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Abstract

Phase locked loop (PLL) is one of the most critical devices in modern elec-
tronic systems. PLLs are widely used as clock generator or frequency synthe-
sis in communication systems, computers, radio and other electronic appli-
cations. Phase noise represents the phase variations of a PLL output signal
and is the most important characteristic of PLLs because it reflects the sta-
bility of PLL systems. Low power consumption is always desired for any
electronic products today. CMOS technology is the most common process to
make integrated-circuits. In this thesis, we focus on the design of low phase
noise and low power CMOS PLL integrated circuits. Understanding phase
noise generation mechanism in PLLs is the basis for low phase noise design.
Therefore, phase noise contributed by each components in PLLs are studied
at first. Voltage controlled oscillator (VCO) is a critical component and the
main noise contributor in a PLL. A detailed phase noise analysis for LC-tank
based VCO and ring oscillator VCO, which are the most implemented VCO
types, is performed. Then, the techniques for designing low phase noise and
low power VCO and PLL are studied.

Two PLL prototype chips are designed and fabricated in CMOS technol-
ogy to demonstrate the design techniques for low phase noise and low power
PLL. The first PLL is applied as clock generator in a LVDS transmitter and
implemented into the AMS 0.35 pm CMOS process technology. A novel low
noise charge-pump is implemented in this PLL to achieve low phase jitter to-
gether with a VCO based on fully differential ring oscillator, a PFD based on
dynamic logic circuit, and a passive loop filter. The measurement results of
the PLL chip exhibit excellent phase jitter-power consumption product and
wide lock range. The second PLL chip is used in an atomic clock system to
provide a reference frequency of 1.5 GHz. The test chip is implemented into



the UMC 0.18 pum process technology. A PMOS-only differential VCO based
on LC-tank oscillator is implemented to achieve low phase noise. The VCO
has a very low fine tuning gain to minimize phase noise and a high coarse
tuning gain to compensate the frequency offset due to process variations.
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Chapter 1

Introduction

A phase-locked loop (PLL) is an electronic feedback system that generates a
signal, the phase of which is locked to the phase of an input reference sig-
nal. PLLs are widely used in radio, telecommunication, computer and other
electronic systems. The important applications of PLLs include:

¢ Clock generation. Most of the electronic systems (including processors)
operate at hundreds of megahertz. Typically, the clocks of these sys-
tems are generated by PLLs, which multiply a lower frequency refer-
ence clock (usually < 100 MHz and generated by crystal oscillators) up
to the required operating frequency. The multiplication factor can be
quite large in cases where the operating frequency is multiple gigahertz
and the reference crystal is just a few tenths of megahertz.

¢ Frequency synthesis. In telecommunication systems, such as wireless
communication and satellite communication systems, PLLs are used to
generate the radio frequency (RF) signals required for both up-conversion
and down-conversion in transceivers.

® Clock recovery. Some data streams, especially high-speed serial data
streams (such as the raw data stream from the magnetic head of a disk
drive), are sent without an accompanying clock. The receiver generates
a clock from an approximate frequency reference, and then phase-aligns
to the transitions in the data stream with a PLL.

® Deskewing. If a clock is sent in parallel with data for data sampling,
the clock must be received and amplified before it can drive flip-flops
which sample the data. There will be a finite, and process, voltage, and
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temperature dependent delay between the detected clock edge and the
received data window. This delay limits the frequency at which data
can be sent. One way of eliminating this delay is using a deskew PLL
on the receiver side, so that the clock at each sampling flip-flop is phase-
matched to the received clock.

In this thesis work, we focus on the design of CMOS integrated PLLs for clock
generation and frequency synthesis. Two prototypes of CMOS PLLs are de-
signed and integrated. The first one is used as an clock generator in a high
speed Low Voltage Differential Signalling (LVDS) transmitter; the second one
is employed as an frequency synthesizer in an atomic clock system.

1.1 Motivation and Research Objectives

Due to their crucial role in a widely variety of modern applications, such as
high speed digital systems and wireless communications, PLLs have been the
subject of extensive research in recent years. The most critical performance
specifications for an PLL are phase noise and power consumption.

In high speed serial data applications, the clock is usually generated by
multiplying the references clock with a PLL. The phase noise of the PLL is
directly related to the clock jitter, which is a discrete quantity and means the
phase noise at the crossing time. Jitter causes errors when the timing of a sig-
nal transition fluctuates horizontally across the sampling point. Large jitter re-
duces the signal-to-noise ratio (SNR) and results in high bit-error-ratio (BER).
In communication systems, the local oscillator (LO) is typically implemented
as a PLL. The phase noise of the LO limits the ability to detect a weak signal
in the presence of a signal in an adjacent channel. Therefore, PLL designs are
mostly focused on achieving low phase noise.

Power consumption is always an important specification for all electronic
devices and products. Low power consumption is environment-friendly. The
use of portable electronic products has been rapidly increased in the last few
years, low power consumption becomes even more important for portable
electronic products in order to have a long battery life. When PLLs are em-
bedded in low power systems, they must be designed for low power con-
sumption.

Complementary Metal-Oxide Semiconductor (CMOS) is a major and the
cheapest technology for integrated circuits. It is commonly used in micropro-
cessors, microcontrollers, static RAM, and other digital circuits. CMOS tech-
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nology is also used for a wide variety of analog circuits such as image sensors,
data converters, and highly integrated transceivers for many types of com-
munication. It is always desired to integrate the whole system on one chip,
referred as System-On-Chip (SOC,) which includes both digital and analog
parts in order to optimise cost and power consumption.

Motivated by the above trends, the main goal of this thesis is to study and
practice measures for designing low phase noise, low power PLLs in CMOS
technology.

This thesis work is based on two research projects. The first project was to
design a LVDS transmitter for Camera Link communication interface embed-
ded in a CMOS camera system. The core of the LVDS transmitter is a PLL that
generates a clock with a 7 times frequency of the input reference clock. The
PLL has to be designed for low jitter, wide lock range , low power consump-
tion and small area. According to these requirements, a CMOS PLL based on
ring oscillator was designed. The prototype PLL was integrated with AMS
0.35 — um mixed-signal CMOS process.

The second project was to design a 1.5 GHz frequency synthesizer for an
atomic clock system. The project requires to design a PLL with very low phase
noise (< 90 dBc/Hz at 10 kHz), ultra high frequency resolution (< 1 Hz), and
low power consumption (< 15 mW). A X-A PLL with LC VCO was designed
for achieving the specifications. LC VCO has lower phase noise than the
VCOs based on ring oscillator. X-A frequency divider allows high frequency
resolution. The prototype PLL was integrated with UMC 0.18 — um RF CMOS
process.

1.2 Organization of the thesis

Chapter 1 gives an introduction to this thesis. Chapter 2 presents an overview
of the fundamental theory of PLL from system level. Chapter 3 focuses on cir-
cuit design technique of important PLL components, such as phase-frequency
detector, charge pump, loop filter, and frequency divider. The most impor-
tant and complicated component in a PLL is the VCO. Chapter 4 presents the
two most used VCO types, LC-tank VCOs and ring oscillator VCOs. Chapter
5 investigates the phase noise theories for VCOs and PLLs. Chapter 6 stud-
ies the low phase noise and the low power design techniques for VCOs and
PLLs. Chapter 7 presents the design and implementations of two prototype
PLL chips. A summary of the results presented in this thesis as well as sug-
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gestions for future work are offered in Chapter 8.



Chapter 2

PLL Fundamental

The phase-locked loop (PLL) is the most important technique for the genera-
tion of clock and frequency signals. It allows the generation of variable output
frequency with the same stability than a crystal oscillator by means of feed-
back. More precisely, a PLL synchronizes the output phase and frequency of
a controllable oscillator to match the output phase and frequency of a refer-
ence oscillator. Ideally, the steady-state condition will show a zero difference
in phase and frequency between the controlled oscillator output and the ref-
erence output. In this chapter, we will introduce the working principles of
PLL, PLL transfer function and stability analysis, PLL order and type, the dif-
ference between Integer-N PLL and fractional-N PLL, and the PLL modelling
for system-level simulation.

2.1 PLL working principles

The schematic block diagram of a PLL is shown in Figure 2.1. It consists of
four basic functional blocks:

1. Voltage-controlled oscillator (VCO). The output frequency of this de-
vices is a monotonic increasing function of its input voltage.

2. Phase detector (PD). The PD compares a periodic input signal (reference
signal, normally a sine or square wave) with the frequency divider out-
putsignal. The PD output voltage is proportional to the phase difference
between the two signals.
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fin

f
Phase Loop out
detector filter veo
Frequency
divider

Figure 2.1: An basic block diagram of PLL.

3. Loop filter (LF). This is a lowpass filter that smoothes the PD output
signal and applies it to the VCO input.

4. Frequency divider (FD). The output of the frequency divider is a sig-
nal with a frequency equal to the VCO output frequency divided by a
division factor N.

The PLL is a servo-controlled system. If its loop gain is high enough and
the loop is stable, the system will reach a stable condition where two PD in-
puts have the same phase and thus the same frequency (the angular frequency
is the derivative of the phase with respect to time). In this condition, the out-
put frequency equals the input frequency multiplied by N.

fout = N+ fin 2.1

When the frequency division factor N is modified, the output frequency will
be modified accordingly. If the reference signal is a very stable one, the output
frequency will become very stable as well.

2.2 PLL transfer functions and stability analysis

The block diagram of a PLL for Laplace transform in phase domain is shown
in Figure 2.2, where K; is the gain of the PD, F(s) is the transferfunction of
the loop filter, and Ky is the gain of the VCO. Thus, the feed forward transfer
function in the phase domain can be expressed as:

_ KiKoF(s)
s

G(s) (2.2)
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Figure 2.2: PLL phase domain block diagram in Laplace transformation.

The feedback transfer function is:

1
H(s) = N (2.3)
The closed-loop transfer function is:
K4KoF(s)
q>0(s) _ G(S) S (24)

Bi(s)  THHE)GE) 14 KKFE)

The PLL phase error response is also of interest. The phase error is defined
as:

1

T CEHE

The closed-loop stability analysis can be made by analyzing the open-loop
frequency response G(s). For this purpose the open-loop gain amplitude and
phase gain calculation are needed. From feedback control system theory, we
know that a system is unstable if the phase shift ¢ at the frequency where the
open-loop gain has unitary amplitude, fy, equals 7t (180 degrees).

The open-loop gain G(s) is the product of three factors:
K}\If

Pe(s) = Bi(s) — Df(s) = 5)

1. Constant factor
2. Lowpass function F(s).
3. Integrator transfer function %

The loop filter frequency response can be written as:

Yo A2 )

2.6
i Be(j2mf*) 20

E(f) =
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Its low pass characteristic means that F(f) has to satisfy the conditions:

tim [F(j27) | > 0 27)
and
}I_I,TJO [F(j2ref)| < [F(j27f)] f=0 (2.8)

Therefore, we can obtain the following conclusions:
Ag #0 (2.9)

n>m (2.10)

At zero frequency, the open-loop gain is infinite because the loop filter
term is finite and the integrator frequency response becomes infinite. At infi-
nite frequency, the open-loop gain is zero because the loop filter term is finite
and the integrator term is zero. So the amplitude of the open-loop gain ranges
from infinity (at zero) to zero (at very high frequencies). Thus there is at least
one frequency value that makes the open-loop gain to have unitary amplitude.
The phase of the open-loop gain is the sum of the phases of the previous listed
three terms. The constant factor’s phase is zero, the loop filter phase is a de-
lay variable with frequency, and the integrator phase is a constant — 75 over
frequency. Therefore, the phase of the loop filter determines the phase margin
of the PLL loop. A zero-order loop filter has less than a —% phase shift, so
the total open-loop phase shift is less than 77 and the loop is always stable.
High-order filters are not unconditionally stable. Bode and Nyquist diagrams
are normally used to check the phase margin.

2.3 PLL order and type

The PLL order is defined by the number of poles of the closed-loop transfer
function. From the closed-loop transfer function (2.4), we see that the PLL
order equals the loop filter order plus one.

Another PLL classification is based on the value of the steady state phase
error. This error depends on the number of integrator in the loop. According
to classical control theory, the number of integrator determines the type of the
system. This means that the type of a PLL equals the number of poles of its
open-loop gain located at the origin. From the open-loop gain equation (2.2),

10
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we can find that the open-loop gain has at least one pole given by the integra-
tor factor % due to the inherent integration property of VCO. The loop filter
can have at most one additional pole and can’t have more, because circuit the-
ory tells us that one network with two coincident poles on the imaginary axis
of variables (including zero) is unstable. Summarizing, the open-loop transfer
function of PLL can have one or two poles depending on whether the loop fil-
ter DC gain is finite or infinite. The number of poles of the open-loop transfer
function is the type of the PLL (1 or 2).

Various inputs can be applied to a PLL system. Typically, these include
step, velocity, and acceleration. The response of type 1 and 2 PLL systems will
be examined with the various inputs. As expressed in equation (2.5), @, (s)
represents the phase error that exist in the phase detector between the incom-
ing reference signal ®@;(s) and the feedback ®¢(s) = ®,(s)/N. In evaluating a
system, ®,(s) must be examined in order to determine if the steady state and
transient characteristics are optimum or satisfactory. The transient response is
a function of loop stability. The steady state evaluation can be simplified with
the use of the final value theorem associated with Laplace. According to the
final value theorem, we have:

}ii%(q)e(t)) = lir%(scDe(s)) (2.11)

S—
The input signal ®;(s) is characterized as follows:

C
Step : @;(s) = ?” (2.12)
where C) is the magnitude of the phase step in radians. This corresponds to
shifting the phase of the incoming reference signal by a radians:
Step velocity : ®;(s) = % (2.13)
where C, is the magnitude of the rate of change of phase in radians per second.
This corresponds to inputting a frequency step to the system:

2G,

Step acceleration : ®;(s) = 3 (2.14)

where C; is the magnitude of the frequency rate of change in radians per
square of second. This means a time variant frequency input.

A first order PLL means that the loop has no filter. This is the simplest
case of a PLL. The first order PLL is rarely realized in practice. Therefore, we
will not discuss it in the following.

11



PLL Fundamental - 2

Step 0
Step velocity Constant
Step acceleration | Constantly increasing

Table 2.1: Steady state phase errors of a type-I second-order PLL for various
input types.

2.3.1 Type-I second-order PLL

Assuming a first-order low-pass loop filter with a transfer function as:

1

Fs)= 15~ (2.15)

the open-loop transfer function of a type-I second-order PLL is obtained:

_ 1 Kde w1 _ K
Gs)H(s) = N s s+w; s(s+wy) (2.16)

where K = %

The final value of phase error for a type-I second-order PLL with a step
phase input is found by using equations (2.5) (2.11) and (2.12):

B 1 Cp,  (s+a)Cp
q)e(s) - (1+ K )(?) - 52+EIS+K (2-17)
s(s+a)
) (s+a)Cp
P, (t = 00) = lim )=0 (2.18)

g\ TP
s—0° s24as+K

Thus, the final value of the phase error is zero when a step phase input is
applied.

Similarly, applying step velocity and step acceleration inputs into a type-I
second-order system and utilizing the final value theorem. Table 2.1 shows
the respective steady state phase errors.

