oscillators
as a frequency multiplier. It is considered that an injection-locked oscillator is
composed of N, delay stages and a direct inject signal is inputted to one stage
of the outputs as shown in Fig. 3.2. The direct injection-locked ring oscillator is
simply achieved by injecting a very narrow signal into an input or an output of
the ring oscillator. Then the input or output becomes the same amplitude.

It is assumed that a free running frequency, f,s., of the ring oscillator is around
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Figure 3.2: injection-locked ring oscillator with N, delay stages.

N times to a frequency, fi,;, of an injection pulse signal, where N is a positive
integer. The periodic pulse signal is generally the same frequency of the reference
clock but has narrower pulse width. For simplicity, it is also assumed that the
reference clock has no jitter and the injection signal is narrow but strong enough
to pull the phase of the free running to the phase of the injection pulse at once.
When the ring oscillator oscillates at fos. = 1/7T,s. and the input at a delay stage
does not reach the maximum amplitude, that is [@es.| < 7/2, it is assumed that
the input voltage is not large enough to switch the output of the delay stage from

high to low and vice versa.

Figure 3.3 shows a desirable relation between the free running and the injec-
tion pulse. ¢, is a phase of the oscillator shifted from the origin of NT,,., where
N is a positive integer. That is, zero phase degree, ¢,s. = 0, of the free running
means the phase of the N — th period of the free running oscillator. Thus, the
period of noiseless oscillator, Ti,s. idear ; iS €xactly equal to the period of the in-
jection signal over N. However, the free running frequency is actually noisy and

its phase varies around zero phase.

Consider that the injection signal is inputted when the phase of the ring
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Figure 3.3: Relation between the free running and the injection pulse.

oscillator varies between —7/2 and 7/2 as shown in Fig. 3.4. Figure 3.4(b) shows
pulse injection at —7/2 < @5 < 0 of the oscillator output which means that the
free-running frequency is a little bit lower than N f;,,;. When the pulse with very
narrow pulse width, #;,,;., is injected to the oscillator, the differential outputs of
the oscillator become short and then have the same voltage. Consequently, the
phase of the oscillator is pulled to zero phase and the next output starts again
at 0 of the phase degree as shown in Fig. 3.4(b). After the input of the injection
pulse, the oscillator becomes thus advanced by AT.

Let us consider that the free-running frequency is a little bit higher than
N fin;. Figure 3.4(c) shows pulse injection at 0 < ¢o5. < 7/2 of the oscillator
output. In this case, the oscillator is delayed by AT. In the both cases, the last
period results in not T,s. but T,,. == AT and the oscillation frequency becomes
N fin;. Thus, the oscillator is locked at N f;,; when the injection pulse is inputted
at the —m/2 < ¢osc < 7/2. The phase expression of —7/2 < ¢ps. < 7/2 is

somewhat ambiguous because the oscillator is noisy and then fluctuated around
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Figure 3.4: (a) Noiseless oscillator output and injection pulse (b) differential
outputs of the oscillator before and after injection when the pulse signal is injected
at —m/2 < ¢psc < 0 of the phase of the oscillator (c) differential outputs of the
oscillator before and after injection when the pulse signal is injected at 0 < ¢ <
7/2 of the phase of the oscillator.

the ideal frequency of the noiseless oscillator. For the clear explanation, the
phase expression of —7/2 < ¢,sc < m/2 can be exchanged into the frequency of
the reference clock, which is more accurate and less noise than the oscillator. The
lower boundary of the phase is T},; = (N — 1/4)T,s., since the 7/2 of the period
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corresponds a quarter period. This can be expressed as fosc = (N — 1/4) fin;-
Thus, the upper boundary is f,sc = (N 4 1/4) fin;. In other words, the oscillator
is locked at N f;,; when the oscillator has the frequency between (N — 1/4) fi,,;
and (N + 1/4) fin;

Let us consider that the oscillator is more noisier than the previous one,
as shown in Fig. 3.5. Figure 3.5(b) show the injection pulse is inputted at
—T < (osc < —m/2. The oscillator has (N — 1/2)T,s, within T;,;. That is, the
oscillator is locked at (N — 1/2)T,., not NT,s. This means that the oscillator
locks at (N —1/2) fin;. From the same view, the oscillator in Fig. 3.5(c) is locked
at (N + 1/2)T,,., that is, the frequency of (N + 1/2) fin;.

Consequently, in order to lock the ring oscillator at NV f;,;, the phase variation
of the oscillator should be in —7/2 < ¢,s. < m/2 and the maximum lock range is
the half of the period of the oscillator and the frequency variation of the oscillator

should be in as follows:

(N - i)fmj < fosc < (N + }l)fmj (32)

Thus, frequency difference between the oscillator and its replica should be
within |f;,;|/2 in order to lock at N f;,;. Note that the injection-locked oscillator
can be locked at not only N f;,; but also (N + 1/2) f;,; as described in Fig. 3.5.
Therefore, the maximum achievable lock range of Eq. 3.2 can be generalized as

follow:

- l)flnj < fosc < (N + l)@ (33)

(N
27 2 27 2

where N is a positive integer and f,. is locked at N f;,,;/2. The ideal lock range
is symmetric to the desired frequency of the oscillator. Note that the injection-
locked oscillator operates not as a frequency multiplier but as a frequency divider
when N is 1. the However, a substantial injection-locked oscillator may not have
a symmetric lock range and be as wide as the ideal lock range mainly due to

non-zero on-resistance of switches and the pulse width of the injection signal.
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Figure 3.5: (a) Noiseless oscillator output and injection pulse (b) differential
outputs of the oscillator before and after injection when the pulse signal is injected
at —m < ¢ose < —m/2 of the phase of the oscillator (c¢) differential outputs
of the oscillator before and after injection when the pulse signal is injected at
/2 < ¢ose < 7 of the phase of the oscillator.

3.3 Asymmetric Lock Range of an Injection-Locked
Ring Oscillator

The lock range of the injection-locked oscillator is symmetric with respect to the

oscillation frequency under the ideal condition, which the injection signal has very

25



o~

=

s
(Y|

U
4

PP g

s
.gn

I/inn

(b)

Figure 3.6: General current flow in a ring oscillator.

narrow pulse width but is strong enough to lock the oscillator. That is, the ideal
condition means that the injection signal is an impulse signal and on-resistance
of the switch for injection is zero. However, the injection signal substantially has
a certain pulse width and the on-resistance of the switch is not zero. Though the
on-resistance of the switch is desired to be as low as possible, the low on-resistance
induces large parasitic capacitance in the output stage of the oscillator since it
can be obtained by the large size of the switch. The large parasitic capacitance in
the output stage causes more power consumption to obtain a certain oscillation
frequency. For low power consumption, the use of high on-resistance requires
the wide pulse width to lock the oscillator. However, the wide pulse width may
disturb the oscillator when the oscillator have a desired oscillation frequency.
Thus, the size of the switch and the pulse width should be carefully selected
considering the power consumption so as not to disturb the oscillator when the

oscillator have a desired oscillation frequency. Non-zero on-resistance also makes
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the injection lock range asymmetric with respect to the oscillation frequency,
which the upper lock range becomes narrower than the lower lock range. The
asymmetric lock range can be explained by the current flows in the oscillator.
Figure 3.6 shows an operation of the injection-locked oscillator without injection
when —7/2 < ¢pse < /2. For —7/2 < s < 7/2, the oscillator discharges Coyuin
and charges Cyyy, and their current flows, iy, and ig,, are shown in Fig. 3.6
(b). Let us take a look at the change of the output voltages Vo, and Vo, from
t1 to t1 + tinjw as shown in Fig. 3.6 (a). When the output voltages are Vi, +

and Vo, 4 at t1, the output voltages at ¢y + t;,,j, can be expressed as follows:

1 t1+tinjw
‘/outn - ‘/outn_tl + / Loutn dt (34)
Coutn t1
1 t1+tinjw
- V;mtnitl + C— / _|ioutn‘ dt (35)
outn Jity
1 t1+tinjw
V;)utp - V;)utp_tl + C—/ Z.outp dt (36)
outp Jtq
1 tl+tinjw
- V;)utpitl + C— / ’ioutp| dt (37)
outp Jtq

In Eq. 3.5 the negative sign of the integral means that the load capacitor,
Coutn, is discharged and then its output voltage, V., becomes low. On the
contrary, Cyyy is charged and Vi, becomes high in Eq. 3.7. The change of
the output voltages Vi,ue, and Vi, from ¢y to €9 + ¢, can be also obtained by
replacing the subscript, ¢;, with ¢5 in Eq. 3.5 and 3.7, respectively. That is, it is
the natural operation of the oscillator without injection that C,;, is discharged
and Coyeyp is charged for —7/2 < @ose < /2.

Let us consider the oscillator under the injection. When an injection pulse
with the pulse width, t,;,, is inputted at t;, the switch connecting the both
outputs is short and the current flows through the switch as shown in Fig. 3.7.
Since Vyyi, is higher than V,,,, the current, ¢;,;, due to the injection flows from

Coutn 10 Courp and the changes of the output voltages can be expressed as follows:
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Figure 3.7: Current flow when an injection signal is inputted at —7/2 < @5 < 0.

1 t1+tin,jw ) )
‘/:Jutn = ‘/outnitl + O / {_|Zoutn| - |Zinj|} dt (38)
outn Jity
1 t1+tinjw ) )
Vit = Vo 14 o [ Al + i} (3.9
outp Jty

In Eq. 3.8 and 3.9, the sign of the current, i;,;, originated by the injection
pulse is the same of the current flows without the injection and then helps the
natural changes of the output voltages to speed up, such that the oscillator can

be easily locked.