The closed-loop transfer function of a type-I second-order PLL can be writ-
ten as:

G(S) o Kdeaq

1+ G(s)H(s) 62 4 wys + Keyn

H(s)la = (2.19)

12
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The denominator of the closed-loop transfer function can be rewritten in a
familiar form used in control theory, s? + Zwys + w3, where ¢ is the damping
factor and wy, is the natural frequency. So, we have:

_ wiN
s2 + 2Fwys + w?

w1 KyK
Wy = | A 1\7 v (2.21)

1 wlN
== 222
$= 2\ KK, (2.22)

H(s) (2.20)

where

The two poles of the closed-loop system are given by:

s10=(—C £/ 1wy (2.23)

According to control theory, if ¢ > 1, both poles are real, the system is over-
damped, and the transient response contains two exponentials with time con-
stant % and % ; on the other hand, if { < 1, the poles are complex and the
response to an input frequency step ®; = AdDu(t) is equal to [1]

By (t) = (1— ﬁaéwﬂsm(wmm _ 201 0)ADu(t)  (224)

where @, () denotes the change in the output phase and:

0 =sin~ /1 —¢2 (2.25)

The step response contains a sinusoidal component with a frequency wy, /1 — &2
that decays with a time constant (w;)~'. Since the frequency and phase are
related by a linear operator, w = "%’, the system exhibits the same response if
a frequency step is applied to the input and the output frequency is observed.
The settling speed of PLL is of great concern in most applications. Equa-
tion (2.24) indicates that the exponential decay determines how fast the out-
put approaches its final value, implying that {w;, must be maximized. For the
type-I second-order PLL studied here, equations (2.21) and (2.22) yield:

1
Cwy = Ewl (2.26)

13
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Figure 2.3: A first-order active loop filter.

This result reveals a critical trade-off between the settling speed and the ripple
on the VCO control input: the lower wy, the greater the suppression of the
high-frequency components produced by the phase-detector, but the longer
the settling time.

2.3.2 Type-II second-order PLL

To implementing a type-II PLL, we need a filter transfer function with a pole at
zero frequency. This means that the ideal DC gain of this filter is infinity. This
kind of filter has to be an active filter. If an active filter as shown in Figure 2.3
is used as loop filter, a type-II second-order PLL can be obtained.

The transfer function of this active filter has a pole at zero frequency:

1+ sR,C
=2 27
Fs) = —R,c 227)

The open-loop transfer function of a PLL with this loop filter is expressed
as:
l KUKd 1 + Sch o K(S + wz)
N s sRiC s2

G(s)H(s) = (2.28)

where K = Kﬁﬁle and wy = R%C

By exploiting the final value theorem, the steady state phase errors of this
type 2 second order PLL for various inputs can be analyzed and listed in Ta-
ble 2.2.

The closed-loop transfer function of this type-II second-order PLL is:

KK,
G 1+ sR,C
His)la = 1+G((Ss))H(S) g Rllgdl(mz 2I<d)1<v (2.29)
$°+ TNR, ST NRC

14
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Step 0
Step velocity 0
Step acceleration | Constant

Table 2.2: Steady state phase errors of a type-II second-order PLL for various
input types.

This equation can be converted to a familiar form in the control theory:

Nw?(1+ i—is)

H)|g=5—"F7F"""5
(8)]er T 2 t

(2.30)

where ¢ is the damping factor and wj, is the natural frequency:

_ RyC [ KyKy

¢== NR;C 231)
KK,

wn =\ NR,E (2.32)

The natural angular frequency determines the switching the rise and fall
time responses, and the damping factor determines the phase margin.

The Bode plot is often used to analyze system stability. For this type-II
second-order PLL, the damping factor and natural frequency can be related
to the open-loop Bode plot by the following equations [2]:

¢ppy = arctan(284/ 282 + \/4Z4 + 1) (2.33)

w
funit_guin = ﬁ 2§2 + 4§4 +1 (2.34)

These equations allow design trade-offs to be evaluated between time re-
sponse and stability margins. If a PLL is desired to track reference frequency
without zero phase error, a type-II PLL is required.

15
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Figure 2.4: A typical charge-pump PLL.

2.3.3 Charge-pump PLL

Charge-pump based PLLs are used in most of the PLL systems. A typical
charge-pump PLL, consisting of a phase-frequency detector (PFD), a charge-
pump, a second order passive loop filter, a VCO and a frequency divider, is
shown in Figure 2.4.

The charge-pump PLL offers several advantages. Using PFD, the PLL is
able to lock to any frequency, regardless of how far it is initially in frequency.
Simple passive loop filters can be used in charge-pump PLLs to implement a
type-II PLL with zero static phase error. The charge-pump PLL also provides
flexible design trade-offs by decoupling various design parameters such as
loop bandwidth, damping factor, and lock range.

The phase detector can be implemented with various circuits. Possible
implementations include mixer, XOR gate, JK flip-flop. However, it can be
proved that the PLLs, that have such phase detector implementations, do have
some limitations [3] [4]. With passive loop filters, these PLLs can not lock to
the correct frequency if the target frequency is too far away from the initial
frequency of the VCO. Also, even if the PLLs are in lock, they can fall out
of lock if the VCO signals change more than a certain amount in frequency.
Even when the PLLs are in lock, there are steady state phase errors. The one

16
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solution for these problems is using active filters. Although active filters do
fix the problems, they require opamps that add cost and noise.

The phase-frequency detector (PFD) does a much better job dealing with a
large error in frequency. It is typically accompanied with a charge pump. The
PFD converts the phase error presented to it into a voltage, which in turn is
converted by the charge-pump into a correction current. A charge-pump PLL
always includes a PFD and a charge-pump.

The PFD is a sequential logic circuit that generates three states responding
to the rising edges of the two inputs as shown in Figure 2.5. The PFD has ac-
tually four states, but the fourth state is simply a reset state. Three conditions
are possible for phase error:

1. Positive. fj, leads fz;,. UP is a rectangular waveform whose width
equals the time distance between the f;, and f;;, rising edges. DN is a
very short pulse.

2. Negative. fg;, leads f;;,. DN is a rectangular waveform whose width
equals the time distance between the f;, and fy;, rising edges. UP is a
very short pulse.

3. Zero. f;, is synchronous with fz;,. Both UP and DN are very short
pulses.

Figure 2.6 shows an example of PFD waveforms.

Positive
upP=1
DN=0

Negative
UP=0
DN=1

Figure 2.5: State diagram of tristate PFDs.

17
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Figure 2.6: An example of PFD waveforms.

As shown in Figure 2.4, a charge-pump can be symbolized by a three-
position electronic switch that is controlled by the PFD outputs. When the
PFD is in positive state, a current I, flows out of the charge-pump and charge
the loop filter. When the PFD is in negative state, a current I, flows in the
PFD and discharges the loop filter. When the PFD is in zero state, there is no
current flows in or out of the charge-pump, therefore, the loop filter voltage
keeps constant.

The loop filter in a charge-pump PLL can be either passive or active, how-
ever, in most cases, passive filters are preferred because they don’t need opamps
that increase power consumption and add noise.

Because of the sampling nature of PFD, the charge-pump PLL is a time-
varying system. An exact analysis of charge-pump PLL involves complicated
discrete-time z-domain models [5] [6]. However, if the loop bandwidth is
much smaller than the reference signal frequency, the state of the PLL changes
by only a very small amount on each cycle of the reference signal. In such
cases, the detailed behaviour within a single cycle is of less concern than the
average behaviour over many cycles. By applying an average analysis, the
time-varying operation can be bypassed and the PLL can be approximately
analyzed by a continuous-time model.

The PFD and charge-pump together have an average transfer gain over

18
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one reference cycle:
_ Lout o ICP

Ky = A (2.35)
where A® = P;, — Oy, is the phase difference between the input reference
signal and the output signal of the frequency divider, Iy is the charge pump
current, and I,y is the average current that charges or discharges the loop
filter over a reference input cycle.

Now the open-loop transfer function of the charge-pump PLL is:

H(s)|g = — 25— (2.36)

where Zj¢(s) is the impedance of the loop filter. A second-order passive loop
filter as shown in Figure 2.4 is commonly used in charge-pump PLLs. The
resistor Ry adds a zero in the PLL transfer function in order to stabilize the
PLL system. The capacitor C; is used to suppress the frequency jumps caused
by the switching operations of the PFD and charge-pump. Normally, C; is
chosen to be about one-tenth of the value of Cy, so in the first consideration,
we can ignore C; and get a second order transfer function of the PLL:

I Ky 1 202 xi
H(s)ly = s (Ritgg)  Ney(Gs+1) 237)
d 14 o Kogip 1V1 824 2Cwys 4+ w? '
tos (Rt oy L

where w;, is the nature frequency given by:

. IcpKzzcl
wy =/ 27NC, (2.38)

and ¢ is the damping factor given by:

Ry [TpKeGy
¢ = > AN (2.39)

The transfer function (2.37) looks exactly the same as the transfer function
(2.30) for a type-II second-order PLL as we discussed before. Therefore, the
equations (2.33) (2.34) for the phase margin and the unit-gain frequency of
type-II second-order PLLs are also valid for second-order charge-pump PLLs,
and can be used for PLL loop stability analysis.
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The complete loop transfer function of the practical charge-pump PLLs
has to include the capacitor C; in the loop filter. Now the open-loop and
closed-loop transfer functions are third order and can be written as:

()] K Kd(l +SC1R )
H(s) ot = % = SZN(cv c ) (2.40)
i 14+ C2)(1+5CsRy)
NKyK;(1+sCyR
H(s)[o = 22 = oKl 1R) (2.41)
D, $2N(C1 + C5)(1 4+ sCsR) + KyKy(1 +sC1Rq)
X

where K; = 2” is the gam of the PFD and charge-pump, and Cs = &%

C; adds an extra pole at - C in the open-loop transfer function, and degrades
the phase margin. Figure 2.7 shows the Bode plot of the open-loop gain and
the phase. At very low frequency range, there is a magnitude slope of -40
dB/dec and the phase shift is -180 degrees. After the zero, the slope be-
comes -20 dB/dec and the phase goes back towards 90 degrees. After the
high-frequency pole, the slope is again -40 dB/dec and the phase approaches
180 degree. The dashed lines in the graph show the response of the system if
the capacitor C; is not included. For optimal stability (maximum phase mar-
gin in the system), the unity gain point should be at the geometric mean of the
zero and the high-frequency pole since this is the location where the phase
shift is furthest away from 180 degrees. If the zero and the high-frequency
pole are relatively far away from each other, then, up to the unity gain point,
the loop parameters are nearly the same whether or not the high frequency
pole is included. Normally, C; is about one-tenth of Cy, the effect of C, can be
neglected.

The continuous time analysis of charge-pump PLL is valid only if the loop
bandwidth is much smaller than the reference frequency. The minimum ratio
between the input reference frequency and the natural frequency for a stable
PLL loop is given by [8]:

Yisone (2.42)

n

So, for instance, if ¢ = 0.707, this ratio must be greater than 4.4. A safe
ratio often quoted as the rule of thumb for charge-pump PLL design is 10:1.
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Figure 2.7: Open-loop magnitude and phase response of the third-order
charge-pump PLLs.

2.4 Integer-N PLL and fractional-N PLL

A typical charge-pump integer-N PLL is shown in Figure 2.8. The phase-
frequency detector (PFD) compares the phase and frequency of the input sig-
nal and the feedback signal and generates the UP and DN signals according to
the phase difference. The charge pump charges the loop filter when UP signal
is active and discharges the loop filter when DN signal is active. The voltage
controlled oscillator (VCO) generates the output signal, whose frequency de-
pends on its input control signal. The frequency divider divides the frequency
of the output signal by an integer N. Through the feedback, the loop forces the
phase of the feedback signal to track the phase of the input signal. Thus, the
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Figure 2.8: Block diagram of an integer-N PLL.

output frequency, which is a multiple of the feedback signal, is given by:
fout = Nfin (243)

The phase transfer function of the closed-loop can be written as:

H(S) = M = M (2.44)
Pin 1+ FKgZ(s) Ko

where Ky = é”—; is the gain of the PFD and the charge pump, Iy is the
charge pump current, Z(s) is the impedance of the loop filter, and Ky, is the
gain of the VCO.

In an integer-N PLL, the output frequency is an exact integer multiple of
the input reference frequency. In an fractional-N PLL, the output frequency
can be a non-integer multiple of the input frequency. In the cases when the
required output frequencies are not integer multiple of the input frequencies,
fractional-N PLLs have to be used instead of integer-N PLLs. In other cases,
such as in wireless applications, PLLs are often used as frequency synthesizer,
and their output frequencies are programmable. If integer-N PLLs are used
for these cases, the minimum frequency step has to equal to the input refer-
ence frequency. Therefore, in order to get a small frequency step, the reference
frequency must be small. A small reference frequency means a small PLL
loop bandwidth, a long locking time and weak suppression of the VCO noise.
However, all these problems can be removed with a fractional-N PLL, which
allows the minimum frequency step to be a fraction of the reference frequency.
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Fractional-N PLLs are usually implemented by dynamically changing the di-
vision ratio of the frequency divider between two or more integers. As an
example, if the division ratio toggles between 8 and 9, and the divider always
divides by 8 for 12 cycles and by 9 for 4 cycles, then the average division ratio
will be:

— 8x12+9x4

N = — 1 - 8.25

However, toggling the divider ratio between two values in a repeating

manner generates spurious components at integer multiples of the repetition
rate of the time sequence. In the spectrum of the VCO output signals, the spu-
rious frequencies are in the sides of the centre frequency. Such spurious com-
ponents can be reduced by using X-A modulator (SDM) to generate pseudo
random signal to control the divider ratio.

2.4.1 X-A fractional-N PLL

The £-A fractional-N PLL compensates the fractional spur in the digital do-
main. The digital noise-shaping X-A modulator is used to randomize the in-
stantaneous loop divider ratio. Figure 2.9 shows the concept of X-A fractional-
N PLLs. A digital SDM is used to control the frequency division ration in the
PLL. The instantaneous division ratio is the sum of a base integer, N, and the
integer output of the SDM, n¢(t), so the average fractional division ratio is:

N = Np + nQ(t) (2.45)

where 71 (t) is the average output of SDM,

2.5 Modelling and system-level simulation of PLL

In a top-down PLL design flow, before transistor level circuit design, a system
level simulation is necessary to determine the important design parameters,
such as the loop bandwidth, the charge pump current and the VCO gain, ac-
cording to design specifications, such as phase noise and lock time. However,
simulations of PLLs, especially fractional-N PLLs used as frequency synthe-
sizer in wireless communication, is particularly challenging for a variety of
reasons. First, the high output frequency of the PLL (often in the GHz range)
imposes a high simulation sample frequency for the simulator. Unfortunately,
the overall PLL dynamics have a bandwidth that is typically three to four or-
ders of magnitude lower in frequency than the output frequency (often 100
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Figure 2.9: Block diagram of an X-A fractional-N PLL.

kHz to 1 MHz bandwidth compared to a GHz output frequency). Thus, it
takes a long time for simulators to compute the dynamic response of the sys-
tem since many samples are required for simulation. For noise simulation,
the fractional-N PLL adds the additional constraint that its behaviour is non-
periodic in steady-state due to dithering action of the division factor, which
prevents the use of methods developed for periodic steady-state conditions as
used in Cadence SpectreRF simulator [18]. Some simulation approaches are
proposed in [19] [20] [21] [23] to try to make accurate and efficient system-
level simulation. They are briefly summarized here:

1. Matlab and Simulink based simulation. [19] and [21] present the simu-
lation methods using Matlab and Simulink.

2. C++ based simulation. [20] introduces a custom C++ simulator for the
behaviour simulation of PLL systems with uniform time steps based on
an area conservation principle to minimize the adverse effects of signal
quantization.

3. Verilog-A based simulation. [23] describes the simulation method with
Verilog-A behavioral model. Instead of modelling the system in terms
of voltage and currents, a phase-domain model based on the phase of
the signal is developed. The high frequency variations associated with
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the voltage-domain model are not present in phase domain models, so
the simulations are considerably faster.

2.6 Summary

In this chapter, we introduced basic PLL working principles, transfer function
and stability analysis. We presented the PLL order and type from the point of
view of the classical control theory. We introduced charge-pump based PLL,
which is a type-II PLL and mostly used in integrated PLL designs. A simple
introduction and comparison for two most important PLL types, integer-N
and fractional-N PLLs, are presented. At the end, we briefly introduced the
modelling and system level simulation.

In the next chapter, we will present the basic PLL building block from the
point of view of circuit design.
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Chapter 3

PLL Building Blocks

In this chapter, we will present the building blocks for charge-pump PLLs.
These blocks are phase frequency detector, charge pump, loop filter and fre-
quency detector. The implementations of them in circuit and schematic level
will be described. Voltage-controlled oscillator is the most important and com-
plicated block, and will be presented in the next chapter.

3.1 Phase-Frequency Detector

A phase-frequency detector (PFD) compares the two input signals, the output
of the frequency divider and the input reference signal, and generates the
output signals that corresponds to the phase difference between the two input
signals. PFDs are usually implemented with digital circuits.

A conventional tristate PFD circuit is shown in Figure 3.1. If the phase of
the reference input F,. is ahead of the phase of the feedback input Fy,, then
the circuit generates an UP signal that will speed up the VCO. Conversely,
if the reference phase is lagging behind the feedback phase, a DN signal is
generated and the VCO will slow down. If REF and DIV are in phase, the
PFD generates synchronized, narrow, coincident pulses on both UP and DN,
that are needed for eliminating the deadzone effect. Deadzone phenomenon
[1] is a non-ideality of the PFD and can be explained as the following: when
the phase difference of REF and DIV is very small, the circuit generates very
narrow pulses on UP or DN. However, owing to the finite rise-time and fall-
time resulting from the capacitance seen at these nodes, the pulses may not
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Figure 3.1: A conventional tristate PFD.

be wide enough to reach a logical high level and fail to turn on the charge
pump switches. In other words, if the input phase difference Af falls below a
certain value ¢y, then the output voltage of the PFD is no longer effective to
the charge pump, as shown in Figure 3.2. Deadzone phenomenon is highly
undesirable, because it allows the VCO to accumulate random phase errors
without corrective feedback as soon as the PFD input phase error is lower than
¢o. Deadzone can be eliminated by generating coincident pulses on UP and
DN, which is a result of the delayed reset signal path made by two inverters
as shown in Figure 3.1. For |A¢|=0, the coincident UP and DN pulses turn
on the charge pump, but the net output current of the charge pump is zero.
For an infinitesimal increment in the phase difference of the PFD input, the
net output current of the charge pump is proportional to the phase difference.
The two most widely used PFD types are the static logic PFD (SPFD) [9]
and the dynamic logic PFD (DPFD) [10]. Figure 3.3 shows the schematic of
a SPFD, and Figure 3.4 shows the schematic of a DPFD. The DPFD exhibits
some advantages in comparison to SPFD:

1. Fewer transistors, thus smaller area.
2. Lower power consumption.
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3.1 - Phase-Frequency Detector

3. Higher maximal operating frequency.

Charge pump | 4
output current “*

-,

¢{| ﬁd}ﬂ
Phase difference
of the PFD input

Figure 3.2: Deadzone of the PFD.

Fref

Fback DN
s

Figure 3.3: Schematic of a static logic PFD.
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Fhack

Figure 3.4: Schematic of a dynamic logic PFD.

3.2 Charge Pump

The charge pump (CP) is responsible for charging or discharging the loop
filter, and consequently adjusting the control voltage of the VCO. Any noise
generated by the CP will directly contribute to the VCO phase noise, therefore,
charge pumps must be very carefully designed to minimize the phase noise.
A basic CP circuit is shown in Figure 3.5. There exist some non-ideal effects
that impair the performance of this basic circuit:

1. Current mismatch. Ideally, the currents I, and I, should be exactly
equal. However, due to the finite output impedance, I;;, and I, are
only equal for a certain output voltage, and for other output voltages,
they are not.

2. Charge sharing. The capacitors at the nodes ‘a’ and b’ consist of the
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3.2 - Charge Pump

parasitic source/drain capacitances of MOSFET transistor. When the
switching transistors MN2 and MP2 are open, the charges on the nodes
‘a’ and 'b” move towards Vpp and Vgg respectively. When the switches
close, instantaneously, some of the charge stored on these parasitic ca-
pacitors will be transferred to the loop filter, and cause voltage spikes
on the VCO control line.

. Clock feedthrough. When UP and DN signals change their logic lev-
els, due to the parasitic gate-drain capacitance of MN2 and MP2, some
charges are coupled to the loop filter, and cause spikes on the VCO con-
trol voltage.

. Switching time mismatch. When the PLL is in lock, he PFD generates
the coincident narrow UP and DN pulses in each reference input period
for eliminating deadzone. However, the switching time mismatch be-
tween the UP and DN signals causes also spikes on the VCO control
voltage.

. Leakage current. This is a common nonideal phenomenon in submi-
cro CMOS technology. The output leakage current in the charge pump
cause also spikes on the VCO control voltage.

||}—0

Figure 3.5: Schematic of a basic charge pump circuit.
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When a PLL is in locking state, all those nonideal effects mentioned above
contribute to the VCO phase error. The analytic expression of the total phase
error ¢err [11] [12] can be expressed as:

Dieak Al Top ATsw - Ton AQ Ton
dor = 2m(PE+ T T2 )
cp cp ref ref ref *lep ref

(3.1)
where Iy is the charge pump current, I;,;; is the leakage current, ATy is
the switching time mismatch, Al is the mismatch current, Ty, is the charge
pump turn-on time, AQ is the total charge injected to the charge pump output
due to charge sharing and clock feedthrough, and T}, is the reference clock
period. The resulting reference spurs for a typical third-order PLL can be
approximated by [12]:

P, = 20log (W) —201log (J;;{ ) (3.2)

where N is the division ratio of the frequency divider, fy,, is the loop band-
width, and f,; is the pole frequency of the loop filter.

From the above discussion, we summarize some design principles for
achieving low phase noise:

1. Increasing the charge pump current reduces the phase reference spurs,
but the cost is more power consumption.

2. Reducing the charge pump turn-on time reduces the reference spurs,
however, the minimum turn-on time is required for eliminating dead-
zone phenomenon.

More circuit design techniques for low-phase noise, low-power charge pump
design will be discussed in Chapter 6.

3.3 Loop Filter

Normally, VCOs are controlled by a voltage and not a current. Thus, in a
charge-pump PLL, the function of the loop filter is to convert the output cur-
rent of the charge pump into the VCO control voltage. In addition, low-pass
filtering is needed since it is not desirable to feed pulses into the VCO. The
most important characteristics of a PLL, such as loop bandwidth, settling
time, and phase noise are highly dependent on loop filter design. Basically,
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3.3 - Loop Filter

the loop filter can be realized either with pure passive elements or with an
operational amplifier to form an active loop filter. Passive filters are generally
recommended over active filters for reason of cost, simplicity, and in-band
phase noise.

3.3.1 Passive loop filter

Most passive loop filters are second-order or third-order, as shown in Fig-
ure 3.6. Higher order filters often become unrealistic because the required
capacitor values become too small relative to the VCO input capacitance and
they become unnecessarily complex. The transimpedance of the second-order
passive loop filter is given by:

1+ SClRl

28 = G TG +sGRY)

(3.3)

where C; = £1%-.

By adding a series resistor, followed by a shunt capacitor, the simple second-
order passive filter becomes a third-order passive filter. The additional pole
is useful to reduce noise and spurs in high frequency band. This is especially
important in fractional-N PLL to suppress out-of-band fractional spurs. The
transimpedance of the third-order passive loop filter is given by:

14T
sCt(14 STz)(1 4+ sT3)

Z(S) = (3.4)
where T1 = ClRll C[ = C1 + C2 + C3, Tz = RI(C:1C2 and T3 R3C3 The
approximation is valid as log as C; >> (G, Cs3, and gz >>1- —1 Detailed
analysis shows that Ty >> (T, + T3) is required for stablhty [13].

3.3.2 Active loop filter

An active loop filter is usually employed in cases where the VCO requires a
higher tuning voltage than the charge pump can operate. The presence of the
opamp has the added advantage that the output voltage of the charge pump
is constant. Thus, the charge pump no longer has to operate near the rails-to-
rail voltages, and the current mismatch can be minimized. Active components
always introduce additional noise that contributes to the PLL in-band phase
noise. In order to attenuate the added opamp noise, it is recommended to use
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Figure 3.6: Passive loop filter.

an active filter of third or higher order, even if it is not required for spur sup-
pression. A third-order active loop filter is shown in Figure 3.7. The feedback
path of the opamp provides second-order low-pass filter characteristics, and
an additional pole is added at the opamp output. The filter transfer function
is given by:

- 1 + STl

- sCt(l + STz)(l + ST3)

Z(s) (3.5)

where T} = C1R1,Ct =C1+ G, T, = %1(:2, and T3 = R3Cs.

3.4 Frequency divider

Frequency dividers can be implemented with either CMOS rail-to-rail logic
circuits or CMOS current mode logic (CML) circuits. At low frequencies, rail-
to-rail logic is preferred for its simplicity and low static power dissipation,
while, at high frequencies, CML is a better choice, as it can operate faster with
lower power consumption because of the reduced output swing. These two
circuit types are often combined to implement frequency dividers: the input
stage of the frequency dividers are implemented with CML in order to re-
duce power consumption with high operating frequency; the other stages are
implemented with rail-to-rail logic, which is pure digital circuit consisting of
only standard logic cells. While the frequency dividers with constant divi-
sion ratio are normally used for integer-N PLLs, multi-modulus dividers are
necessary for fractional-N PLLs.
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Figure 3.7: A third-order active loop filter.

3.4.1 Divide-by-2 circuit

The divide-by-2 circuit is a basic building block of the frequency divider. Fig-
ure 3.8 shows an efficient divider-by-2 structure known as Johnson counter.
The structure consists of two cascaded D-latches within a negative feedback
loop. The maximum operating frequency of this structure is determined by
the propagation delay of each latch. D latches can be implemented either
with rail-to-rail static logic when the operating frequency is low, or with CML
when the operating frequency is high.

D Q D Q——0ouT

IO 57
n—e—] >o—

Figure 3.8: A divide-by-2 circuit implemented as a Johnson counter.
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Figure 3.9 shows an usually implemented CMOS CML D-latch. When
CLK is low, all current are passed through MN1, and MN2 is off. Thus, MN5
and MNG6 are also off and do nothing. In this state, the circuit behaves as
a differential pair, and the output follows the input. When CLK goes high,
MNT1 turns off, turning off MN3 and MN4. In this state, MN5 and MN6 turn
on. These two transistors are connected in positive feedback, which latches
the output value. Two CML D-latchs connected in negative feedback each
other implement a divide-by-2 circuit, which can provide output signals with
quadrature phases required in many frequency synthesizers.

R1 R2
QN

D [MNz MN3||-DN  MNg MNS

CLK—‘ MN1

Itias

Figure 3.9: CML D-latch circuit.

High speed CMOS divide-by-2 circuits can also incorporate dynamic latches.
Figure 3.10 shows two examples, In the circuit of Figure 3.10(a), the first two
inverters operate as dynamic latches controlled by CLK and CLK, and the
third inverter provides the overall inversion required in the negative feedback
loop. Figure 22(b) is a divider based on the true single-phase clocking (TSPC)
circuit [14] for achieving a high speed. The drawback of these two circuits is
the lack of precise complementary quadrature outputs.
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Figure 3.10: Dynamic CMOS dividers using (a) inverters, (b) TSPC .

3.4.2 Divide-by-3 circuit

Figure 3.11 shows a divide-by-3 circuit utilizing two flip-flops and an AND-
gate. Both flip-flops are clocked to rising edge of the input clock. The logic
function of this circuit can be expressed as:

Qa(n+1) = Qa(n) - Qa(n—1) (3.6)

3.4.3 Multi-modulus dividers

Multi-modulus dividers divide the input frequency by one of the modulus
according to the input control bits. A commonly used dual-modulus divider
is a divide-by-2/3 circuit. Figure 3.12 shows a divide-by-2/3 circuit controlled
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Figure 3.11: Divide-by-3 circuit and the timing diagram.

by bit CON. The circuit is configured as a divide-by-2 circuit when CON is
high, and a divide-by-3 circuit when CON is low.

Q j»om

3

Figure 3.12: A divide-by-2/3 circuit using gating logic.

One method to implementing a multi-modulus divider is to cascade 2 or
more dual-modulus dividers. Figure 3.13 depicts a programmable divider
architecture with local feedback [15]. The modular structure consists of a
chain of divide-by-2/3 cell. The circuit operates as follows. Once in a division
period, the last cell on the chain generates the signal mod,,_1. This signal then
propagates up the chain, being reclocked by each cell along the way. An active
mod signal enables a cell to divide by 3 (once in a division cycle), provided
that its programming input p is set to 1. Division by 3 adds one extra period
of each cell’s input signal to the period of the output signal. Hence, a chain of
n divide-by-2/3 cells generates an output signal with a period of:

Tout = (2" + 2" 1 py 1 42" 2p o + ..+ 2p1 + po)xTiy (3.7)

where Tj, is the period of the input signal, and py, ..., p,—1 are the binary
programming bits of the divide-by-2/3 cells. The nth cell runs at a speed
of 1/n of the first cell. Therefore, if each cell is implemented as a custom
block, the current can be scaled accordingly to achieve low-power consump-
tion. The divide-by-2/3 cell for this multi-modulus divider can be imple-
mented as shown in Figure 3.14.
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Figure 3.14: Logic implementation of a divide-by-2/3-cell.

Another approach to implementing a multi-modulus divider is based on
phase-switching technique [16]. Figure 3.15 illustrates a divide-by-4/5 circuit
using this approach. A divide-by-2 circuit is cascaded by a 4-phase divide-by-
2 circuit, and a MUX circuit is followed to select the output from the 4 input
signals with different phases.