Meanwhile, the injection for 0 < ¢,5. < m/2 as shown in Fig. 3.8 works
obviously different with the injection at t;. When an injection pulse is inputted
at ty, that is, within 0 < ¢us < 7/2, Voup is higher than V., and then the

current, 7;,;, due to the injection flows from Ciy, to Cous, and this direction is
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Figure 3.8: Current flow when an injection signal is inputted at 0 < ¢,s. < 7/2.

opposite to the direction of the currents, %oy, and i,yy, of the oscillator. The

output voltages are expressed as follows:

1 t2+tinjw
Vo =Voutn s+ 5 [ A=lioanl + liogl}dt (320
outn J ity
1 t2+tinjw ) )
Voo = Vo 4 o | Al = lismil} e (311)
outp Jto

As mentioned above, it is natural that the output, V,,:,, goes down and the
output, Voup, goes up when 0 < ¢, < m/2 without the injection. However, the
injection within 0 < ¢, < 7/2 disturbs the natural movement of the oscillator,
that is, the injection pulse forces the outputs to move to the opposite such that
the outputs can be the same. If the on-resistance is low enough, the current,

linj, is larger enough than 7,,, and 7., and then the oscillator will be locked
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Figure 3.9: Simulation results on asymmetric lock ranges and locked frequencies.

within ¢;,,;,,. Once the size of the switch for the injection is chosen, the size can
not be changed depending on the oscillator’s condition, which the oscillator has
a little lower or higher frequency with respect to the desired frequency. Under
a certain size of the switch and a fixed pulse width, it is clear that the injection
at —7m/2 < ¢ose < 0 makes the oscillator locked easier than the injection at
0 < ¢ose < m/2 does. In other words, the lock range under —7/2 < ¢pse < 0
would be substantially wider than the one under 0 < ¢,s. < 7/2 under the same
pulse width and on-resistance. Thus, the lower lock range is asymmetric to the
upper lock range.

Figure 3.9 shows simulation results of a 3-stage injection-locked ring oscillator,
which is shown in Fig. 3.2. The black lines indicate the locked frequencies and
the gray lines are the frequencies which the oscillator can be locked, that is, the
lock ranges. The frequency of the injection signal is 50MHz. The oscillation
frequencies are examined between 962.5 MHz and 1037.5MHz. Figure 3.9 shows
that the oscillator has three locked frequencies and its respective lock ranges

within the simulated frequency range. Their multiplication ratios are 19.5, 20,
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Figure 3.10: Ideal lock range of the injection-locked ring oscillator.

and 20.5, respectively. In each lock range, the lower lock range are wider than
the upper lock range. For example, in the case of 1000MHz the lower lock range
is 9.7MHz but the upper lock range 2.9MHz. The simulation results also give

very good agreement with the results derived in Sec. 3.2.

3.4 Summary

In this chapter, the maximum achievable lock range in the injection-locked ring
oscillator was derived. The lock range is shown in Fig. 3.10. The lock range
is inversely proportional to the multiplication ratio of the injection signal to the
oscillation frequency. The lock range is derived under the ideal condition, which
the power of the injection signal is strong enough to lock the ring oscillator in
a short pulse width. Substantially, the injection signal is inputted to the ring
oscillator through the switch. When the injection power is not transferred enough
to the injected stage due to the on-resistance of the switch, the ring oscillator may
not be locked. As the switch size becomes large, the lock range would become

wider but the oscillation frequency under the same current would be lowered due
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to the increase of the parasitic capacitance of the switch.

The lock range is asymmetric to the oscillation frequency since the injection
operation is opposite to the natural movement of the oscillator for 0 < o < 7/2
and the lock range would become narrower than the ideal lock range. Moreover,
since the ring oscillator generally has poor noise characteristic, it would be quite

difficult to achieve the high multiplication ratio.
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Chapter 4

Injection-Locked Charge Pump
Phase-Locked Loop with a
Replica Ring Oscillator

This chapter reviews the conventional phase-locked loops and introduces the pro-
posed injection-locked charge pump phase-locked loop with a replica ring oscil-
lator. The proposed injection-locked loop is introduced and verified by a large
number of simulations to secure tolerance to process, temperature, and power
supply variations. Moreover, it was fabricated in a standard 90nm CMOS pro-
cess and its measurement result is compared with the conventional phase-locked

loops.

4.1 Conventional Phase Locked Loop

For a few decades, the charge-pump phase-locked loops (CPPLLs) were the main
current of frequency synthesizer and clock generator. They are still most com-
monly used since they provide high stability and reasonable phase-noise charac-
teristics. Many of them use an integer-N divider. The output frequency step
of Integer-N PLLs is restricted to the reference frequency. In order to provide
narrower output frequency step, the lower reference frequency is required such

that the division ration increases and then results in increase of phase noise. To
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Figure 4.1: Fractional-N phase-locked loop.

avoid these drawbacks, a PLL with a fraction-N divider was disclosed as shown
in Fig. 4.1 [69]. Fractional-N PLLs switch the division ratio between N and N+1
to obtain the fractional division ratio and are widely used as a frequency synthe-
sizer. But these periodic switching produces the sideband noise called fractional
spur. This problem was alleviated by applying a AY modulation concept [70] to
a fractional-N PLL [71]. Fractional-N and AY Fractional-N PLLs utilize filters
such as FIR Filters to further alleviate noises [72]- [76]. They generally consume
large power above 10mW for about 1 ~ 2GHz outputs. Fractional-N PLLs with
relatively low power consumption and small occupied area were also introduced

but do not provide good phase noise characteristics [77] [78].

With the development of the CMOS technology, the merit of digital tech-
nology in fine process increases and has then led many analog circuits to be
implemented by digital circuits. Some or all components of the phase-locked
loops have also been tried to be replaced by digital circuits as shown in Fig. 4.2.
The oscillators are replaced to digitally-controlled oscillators, which compose of
a digital-to-analog converter and a voltage-oscillator or has a digitally-controlled
capacitor-bank, a varactor, or current sources [79]- [84]. Analog phase-frequency

detectors can be also replaced to a digital phase-frequency detector, and a counter
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or a time-to-digital converter [85]- [88]. Digital PLLs utilize the benefits of CMOS
scaling and then became one of dominant methods used in the wireless communi-
cation industry. They are suitable to be implemented in fine CMOS technology.
However, digital and all digital phase locked loops also require high power con-
sumption and large area to obtain low phase noise [89]- [93]. Hong presented a
digital PLL with low power consumption and small occupied area but it shows
poor phase noise characteristics [94].

The realignment by injection locking the oscillator to the reference was pub-
lished to reduce the phase noise introduced by the oscillator [95]. As mentioned in
Chapter 2, the phase noise of the injection-locked oscillator approaches the phase
noise of the injection signal. Most of injection-locked oscillators are used not as
frequency multipliers [27] [31] [96] [97] but as frequency dividers [33]- [36] [98]-
[102] replacing the current mode logic(CML) frequency dividers, which consume
large power especially at high frequencies [103]. Though the injection-locked os-
cillators may have better noise performance than injection-less oscillators, it is
proper to be carefully used in a phase-locked loop to provide better performance,
stability, and reliability. When an injection-locked oscillator is incorporated with
conventional PLLs not as a divider but as a main oscillator, the PLLs may have
critical problems in stability and reliability.

When an injection-locked oscillator is used as a main oscillator in conventional
PLLs, the PLLs may suffer from the confliction between phase realignments by a
phase-locked loop and a pulse injection. The phase confliction is caused by phase

realignments at two different points, since the PLL tries to realign the phase of a
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Figure 4.3: Phase confliction due to pulse injection in a conventional PLL.

divider output at the input of phase-frequency detector while the pulse injection
tries to realign phase of oscillator output at the injected stage, as shown in Fig.
4.3. This confliction may cause the PLL to fail to maintain lock state. Thus, any

supplemental phase controller is required to prevent such confliction [29] [31].

REF
_T_' AT  |—p{ Pulse Gen. =P Pulse Shaping
/2
| VCO
Loop
: PFD/CP [—» Filter Output
/N

Figure 4.4: Injection-locked PLL with a pulse timing control.

The first method to avoid the phase confliction is to directly control the in-
jection timing (AT') as shown in Fig. 4.4 [31]. However, it is not facile to exactly

control the injection timing and to compensate temperature and voltage varia-
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tions due to various noises under operation.
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Figure 4.5: Injection-locked PLL with self-aligned injection window.

Liang introduced an injection-locked PLL with self-aligned injection window
as shown in Fig. 4.5 [29]. The injection-locked PLL is composed of an injection-
locked oscillator with a sample-and-hold (S/H) circuit and a conventional loop
with PDF, CP, and a divider for initial setup. The S/H provides voltage-to-
current converter (VI) with the phase information of the injection-locked oscillator
when the injection signal is inputted. The VI converts the voltage phase error
signal to the current signal such that the phase of the oscillator is realigned.
However, the PLL has a narrow loop bandwidth for stability. Once the oscillator
is locked at undesired frequency due to high frequency noises, the PLL may not
return the desired frequency.

As shown in Fig. 4.6, the other method to avoid the phase confliction has
been introduced in [104]. It adopts a replica of the oscillator to distinguish the
injection-locked oscillator with the loop of the PLL. And it includes the calibration
phases to compensate the frequency difference between two oscillators. However,
when the supply and temperature variation changes excess the calibration after
calibration or the reference clock is changed, the PLL should be re-calibrated.
Especially, even small increment of the supply voltage increases the 1LSB of
DAC and kwvco of the oscillator, such that it may cause the ILPLL to lose lock.
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Moreover, when the frequency multiplication ratio is increased, the time required
to control the oscillator becomes longer while the lock range becomes narrower.

Thus, this configuration is not suitable for high frequency multiplication ratio.

Replica of VCO
REF
——ae—p-| Pulse Gen. ﬂTo Buffer B Output
Lock
Controller
- t Loop
—»| PD/CP Filter VCo
Divider

Figure 4.7: Proposed injection-locked CPPLL with a replica of the ring oscillator.

This thesis presents an injection-locked PLL without any calibration phases,
which has two loops separated into a conventional charge-pump phase-locked
loop (CPPLL) and an injection loop as shown in Fig. 4.7 so as to avoid the

phase confliction and to be tolerable to process-voltage-temperature (PVT) vari-
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ations. Well-designed two ring oscillators themselves can be considerably tolerant
to process variation to maintain lock state while they occupy large area. Contin-
uous phase tracking by a conventional CPPLL can provide robustness to supply

voltage and temperature variations.

4.2 Design of Injection-Locked Oscillator

Vb
TR (D—PD—O
T .
>g> | >
1 4 1
inj

Figure 4.8: Block diagram of 3-stage injection-locked ring oscillator.