3.5 Summary

In this chapter, we presented the circuit implementation of the PLL building
blocks, such as PFD, charge pump, loop filter and frequency divider. We de-
scribed their functions and circuit implementations, and analysed the non-
idealities of the implemented circuits. The non-idealities of these blocks de-
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Figure 3.15: A divide-by-4/5 circuit using phase-switching approach.

teriorate phase noise of PLLs. In the next chapter, we will present the most
critical block of PLLs: voltage-controlled oscillator.
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Chapter 4

Voltage Controlled Oscillator

In the last chapter, we presented some PLL building blocks, such as PFD,
charge pump, loop filter and frequency divider. In this chapter, we will present
voltage-controlled oscillator (VCO), which is a key component in PLL systems.
As shown in Figure 4.1, an ideal VCO is a circuit whose output frequency is a
linear function of its input control voltage:

fout - fO + chch (4~1)

where fj represents the output frequency corresponding to V. = 0 and Ky
is the gain of the VCO. The achievable output frequency range, f, — f1, is the
tuning range of the VCO. The important performance parameters of VCO are:

e Centre fre(}uency is the midrange value of the maximum and minimum
frequency %fz

* Tuning range The required tuning range is determined by two param-
eters: (1) the variation of the VCO centre frequency with process and
temperature and (2) the frequency range necessary for the application.

® Gain Ky, should be designed to be large enough to fulfill the tuning
range requirement. However, any noise on the input control voltage re-
sults in variation of the output phase and frequency. For a given noise
amplitude, the noise in the output frequency is proportional to Kyco.
Thus, to minimize the effect of noise in V., Ky, must be minimized,
a constraint directly conflicts with the required tuning range.

¢ Tuning linearity The tuning characteristics of realistic VCOs usually ex-
hibit nonlinearity, i.e., Kyco is not a constant. Such nonlinearity degrades
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the settling behaviour of PLLs and leads to high sensitivity for some fre-
quency region. For this reason, it is desired to minimize the variation of
Kyeo across the whole tuning range.

e Output amplitude It is desirable to achieve a large output oscillation
amplitude, thus making the waveform less sensitive to noise. The ampli-
tude trades with power dissipation, supply voltage, and even the tuning
range in certain cases. Also, the amplitude may vary across the tuning
range, an undesirable effect.

* Output signal purity Even with a noiseless input control voltage, the
output waveform of a VCO is not perfectly periodic. The electronic
noise of the devices in the VCO and supply noise lead to noise in the
output phase and frequency.

* Power dissipation As with other analog circuits, oscillators suffer from
trade-offs between speed, power dissipation, and noise.

* Supply and common-mode rejection Oscillators are quite sensitive to
common-mode noise, especially if they are realized in single-ended struc
ture. Even differential oscillators can exhibit supply sensitivity. It is of-
ten the case in today’s mixed signal IC that VCOs are surrounded by
noisy digital circuits, that introduce noise to the VCO through the sub-
strate. For this reason, it is preferable to employ differential paths for
both the oscillation signal and the input control signal.

The general requirements for a high-quality VCO include high spectral purity,
linear voltage-to-frequency transfer characteristic, and good frequency stabil-
ity to power supply and temperature variation. For VCOs applied in digital
wireless applications, low power consumption and low fabrication cost are
also important. In some applications, e.g. high speed digital interfaces, high
and wide tuning range may be necessary. Two types of oscillators are widely
implemented in today’s CMOS PLL designs: the first is the ring oscillator
based VCO, and the second is the LC oscillator based VCO. Each type has
its advantages and drawbacks. LC VCOs have superior phase noise perfor-
mance but normally need on-chip inductors, which occupy large silicon area.
Ring VCOs are compact and easy to achieve wide tuning range, but usually
exhibit higher phase noise than LC VCOs for the same power consumption.
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Figure 4.1: Functional model of a VCO.

4.1 Ring oscillator based VCO

A ring oscillator consists of a number of delay stages in a loop, which forms a
unstable negative feedback circuit. Its period of oscillation is twice the sum of
the delay of each delay cell in the ring. Figure 4.2 shows the linear model of a
three-stage ring oscillator. The open-loop transfer function of this model is:

o, —8&mR 3
Hiw = (T3 Rjwc (42)

where g, is the small signal gain of each delay stage, R and C are the load
resistance and capacitance at the output of each delay stage. The circuit os-
cillates only if the frequency-dependent phase shift equals 180 degrees, i.e., if

each stage contributes 60 degrees. The frequency at which this occurs is given
by:

tan~ ' wescRC = 60° (4.3)
and hence:
V3
Wose = rC (4.4)
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The minimum voltage gain per stage must be such that the magnitude of the
loop gain at wosc is equal to unity:

% >1 (4.5)
(14 (woscRC)?)

ST

It follows from ( ?? and ( 4.5) that:

gmR >2 (4.6)

Figure 4.2: Linear model of a three-stage ring oscillator.

The minimum number of the stages for a ring oscillator is 3, because for
1 or 2-stage rings there are no enough phase shift for oscillation [1]. The
oscillation frequency is usually controlled by varying the biasing current of
the delay cell.

Ring oscillators are often used in high-speed digital circuits for clock gen-
eration. Several reasons justify this popularity: (a) a wide tuning range is
easily obtained with a ring oscillator; (b) ring oscillators are compatible with
digital CMOS technology and occupy substantially less area than LC oscilla-
tors; (3) the behaviour of ring oscillators across process, supply and temper-
ature corners can be simulated with reasonable accuracy by standard MOS
models, whereas the design of LC oscillators heavily relies on inductor and
varactor models. However, because ring oscillators do not have high-Q tank
for frequency selection, they have traditionally much larger phase noise than
LC-tank based oscillators.
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4.1 - Ring oscillator based VCO

4.1.1 VCOs based on single-ended ring oscillator

Single-ended ring oscillators consist of single-ended delay buffers. Two most
common single-ended delay buffers are current-starved inverter [25] and the
shunt-capacitor inverter [26] as shown in Figure 4.3.

In the current-starved inverter, the control voltage V;; modulates the
turn-on resistances of the pull-down transistor MN1, and, through a current
mirror, the pull-up transistor MP1. These variable resistances control the cur-
rent available to charge or discharge the load capacitance. Large value of V,;
allows a large current to flow, producing a small resistance and a small delay.

In the shunt-capacitor inverter, the control voltage V.4, adjusts the resis-
tance of a shunt transistor MN1, which connects a large load capacitance to
the output of the inverter. The shunt transistor MN1 in essence controls the
amount of effective load capacitance seen by the driving gate. Large values of
Vi1 decrease the resistance of MN1, so the effective capacitance at the logic
gate output is large, producing a large delay.

The oscillation frequency of a single-ended ring oscillator can be expressed
as [38]:

1 1 N yeffweffCOXAVZ

fo= 2Ntp  yN(t+t;)  87NLgmax

4.7)

where N is the number of the stage, {p is the delay of each stage, t, and ¢ 1
are the rise and fall time respectively, 77 is a proportional constant, W,y =
Wi + W) is the sum of the width of the PMOS and NMOS transistor, j, i

M is the effective mobility, AV = VDD /2 — Vr is the gate overdrive

in the middle of transition, and gy is the maximum charge in the output
node.

4.1.2 VCOs based on differential ring oscillator

On today’s mixed-signal ICs, almost all ring oscillators use differential de-
lay stages because of their superior immunity to power supply disturbances
and substrate noise. A conventional differential delay stage with the replica-
biasing circuit is shown in Figure 4.4 [9] [52] . The oscillation frequency of a
N-stage differential ring oscillator can be expressed as:

1 ~ Ibz'as

fo= 2Nt;  2NCLVew “8)
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(@ (b)

Figure 4.3: Two most common single-ended delay buffers: (a) Current-starved
inverter, (b) Shunt capacitor inverter .

where Vi, is the output voltage swing. The oscillation frequency is controlled
by current I 4,;. The replica-biasing circuit consists of an opamp and the copy
of the half delay buffer. Through negative feedback, the output swing is kept
to a constant value VDD — V,,r independent of the biasing current. The value
of V,, ¢ is chosen to ensure that the PMOS load transistors work in the triode
region.

4.2 LC oscillator based VCO

LC oscillators have found wide usage in RF frequency synthesizers. LC os-
cillators offer a number of advantages over ring oscillators: (a) lower phase
noise for a given frequency and power dissipation; (b) larger output voltage
swing with peak levels that can exceed the supply voltage; (c) ability to op-
erate at higher frequencies. However, LC VCOs require precise devices and
circuit modelling because (a) the narrow tuning range calls for accurate pre-
diction of the centre frequency; (b) the phase noise is greatly dependent on the
quality of inductors and varactors; (c) they occupy a large area when on-chip
inductors are used. The design of LC VCOs involves the following parame-
ters: centre frequency, phase noise, tuning range, power dissipation, voltage
headroom, start-up condition, output voltage swing, and drive ability. The
most widely used LC oscillator in integrated circuits is the LC-tuned oscilla-
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Differential delay
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Figure 4.4: A differential delay buffer with the replica-biasing circuit.

tor. The concept of a LC-tuned oscillator is shown in Figure 4.5. R;, represents
a total equivalent loss from the inductor and capacitor and the transistors. A
negative resistance — R, provided by an active circuit compensates the loss of
Rp so that the oscillation can be sustained. The frequency of oscillation is the
resonance frequency of the tank:

1

V(e (4.9)

Wy =

A variable capacitor, or a varactor, can change its capacitance according
to the voltage between its two nodes. Thus, the oscillation frequency of an
LC oscillator can be tuned by changing the voltage of the varactor to realize
a voltage-controlled oscillator (VCO). Three basic implementations of CMOS
LC-tuned VCO are shown in Figure 4.6.
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Figure 4.5: Basic model of LC-tuned oscillators.
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Figure 4.6: Various LC-tuned oscillator implementations: (a) NMOS-only LC
VCO, (b) PMOS-only LC VCO, (c) Complementary LC VCO.

421 NMOS-only VCO

If the oscillator is voltage limited, the maximum voltage swing on each output
node is twice the power supply voltage, which is well suited for low voltage
design. If the oscillator is current limited, the output voltage per side is:

Vout_se = —p-bias (4.10)
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where R, is the equivalent parallel resistance of the LC tank, and the differen-

tial voltage is:

2R 14 I bias
T

Vout_de = (4.11)

4.2.2 PMOS-only VCO

The output swing is the same as that of the NMOS-only VCO. PMOS transis-
tors are about half as fast as NMOS transistors, so for the same transconduc-
tance per current, the double width is needed. PMOS transistors usually have
lower flicker noise than NMOS transistors. Moreover, they are situated inside
NWELL because most of actual process are of NWELL/P-substrate, so they
are less impacted by substrate noise. Therefore, PMOS-only VCOs are more
favorable for low phase noise design [29].

4.2.3 Complementary VCO

The negative resistance needed for the compensation of the tank loss is gen-
erated by both NMOS and PMOS transistors, thus enabling effectively to half
the power consumption for the same negative resistance. The signal swing
is limited to power supply voltage in voltage limited case. However, in cur-
rent limited case, because the current is flowing through the full R, in each
direction, the output swing is twice as large as that in NMOS or PMOS-only
VCOs: AR Dy

Vout_de = (4.12)

T
4.3 Summary

In this chapter, we presented voltage-controlled oscillators (VCOs). Two types
of VCO are mostly used in integrated PLL circuits: ring oscillator based VCO
and LC oscillator based VCO. We described the operation principles and cir-
cuit implementations for the both VCOs. We analysed the advantages and
disadvantages for each of them. In the next chapter, we will analyse the phase
noise theory of VCOs and PLLs.
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Chapter 5

Noise in VCOs and PLLs

In the previous chapters, we presented all building blocks in PLLs. In this
chapter, we will analyse the phase noise mechanism of PLL. The main phase
noise contributor in a PLL is the VCO. At first, we will introduce the phase
noise theories for LC VCO and ring oscillator based VCO, and analyse VCO
phase noise. Then we will analyse the phase noise contributions from the
other blocks, such as PFD and charge pump.

5.1 Phase noise of LC VCOs
The output of an ideal sinusoidal oscillator can be expressed as:
Vour = Asin(wot + ¢) (5.1

where A is the amplitude, wy is the oscillation frequency, and ¢ is an arbi-
trarily fixed phase reference. Therefore, the spectrum of an ideal oscillator is a
pair of impulses at £w,. In a practical oscillator, however, the output is more
generally given by:

Vour = A() f(wot + (1)) (52)

where A(t) and ¢(t) are now functions of time, and f is a periodic function
with a period of 271. As a consequence of the fluctuations represented by A(t)
and ¢(t), the output spectrum of a practical oscillator has sidebands close
to the oscillation frequency w,. A signal’s short-term instabilities are usually
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characterized and measured in terms of the single side-band spectrum density.
It has units of decibels below the carrier per hertz (dBc/Hz) and is defined as:

Psideband (wo + Aw, 1Hz)

Ligtar (Dw) = 10l0g( (5.3)

P carrier

where Pyigopand (Wo + Aw, 1Hz) represents the single sideband power at a
frequency offset of Aw from the carrier with a measurement bandwidth of
1Hz. The above definition includes the effect of both amplitude and phase
fluctuations, A(t) and ¢(¢). However, in an oscillator, the amplitude noise is
naturally rejected by the limiting action inherent in any real implementation.
Therefore, in most applications, Ly, (Aw) is dominated by its phase portion,
Lynase(Aw), known as phase noise, which is simply denoted as L(Aw). Var-
ious models of oscillator phase noise have been built and evaluated. Some
most important models are: (a) Leeson’s model, which is based on a linear
time-invariant (LTT) system assumption; (b) Hajimiri’s model, which treats the
oscillator as a linear, time-varying system; (c) Samori’s model, which treats an
oscillator as a non-linear system.

5.1.1 Linear time-invariant model phase noise analysis

Oscillators are fundamentally nonlinear system. However, linear models are
often used to describe oscillator behavior. A linear model can yield a start-
up condition for oscillation because oscillation at start-up is a small signal. A
LC oscillator can be modelled as a positive feedback system as shown in Fig-
ure 5.1. The oscillator is constructed using an amplifier (cross-coupled tran-
sistors) and a phase shift network (LC tank). The amplifier provides no phase
shift. For a sustained oscillation, Barkhausen criterion requires that the loop
gain is exactly unity and the phase shift around the loop is 360 degrees. This
leads to the following equations:

gmR =1 (5.4)

WLC=1 (5.5)

Noise can come from two sources in this system: the resistor and the
transconductor. Resistor noise is modelled by a white thermal noise current
whose density is given by:

2=2" (5.6)
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Figure 5.1: Feedback amplifier model of the LC oscillator.

Noise in the transconductor is also modelled as a white noise current
whose density is given by:
i2 = 4kTgmy (5.7)
where 7 is the noise figure of the transconductor.
The combined noise can be referred to the input of the transconductor as
a white noise voltage given by:

4kT 4kT
z;%, = i + >
8m gmR

(5.8)

Substituting from (5.4), the input referred noise voltage at the transconductor
input is given by:
v2 = 4kTR(1 + ) = 4kTFR (5.9)

where F =1 + v is the noise figure of the entire oscillator.
The tank impedance at a frequency Aw away from the resonance frequency
can be approximated by:
R

where Q is the tank quality factor.
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Using basic feedback theory, the closed-loop transfer function from the
noise input to the oscillator output is given by:
Wo
2QAw

[H(Aw)|* = ( )? (5.11)
In noise analysis, it is customary to represent noise by a sine wave in a
1 Hz bandwidth. At the output of the oscillator, noise power at a frequency

Aw away from the carrier (i.e. oscillation fundamental tone) can be obtained
using (5.9) and (5.11):

Wo

Prout = 4KTFR (5 5

)2 (5.12)

The noise-to-carrier ratio is obtained by dividing the output noise by the car-
rier power:
4kTFR , wo
a7
0

where A, is the oscillation amplitude. This is the well-known Leeson’s equa-
tion [28].

With the linear time-invariant model, no frequency translation of noise can
occur. This means that low frequency noise, such as flicker noise, cannot cre-
ate phase noise. Only the noise originating around the oscillation frequency
can create phase noise. Moreover, it has to have an equivalent amount of am-
plitude noise because it is additive noise. In any LC oscillator, this not true.
Some elements contribute pure phase noise and no amplitude noise.

20Aw’ A2 ' Q7 Aw?

Law = (5.13)

5.1.2 Hajimiri’s time-variant phase noise model

Hajimili has developed a time-variant oscillator model for phase noise analy-
sis [30]. The model treats the oscillator as a linear but time-varying system
and assumes that noise in an oscillator is a cyclostationary random process.
Cyclostationarity means that the first and second-order statistics of the ran-
dom process are periodic with a period T. Where T is the oscillation period.
The model is built on the following assumptions:

1. White noise can be treated as uncorrelated random samples in time.

2. The response of the oscillator to a noise sample (current impulse) de-
pends on the time that sample occurs with respect to the oscillation
waveform such that:
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¢ Noise that occurs at the peak of oscillation can only create ampli-
tude noise.

¢ Noise that occurs at the zero-crossings of oscillation can only create
phase noise.

Based on these assumptions, Hajimiri developed what is called an Impulse
Sensitivity Function (ISF). It measures the sensitivity of the phase of the oscil-
lator to a small perturbation current injected at a particular moment in time.
The ISF has the same period T of the oscillator itself due to the cyclostation-
arity assumption. By using a Spice-like transition simulator, the ISF can be
evaluated from each noise source in the oscillator to the output. An impulse
of current, representing noise in a transistor channel or a resistor etc., is in-
jected into the oscillator at one instant. The effect on the oscillator phase is
evaluated after multiple cycles when the oscillator is back to its normal limit
cycle. The position of the impulse is shifted with respect to the oscillation
waveform and simulation is re-run to evaluate the ISF from a particular noise
source at a different time point. Using a fairly tedious simulation procedure,
the ISF of each noise source is constructed.

5.1.3 Samori’s non-linear phase noise model

Samori [31] developed a non-linear system model for phase noise analysis
of LC oscillators. From the phase noise expression (5.13), a large oscillation
amplitude is required for minimizing the phase noise. However, a large oscil-
lation amplitude leads to drive the cross-coupled transistors (transconductor)
into a highly nonlinear regime. For a LC oscillator with a CMOS differential
pair and a biasing current I}, the oscillation voltage limit for driving the tran-
sistor pair into nonlinear region is:

21
v, > =t (5.14)

p

where B = IuOCox%.

A key property of nonlinear circuits is that they respond differently to AM
and PM noise. For example, if an AM input is applied to a differential pair,
whose output is clipped by the large voltage amplitude, the output voltage is
not affected by this AM input. However, if an PM input is applied, the output
voltage is affected by it. In the following, the relationship between the carrier-
to-PM sideband ratio of the input and the carrier-to-PM ratio of the output is
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investigated. Furthermore, it was proven that in any nonlinear circuits with-
out any reactive elements, there is no AM to PM conversion. Therefore, in the
following noise analysis. AM noise is omitted because it has no contribution
to phase noise [33].

A noise at a fixed offset Aw from the carrier as shown in Figure 5.2 can be
decomposed into equal amounts of amplitude and phase modulation. Both

forms of modulation have components at w; = Aw and w_ = —Aw.
carrier carrier
noise |
— AM noise PM noise
T f—Aw
f. foAo Frequcy f—Ao ;. Ao fotAwm

Figure 5.2: Single noise tone decomposed into AM and PM component.

Assuming the input of the transconductor consists of a carrier, V. = V,cos(w,t),
and a lower sideband, Vg, = Vicos((wo — wm)t + ¢, located at wy — wyy, if
the transconductor characteristic is I = I(V) and the amplitude of Vjg, is much
smaller than the amplitude of V;, then the transconductor output is approxi-
mately given by:

d
H(Vet) + Vi () 2 T(Ve6)) + 0 Vs (1) (5.15)

The derivative dI/dV is the transconductance g(V) = dI/dV, which, in the
above equation, is evaluated in presence of the carrier only. For the case of a
cross-coupled differential pair, the transconductance g(V,(t)) is an even func-
tion of time with a fundamental component at 2w, as shown in Figure 5.3. The
corresponding Fourier series is given by:

g(Ve(t)) = g0+ Z (§2n1c08(2nwot) + gonsin(2nwyt)) (5.16)
n=1

Because the transconductance is an even function, the quadrature terms g»,,0
are equal to zero.

56



5.1 - Phase noise of LC VCOs
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Figure 5.3: (a) Characteristic of a cross-coupled differential pair with transcon-
ductance. (b) Transconductance turns on at twice the carrier frequency and is
an even function.

The amplitude of the fundamental of the output current is derived using

(5.15). This term can be noted as I.(t). Since:
dl dl dv av

I.(t) may be written as:

Ie(t) = T(Ve(t /g Ve(t %dt (5.18)

This equation shows that mixing between the transconductance function and
the derivative causes different terms of g(V) to fall at w,. For example, the
second harmonic of g(V) mixes with the carrier to generate component at 3w,
and w,. For oscillators, only the terms at w, are of interest since the resonator
attenuates any out-of-band tones. A final value of I.(t) is given below. The
transconductance terms are combined and referred to the effective transcon-
ductance:
Ic(t) = (g0 — %)Vocos(wot) = 8effVocos(wot) (5.19)
The inter-modulation tones that result from the lower sideband, Vg, are
described by the second term of (5.15). The resulting current tones that fall
near the carrier are given by:

L1 = goVmeos((wo — wm)t + ¢) + %Vmcos((wo +wm)t—¢) (5.20)

If the lower sideband is part of a phase modulation pair, then the upper
sideband, V5 must be:

Visp (£) = —Vicos((wo + wm )t + ¢) (5.21)
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The resulting current tones from this sideband are:

821

5 Vineos((wo — wm)t+¢)  (5.22)

Lp = —goVimecos((wo + wm)t — ¢) —

The total output sidebands are:

It = —Viu(go — %)(COS(((‘)" —wm)t+¢) -

cos((wo + wm )t — ¢)) (5.23)

The output carrier-to-sideband ratio is easily calculated by using (5.19)
and (5.23):
821
Ii _ (0 g221 Vo _ E (5.24)
mt (g() — T)Vm Vm
This result proves that in a nonlinear element, the ratio of the carrier to the
PM sidebands at the input is equal to the output. Based on this property, if
the cross-coupled differential pair in a switched current oscillator is driven by
an oscillation on which phase noise side band are superimposed, the output
current carrier-to-noise ratio is the same as the carrier-to-noise ratio of the
input. This fact greatly simplifies the phase noise analysis.

5.1.4 Phase noise analysis of LC oscillator based on Samori’s model

Based on Samori’s nonlinear phase noise model, Hagazi [33] made analysis
of phase noise of CMOS cross-coupled LC oscillators with the noise sources
coming from the tank resistance, the differential pair and the tail current re-
spectively.

PHASE NOISE CAUSED BY THE THERMAL NOISE OF THE TANK RESISTANCE
The phase noise caused by resistor thermal noise in the resonator tank can be
calculated by using the following principles:

e The resonator noise can be decomposed into a series of sinewave. Each
sinewave noise can be decomposed into equal parts of PM and AM side-
bands.

® Because there is no AM to PM conversion, only PM noise components
cause the output phase noise.

e Using the conclusion of Samori’s model that the ratio of the carrier to
the PM sidebands at the input equals that at the output.
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The calculated output phase noise is given by:

kT Lw?
4kTR , w,
L(Aw) = T,Z( 0 Aow )? (5.26)

PHASE NOISE CAUSED BY THE THERMAL NOISE OF THE DIFFERENTIAL PAIR
Noise injected into the LC resonator only when the both transistors of the dif-
ferential pair are active. If one transistor is off, it obviously contribute no noise,
and neither does the other transistor that is on because it acts as a cascade
transistor whose current is fixed by the tail current. As shown in Figure 5.3,
when the differential pair is in active linear region, the transconductance of
the differential current, the current that actually flows through the resonator,
is Gy = Iy/ Vi, which is half the transconductance of the individual devices.
As oscillation occurs, the instantaneous transconductance toggles with time
between G;; and 0. The phase noise caused by the thermal noise of the differ-
ential pair is given by:

in = 0nGm(t) (5.27)

where v, is the input referred voltage noise and Gy, (t) is the transconductance
of the differential pair. Since the transconductance is varying with time, the
output noise appears as pulse of noise current with a pulse width equal to the
duration when the differential pair is in the linear region. Figure 5.4 shows
the process to calculate the noise generated by the switching differential pair.
The noise pulse in the time domain is shown in Figure 5.4 (a). In the frequency
domain, the noise envelope is the pulse shaped with a sin(x)/x envelope with
the first null at 1/, where t, is the pulse width in the time domain. An im-
portant characteristic is that the frequency domain pulses only appear at the
even harmonics of the oscillation frequency. This mixing process causes noise
folding to occur, allowing noise from many frequency locations to congregate
at one point near the oscillation frequency. The frequency spectrum of the
noise pulses is convolved with the white noise density, as shown in Figure
5.4 (c) and (d), to produce the output noise.

First, let us suppose that there is a noise just above the oscillation fre-
quency (labelled ‘1” in Figure 5.4c), this convolves with the first two com-
ponents of the noise pulse located at DC and 2w,, and produces a pair of
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Noise pulse Noise pulse PSD
- tw = =
-
. L f
0 T/2 T 0 2f,
(@) (b)
Input referred Output current
voltage noise PSD noise PSD
,2 1, 3 o 2
0 1 2 3
N PR
0 f,  2f,  3f 0 f,
(c) (d)

Figure 5.4: (a) Noise in the differential pair appears as noise pulse in the time
domain, (b) (c) In the frequency domain, these pulses are the results of a con-
volution between a sin(x)/x function and the white noise PSD of the transis-
tor, (d) The result of the convolution in the frequency domain shows only the
noises at the oscillation frequency and the odd multiples are important.

sidebands around the carrier. Next, let us consider the noise near the sec-
ond harmonic (labelled ‘2" in Figure 5.4c). This convolves with the first three
components of the noise pulses (DC, 2w,, and 4w,) to produce phase noise
sidebands, which are far away from the carrier. Finally, the noise at the third
harmonic convolves with the second and third components of the noise pulses
to again produce phase noise around the carrier. So it is clear that only the
noise at the oscillation frequency and its odd multiples is important. Also, the
noise is eventually band-limited by the sinc envelope. There are a number
of ways to calculate the summation of the convolution terms as the sin(x)/x
function decays. A simplified method is presented here: the sinc function of
the noise pulses in the frequency domain is approximated as having impulses
with constant amplitude up to 1/t and zero elsewhere. The DC component,
gl0] is just the DC value of the time domain waveform:

2[0] = G ;;]2 = ZGm b (5.28)
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For t,, << T, we have:

% = Vosin(a}o%’) ~7 Vowo%w = t% = ZZZ{}/O (5.29)

Since all the non-zero terms are equal to g[0], the frequency domain func-
tion is fully described. Now, the gain from a noise located above the carrier to
output noise can be calculated. The DC term mixes with the upper sideband
of the voltage noise to produce an output noise current located at the upper
sideband. This is shown in the following equation:

. 2[0 V: 10 0 ush
Lnusb = vn,usbg[o} = Un,sub%ﬁ = vn,usbm = Z;l; (5~30)

Since each frequency term convolves with white noise, the final answer
is simply the sum of the square of the frequency domain envelope times the
white noise. Because all the frequency terms are equal, only the number is
required. This is just the bandwidth divided by 2f,:

bty 1

N = = 5.31
fold = SF" = 3t (5.31)
The final output noise power is obtained as
2 U%
Ton = @Nfoldeev (5-32)

The equivalent voltage noise is set by the transconductance of the individual
transistors:

vy, (5.33)
8m
After substituting the value of the voltage noise, the folding term, and the
number of transistors, the final output noise is calculated:

. I
i2, = 4kty ng (5.34)
[

This equation shows that the output current noise density caused by the dif-
ferential pair only depends on the amplitude and the bias current, and not on
the transistor size.

The final phase noise due to the differential pair is calculated by scaling
the output current noise by the loss of the tank and normalizing it by the
amplitude of the fundamental:

_ 8kTyIhR?, w?

Law) == Gona

) (5.35)
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PHASE NOISE CAUSED BY THE THERMAL NOISE OF THE TAIL CURRENT The
third noise source in differential LC oscillators is the biasing current. Any
noise from biasing current is commutated and frequency translated by the
differential pair as in a single balanced mixer, and injected into the LC tank.
Let us assume that the oscillation amplitude is much larger than the transition
region of the differential pair, in this case, the current flowing through the LC
tank is more like a square wave than a sine wave, as show in Figure 5.5. In the
frequency domain, the PSD of this square wave has components only at the
oscillation frequency and its odd multiples. After the convolution between
the tail current noise and the PSD of the square wave, only the noise located
at the DC and the even harmonics will be translated into noise around the
oscillation frequency.

diff PSD

(@) (b)

PSD of the output curent noise

202 13 02 PSD of tail current noise
o fy 2f, 3f, o f, 2f 3f "

(d) ©

Figure 5.5: (a) (b) Output current of the differential pair and its PSD (c) PSD
of the tail current noise, (d) The result of the convolution in the frequency
domain shows that only the noises at DC and odd multiples are important.

For example, the noise at DC and the second harmonic of the oscillation
frequency is modelled as:

inin = inoCOSAWYt + iypc05(2wy + Awy)t (5.36)
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The square wave function is modelled as:

2 1
f(t) = E(coswot + gcos?:wot +-0) (5.37)

The convolution between the noise and the square wave function is truncated
to the frequency of interest and given by:

inout = lno (cos(wo + Awq)t + cos(we — Awp)t) +
] 1
an (cos(wo + Awy)t + gcos( — Awy)t) (5.38)

From the above equation, the low frequency noise i,,ocos(Awyt)) is mixed into
a pair of the sidebands around the carrier and injected into the tank. These
are AM sidebands and therefore not important. However, any varactor con-
nected to the resonator will convert AM noise into FM noise, which will pro-
duce phase noise [32]. The output noise current caused by the noise around
the second harmonic i,pc0s (2w, + Aw, )t are separated into PM and AM com-
ponents:

. 2
nout = ”?zg(cos(wo + Awy)t + cos(w, — Awy)t) +
%%(cos(wo + Awy )t — cos(w, — Awy)t) (5.39)

To calculate the total noise, all the noise located at DC and even harmonics
must be included. Since all the noise sources are uncorrelated, the total output
noise can be obtained by powerwise summing the noise due to each compo-
nent. Additionally, only the PM component is included. The calculated result
of the total phase noise is given by: [33]

kT7gn1,tail Rz
14

Wo
2QAw

L(Aw) = ( )2 (5.40)

TOTAL PHASE NOISE OF CMOS DIFFERENTIAL LC OSCILLATORS DUE TO THER-
MAL NOISE From the equations (5.26), (5.35) and (5.40), the total phase noise
of a CMOS differential LC oscillator due to thermal noise is derived:

4kTR 29I0R | YSm biasR

V2 (1+ — + 1 (

Wo

L(dw) = 20Aw

)2 (5.41)
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where 7 is the noise factor of a single MOSFET, R is the equivalent parallel
resistance of the LC tank, V, is the voltage amplitude of the oscillator output,
8m tail is the small signal transconductance of the tail transistor, and Q is the
quality factor of the tank.