An injection-locked ring oscillator is a 3-stage differential ring oscillator as
shown in Fig. 4.8. A periodic pulse is injected to the output of its middle stage.
The target frequency is 1GHz and the division ratio in the PLL is 20. In the
case of the 4-stage differential ring oscillator, it is possible to input the injection
signal into two stages at the same time such that the substantial lock range will
become wider than the 3-stage oscillator. However, the pulse injection is a kind
of disturbance in the view of the ring oscillator itself. The even-stage oscillator
may latch up or down due to unexpected external disturbance. Thus, in order to
secure stable oscillation, the 3-stage ring oscillator is chosen.

Figure 4.9 shows the one delay stage of the ring oscillator with one current

source. The oscillation frequency is controlled by one current source. As described
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Figure 4.9: Delay stage of the injection-locked ring oscillator with one current
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Figure 4.10: Tuning ranges of the 3-stage injection-locked ring oscillator.
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Figure 4.11: Oscillator gain, Ky o, of the 3-stage injection-locked ring oscillator.
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Figure 4.12: Delay stage of the injection-locked ring oscillator with multiple cur-
rent sources.
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in Chapter 2, the ring oscillators have generally large voltage gain, Kyco, and
are highly sensitive to PVT variations. Thus, in design of the ring oscillator, the
corner analysis for process variation are desirable to be performed considering
temperature variation. Figure 4.10 shows tuning ranges of the 3-stage injection-
locked ring oscillator in corner analyses depending on temperature variation. In
the typical-typical (typical NMOS-typical PMOS, tt) corner, the target oscillation
frequency is designed to be almost fixed at a control voltage (focus control voltage)
- in this case, 0.72V - though the temperature changes. The focus becomes higher
in the fast-fast (ff) corner and lower in the slow-slow (ss) corner. In the all critical
corners and temperature variation from -20 to 100 degrees, the oscillator can
secure the target frequency. However, as shown in Fig. 4.11, the oscillator gain
has a few GHz/V. This is general in the ring oscillator since the oscillator gain
is around 2 ~ 4 times as high as that of the maximum oscillator frequency. The

large oscillator gain requires the large capacitance of the loop filter.

In order to reduce the oscillator gain, the current source of the oscillator is
divided into 3-kinds of current sources as shown in Fig. 4.12. The first current
source for an offset frequency provides the lower limit of the output frequency.
This also allows settling time of the coarse tuning to be shortened. The second
current source for coarse tuning is controlled by 5 bits. The third current source

for fine tuning is connected to the output of the loop filter.

Figure 4.13 shows oscillating frequencies over each coarse tuning step. The
frequency ranges of each coarse tuning step are the coverage of fine tuning current
source. During the coarse tuning, the oscillator is designed to lock at the 4th or
5th coarse step. Figure 4.14 shows the oscillation frequency and the oscillation
gain over the fine tuning voltage at the 5th coarse step. The oscillation gain
became below 400MHz/V from a few GHz/V. Through these configurations, K,
of the oscillator can be lowered such that it results in the small area of the loop
filter. When the oscillator controlled by one current source, the total required
capacitance for third order loop filter is about 2.85uF but the oscillator with 3

kinds of current sources requires about 0.5uF.
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Figure 4.13: Coarse tuning and fine tuning ranges of the injection-locked ring
oscillator.

4.2.1 Process Variation

First of all, to design the ring oscillator, the frequency variations due to the
process variation is considered . In order to investigate the frequency difference
between the oscillators, it is considered about the effects due to sizes of delay
stages and current source, respectively. Figure 4.15 shows the frequency variations
and current consumptions with respect to the delay sizes of the oscillator. The
sizes are expressed by considering only the channel lengths and widths. Note
that only delay stages are affected by process variation. As the sizes increases,
the frequency variation decreases but the current consumption increases. Thus,
the size of the delay stages should be determined by considering not only area
but also current consumption.

Figure 4.16 shows the frequency variation with respect to sizes of the current
sources and all components of the oscillator. Though large sizes results in small

frequency variation, it will lead to larger occupied area and current consumption.

73



1.3 RCTTTT 0.4

Frequency (GHz)

&
=

0 02 04 06 08 1 13
Control Voltage (V)

Figure 4.14: Oscillation frequency and oscillator gain over the fine tuning voltage.

It is now considered the relationship between lock range and the size of the
switch for the injection. The referential size is 100nm of the channel length and
lum of the width. Figure 4.17 shows the relationship between lock ranges of
the injection-locked oscillator and sizes of switches. As expected in Chapter 3,
the lock ranges are asymmetric. As the fingers of the switch increase, the lock
range increases. However, they are saturated at certain size of the switch. It
is considered why the injection current is saturated under a specific oscillation
frequency even though the on-resistance still decreases, since the output voltages
and the pulse width of the injection are finite. The larger sizes result in wider lock
range and also incur the increase of the current consumption due to the increase
of the parasitic capacitance of the switch. The lock range of the injection-locked
oscillator in this paper is designed to be 991.5~1006.2MHz.

According to the above results, the ring oscillator is designed to be tolera-
ble to process variation. However, every system suffers voltage and temperature

variations. Thus, the oscillators should be checked about voltage and temper-
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Figure 4.15: Monte Carlo simulation results on the frequency variations and
current consumptions with respect to the delay sizes of the oscillator.

ature variations under the local process variation. Monte Carlo simulations on
two oscillators are required to show whether the difference of the both oscillation
frequencies is within the lock range. Tolerances to supply voltage and tempera-
ture variations are investigated respectively. Furthermore, since two oscillators
suffer from the process variation, there is a frequency offset between the oscilla-
tors. Thus, the temperature dependency of the two oscillators under the process

variation is also investigated by Monte Carlo simulation.

Ring oscillators are generally sensitive to PVT variations. In the proposed
injection-locked CPPLL, voltage-temperature variations are less problematic than
process variation since two oscillators will suffer the same variations and the pro-
posed injection-locked CPPLL can be tolerable to variations within fine-tuning
coverage. However, the local process variation may be critical because the offset
frequency between two oscillators is not eliminated without any compensation

and the injection pulse may fail to lock the replica when there is too large fre-
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Figure 4.16: Monte Carlo simulation results on the frequency variation with
respect to sizes of the current sources and all components of the oscillator.

quency difference between the ring oscillator and its replica. It may be also
possible to calibrate the frequency difference even though it is hard to compen-
sate frequency difference in the oscillators to be small enough to achieve stable
lock state. However, it brings out another problem whether it can guarantee
that the compensation circuit is able to maintain the frequency difference small
enough when the oscillators further suffers voltage-temperature variations. Thus,
it is desirable to design the oscillators tolerable to process variation such that the
frequency difference between them due to the process variation is within the lock

range to ensure the stable injection lock state.

Monte Carlo simulation is performed to investigate the frequency difference
between the oscillator and its replica due to process variation. Figure 4.18 shows
the Monte Carlo simulation results when the oscillation frequency is 1GHz. The
mean, u, and the standard deviation, o, of the difference between the oscillation

frequencies of two oscillators are 1.74MHz and 1.32MHz, respectively. The simu-
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Figure 4.17: Lock ranges of the injection-locked oscillator with respect to sizes of
switches.

lation results show that the frequency differences between the two oscillators are
within 5.70MHz with a 99.7% (3 o limit) probability. This corresponds 45.6%
with respect to the maximum lock range, 12.5MHz, respectively. The frequency
difference between the two oscillators is thus considered to have small enough to

achieve stable lock state.

4.2.2 Power Supply Voltage Variation

In general, the oscillation frequencies of the ring oscillators are highly dependent
on variation of the supply voltage. Tolerance to supply voltage variation in the
ring oscillators is thus investigated. Figure 4.19 and 4.20 show free-running fre-
quencies of the ring oscillator with respect to supply voltage (Vpp) variation of
+10%. In spite of the supply voltage variation of +10%, the oscillator is able
to cover the target frequency as shown in Fig. 4.19 and its oscillation frequen-

cies seem to be linearly proportional to the supply voltage. For more detail, the
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Figure 4.18: Monte Carlo simulation results on the frequency difference between
the oscillator and its replica due to process variation.

changes of the oscillation frequencies with respect to the supply voltage vari-
ations are shown in Fig. 4.20, which provides the changes depending on fine
tuning voltages. On the basis of fine tuning voltages, the oscillation frequencies
are very linearly proportional to the supply voltages. It is thus considered that
coverage against the supply voltage variation can be obtained by interpolation
and extrapolation on the basis of fine tuning voltages. Its coverage results in
1.03V ~ 1.24V. It occupies 17.5% of the regular supply voltage, 1.2V. An aver-
age of the frequency-to-supply voltage ratio is 1.32GHz/V, which can be used to
estimate the tolerance range to temperature variation as described in the next

section.

4.2.3 Temperature Variation

It seldom finds exact coverage over temperature variation in a PLL through sim-

ulations because temperature variation in a PLL leads the control voltage change
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Figure 4.19: Free-running frequencies with respect to supply voltage (Vpp) vari-
ation.

of the oscillator to compensate the frequency change. When a PLL is locked at a
desired frequency and after then temperature changes, the frequency of the oscil-
lator will deviate from a desired the frequency and the control voltage will move
to compensate frequency variation due to the temperature change. These trajec-
tory of the frequency change due to temperature change appears a curve on the
3-dimension, which is composed of control voltage, temperature, and frequency.
When this work is applied to find frequency difference between two oscillators
thorough Monte Carlo simulation, the number of simulations will be enormously
increased. Thus, this thesis verifies tolerance to temperature variation with the
averages of frequency-to-voltage ratio and frequency-to-temperature ratio, which
can reduce the number of the simulations and provide reasonable approximation.

First of all, temperature characteristic of the ring oscillator is investigated
as shown in Fig. 4.21. It shows a quite linear variation over temperature. An
average of the frequency-to-temperature ratio is 1.78 MHz/°C. From frequency-to-

temperature ratio and frequency-to-supply voltage ratio as obtained the previous
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Figure 4.20: Free-running frequencies with respect to supply voltage (Vpp) vari-
ation.

section, the following relation can be derived:

Af Af _ ATemp

The temperature-to-supply voltage ratio is 741.6°C/V. When the oscillator

is tolerable to supply voltage of 0.21V, temperature tolerance of the oscillator is
155.7°C. The following investigation shows that this approach is quite reasonable.