Equation (5.41) consists of three terms. The first is due to noise in the
resonator tank, The second term is due to noise in the differential pair. The
third term results from the biasing current source. This completely specifies
the phase noise in the white noise region.

FLICKER NOISE INDUCED PHASE NOISE In the previous analysis of phase
noise, the low frequency noise in the differential pair contributes to the out-
put noise at DC and second harmonic frequencies. The low frequency noise
in the tail current only causes AM output noise. However, the flicker noise
in MOSFETs does contribute to phase noise near the oscillation frequency.
Phase noise measurements show that the slope of the phase noise spectrum
in CMOS VCOs increases from -20 to -30 dB/decade as frequencies approach
the carrier. Some mechanisms of flick noise up-conversion are presented in
[34] [35] [41].

Flicker noise upconversion due to the oscillation frequency dependency on
the bias current As discussed before, in a LC differential oscillator, the cur-
rent flowing over the differential pair is more like a square-wave, which is rich
in harmonics. Normally, these harmonics are neglected for the LC tank, but
they must flow somewhere in the circuit. In fact at these high frequencies, the
capacitor in the tank offers the lowest impedance path and upsets the exact re-
active power balance between the L and the C required for steady state. As a
result, the actual steady-state oscillation frequency does not coincide with the
tank natural frequency wy = \/%' but shifts down until the reactive power
in the inductor increases to equaF the reactive power in the capacitor due to
fundamental and all harmonics. The frequency shift, Aw, from the natural
frequency wy, can be expressed as [42]:

Aw 1 & n?(1 —n?) )

wo @rg(lfn2)2+n2/Q2m”

(5.42)

The normalized change in frequency depends on the harmonic levels m;, and
the quality factor Q of the tank. If noise modulates the harmonic level, it will
cause frequency modulation that contributes to phase noise. The amount of
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the harmonic content is a function of the bias current I. A larger bias current
produces a larger oscillation amplitude, which generates a current waveform
that is switched more quickly and contains a higher harmonic content. The
sensitivity dw/dIy is responsible for indirect FM due to flicker noise in Ij.

Flicker noise upconversion due to differential pair In a LC differential os-
cillator, the oscillation causes a voltage waveform with twice the oscillation
frequency at the common node of the differential pair. So, as shown in Fig-
ure 5.6, the parasitic capacitance at the tail presents a negative capacitance at
the differential output [43]. This speeds up the oscillation frequency. Flicker
noise in the differential pair modulates the duty cycle voltage at the tail capaci-
tance, and therefore the effective negative capacitance. This results in random
FM that upconverts the flicker noise in the differential pair into close-in phase
noise.

In the current-limited regime, the tail current governs the steady-state os-
cillation amplitude. Therefore, flicker noise in the tail current produces low
frequency random AM. The random AM envelope modulates the effective ca-
pacitance of the varactor, converting AM into FM. The FM sidebands appear
as close-in phase noise.

-G - jwmaCay

Figure 5.6: Parasitic capacitor at the tail node appears as reactances across the
resonator.

In [32], Hegazi analyzed and explained how the varactor converts AM

noise into FM noise. An LC oscillator behaves like a quasi sinusoidal model.
This means that although the sustaining square wave current is rich in har-
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monics, the harmonics do not play an important role within the tank due
to fairly high quality factor of the tank. The fundamental component of the
square current defines the steady-state amplitude. The harmonics in the square
current take the path of the least impedance, which is the capacitor. The re-
sulting harmonic voltage amplitudes across the tank are related as:

1Q
Fund talvolt — A
undamentalvoltage « woC (5.43)
nthharmonicvoltage o L (5.44)
ey nwoC ’
= Fundamental / nthharmonic = n>Q (5.45)

It can be seen that in a tank with a reasonably high quality factor Q, the am-
plitudes of the third and higher harmonics can be neglected compared to the
fundamental.

Flicker noise upconversion through the varactor A varactor is usually a
voltage-dependent capacitor whose capacitance depends on a control voltage
V.. Figure 5.7 shows a typical accumulation MOS varactor and its character-
istic. The standalone varactor is specified by its small-signal capacitance Css
versus V;. This is defined in terms of the instantaneous charge Q and the
voltage V across the varactor:

dQ
~av lv.
When V, is fixed, the small-signal capacitance of the varactor changes period-
ically with the oscillation because the oscillation amplitude is normally large
in order to minimize phase noise. The periodic small-signal capacitance of the
varactor can be represented as a Fourier series:

Css (5.46)

(o]
Css = ) Concos(2nwyt) (5.47)
n=0

After counting for the harmonics in the output voltage and the mixing that
occurs, an effective capacitance that is seen by the oscillator is given by:

1
Ce = Co— 5C (5.48)
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The first term Cy is the time-average capacitance, which includes any fixed ca-
pacitance in parallel with the varactor. The second term C; is the second-order
Fourier coefficient of the nonlinear varactor driven by the oscillation. C,¢s de-
pends on the average voltage V; present across the varactor. It depends also
on the amplitude of oscillation. Any fluctuations in the oscillation amplitude
due to noise can cause fluctuations in C.s and thus in frequency, this is a
process called AM-to-FM conversion.

5.2 Phase noise and jitter of CMOS ring oscillator

CMOS ring oscillators are usually implemented with either single-ended in-
verters or differential delay stages. Their phase noise or jitter generation mech-
anism are different from that of LC tank based oscillators. Several publica-
tions [36] [37] [27] [39] studied and discussed phase noise and jitter in
CMOS ring oscillators. In the following, we summarize the phase noise and
jitter analysis in CMOS ring oscillators from the publications.

5.2.1 Relation between jitter and phase noise

The time jitter in a normal periodic signal can be considered as fluctuations in
phase at the discrete set of zero-crossing instant ¢;. The fluctuations are caused
by the phase noise of an oscillator, which defines a continuously evolving
stochastic process ¢(t). Thus, after one cycle of nominal period 1) = flio’ jitter
and phase are related as follows:

P(tiv1) —p(ti) __ Ag; (5.49)

27 o= 27 fo

The power spectral density (PSD) of A¢ can be expressed as:

Sap(f) = Sp(f)[1 —e /o2 = 4 (f)sin® (rf/ fo) (5.50)
From (5.49) and (5.50) follows the PSD of jitter:
sin®(rtf/ fo)
(fo)?

This is the spectrum of the jitter quantity T sampled at fy, and is therefore
defined over the frequency range (0, f). In practice, more important than the
spectral density of jitter is its mean-square value 02, as would be measured

"L'Z':

St(f) = Sp(f)

(5.51)
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(a) Cross section of a typical accumulation MOS varactor

10| C/C 1
0.9
038
0.7
0.6
05
04
03

0.2

-1 -08 -06 -04 -02 0 02 04 06 08 1
Ve )

(b) Example of a small signal capacitance versus voltage
curve MOS varactor

Figure 5.7: Typical accumulation MOS varactor and its characteristic.
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on a digital oscilloscope. Using the Wiener-Khinchine theorem, U'.% can be
calculated from the PSD:

> sin? nf/fo)
/sT fdf = / RC (5.52)

This is the general form of the link between jitter and phase noise.

n [40], Demir shows that in an oscillator with white noise sources alone,
the Single-Side-Band (SSB) phase noise PSD at a frequency offset f is given by:

S(P (f ) Sw
L(f)= —+=— 5.53
(h="5"=% 559)
where Sy, is a coefficient specific to an oscillator and its noise source. In this
case, the expression in (5.52) can be evaluated exactly:

) 25y /°° sinx Sy (5.54)

0r = —= ——dx = —
tonfgde 2 fs
Thus, the relation between phase noise PSD and jitter variance is finally given
by:
2 fo

L) =ty (5.55)

5.2.2 Phase noise in inverter-based ring oscillator

INVERTER JITTER DUE TO WHITE NOISE ~ An simple inverter ring oscillator is
shown in Figure 5.8. For simplicity, we assume that the input of the inverter
is a GND-to-VDD step signal, and the current of the NMOS transistor equals
its saturation current even if it will enter triode region during the propagation
delay. The saturation current of the NMOS transistor is:
Cox W

Insar = 552 (VDD = Vyrn)? (5.56)
This current is accompanied by a noise current i, from the transistor. The
spectral density of the noise current is given by:

I
Siy = 4KTyNgm = BKTYN 5 oA EA‘ﬁNTH (5.57)

We define the propagation delay t; as the time from the input step to when
the output ramp crosses the next inverter’s toggle point, which is supposed
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to be at 1/2 VDD. Along with the saturation current Iysa7, the noise current
i integrates on the load capacitor C over a time window t; to form a noise
voltage v, that modulates the time of the threshold crossing. The dynamics of
the threshold crossing is described by:

ta Insar +in VDD
/0 e (5.58)
and the jitter can be related to the variance of the propagation delay ¢:
1 ha
7= / in)?) (5.59)
Nsar 0
Thus, as already analyzed in the last section, the spectral density of ¢ is:
t2
S, = —L—sinc®(ft)S;, (5.60)
NSAT

and then using Wiener-Khinchine theorem to find the mean-square value:

oo t © gin?
e s s,

2 2
TTlNgar x

X

dx (5.61)

Using (5.57) this simplifies to:
02 - 4kT’)’Nfd
' Insar(VDD — VNrh
This is a compact expression for the jitter of propagation delay caused by cur-
rent noise integration on the load capacitor C.

In addition to this jitter, prior to each switching event, a random noise
voltage with mean-square value of ’%T resides on C, arising from the noise
in the PMOS/NMOS transistor triode resistance. Thus, the total propagation
jitter of an inverter stage due to white noise is:

0_2 o 4kT’)/ N td kTC
tqg — _ 2
INsar(VDD = VNtH I a7

The period of a ring oscillator is defined by the time it takes for a transition
to propagate twice around the ring. for a ring oscillator comprising M inverter
stages, the nominal oscillation frequency fj is:

1 2 1 1 I

0= = + =
f M(tgnmos +tapmos ~ MCVDD “Insar — Ipsar MCVD(DS o

(5.62)

(5.63)
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5.2 - Phase noise and jitter of CMOS ring oscillator

Figure 5.8: A simple inverter-based ring oscillator.

by assuming that the PMOS and NMOS have the same saturation current [
to charge/discharge the load capacitor during pullup/pulldown transitions,
and the toggle point for both of rising and falling event is symmetric at @.
Every propagation delay is jittered by the noise in the pullup or pulldown
process. These noise events are uncorrelated and can be added in the mean-

square. Therefore, the variance of period jitter is:
07 = M(0F 05 T Thapmios) (5.65)

Ttanmos

Using (5.63) (5.64), and assuming that NMOS and PMOS transistors have the
same threshold voltage V};,, we get the jitter variance of the ring oscillator:

ZZE(2(7N+7P)+ 2 )
* " If, VDD —Vyy ' VDD

Using (5.55), the SSB phase noise due to white noise is now found from the
jitter:

(5.66)

2kT 1
_ YN+ 7P + fO )2 (567)

Lif) = T(VDD —Vry VDD)(7

The following conclusions can be drawn from this compact expression for
phase noise:

1. The phase noise is independent of the number of inverter stages, and
only dependent on the frequency of oscillation f.
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2. The only technology dependent parameters affecting phase noise and
jitter are the threshold voltages of MOS transistors V};, and excess noise
factor 1.

3. For low phase noise and jitter designs, using as high a supply voltage
as possible, and burn as much current as the budget allows.

PHASE NOISE DUE TO FLICKER NOISE  In an inverter based ring oscillator, the
pullup and pulldown currents contain flicker noise which may not fluctuate
over a single transition, but varies slowly over many transitions. Suppose
Ing and Ipg are the pulldown and pullup currents supplied, respectively, by
the NMOS transistor and the PMOS transistor in the kth inverter stage of a
M-stage ring oscillator. Then the oscillation frequency is expressed as:
2 M, 1 1.4
= —— (5 (—+— 5.68
In a symmetrically designed inverter, the pull-up and pull-down current are
equal. The sensitivity of fj to the pulldown current Iy is:

ofp CVDDf§  fo

olng 2%, 2MI

(5.69)

Using the narrowband FM expression [32], the SSB phase noise resulting from
flicker noise in the kth pull-down current can be deduced:

_ (S0 g/f
55(/) = (m) Sl ) 570)
55 (f) ()
L(f) = J;sz - ”foz (Tﬁl)2 (5.71)
where S; /1 is the flicker noise PSD of the pull-down current Iny. Then, the

total phase noise of the M-stage ring oscillator due to flicker noise is:

1 1/f 1/f foy2
L = s G )+ 672)
One of the most used flicker noise models is:
K
1/f _ f
Svn - WLCOxf (5.73)
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5.2 - Phase noise and jitter of CMOS ring oscillator

where K 1 is an empirical coefficient. The corresponding current flicker noise
is:
Vf _ 2, Ky

1/f _ 2
Sin” = 8uSu” = (ypp —y.) WLCoxf

(5.74)

Using this flicker noise model, the final expression for SSB phase noise in-
duced by flicker noise is obtained:

COX

UnKen upKgp
L(f) = g (F !

2 2
LN LP

2
)(%) (5.75)

This expression gives design insight:

1. To lower flicker noise upconversion into phase noise, choose large W/L
to burn as much current as the budget allows.

2. Use MOS transistors with the longest channel length which is possible.

3. As the ring oscillator’s average current does not depend on the number
of stages M, use the largest number of stages.

5.2.3 Phase noise in differential ring oscillators

A differential ring oscillator consists of several differential delay stages con-
nected in series. The advantage of differential ring oscillator is that the noise
from the supply and the substrate appears as common mode on both outputs,
and is rejected by the next stage. A typical differential delay stage is shown
in Figure 5.9. It consists of a differential pair, a tail current transistor, capaci-
tor loads and resistor loads. In actual circuits, the resistor R; is realized with
a single or compound MOSFET working in triode region, embedded in an
amplitude control loop.

The propagation delay of the differential delay stage is defined as the time
t; between an input step and the zero crossing of the differential output volt-
age. The differential peak output voltage swing is:

Vop = IbRL (5.76)

As the loads are RC circuits, the propagation delay and the oscillation fre-
quency are determined by decaying exponentials:
CrVopln2
ty = L+” — R, CpIn2 (5.77)
b
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Figure 5.9: A typical differential delay stage in ring oscillators.

1
fo= st (5.78)
The differential pair has an input transition range of:
Via = V2V, 5 (5.79)

over which it steers the tail current. Vj; is the input differential voltage, and
Vesr is the effective gate voltage on the differential pair at balance.