Temperature characteristic between two oscillators thorough Monte Carlo
simulation is investigated. Figure 4.22 shows frequency-to-temperature ratios
of two oscillators in Monte Carlo simulation. The frequency-to-temperature ra-
tios of two oscillators look identical over the whole fine tuning range. This means
that the two oscillators would move on the almost same trajectory responding to
temperature variation while they have frequency difference due to process varia-
tion.

Difference of average frequency-to-temperature ratios in two ring oscillators
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Figure 4.21: Oscillation frequency over temperature variation.

is shown in Fig. 4.23. The data was obtained by 2,500 simulations composed of
100 iterations in Monte Carlo simulation, which have 5 fine tuning voltages and 5
temperature variation. Monte Carlo simulation shows that frequency difference
due to temperature dependence of the two oscillators is below 1.5MHz when tem-
perature changes 150°C. The average of the difference is 2.08kHz/°C. Especially,
the difference is proportional to the frequency difference due to process variation.
Thus, the small offset frequency due to process variation will move on the almost

same trajectory responding to temperature variation.

4.3 Implementation of the Proposed Injection-
Locked CPPLL

Figure 4.24 shows the proposed injection-locked PLL which has a replica of the
oscillator and separates the injection-locked oscillator from the phase-tracking

loop of the PLL. The proposed injection-locked oscillator has three kinds of the
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Figure 4.22: Frequency-to-temperature ratio of two oscillators in Monte Carlo
simulation.

current sources. And two kinds of current sources except the offset current source
should be controlled properly. In this section, the lock controller is introduced
and then configuration and operation of the proposed injection-locked CPPLL

are described.

4.3.1 Design of Lock Controller

The proposed injection-locked CPPLL is a combinational system of a conven-
tional CPPLL and an injection-locked oscillator and takes advantage of their
respective merits. The conventional CPPLL is stable but can not overcome con-
ventional phase noise performance. The injection-locked oscillator is prone to be
unstable, especially before the oscillator is locked, but once it is locked at a certain
frequency, it has excellent phase noise performance. When the injection signal is
inputted to the injection-locked oscillator in oscillating beyond the desired lock

range or within undesired lock ranges, the injection-locked oscillator may get to
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Figure 4.23: Difference between average frequency-to-temperature ratio in two
ring oscillators (Monte Carlo simulations).

be unstable or be locked at undesired frequencies. These problems can be solved
by adapting a lock controller, which controls the stable lock for the conventional
CPPLL and the injection timing for stable lock at the desired frequency. Then,
the injection-locked CPPLL can have stable lock state and excellent phase noise
performance.

A basic concept of the lock controller is to compare the two input signals to
determine which one has higher or lower frequency using k-bit counters and to
decide whether the oscillator is locked. In the proposed injection-locked PLL,
there are three essential points on the lock controller. The first is to lock the
coarse tuning. The second is to lock the fine tuning. And the last is to determine
when the injection signal is inputted to the oscillator. They are described in
order.

First of all, it is described to lock the coarse tuning. Figure 4.25 shows a
block diagram of a lock controller for coarse tuning. Unlike the conventional
CPPLL, the loop filter of the ILPLL is initially connected to an initial voltage
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Figure 4.25: Block diagram of a lock controller for the coarse tuning.
for the coarse tuning. Thus, the oscillator can have the middle frequency of the

each fine tuning range during the coarse tuning as shown in Fig. 4.13. The

reference and the output of the divider are inputted to each A-bit counter. The
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k-counters are activated during the half period of the clock, forx. The other half
clock is used for the up/down counter. The each k-counter starts to count the
number of the rising edges of its input at rising edge of the clock and then outputs
high when it becomes MSB. When the frequency of the reference is higher than
the frequency of the divider output, the D-filp flop outputs low and then the
up/down counter counts down to increase the frequency of the oscillator. The
output of the up/down counter is converted from binary code to thermometer
code in the decoder. Note that the oscillator has PMOS current sources and
the low state thus turns on the current source to increase the frequency of the
oscillator. When the frequency of the reference is lower than the frequency of the
divider output, the D-filp flop outputs high and the up/down counter counts up
to decrease the frequency of the oscillator. The output of the up/down counter is
decoded to binary code in the decoder, which turns on or off the current sources
for the coarse tuning of the oscillator. When the frequency of the divider output
is most close to the frequency of the reference, the up/down counter repeats up
and down in series and the detector outputs the lock alarm, LOCKC, when it
detects a certain times of iteration. Then the coarse tuning process ends and the
PFEFD and the loop filter are connected to start the fine tuning process. A clock
of k-bit counters is obtained by dividing the reference clock without an external
clock and its frequency, fork, is frer/(k + 2) to complete k-bit counting for its
half period. The number of bits of &bit counters is a key factor to determine the
clock frequency and the resolution of the frequency comparison. Thus, it should

be selected very carefully.

In order to determine the number of bits, it is required to consider on delay
effects, that is, the time differences from the rising edge of the clock to the first
rising edges of the reference and the divider outputs, since it is not guaranteed
that they have the same delay times and the different delay times may lead to
different results under the same condition. In other words, there is a metastable
range that may not make a proper decision based on the difference between the

delay times of the input signals.

Figure 4.26 shows that the divider and the reference have the same frequency
but the different delay times. Since the k-counters count the rising edges of the

inputs during the high state of the clock, the delay times are defined as the time
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Figure 4.26: Timing chart of the signals for coarse tuning.

differences from the rising edge of the clock to the first rising edges of the reference
and the divider outputs. t4eqy rer is the delay time of the reference with respect
to the rising edge of the clock and ?4e4y prv is the delay time of the divider.
In Fig. 4.26, they have the same frequency but the delay time of the divider is
shorter than the reference. Thus, the k-counter for the divider reaches MSB and
outputs high before the k-counter for the reference outputs high. Consequently,
the D flip-flop outputs high and the up/down counter counts up to decrease the
frequency of the oscillator. When the delay time of the reference is shorter than
the divider, the up/down counter counts down and then the frequency of oscillator

would be increased. Although they have the same frequency, the results become
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different based on the their delay times.

The delay effects of the two input signals are considered in more detail. The
two input signals, frgr and fpry, in the lock controller can be expressed as
Trer and Tpyy obtained by taking their reciprocals, respectively. That is, Trer
and Tpry are the periods of the reference and the divider output, respectively.
ldelay rEr has a value between 0 and Trpr and t4aqy prv has a value between
0 and Tpry. And teount rEr and teoun: prv are the times that it takes for each
counter of the reference and the divider to reach MSB, respectively. Thus, the

times, teount rEF a0d teount prv, are as following:

teount rEF = TREF(2" — 1) + tacay REF (4.2)

teount p1v = Tprv (28 — 1) + taeiay prv (4.3)

It should be noted that the up/down counter compares not Trppr with Thry
but tcount rEr With teoun: prv. The accuracy of frequency comparison in the
up/down counter should be thus evaluated by considering the two input signals
and their delay times at the same time. First of all, two cases are considered:
the k-bit counter for the output of the divider outputs high first before the k-bit
counter for the reference outputs high, and vice versa. The accuracy of frequency
comparison is verified by applying the boundary conditions of tgeiey rEr and
tdelay prv to the two cases.

When the k-bit counter for the output of the divider outputs high first be-
fore the k-bit counter for the reference outputs high, the 5-bit up/down counter
subtracts one from the output itself since the output of the divider is considered
to have higher frequency than the reference. For proper decision, the following

conditions should be thus satisfied in the first case at the same time.

tcount_REF > 2fcount_DIV (44)

Trer > Tprv (4.5)

For Eq. 4.4, it should be further considered that ticay rEF O tdeiay DIV

approaches zero, or Trgr or Tpry, respectively. For ease of understanding, the
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Figure 4.27: Delay differences (a) when tgeny rEr > tdeiay prv and (b)

Ldelay REF < ldelay DIV -

differences between the two delay times, o and 3, are defined as shown in Fig
4.27. Figure 4.27 (a) shows that t4e., rer is equal to or larger than ¢4 e, prv
and Figure 4.27 (b) shows that t4e14y rer is equal to or less than tg4e1qy pry. Thus,

« and  are defined respectively as follow:

& = tgelay REF — tdelay DIV (4.6)

B = taeiay DIV — tdelay REF (4.7)
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Since the periods of the two signal are not the same, their boundary conditions

are not the same and have respectively as follow: .

0 é o < Trgr (48)

0 § ﬁ <Tprv (49)

Thus, Eq. 4.4 can be rewritten as follow:

Trer + > Tprv where taeay rEF 2 taclay DIV (4.10)

«
2k —1

Trer > Tprv + % where tieiay rEF = tdelay DIV (4.11)

When there is no difference between the delay times, Eq. 4.10 and 4.11
become the same to Eq.4.5. Meanwhile, when the difference between the delay
times becomes lager than zero, the decision boundary begins to deviate from the

proper one.

Let’s consider that the difference between the delay times reach to the max-
imums. In this case, t4eiay rEF and tgeay prv approach Trpp and zero, respec-
tiVGlYa when tdelayiREF > tdelayiDIV- And tdelayiREF and tdelayiDIV approaCh

zero and Tpyy, respectively, when tgeiay rEF < tdetay prv. That is, when the

difference between the delay times reach to the maximums, o and § become as

follow:

o= TREF (412)
B~ Tprv (4.13)

When « approaches Trrr, Eq. 4.10 becomes as follow:

T
TREF + 2kRE}1 > TDIV from Eq 4.10 (414)
(1 + ok _ 1)TREF > TDIV (415)

When 3 approaches Ty, Eq. 4.11 becomes as follow:
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Figure 4.28: Decision range in which the period of the reference is decided to be
larger than one of the divider.