PHASE NOISE DUE TO WHITE NOISE We analyze the jitter at the moment of
the zero crossing of the output differential voltage by looking at the fluctu-
ations in voltage of the zero crossing moment. As before, jitter is found by
dividing the noise voltage by the slope of the differential output voltage V,,
at zero crossing. The slope is:

AVey Iy
dat  Cp

(5.80)

At first, we consider the noise due to the load resistors. This noise is continu-
ously coupled into the load capacitors, and its differential mean square values

1S:
——  2kT

vnRL = CL

(5.81)
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5.2 - Phase noise and jitter of CMOS ring oscillator

In the next, we consider the noise in the bias current transistor i,;,. The
noise current of the tail transistor is periodically steered from one side to an-
other during the transition process. By assuming the tail current is steered all
at once, the differential output noise can be expressed as [39]:

— kT
O = ¢, T8mRL (5.82)
where g,,,;, is the small signal transconductance of the tail transistor.

At the end, we consider the noise in the differential pair. During the transi-
tion time, noise 7,,; in the differential pair modulates the fraction of the tail cur-
rent being steered from one side to the other. To simplify analysis, we assume
that the noise current PSD in both transistors are the same as in the balanced
condition during the transition process. The equivalent circuit for the flowing
noise current during the transition period can be shown in Figure 5.10.

R. Ry
e I
C
Voup Voutn
Co

A A
N N

ing Ind

Figure 5.10: Equivalent circuit with the noise current in the differential pair
during the transition period.

The PSD of i,,4 is:

Ib/Z _ ZkT’)/Ib

Siw =TTy T Vs

(5.83)
where V¢4 is the effective gate voltage of the differential pair at balance. The
mean square value of the differential noise voltage after the transition time ¢,
is [39]:

- 3 IRy,

vy = EélkT’y Vs (5.84)
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By summing the uncorrelated noise contributions expressed by (5.81) (5.82)
(5.84) and using (5.80) to calculate the period jitter, we obtain the variance of
the period jitter:

2
2 2 Un

=2Mof, =2M-——— 5.85

or de (Ih/CL)2 ( )

g2 2T " 3 . 1, 1
T Ibfolnz 4Veffd VEffb Vop

(5.86)

Using (5.55), SSB phase noise due to white noise in the differential ring
oscillator is obtained:

2kT 3 1 1, f

_ foy2

PHASE NOISE DUE TO FLICKER NOISE Flicker noise in the differential pair
does not cause phase noise. The flicker noise of the differential pair can be
considered as an input offset voltage that varies slowly. In response to a tran-
sition in the differential input, the offset voltage either advances or retards
the rising edge, and vice-versa the falling edge. When the input offset is con-
stant over one period, it changes the duty cycle of the output without affect-
ing the period. Duty cycle variations create second harmonic. Therefore, the
flicker noise in the differential pair is upconverted to 2 fy, but does not appears
around the oscillation frequency fp.

Flicker noise in the tail current modulates the delay directly. While the
fluctuations originating in the tail current of each stage are uncorrelated, the
delay variations in all stages will add in phase and cause a large phase devi-
ation and noise. The sensitivity of the oscillation frequency to tail current kj
can be derived from (5.77) and (5.78):

_dho_h
k=g =1 (5.88)

Then the phase noise due to the noise in the bias current is obtained by using
the narrowband FM expression [32]:

i 1 f

L) = g1l = —(70

2
T )=S1(f) (5.89)
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5.3 - In-band phase noise

Using the expressions given previously for flicker noise (5.73) and (5.74), the
resulting SSB phase noise due to flicker noise in the tail current of each differ-
ential delay stage is:

(5.90)

5.3 In-band phase noise

For the frequency range smaller than the PLL closed loop bandwidth, the ma-
jor noise sources are:

1. reference noise.
2. PFD noise.
3. charge pump noise.

In the following, we analysis the in-band noise contributed by PFD and charge
pump.

5.3.1 Phase noise due to PFD

The PFD is a main contributor to the in-band PLL phase noise. Thermal noise
within the PFD gives rise to timing jitter on the edges of the output pulses.
This may be considered equivalent to a certain input timing jitter of Af sec-
onds RMS on the reference input of a noise-free PFD and can be related to an
equivalent phase jitter at the PFD input. For a PFD operating frequency of f;,
the phase jitter is given by:

Apiy = 27 fi At (5.91)

In practice, At is very small (in the order of the picosecond). The PFD, being
a sampling devices with an output pulse train of low duty cycle in a locked
loop, is a good approximation of an impulse sampler, thus, having an equiv-
alent noise bandwidth of half the sampling frequency and virtually uniform
spectral density over its frequency range. The equivalent phase noise power
spectral density can be expressed as [22]:

2
Spin(f) = 24;’; =8 f; A (5.92)
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As we will see in the next section, the phase noise transfer function of the PFD
phase noise in a closed loop PLL is equivalent to the divider ratio, N = f,/ f;,
for the frequency range within the loop bandwidth. So, the PLL in-band noise
caused by the PFD is given by:

872 AL f2
fi
This equation shows a 10 dB/decade decrease in output phase noise with the
PFD operating frequency. Therefore, it is clearly an advantage in PLL designs,

to operate PFDs at the highest possible frequency in order to reduce the in-
band noise caused by PFD.

Spout (f) = 87 fi0M*N? = (5.93)

5.3.2 Phase noise due to charge pump

The thermal noise of the charge pump current introduces phase noise in the
PLL output. Leakage current and mismatch of the charge pump in a PLL
cause spurs in the sideband of the PLL output frequency. These spurs appear
at multiples of the input reference frequency, thus are usually called reference
spur.

PHASE NOISE DUE TO THE THERMAL NOISE CURRENT OF THE CHARGE PUMP
When a PLL is in lock, the PFD generates short synchronized UP and DOWN
pulses during each reference cycle to eliminate dead zone. Both UP and
DOWN currents in the charge pump include thermal noise and flicker noise
generated by MOSFET transistors. Because the UP and DOWN pulses are
very short, the flicker noise in the UP and DOWN current can be neglected.
The equivalent average thermal noise current density over one reference pe-
riod is:

B= Rl T 599
where i;,¢p is the total noise current of the charge pump, AT is the width of
the UP and DOWN pulses and T; is the period of the input reference clock.
This average noise current is divided by the charge pump gain Ky to obtain
the equivalent phase noise A¢;,, that refers to the PFD input. Then, by using
(5.77) as for the noise of PFD, we obtain the PSD of the equivalent phase noise
at the input of the PFD:

2 (27incpAT)?

ApE = tn _ ZTnep2 ) ,
(Pln K‘% (IcpTl)z (5 95)

78



5.3 - In-band phase noise

S = Adp, _ 87215y AT f;
Thus, the PLL in-band output phase noise caused by the charge pump
noise is expressed by:

(5.96)

87%i2., AT f;N?
Sy = ——F 1 5.97
(Pout Igp ( )
Because i%ch o Icp, from this equation we see that the in-band phase noise
caused by the noise in the charge pump can be reduced by:

1. increasing the charge pump current Lep,

2. decreasing AT the width of the UP and DOWN pulses for dead zone
elimination,

3. decreasing the division factor N = %

PHASE NOISE DUE TO THE LEAKAGE CURRENT OF THE CHARGE PUMP At
low reference clock frequency, leakage effects are the dominant cause of ref-
erence spur. When the PLL is in locked condition, the charge pump will gen-
erate short alternating pulses of current with long periods in between which
charge pump is tri-stated. When the charge pump is in the tri-state, it is ide-
ally high impedance. In practice, there is parasitic leakage current through
the charge pump. The leakage current causes periodic variation of the VCO
control voltage as shown in Figure 5.11, which results in FM modulation to
the VCO. To simplify the analysis, we assume that a simple capacitor is used
as the loop filter. The voltage deviation of the VCO control line over one ref-

erence cycle is:
I
AV = 5.98
where [; is the leakage current and f; the reference frequency. The FM modu-
lation index is therefore:
_ Koo AV o choll

2fr  2Cf7
The leakage spur can be calculated from the modulation index as follows [13]:

cho I 1
iCf?

p (5.99)

LeakageSpur = ZOlog(g) = 20log(

) (5.100)
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Figure 5.11: Variations of the VCO control voltage caused by the leakage cur-
rent of the charge pump for a locked PLL.

PHASE NOISE DUE TO THE MISMATCH OF THE CHARGE PUMP A charge pump
can have mismatch between its source and sink currents, and mismatch be-
tween the turn-on times of the source and sink currents. When a PLL is in
lock, the mismatches cause unequal turn-on times for source and sink cur-
rents, that result in spurs in the VCO control voltage as shown in Figure 5.12.
The spurs of the VCO control voltage result in the spurs in the PLL output
frequency. In [13], Banerjee gives the relation between the output frequency
spur and the frequency spur of the VCO control voltage:

PLLoutput frequencyspur o 40log(FrequencyspurofVCO) (5.101)

5.4 PLL jitter and phase noise analysis

PLLs are normally used to implement a variety of timing related functions,
such as frequency synthesis, clock and data recovery, and clock de-skewing.
Any jitter or phase noise in the output of the PLL generally degrades the per-
formance margins of the system in which it resides and so is of great concern
to the designer.

Jitter and phase noise are different ways of referring to an undesired vari-
ation in the timing of events at the output of the PLL. Jitter is an undesired
perturbation or uncertainty in the timing of events. Generally, the events of
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Figure 5.12: Spikes of the VCO control voltage cause by the mismatch of the
charge pump for a locked PLL.

interest are the transitions in a signal. In [23], Kundert models jitter in a sig-
nal by starting with a noise-free signal v and displacing time with a stochastic
process j. The noise signal becomes:

on(t) = o(t+ (1)) (5.102)

with j assumed to be a zero-mean process and v assumed to be a T-periodic
function. j has units of seconds and can be interpreted as a noise in time.
Alternatively, it can be reformulated as a noise in phase, or phase noise, using;:

¢(t) = 27foj(t) (5.103)
where fo = 1/T and:
on(t) =ov(t+ M) (5.104)
27‘(f0
n [39], Abidi depicts the analytic relationship between jitter and phase noise:
- / sin’ ”f /fo (5.105)
(7fo)?

where 07 is the mean-square value of the jitter, S¢(f) is the power spectrum
density (PSD) of the phase, f is the output frequency, and Af is the frequency
offset. For white noise, a simple equation can be obtained:

L(Af) = aZAf—Jﬂz (5.106)
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where L(Af) is the PSD of the phase noise at the frequency offset Af.

The type of jitter produced in PLLs can be classified as being from one of
two canonical forms [23]. For the blocks such as the PFD, CP and FD, a tran-
sition at their output is a direct result of a transition at their input. The jitter
exhibited by these blocks is referred to as synchronous jitter, it is a variation
in the delay between when the input is received and the output is produced.
In the other side, the VCO is autonomous. It generates its output transitions
not as a result of the transitions at their inputs, but rather as a result of the
previous output transitions. Therefore, the jitter produced by VCO is referred
to as accumulating jitter, it is a variation in the delay between an output tran-
sition and the subsequent output transitions. Figure 5.13 shows a linear time-
invariant phase domain model of the PLL with representative noise sources.
These noise sources can represent either the noise created by the blocks due to
intrinsic noise sources (thermal, shot, and flicker noise sources), or the noise
coupled into the blocks from external sources, such as from the power sup-
plies, the substrate, etc. Most of them are sources of phase noise, and denoted
Prefs Pras and ¢yco, because the circuit is only sensitive to phase at the point
where the noise is injected. The one exception is the noise produced by the
PFD/CP, which in this case is considered to be a current, and denoted i,,;.
Then the transfer function from the various noise sources to the output are:

_ Gout _ Nwad

G = Gry = — " fwd 5.107
ref = Gra dref ~ N+ Grua ( )

¢out N
Goco = = 5.108
vco oo N+ wad ( )

2nG
Guop = Lot = ZCref (5.109)

Idet Ket

where Gy is the PLL forward gain defined by:

Gfuwd = 7KMK;ZH(W) (5.110)

These noise transfer functions allow certain overall characteristics of phase
noise in PLLs to be defined. As w — o, Gf,y — 1 because the VCO and low-
pass loop filter, and s0 Gyf, Gfa, Gger — 0 and Goeo — 1. At high frequencies,
the noise of the PLL is dominated by the VCO. Clearly this must be so because
the low-pass loop filter blocks any feedback at high frequencies.
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Figure 5.13: Phase-domain PLL model including the noise sources.

Asw — 0, Gfyy — oo because of the 1/ jw term from the VCO. So at DC,
Gref, Gfd — N and Gy — 0. At low frequencies, the noise of the PLL is
dominated by the reference input, PFD/CP and FD, and the noise from the
VCO is suppressed by the gain of the loop.

The noise transfer functions of the PLL suggest a design trade-off: increas-
ing the loop bandwidth suppresses more noise of the VCO , but the noise from
the reference input and the other components (PFD, CP, FD) is less suppressed;
decreasing the loop bandwidth suppresses more noise from the reference in-
put, PED, CP and FD, but the VCO noise is less suppressed.

5.5 Summary

In this chapter, we analysed the phase noise in VCO and PLL. We presented
three most important phase noise models for LC VCO: Leeson’s linear time-
invariant model, Hajimiri’s linear time-varying model and Samori’s non-linear
model. Samori’s model is the best for LC VCO phase noise analysis, and
is used for us to obtained the analytical phase noise equations for LC VCO
caused by both of thermal noise and flicker noise. The phase noise analysis of
ring oscillator based VCO is mainly based on Abidi’s model. In-band phase
noise of PLL is mainly contributed by PFD and charge-pump. For PFD, the
phase noise is mainly caused by transistor thermal noise. For charge pump,
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the phase noise is caused by thermal noise, timing mismatch and leakage cur-
rent. The deduced phase noise equations indicates the ways to minimise VCO
and PLL phase noise. In the next chapter, we will present the low phase noise
VCO and PLL design methodologies which are obtained from the phase noise
analysis presented in this chapter.
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Chapter 6

Low phase noise and low power
design techniques

In this chapter, we will present the circuit-level low phase noise design meth-
ods for LC VCO . Because LC VCO exhibits much lower phase noise than ring
oscillator based VCO, it is dominated in low phase noise PLL design. there-
fore, we concentrated on low phase noise design methods for LC VCO. In
principle, phase noise is traded off by power consumption for VCO and PLL
design. We will also present some general low power PLL design considera-
tions.

6.1 Low phase noise VCO design

The phase noise of LC VCOs are normally expressed by Leeson’s equation:

1 kT w, 2

L(Aw) = V—g?am}" (6.1)
where V, is the VCO output amplitude, C is the tank capacitance, Q is the
tank quality factor that is mainly determined by the quality factor of the on-
chip inductor, and F is the noise factor that is the constant proportionality of
the noise contributions from various circuit elements. Being circuit specific,
the noise factor is dependent on oscillator topology in terms of device sizes,

current, and other circuit parameters.
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Equation (6.1) reveals that doubling the tank capacitance while keeping
the oscillation frequency and amplitude constant, gives a 3 dB reduction in
phase noise. The physical interpretation of this result is as follows: the tank
inductance value and the series resistance has to be halved in order to keep
the oscillation frequency constant for a doubled capacitance, assuming the
quality factor of the inductor is independent on the inductor value; the phase
noise in LC-tank is mainly caused by the thermal noise of the series resistance
of the inductor because the quality factor of the tank capacitor is usually much
higher. As the resistance value is halved, the phase noise voltage at the oscilla-
tor output is reduced by a factor of v/2 or 3 dB. However, in order to keep the
oscillation amplitude constant, the current has to be doubled, which means
the power consumption of the oscillator is doubled.