Trer > Tpry + 2 fI'OHl Eq 4.11 (416)
k
TrEr > 1 1TDIV (4.17)
1
(1- ?)TREF > Tprv (4.18)

Figure 4.28 shows the decision range in which the period of the reference is
decided to be larger than one of the divider. This indicates that the decision of
the up/down counter is always correct only if (1 + 5= 1)TREF > Tpry. Although
the period of the reference is less than the one of the divider, the up/down counter
makes a decision that the reference is larger than the one of the divider in the
range based on . In the range based on «, the up/down counter may make
a decision that the reference is less than or larger than the one of the divider,

depending on the delay differences and the periods of the two input signals.
It is now considered that the up/down counter decides that the period of the

reference is less than one of the divider, that is, the k-bit counter for the output
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of the divider outputs high first before the k-bit counter for the reference outputs
high. If the decision is valid, the following conditions should be satisfied:

tcountiREF < ZfcountiDIV (419)

Trer < Tprv (420)

And the their delay differences are defined as the same to Eq. 4.6 and 4.7,
respectively. Their boundary conditions thus are the same to Eq. 4.8 and 4.9,
respectively. When the time delay of the reference is equal to or larger than one

of the divider, Eq. 4.19 can be rewritten as follow:

Trer +

a
SRR Tprv where tgeay rEF 2 tdelay DIV (4.21)

When «a approaches zero, Eq. 4.21 becomes the same to Eq. 4.20. However,

when « approaches Trpr, then Eq. 4.21 is as following:

(1+ JTrer < Tprv (4.22)

2k —1
This means that the up/down counter makes wrong decision when Trppr <
Tprv < (1+ 525)TrEF.
When the time delay of the reference is equal or less than one of the divider,

Eq. 4.19 can be rewritten as follow:

s
Trer < Tpry + 216—_1 where tdelay_REF g Zfdelay_DIV (423)

When 3 approaches zero, the above equation becomes as follow:

Trer < Tpry where [ approaches zero (4.24)

When 3 approaches Ty, Eq.4.23 becomes as follow:

T
Trer < Tprv + % (4.25)
k
Trer < mTDIV (4.26)
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Figure 4.29: Decision range in which the period of the reference is decided to be
less than one of the divider.

1
(1— ﬁ)TREF < Tpry where 3 approaches Ty (4.27)

Figure 4.29 shows the decision range in which the period of the reference is
decided to be less than one of the divider by the up/down counter. In this case,
the up/down counter may also make wrong or right decisions in the decision range
based on 3. And the decision of the up/down counter is always correct only if
(1-— %)TREF < Tpry without the delay times of its input signals.

In summary, the decision of the up/down counter may be wrong or right based
on the delay differences between their inputs in the following range, defined as

metastable range:

1
(1 — —)Trer <Tprv < (1+

5 Ve (4.28)

2k —1
This equation can be expressed in terms of the frequency of the reference, by

taking its reciprocal.

mfREF < Jprv < ﬁfREF (4.29)
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And this can be rewritten in the simplest form as follow:

1

1
(1- Q_k)fREF < forv < (1+ m)fREF (4.30)
Multiplying the all sides by N, then it is
1 1
(1- Q_k)NfREF < Nfprv <(1+ ﬁ)NfREF (4.31)

Since N fpry is equal to the frequency of the oscillator, fosc, Eq. 4.31 can

be rewritten as follow:

(1 - %)NfREF < fOSC < (1 + 2]€—£1>NfREF (432)

This is the metastable range of the lock controller based on the k-bit counters

and the up/down counter.

Table 4.1: Metastable range based on the number, k, of bits of the counters.

k (bits) | Lower limit (GHz) | Upper limit (GHz) | Metastable range (MHz)
1 0.5000 2.0000 1500.0
2 0.7500 1.3334 583.4
3 0.8750 1.1429 267.9
4 0.9375 1.0667 129.2
D 0.9687 1.0323 63.6
6 0.9843 1.0159 31.6
7 0.9921 1.0079 15.8
8 0.9660 1.0040 8.0
9 0.9980 1.0020 4.0
10 0.9990 1.0010 2.0
11 0.9995 1.0005 1.0
12 0.9997 1.0003 0.6

When the detection frequency of the oscillator is 1GHz and the reference has
the frequency of 50MHz, the both limits of metastable range are shown in Table.
4.1. Thus, 7-bit counters and 10-bit counters are used for coarse tuning and fine
tuning lock control, respectively.

In summary, the lock controller is composed of two 7/10-bit counters, a 5-bit

up/down counter and detector, a D flip-flop, an initial voltage, and an internal
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Figure 4.30: Operation of the proposed injection-locked CPPLL for coarse tuning.

clock generator (CLK). The 5-bit up/down counter and detector outputs three
kinds of signals; 5-bit code for coarse tuning of the VCO, LOCKC indicating that
coarse tuning is locked, and LOCKF indicating that fine tuning is locked. The
CLK block outputs a clock signal for counters by dividing the Ref by 2 during
the coarse tuning or 2!2 during the fine tuning. The detail operation of the lock

controller will be described in the next subsection.

4.3.2 Configuration and Operation of the Proposed Injection-
Locked CPPLL

The operation of the proposed injection-locked CPPLL has basically three stages
which are coarse tuning stage, fine tuning stage, and normal operation stage.
At first, the proposed injection-locked CPPLL tries to lock the coarse tuning
at the coarse tuning stage. As soon as the coarse tuning is locked, the fine
tuning stage starts to determine whether the oscillator operates at the desired

frequency. After the fine tuning is locked, the injection signal is inputted to
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Figure 4.31: The output of the up-down counter for coarse tuning.

the injection-locked oscillator and then the proposed injection-locked CPPLL

operates at normal operation stage.

Figure 4.30 shows the operation of the proposed injection-locked CPPLL for
coarse tuning. The black lines and the gray lines show active devices and inactive
devices, respectively. At the coarse tuning, the lock controller fixes the fine tuning
voltage at a specified value and compares between frequencies of the reference
clock and the divider. For coarse tuning, 7/10-bit counters operate as 7-bit
counters. As shown in Fig. 4.13, the lowest step of the coarse tuning code is closer
to the target frequency than the highest step of the coarse tuning code. Thus,
the initial value of the decoder is set to the lowest step. When the frequency of
the divider comes up to the frequency of the reference, the 5-bit up/down counter
repeats up and down and the decoder also outputs repeatedly two adjacent codes
at which the oscillator has the frequency most close to the target frequency, as
shown in Fig. 4.31. Note that the output of the up-down counter is a binary
code but is described with corresponding coarse tuning step, that is, a decimal

number, in Fig. 4.31. Then the detector detects the repeat of up and down of
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Figure 4.32: Operation of the proposed injection-locked CPPLL for fine tuning.

the 5-bit up/down counter, that is, it counts up when the current output of the
5-bit up/down counter is low and the previous one is high. When the repetition
of up and down reaches to the predetermined number, the detector outputs an
alarm of LOCKC, which indicates the lock of coarse tuning. For obtaining stable
lock, the number of repetition is set to 3 times. Then the coarse tuning finishes
and the fine tuning stage begins.

When LOCKC is alarmed, the proposed injection-locked CPPLL proceeds to
the operation of for fine tuning as shown in Fig. 4.32. The decoder is locked
and the loop filter is connected to PD/CP output. And the 7/10-bit counters are
switched to 10-bit counters for fine tuning by LOCKC. As described in Section
4.3.1, this configuration provides a frequency error below +1 MHz in which the
injection-locked oscillator can be locked. When the frequency of the oscillator is
less than the difference of £ 1 MHz compared to the target frequency, the 5-bit
up/down counter repeats between up and down with similarly to the coarse tun-
ing. When the repetition continues a several times, the detector alarms LOCKEF.
The fine tuning stage comes to close.

Figure 4.33 shows the normal operation of the proposed injection-locked CP-
PLL. When LOCKF is alarmed, the injection signal is inputted to a replica of
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Figure 4.33: Normal operation of the proposed injection-locked CPPLL.

the oscillator. The proposed injection-locked CPPLL proceeds to normal oper-
ation. Though the coarse tuning code is locked for the normal operation, the
proposed injection-locked CPPLL can provide the tolerance to temperature and
supply voltages since the fine tuning range is enough wide as shown in Fig. 4.13.
When the coarse tuning is locked in the 4th code, the coarse tuning lock time is
92.2us. For fine tuning, about 251.8us is required. Thus, the total lock time is
about 344pus.

This can provide stable lock-state maintenance and tolerance to temperature
and supply voltage variation if effect on the loop of the CPPLL by injection is
so weak that the loop stability can maintain. The effect on the loop by injection
is through the output of the loop filter because two oscillators share it. When
a pulse signal is injected to the replica of the oscillator and the replica is locked
by the injection pulse, its frequency is pulled from free running frequency, fosc,
to N times of injection frequency, fi,;. In the case of the difference of Af in
the oscillation frequency of the oscillator, output of the loop filter is affected
by substantially less than Af/k,.,V. Af in the injection-locked oscillator is
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desirably less than f;,;/4 which is so small to hardly affect the loop stability.
Periodic injection is also filtered out by the loop of the PLL because the injection
frequency is out of the loop bandwidth. Thus, the proposed injection-locked
CPPLL can avoid the phase confliction and be tolerable to voltage-temperature

(VT) variations to maintain the stability.

4.4 Performance Comparison

488.4 um

495.5 um

Figure 4.34: Layout of the proposed injection-locked CPPLL.

Figure 4.34 shows the layout of the proposed PLL. The proposed PLL is
fabricated in a 90nm CMOS process and occupies an area of 495.5 x 488.4um?.
It is also packaged in a chip due to chip-sharing and measurement environment.
Thus, the outputs for the measurement are divided by 8 to avoid noise at high
frequency due to wires bonding and so on. The measurement was performed on

the supply voltage of 1.2V.
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Figure 4.35: Measured spectra of the free-running and injection-locked oscillators
with (a) resolution bandwidth of 1kHz (b) resolution bandwidth of 10Hz.

Figure 4.35 shows the measured spectra of the free-running and injection-
locked oscillators and Figure 4.36 show measured phase noises. All data except
the reference were converted to the phase noise seen at 1GHz, that is, the data
are added by 20-log(8). While in-band noises of the free-running oscillator at
10kHz and 100kHz are —43.5dBc/Hz and —79.0dBc/Hz, respectively, in-band
noises of the injection-locked oscillator are —108.2dBc/Hz and —114.6dBc/Hz.
The power consumption was 2.8mW. In the case that the supply voltage changed
around 1.2V since the injection-locked oscillator is locked, we confirmed that the
oscillator maintained stable locked state from 1.13V~1.26V. This tolerance to
supply voltage corresponds to tolerance to temperature of 96.4°C from Eq. 4.1.

A comparison with other PLLs is demonstrated in Table 4.2. The proposed
injection-locked CPPLL shows high injection ratio, wide tolerance to supply volt-
age variation, and low in-band phase noise. Compared with other injection-locked
PLLs [31] [104], the proposed PLL consumes more area but can guarantee stable
lock state under PVT variations. Especially, the tolerance of the supply volt-
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Table 4.2: Performance comparison.
This [31] [104] (73] [78] [76] [93] [75]
work
Output Frequency 1GHz 2GHz 1.2GHz 1GHz 1GHz 0.93GHz | 3.1GHz | 1GHz
N 20 25 4 32 37.156 — — —
Inband Phase Noise | —108.2 — —102 -90 —85 —109 —87 —80
(dBc/Hz) ~ —105
at 10kHz offset
Inband Phase Noise | —114.4 —103 —100 —106 N.A. —111 —101 —-95
(dBc/Hz)
at 100Hz offset
Supply Voltage (V) 1.2 1.2 1.0 1.2 N.A. 1.8 1.2 N.A.
Tolerance Range (V) 1.13 —
to Supply Voltage ~ 1.26
Variation
Core Power (mW) 2.8 22 0.97 16.8 6.1 36 27.5 2.2
Core Area (mm?) 0.242 0.083 0.022 0.31 0.5 0.8 0.336 0.026
VCO Type Ring Ring Ring Ring Ring LC Ring Ring
PLL Type Injection | Injection | Injection | ¥ A frac.N | XA frac.N | frac. N | Digital | Digital
Technology (CMOS) 90nm 90nm 65nm 130 nm 180nm 180nm 65nm | 28nm
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Figure 4.36: Measurement phase noises (note that all data except the reference
was converted to the phase noise seen at 1GHz).

age is very important for the injection-locked PLLs since they are vulnerable to
the supply voltage variation. The conventional fractional and XA fractional-N
PLLs consume large power to obtain low phase noise [73] [78]. The fractional
N PLL with a LC oscillator uses an output divider to obtain lower output fre-
quencies than the output of the oscillator [76]. It reduces the chip area avoiding
large inductor but results in the increase of the power consumption. Digital
PLLs has relatively small area compared to LC-based PLLs [93] and can be also
implemented with very small area [75]. However, Digital PLL with very small
area can hardly obtain good phase noise characteristics [75]. Consequently, the
proposed injection-locked CPPLL has reasonable chip area, power consumption,
good phase noise characteristics, and also wide tolerance to very high stability

for PVT variations.
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4.5 Summary

This chapter presented an injection-locked charge-pump phase-locked loop with
a replica of a ring oscillator. Its simulation and measurement results show the
proposed injection-locked CPPLL is widely tolerable to PVT variations.

The proposed injection-locked CPPLL has the high injection ratio of 20 and
is tolerable to —5.8% ~ 5.0% variation of the supply voltage, which corresponds
to tolerance to temperature of 96.4°C. In-band noises of the injection-locked
oscillator at offset frequencies of 10kHz and 100kHz are —108.2dBc/Hz and
—114.6dBc/Hz, respectively. The chip area occupies 0.242mm?. The power con-

sumption is 2.8mW.
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Chapter 5

Enhancement of Tolerance to

Voltage-Temperature Variation

This chapter discusses two issues, detection of the meta-stable range in the lock
controller and enhancement of tolerance to voltage and temperature variations.
The lock controller including a frequency comparator was presented in the previ-
ous chapter. The frequency comparator based on the two D flip-flops has a simple
configuration and stable performance. However, it has a meta-stable range which
can not provide a proper decision as described in Section 4.3.1. Since the meta-
stable range is inversely proportional to the bit number of the counters, the
narrow meta-stable range for the precise decision leads to the increases of not
only the bit number but also the lock time. From a different view, if the meta-
stable range can be detected, the lock controller may more efficiently control the
ILPLL and the number of bits of the counter can be reduced.

Another issue in the proposed injection-locked CPPLL is that the ring os-
cillator with multiple current sources has narrower fine tuning range than the
ring oscillators with single current source. As previously mentioned in Chapter 4
about the trade-off between ring oscillators with single current source and with
multiple current sources, the relatively narrow fine tuning range is an alternative
to reduce the area of the loop filter but reduces the tolerance to voltage and
temperature variations. Thus, this chapter introduces a method to enhance fine

tuning range paying relatively small area and low current consumption.
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5.1 Meta-Stable Detection

e

: Meta-stable region

<o+« -. .t Target frequency

)
T

Up-down counter output
(Coarse tuning step)
(] W £
| N | |
=
-
T
1 :

L
-

Y

Figure 5.1: Wide meta-stable region.

The meta-stable range already described in Chapter 4.3.1 is a systematic limit
of the lock controller which makes a comparison between frequencies of two signals
with a simple frequency comparator. It is possible to reduce this systematic limit,
that is, the meta-stable range, by increasing the number of bits in the counters.
Although it increases the lock time, the narrower meta-stable range can provide
better decision accuracy in frequency comparison, which is conducted for coarse
tuning and fine tuning in the proposed ILPLL. However, the narrow meta-stable
range may make the coarse tuning locked at acceptable but non-optimal coarse
tuning step. Before discussing how to lock the coarse tuning at the optimal step,
it needs to examine the effects relating to the size of the meta-stable range in
detail.

Figure 5.1 shows possible lock codes of the lock controller with wide meta-
stable region. Since the meta-stable region is wider than the coverage of the one
coarse tuning step, possible lock codes of the coarse tuning would be from 1 to
3. Thus, the narrow meta-stable region is preferred to be able to compare the
two frequencies at the high resolution. However, there is a question whether the

large numbers of bits provide always benefit to detect the proper code.
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Figure 5.2 shows possible lock codes of the lock controller with very narrow
meta-stable region. Assume that the target oscillation frequency is a little bit
higher -indicated with the solid line - or lower - indicated with the dotted line
- than the 3rd coarse tuning step. In this case, it is desired to lock at the 3rd
coarse tuning step. As previously mentioned in Section 4.3.2, the coarse tuning
is locked when consecutive up and down is repeated 3 times. Thus, when the
target oscillation frequency is a little bit higher than 3rd coarse tuning step,
the coarse tuning is locked at the 3rd coarse tuning step. however, when the
target oscillation frequency is a little bit lower than 3rd coarse tuning step, the
coarse tuning is locked at the 2nd coarse tuning step, which is acceptable but
non-optimal. In this case, frequency coverage almost by one step of the coarse
tuning should be recovered by the fine tuning, such that it results in reducing
tolerance of the fine tuning to voltage-temperature variations.

When the meta-stable region is proper, the lock controller will normally lock
the coarse tuning at the optimal step, as shown in Fig. 4.31. In Fig. 4.31, there
is the meta-stable range between the 3rd and 4th coarse tuning steps. However,
it would happen that the meta-stable range would include the 3rd coarse tuning
step due to process variation, as shown in Fig. 5.3. In this case, the coarse tuning

code moves among the 2nd, 3rd, and 4th. The coarse tuning would be locked
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Figure 5.3: Medium meta-stable region.

at one of the 2nd or 3rd coarse tuning step. As described above, the 2nd coarse
tuning step is acceptable but non-optimal. Although the proper meta-stable
range may sometimes cause the lock at the non-optimal coarse tuning step, the
proper meta-stable range would still be the best option among them since the
wide meta-stable range may also cause the similar problem and furthermore leads
to more long lock time.

If the coarse tuning step within the meta-stable range can be detected, the
coarse tuning can be locked at the optimal step even when the meta-stable range
includes the target frequency. That is, when the lock controller has the compar-
ison function between them and detects the middle code in Fig. 5.3, the most
desired coarse tuning range can be selected. This comparison function can be
easily implemented by VHDL or Verilog-HDL. Dotted circles in Fig. 5.3 show
chances to detect a coarse tuning step within the meta-stable range, called de-
tectable chances. Three coarse tuning steps including the step within the meta-
stable range are required for the meta-stable detection. Thus, the first detectable
chance is given when the lock comparator compares frequencies since the up-down
counter counts down in first. In other words, the detectable chances are provided
in every meta-stable range except the first. And probability of the meta-stable

detection is 50% in a chance. Assume that the oscillation frequency is within
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Figure 5.4: Simulation results of the meta-stable detection.

the meta-stable range and D is defined as the number of the detectable chances.
And P(D) is defined as the probability to detect a coarse tuning step within the
meta-stable range. Then, the probability to detect a coarse tuning step within

the meta-stable range is as follow:

1
P(D)=1- %} (5.1)
When D is 5, the lock controller can detect the meta-stable region with the
probability of 96.9%.
Fig. 5.4 shows the simulation results of the meta-stable detection. The output

of the up-down counter indicates that the coarse tuning of the oscillator is set to
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the 4-th coarse tuning step - corresponding to 3 coarse tuning step -, which is
included in the meta-stable range. LOCKC is a lock alarm indicating that the
coarse tuning is locked and LOCKF is a lock alarm indicating that the fine tuning
is locked, as shown in Fig. 4.30 and 4.32. In the previous chapter, the counters
for coarse tuning were 7 bit, which results in the meta-stable range of 15.8MHz
as shown in Table 4.1. Using the detection of the meta-stable range, the 6 bit
counters with the meta-stable range of 31.6MHz is enough to detect the optimal
coarse tuning step. Thus, the 6 bit counters are used for the coarse tuning in
the simulation. Simulation results show that the coarse tuning is locked at the
optimal coarse tuning step and fine tuning is also locked without any problem.
Thus, the fine tuning current can have better potential tolerance to the voltage

and temperature variations.

5.2 Enhancement of Fine Tuning Range

In the chapter 4, the injection-locked ring oscillator is controlled by 3 kinds of
the current sources, such that the oscillator gain is reduced and the chip area
of the loop filter can be reduced. However, after the coarse tuning in the PLL
is locked, the frequency coverage of the PLL over the power supply voltage and
temperature variations almost depends on the coverage of the fine tuning range.
For large frequency coverage, the large fine tuning range is required. If the channel
width of the fine tuning current source is increased to extend the coverage, it will
lead to larger oscillator gain and then require the larger chip area of the loop
filter in order to maintain the same loop bandwidth.

An alternative method is to control the coarse tuning current sources again in
order to compensate the power supply voltage and temperature variations after
the PLL is locked. However, it will cause that the PLL should suffer the lock
procedure for the coarse and fine tuning again. Furthermore, the system needs
to pause till the PLL is locked.

This section introduces a proposed method to enhance the tuning range of the

oscillator in the PLLs without the re-lock procedure and the pause of the system.

108



Buffer [ Output

lﬂI_> Pulse Gen. ‘;
--------------------------- - =91 VT-variation E- - -‘

Q--»E Compensator ‘<g——

------------ - .
LOCKF '
—> Decoder :

. .
H
.
.
[ H
.
.
.
.
.

‘ L.
Lock . 4
PD/CP [P =1 Loop Filter vVCO
Controller
— >Alp
Afvco
Divider

Figure 5.5: Injection-locked PLL with a VT variation compensator.

5.2.1 Basic Concept of Enhancement of Fine Tuning Range

The basic concept of extension of the tolerance to the VT variations is to turn
on or off a supplementary current source without interruption of the lock state
in the PLL. For ease of understanding, this thesis describes the case that the
supplementary current source is turned on. The same method can be easily
applied to the case that the supplementary current source is turned off.

Figure 5.5 shows an injection-locked PLL with a supplementary current source,
Mg, and a VT variation compensator. When the supply voltage decreases or
temperature increases, the oscillation frequency of the VCO decreases. When the
oscillation frequency changes by A fyco, the PLL changes a control voltage by
AV to compensate the deviation of the frequency after the loop delay time, Aty p.
Meanwhile, when the gate voltage of the fine tuning current source has already

reached to the acceptable limit voltage and cannot accept the additive control
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Supplementary current source  Vpp

Figure 5.6: Basic concept to turn on or off a current source slowly.

voltage AV, the PLL and the injection-locked oscillator will lose lock. In such
a case, if a compensator detects it and turns on or off a supplementary current
source slowly enough in order not to interrupt the lock state in the PLL, the
PLL and the injection-locked oscillator can maintain the stable lock state. The
question is how to turn on or off a supplementary current source slowly enough in
order not to interrupt the lock state in the PLL. This can be solved by a simple
low pass filter, called a RC switch.

Figure 5.6 shows a basic concept to turn on or off the supplementary current
source slowly. As described above, the general turn-on of a coarse tuning current
source causes the frequency of the oscillator to change very sharply. This leads
to an unstable condition of the whole ILPLL. Meanwhile, if the supplementary
current source is turned on through a RC lowpass filter, its gate voltage, Vg,
is slowly changed like the transient response of the RC circuit. And then the
oscillator changes its frequency slowly. The next subsection discusses about how
large R and C are required to maintain the stable lock state and how large
frequency is changed in the oscillator by the RC switch and the supplementary

current source.
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5.2.2 Analysis of Tolerance Enhancement

The linear noise model of the PLL as shown in Fig. 5.7 is used to examine how
large frequency is changed in the oscillator by the RC switch and the supplemen-
tary current source. That is, the frequency variation, Afosc s, in the oscillator
alone due to the supplementary current source is considered to be a noise in the
oscillator. And the frequency variation, A fosc, of the oscillator in the ILPLL
can be obtained through its noise transfer function. Since the noise model is
the phase noise model, Afosc ¢ and A fosc are corresponded to Adpsc s and
Adpse in terms of phase, respectively.

First of all, the phase variation, A®ogc,, caused by the supplementary current
source is to be obtained. When the supply voltage decreases and it is detected
that the gate voltage of the fine tuning current source is out of the predetermined
voltage, V7, is switched from Vpp to ground and Mg is slowly turned on by its
gate voltage, Vs, which is the output of the RC switch. Vg changes with the time

constant, 7, of the RC switch and can be expressed as follow:

Vs(t) = Vpp - e '/7 (5.2)

where Vpp is the supply voltage. When Mg is turned on, the frequency of
the oscillator is increased by the Afose s(t). Note that the frequency of the
oscillator is a time dependent variable since its control voltage, Vg, is a time

dependent variable. When the oscillation gain, Kyco g, of Mg is modeled to have
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a positive value, the frequency variation in the oscillator, A fosc s(t), caused by

MS is

Afosc s(t) = Kyco s- (Voo — Vs(t)) (5.3)

In Eq. 5.3, the oscillator gain, Kyco g, is constant. However, In many
cases, the oscillator gain is assumed as a constant in the narrow range but is
substantially dependent on the control voltage, that is, the gate voltage of the
current source, as shown in Fig. 4.11. Thus, Kyco s also depends on the gate
voltage, Vs. It is reminded that Vg is time dependent. And then, Kyco s is
a time dependent variable, too. Consequently, Kyco s(t) should be defined as

follow:

Kveo s(t) = Kveo s!- (Vbp — Vs(t)) (5.4)

where Kyco s/ is a constant. Then, the incremented oscillation frequency,
Afosc s, by Mg, is

Afosc s(t) = Kveo s/Vip(1—e )2 (5.5)

This is a quite rough approximation since the oscillator gain, Kyco s/, is
assumed as a constant in Eq. 5.4 even though the control voltage, Vg(t), is
widely changed from Vpp to ground. However, this is useful to find the maximum
frequency variation in the ILPLL caused by the supplementary current source and
to verify the stability of the ILPLL, if and only if Kyco s/VAp is defined as the
maximum incremented frequency, Afosc s max, caused by the supplementary
current source, Mg. Thus, the incremented oscillation frequency is defined again

as follow:

Afosc_s(t) = Afosc s max(l—e /7)? (5.6)

where Afosc s max is the maximum incremented frequency caused by the
supplementary current source, Mg. This is expressed in terms of the frequency
and should be converted to a phase variation in order to be applied to the noise

transfer function. Equation 5.6 can be rewritten as follow:
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Adosc s(t) = Abosc s aax(l—e ) (5.7)

where A®psc s amax is the maximum phase variation with respect to the

phase of the oscillation frequency.

As described in Sec. 2.3.5, the transfer function of the noise source from the

oscillator, Ny, is

1
Nose = TG(S) (5.8)

where G(s) is the open-loop transfer function. Since the frequency variation,
Afosc s, in the oscillator alone due to the supplementary current source is con-
sidered to be a noise source in the oscillator, this equation can be expressed as

follow:

AQSOSC (S)
Adpse s(s)

It is reminded again that A®pgsc and APpsc s(s) are phase expressions of

Nose = (5.9)

Afosc and Afosc s, respectively. And the open loop transfer function, G(s),

becomes as follow:

_ Kppr.opKycoLF(s)

G(s) N s

(5.10)

where Kppr.cp is the combine gain of the phase-frequency detector and the
charge pump, Kyco is the oscillator gain, N is the division ratio, and LF(s) is
the transfer function of the loop filter. The 3rd-order loop filter, LF'(s), in the
PLL as shown in Fig. 2.28 is modeled as follow:

LF( ) 1 SCQRQ + 1
S) =
s(C1 4 Gy + C) \ 220CoCaltolly | ((OHC) R (O 4
(5.11)

When Cy >> (', 5 and Ry > Rg, the equation 5.11 can be approximated as

follow:
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Figure 5.8: Calculation results of Afosc.

1 ( SCQRQ +1 )
(Cl + 02 + 03) 820103R2R3 + S(Cl + 05)R2 +1

LF(s) =~ . (5.12)

From Eq. 5.8, 5.9, and 5.10, and 5.12, the phase variation in the oscillator,

Adpsc, can be obtained as follows:

52]€1 + Sko
82]{51 -+ S(k’o +K k’g) —|—K

Agposc(s) ~ AngSC?S(S) (513)

where K is IcpKyco/N, Icp is the current of the charge pump, Ky co is the
oscillator gain, N is the division ratio, ko is (Cy + Cy + C3), ky is (C7 + Cy +
C3)(Cy + C3) Ry, and ko is CyRs.

Figure 5.8 shows calculation result of Afosc when the oscillation frequency
is 1GHz. The calculation results show that the maximum deviation of the output
frequency can be suppressed below the loop bandwidth of the ILPLL, 470kHz,

when the RC time constant is above 8.5 us.
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5.2.3 Circuit Configuration and Operation
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Figure 5.9: Block diagram of a VT variation compensator.

The block diagram of a VT variation compensator is shown in Fig. 5.9.
The VT variation compensator is composed of three components, a limit-voltage
detector which detects that the fine tuning voltage is out of the predetermined
range, a clock generator whose output clocks are used to control the limit-voltage
detector, and a RC switch which turns on or off the supplementary current source
enough slowly in order not to disturb the lock state. That is, its main function
is to detect that the fine tuning voltage is out of the predetermined range and to
turn on a supplementary current source without interruption of the lock state in
the PLL. Each block of the VT variation compensator is described in detail.

Figure 5.10 shows a circuit diagram of the RC switch and a modified delay
stage of the ring oscillator in Chapter 4. In Fig. 5.10 (b), a supplementary current
source, Mg, is to compensate a drop of the oscillation frequency due to the power
supply voltage and temperature variations. Thus, initial state of the current
source, Vg, is the supply voltage since it is a PMOS current source. When the
fine tuning voltage is out of the predetermined range and the oscillator cannot
increase the oscillation frequency, the supplementary current source is turned
on. In order to obtain the RC time constant of 8.4 us, the large resistance and
capacitance is required. The proposed RC switch is similar to a low pass filter.

It utilizes the large dynamic resistance of MOSFET and then requires relatively

115



<
o
S

VDD

Coarse Tuning [Sbits] o 4‘J

Fine Tuning (Vgye) © 4

Vs Offset o—1——d[
Vs °—4E| Mg

VLC

inp o——
inn o——

= outn
outp

INNRERNRNEON!

|||J'LI‘LI'\J'LI'\_I'LI'\J'L.I'I_I'I_I'LI‘L|
I | |
O [e]
\N YA

—_~
&0
~

(b)

Figure 5.10: (a) RC switch and (b) Modified delay stage of the ring oscillator.

small capacitor. When all MOS sizes are the channel length of 300pm and width
of 300nm, its equivalent resistance is 0.66 ~ 0.9M (2.

The clock generator and its waveforms are shown in Fig. 5.11. When LOCKF
alarms, the clock generator starts to operate. The clock generator outputs 3 kinds
of waveforms, CLKA, CLKB, and CLKC. CLKA is for the sampling of the fine
tuning voltage and has high for one period of the input, CLKIN. CLKB is for
the reference voltages and has the pulse width of one period of the input. The
half period of the input is inserted between the CLKA and CLKB. And CLKC is
for comparison between the fine tuning voltage and the reference voltage. CLKC
has the half period of the input and. Every clock has the period which is 3 times
of the input. CLKA is not overlapped with CLKB and CLKC as shown in Fig.
5.11 (b). When LOCKF has been alarmed and CLKA is high, the sampling of
Viine starts. In this case, a lower-limit voltage, Vi, of the initial state is high.
When the power supply voltage is decreased, the oscillation frequency of the ring
oscillator falls down and then the PLL tries to decrease the fine tuning voltage to
maintain the desired frequency. When the fine tuning voltage is lower than the
predetermined voltage, then the current source of Mg will be turned on.

Figure 5.12 shows the limit-voltage detector, which detects whether the gate

voltage of the fine tuning current source is out of the predetermined voltages,
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Figure 5.11: Clock generator and its waveforms for the limit-voltage detector.
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Figure 5.12: Limit-voltage detector.

Vi and V. Vi and Vi are the lower- and upper-limit voltages compared to
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Figure 5.13: (a) Sample-and-holder and (b) comparator.

the gate voltage of the fine tuning current source, respectively. The limit-voltage
detector is composed of a sample-and-holder, a comparator, and a latch. The
sample-and-holder and comparator compare between V4, and the predetermined
limit voltages and its result is hold by the latch. The latch is composed of a double
tail latch presented in [104] and a SR latch. The latch is reset by LOCKF and
outputs three signals, that is, two control signals and V7. V7 is used to turn
on or off the RC switch. Two control signals are ULy,; and LL,.. They are
used to control the sample-and-holder to select one of two limit voltages, which

is compared to the gate voltage of the fine tuning current source.

It is described about comparison between the limit voltages and the gate
voltage of the fine tuning current source. Figure 5.13 shows the sample-and-holder
and the comparator in the limit-voltage comparator. Assume that the frequency
of the oscillator decreases due to VT variations and then the gate voltage of the
fine tuning current source approaches the lower-limit voltage. Thus, the initial
state is that LL.,; is high and U L., is low. When CLKA is high, the capacitor
is connected to Vyi,e and Vi, which is the reference of the comparator. The

charge at node a is
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Qa - C(‘/com - Vfine) (514)

And then CLKB is high and node b is connected to V7. Since the node a is

floating now, the charge, (), is not changed. The voltage, Vsg, at node a becomes

Vsr = Veom — Viine + ViL (5.15)

When CLKC is high, the comparator starts to compare Vsy with V,,,,. As-

sume that Vgpy is larger than V,,,, .

‘/;om - Vfine + VLL > ‘/;om (516)
Vir > Vfine (517)

It leads to the result that the fine tuning voltage is lower than predetermined
lower-limit voltage, V7. Thus, the current source, Mg, is required to be turned
on. Equation 5.17 shows that the comparison is performed between Vi;,. and
Vir, not between Vy;,. and the reference, V,,,,, of the comparator. When Vg
is larger than V.., Vsgour becomes larger than V. ... The latch following the
comparator holds the state and changes V; from low to high. Then the gate
voltage, Vg, of the supplementary current source, Mg, changes from the supply
voltage to ground very slowly through the RC switch. At the same time, LL¢
becomes low and LH,; does high. This reversion of the control signals is for
preparation when the power supply voltage is recovered to the initial voltage.
When the power supply voltage is recovered to the initial voltage, the current

source, Mg, will be turned off very slowly by the same method.

5.2.4 Simulation Results

Figure 5.14 shows the calculation and simulation results of Afosc when the
proposed VT variation compensator is used. The relative error is obtained by
comparing A fosc with the oscillation frequency. The trajectory of the calculation
results is similar to simulation results but there is a large difference between them.

This difference is considered to be mainly due to the limitation of the linear noise
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Figure 5.14: Comparison between the calculation and the simulation results of
A fosc when the proposed VT variation compensator is used.

model and the relatively low accuracy caused by tolerances in the simulation. It
is hardly to simulate the PLL for long time with high accuracy. The simulation
results show the maximum deviation of the output frequency is below 480kHz
when C=20pF. Thus, the injection-locked PLL can maintain the lock state during
the compensation.

Figure 5.15 shows the simulation results when the supplementary current
source is turned on without the RC switch. The PLL suffers the re-lock procedure
for fine tuning. For the re-lock procedure, the injection-lock oscillator may loose
the lock-state.

Figure 5.16 shows the simulation results when the supplementary current
source is turned on through the RC switch. The capacitance of the RC switch is
20pF and all MOS sizes are the channel length of 300m and width of 300nm as
shown in Fig. 5.10 (a). Its equivalent resistance is 0.66 ~ 0.9M €2 and the loop
bandwidth of the PLL is 480kHz when the supply voltage is about 1.08V and Vi;p.
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Figure 5.15: Simulation results in the case of without the RC switch.

is 0.2V. The channel width of Mg is a half of the fine tuning current source. When
the clock for monitoring is IMHz, the total current consumption is 102.4pA. Since
the supply voltage does not drop in a short time, the monitoring period can be
selected to be more lower frequency. Without the RC switch as shown in Fig.
5.15, the control voltage for the supplementary current source abruptly changes
from Vpp to ground and then the PLL suffers re-lock procedure. However, the
PLL with the RC switch maintains the normal lock state. The tolerance to the
supply voltage variation is 0.987 ~ 1.26V. It occupies 22.8% of the regular supply
voltage, 1.2V.

It is also possible to obtain the same effect through the increase of sizes of the

fine tuning range. It results in the increase of the oscillation gain and the additive
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Figure 5.16: Simulation results in the case of with the RC switch.

capacitance about 100pF is required for the loop filter. Thus, this method can
achieve the extension of the tolerance to voltage and temperature variations with

relatively small area and low current consumption.

5.3 Summary

This chapter introduced the meta-stable detection and enhancement of tolerance
to voltage and temperature variations. Meta-stable region is generally avoided
but can be used to balance the coverage of the fine tuning range and extend

potential tolerance to the voltage and temperature variations.
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This chapter also presented the method which can achieve the extension of
the tolerance to voltage and temperature variations with relatively small area and
small current consumption. The proposed method can enhance the tuning range

of the oscillator in the PLLs without the re-lock procedure or the pause of the

system.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis has raised challenges in the design of the phase locked loops in nanome-
ter CMOS processes. As the CMOS processes are scaled down, the systems em-
bedded in CMOS processes are suitable for high frequency operations. However,
the phase locked loops generating relatively low operation frequency has faced
challenges, since the passive components like inductors are hardly scaled down.
Thus, this thesis has discussed about an injection-locked charge-pump phase-
locked loop (PLL) with a replica of a ring oscillator as an alternative proposal.
Though the injection-locked oscillator has introduced long time ago, it has sel-
dom used as a frequency multiplier since it is substantially difficult to secure the

stable lock state due to quite narrow range, poor modeling, and so on.

This thesis has proposed a model of the direct injection-locked ring oscilla-
tor based on its output waveforms and derived the maximum achievable lock
range, which is expressed only with the frequencies of the injection signal and
the oscillation. It can provide insight and design guideline for designers. Though
the careful investigations about process, supply voltage, and temperature varia-
tions, the proposed injection-locked PLL has the tolerance to a voltage variation
of —5.8% ~ 5.0% in supply voltage of 1.2 V. In-band noises of the injection-
locked oscillator at offset frequencies of 10kHz and 100kHz are -108.2dBc/Hz and
-114.6dBc/Hz, respectively. Moreover, the metastable range detection method is
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introduced to achieve a balance of frequency coverage of the PLL and to extend
potential tolerance to the voltage and temperature variations. Also, the com-
pensation technique to voltage and temperature variation in the injection-locked
PLL has been introduced to enhance the tolerance to the variations with rela-
tively small area and small current consumption. When the PLL is required to
have more wide tolerance to supply voltage and temperature variation after its
design is already finished, it can be easily achieved by adding the compensator
without the overall modification of the PLL.

6.2 Future Work

There remain two major problems in the proposed injection-locked PLL. They
are power consumptions and occupied chip area. The proposed injection-locked
charge pump PLL has two oscillators to avoid the confliction between phase
realignments by the PLL loop and the injection. In order to have sufficient
tolerance to process variation, chip area of the oscillators should be large enough
and the power consumption for the oscillators becomes twice to the conventional
PLLs with one oscillator.

If it is possible for the injection-locked oscillator to be included in the loop
of the PLL, there is no necessary for two oscillators. Moreover, if analog filter is
replaced with digital filter, the chip area can be considerably reduced. However,
they lead the designer again to the same problems in the conventional injection-
locked PLL, which are presented in the chapter 4.

Nevertheless, they may be possible. The phase confliction is due to high
performance of the PFD, which realigns the phases of the reference and the
output of the divider to be same. If the PFD has somewhat margin based on
the multiplication ratio to track the phase of the divider without interrupting the
injection, the injection-locked oscillator can be inserted in the loop of the PLL.

Furthermore, it is desired to optimize trade-offs among the overall phase noise,
the phase noises of the reference and oscillator, and the frequency multiplication
ratio. For the optimization, the noise analysis on the direct injection-locked

oscillator should be researched beforehand.
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