In practical VCO designs, power budget is normally specified, which means
a maximum current value cannot be exceeded with a fixed supply voltage. In
these cases, doubling the tank inductance while keeping the oscillation fre-
quency and the current, gives a 3 dB reduction in phase noise. The oscillation
amplitude is given by:

V2« I,Ry = [,QwL 6.2)

The current of the oscillator is set to the maximum available value I, =
‘1;".%15 for having an oscillation amplitude as high as possible. With a doubled
tank inductance value, the effective tank resistance and the oscillation am-
plitude are also doubled, assuming the quality factor is independent on the
inductance value. For a constant oscillation frequency, the tank capacitance
value should be halved. From Equation (6.1), we see that the phase noise is
proportional to ﬁ Therefore, with a doubled oscillation amplitude and a
halved capacitance, the phase noise is reduced by 3 dB.

To reduce the phase noise, it is necessary to reduce the circuit noise factor
F. Design techniques to reduce the phase noise due to the circuit have been
widely studied and investigated in recent years. In the following we summa-
rize the low phase noise design techniques for LC-tank VCO.

6.1.1 Noise filtering

As analyzed in Chapter 5, the dominating contribution to phase noise is due
to the tail current transistor, whose noise at twice the frequency of oscillation
is down-converted into phase noise by the switching operation of the differen-
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tial pair transistors, while its low frequency noise (both white and 1/f) is up-
converted into phase noise through the nonlinearities of the LC-tank, which
transform amplitude noise into phase noise (AM-FM conversion). The use of
an on-chip LC filter can effectively suppress the noise of the noise from the tail
transistor [43] [44]. Figure 6.1 shows the schematic of a VCO with the noise
filter to suppress the noise of the tail current transistor. The capacitor Cy pro-
vides a low impedance path for the noise at 2f, of the tail current transistor.
The inductor L ensures a high impedance common node for the differential
pair. The big off-chip inductor L;; degenerates the low frequency noise by the
factor |1 + jgmwL, f|2, where gy, is the transconductance of the tail transistor
[45].

Off-chip inductor for reduce
the low frequency noise

Figure 6.1: A LC VCO with the noise filter.

However, the noise filtering technique has some disadvantages: the on-
chip inductor Ly and capacitor Cy increase the chip area; the off-chip inductor
increases the risk of noise coupling from the off-chip signals.

6.1.2 Discrete tuning with capacitor bank

From the analysis of Chapter 5, the close-in phase noise of a LC VCO is mainly
caused by AM-to-FM conversion of low frequency noise dominated by flicker
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noise in the tail current transistor. Reducing the gain of the VCO can effec-
tively suppress this noise upconversion. However, the VCO gain should be
high enough because of tuning range requirement and the process variation.
One way to reduce the VCO gain is to break the frequency band of VCO into
many subbands by using capacitor banks [46] [47]. An example of capacitor
bank switching is shown in Figure 6.2. A three-bit binary-weighted switched
capacitor bank tunes the oscillator central frequency to 8 discrete frequencies.
Then, a small MOS varactor continuously tunes the VCO frequency around
these central frequencies, giving rise to a family of overlapping tuning curves
to guarantee continuous frequency coverage over the whole tuning range.

To VCO °
/ 001

J_ 100
1c 2c / 101

/ 110
b [wn b [awn o] [awn ? 11

|_
|_

tune

Figure 6.2: A three-bit binary-weighted capacitor bank.

MOS transistors are normally used as the switch for capacitor bank. In the
on-state, the switch represents a small series resistance. The quality factor of
the switch and the capacitor is given by:

Q =1/(woCRon) (6.3)

The quality factor increases with the larger size of the switching transistor
due to the reduction of the on-resistance. The tuning ability of capacitor bank
is defined as the ratio of the on-capacitance to the off-capacitance. When the
switch is on, the capacitance is basically that of the capacitor. When the switch
is off, the capacitance drops to the series combination of the capacitor and the
parasitic capacitance of the switching transistor. Therefore, the tuning ability
decreases with the larger size of the switching transistor. A trade-off exists
between the quality factor and the tuning ability of the capacitor bank. The
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6.1 - Low phase noise VCO design

switching transistor usually has a square-gate layout in order to reduce the
parasitic drain junction capacitance and improve the tuning ability.

6.1.3 Differential varactors and differential tuning

Differential varactors controlled by a differential tuning voltage, as shown
in Figure 6.3, can be used to reduce low-frequency noise upconversion [48].
The varactors labelled with Cyar4 have capacitance that increases with the
applied voltage, while the varactors labelled with Cy,,— decrease with the ap-
plied voltage. Thus, if a differential voltage is applied, Cysr+ varactors see a
positive voltage, while Cy,,— varactors see a negative voltage. For a differen-
tial input tuning voltage, both varactors increase in capacitance. However, for
a common mode voltage, the increase in capacitance from Cy,,4 varactors is
offset by the decrease in the capacitance from the Cy,,— varactors, so the total
capacitance is unchanged. Low-frequency noise (e.g. 1/f noise injected from
the differential pair transistors or the tail current transistor) is equivalent to
a common-mode input due to the low impedance of the inductor at low fre-
quencies. Common-mode or low-frequency noise rejection is only effective
if the differential varactors are exactly symmetrical. With perfect symmetry,
the common-mode noise is completely rejected; however, for any residual er-
ror in symmetry, common-mode noise rejection is reduced. To optimize the
symmetry of the varactors, a non-zero bias voltage on the varactors is usually
required.

6.1.4 Harmonic tuned LC tank

As described by Hajimili’e phase noise model, the most noise-sensitive mo-
ment of VCOs is the zero crossing point of the VCO output voltage. The phase
noise resulting from a noise injected around the zero crossing point is propor-
tional to the voltage slope at the zero crossing point. Therefore, increasing
the slope of VCO output voltage can reduce phase noise. The VCOs with har-
monic tuned LC tank can reduce the phase noise by maximizing the slope of
the output voltage wave at the zero crossing point and by suppressing the
second harmonic at the tail node [49]. Figure 6.4 shows a LC VCO with har-
monic tuned LC tank and its output voltage waveform. The output voltage of
a VCO with harmonic tuned LC include both the fundamental and the third
harmonic frequency component and has a waveform more like a square wave.
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Figure 6.3: A differential tuning LC VCO.

Therefore, the slope of the output voltage of a VCO with harmonic tuned tank
is steeper than that of a standard LC VCO and the phase noise is reduced.

Vo

X

Qutput
voltage

Resonant at 3f,

Resonant at fy Resonant at 3fy

e

— t
(@) (b)

Figure 6.4: A complementary VCO with LC tuned tank: (a) schematic and (b)
output voltage waveform.
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6.1.5 Tail current shaping

By simply placing a capacitor C,, in parallel to the tail transistor, as shown
in Figure 6.5, the phase noise can be effectively reduced. This technique is
called tail current shaping [50]. Its basic idea is to shape the tail current into
narrower current pulse while maintaining the same average value, so that
most of the energy is delivered to the resonator at the less phase sensitive
instant and the differential pair are turned off at the most sensitive instant,
i.e., zero-crossing. Actually, the tail current shaping technique improves the
phase noise through three mechanisms:

—

. The amplitude of the oscillation is increased.

2. The drain currents are narrower pulse and injected more current when
the output is close to its peak, at which the sensitivity of the VCO’s
output phase is minimum.

3. The capacitor Cp is a noise filter for the tail current source and reduces

its contribution to the phase noise [43].

Vbias 4‘ Cp

Figure 6.5: A VCO with an extra capacitor parallel to the tail transistor for tail
current shaping.
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6.2 Low Power PLL Design Techniques

6.2.1 Low power LC VCO design considerations

The general LC resonator tank can be shown as in Figure 6.6, neglecting the
capacitor losses, because the series resistance of the inductor normally domi-
nates the tank loss.

L Rs

|
[

C

Figure 6.6: General LC resonator tank.

Using the energy conservation theorem, the maximal energy stored in the
inductor must equal the maximal energy stored in the capacitor:

2 2
CVpeuk Llpeak
—= =t (6.4)

with Ve the peak amplitude voltage of the sinewave voltage across the ca-
pacitor and I the peak amplitude current of the sinewave current through
the inductor. This current flows to the resistor R;, so the effective loss in the
tank can be calculated as:

2 2 2,,2772 2
P _ Rlpeuk _ RCVpeak o RCwg Vpeuk _ RVpeak (6.5)
loss — 2 - oL - 2 - 2L2wg .

This loss must be compensated by the active part of the VCO to sustain the
oscillation. Therefore, Py, is the fundamental minimum power consumption
of a LC VCO. The equation leads to some general conclusions for the power
consumption of any LC VCO:

1. Power consumption decreases linearly for lower series resistance of the
tank inductor.

2. For a given oscillation frequency, power consumption decreases quadrat-
ically when the tank inductance is increased or the tank capacitance is
decreased.
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6.2.2 Low power design considerations for other PLL blocks
The other general low power PLL design considerations are:

1. Using passive loop filters instead of active loop filters.

2. Using analog frequency divider with low output voltage swing, at least
for the first stage of the divider when the VCO output frequency is high,
because the power consumption of digital frequency divider dramati-
cally increases as the input frequency becomes higher.

6.3 Summary

In this chapter, we focused on circuit state-of-the-art design techniques for LC
VCO. Low phase noise design techniques, such as Noise filtering, discrete tun-
ing, harmonic tuned LC tank and tail current shaping, are introduced. Some
general low power VCO and PLL design principles are described. In the next
chapter, we will present two realized PLL design. Some low phase noise and
low power design techniques presented in this chapter are practised in these
PLL realizations.
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Chapter 7

PLL Design and Realization

Two PLL prototype chips are designed and realized by using some of the
low phase noise and low power design techniques discussed in the last chap-
ter. The first PLL is used in a Camera Link interface. The second PLL is a
fractional-N PLL used in an atomic clock system.

7.1 A low-power and low-jitter CMOS PLL for clock generation

Camera Link is a communication interface for video applications. The block
diagram of a Camera Link transmitter is depicted in Figure 7.1. It consists
of a PLL, a parallel-to-serial converter and low-voltage-differential-signaling
(LVDS) drivers. The function of the PLL is to generate a clock with a 7 times
higher frequency than that of the input reference clock. The generated clock
is used by the parallel-to-serial converter to convert the 28-bit parallel input
data into 4-bit serial data. The main design requirements for the PLL are:

1. Low output jitter. The jitter in the PLL output increases the Bit Error
Rate (BER) of the Camera Link interface. Therefore, the output jitter
should be as small as possible.

2. Wide lock range. The input data rate is not fixed. A wide lock range of
the PLL enables a flexible input data rate.

3. Low power consumption. Low power consumption is always desirable
for saving energy. This is especially important if the circuit would be
used in a portable system powered with battery.
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4. Small silicon area. Smaller silicon area reduces the costs.

LVDS driver

— DOUT+
™ DOUT-

»
P

™ DOUT+
> DOUT-

DIN —4]

™ DOUT+
™ DOUT-

A 4

MM MM

Parallel to Serial Converter

> DOUT+
™ DOUT-

h 4

+

CLK_7X

CLK PLL

A 4

l» CLK_OUT+
g—» CLK_OUT-

Figure 7.1: Block diagram of a Camera Link transmitter.

Considering the above requirements, A ring oscillator based PLL is chosen
because the VCOs based on ring oscillator allows larger lock range and needs
smaller silicon area compared to LC VCOs, although they usually have higher
phase noise. The prototype design was integrated with AMS 0.35um CMOS
process.

Since the jitter of ring oscillators is proven to be inversely proportional to
the power consumption [36] [51] [43], a trade-off between jitter and power
consumption must be found. The implemented design features simultaneous
low jitter and low power consumption thanks to:

1. A novel charge pump that effectively minimizes non-idealities such as
charge sharing, clock feedthrough, current and timing mismatches.

2. A fully differential ring oscillator based VCO that exhibits a good power
supply and substrate rejection ratio (PSRR).

3. A dynamic logic PFD and a second order passive-loop filter to reduce
the power consumption.
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Input frequency range 20 MHz - 60 MHz
Output frequency range 140 MHz - 420 MHz
Operation temperature range | -40°C - 125°C
Power supply voltage 3.3 Volt

Technology AMS 0.35 y m

Table 7.1: PLL design specification.

7.1.1 Design specification

The preliminary design specification defined by the industrial partner is given

in Table 7.1.

7.1.2 Circuit design and implementation

The block diagram of the designed PLL is shown in Figure 7.2. The compo-
nents of the PLL include a dynamic logic PFD, a low-noise charge pump, a
second order passive loop filter, a three stage differential ring oscillator based
VCO and a 1/7 digital frequency divider. The circuit design and implementa-
tion of each component is described in the following.

fiﬂ

— i ‘ Q J_ Differential
Dynamic Low-noise ) .
logic PFD charge-pump E— -|- —| ring oscillator

N T VCO

17

Frequency Divider |,

—h

out

Figure 7.2: Block diagram of the designed PLL for Camera Link transmitter.

LOW JITTER CHARGE PUMP A novel charge pump circuit as shown in Fig-
ure 7.3 is implemented for minimizing the non-idealities and achieving low jit-
ter performance [52]. Two transistors M, and M, remove most of the charges
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stored on the parasitic capacitances of nodes a and b during the turned-off
periods of UP and DN signals, thus charge-sharing effects is greatly mini-
mized [53]. The operational amplifier OPA and the transistors M1 compose
a feedback amplifier to force Vy to equal the output voltage V,,;. The current
mirror transistors M1-M8 are matched each other, resulting in matched cur-
rents: I, = I, = Iy, regardless of the output voltages [54], By carefully
designing the size of the inverters, the delays of UP and DN input path can
be matched each other regardless of the process variations [55], so that time
mismatch is minimized. Two capacitors C, and C; effectively suppress the
voltage spikes caused by clock feedthrough. Resistor R, and Capacitor C,
provide Miller compensation for the feedback amplifier. This novel single-
ended charge-pump achieves low-jitter and low-power consumption while
requiring simple design and small area. The opamp is implemented with a
single stage, symmetrical structure as shown in Figure 7.4. The bandwidth
requirement is quite low because the feedback amplifier just needs to correct
the DC offset between V, and V,,;;.

3 M4

J_—‘ 61 UP Hm

- a
Mn
110,75

0/0.35

M3
6i0.35

60 35

Mp
DN 205

M10 7 Ma
a1 ’] E‘Eﬂ |:12!1

|\}—'

Figure 7.3: Schematic of the implemented novel low-jitter charge-pump.

98



7.1 - A low-power and low-jitter CMOS PLL for clock generation
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Figure 7.4: Schematic of the opamp.

The charge-pump circuit is simulated with Cadence Spectre. Figure 7.5
shows one simulation result. In the simulation scenario, the charge-pump
receives wide DN pulses and narrow UP pulses, resulting in discharging the
output node. The spikes of the I,,; are mainly due to charge-sharing despite
the effective reducing technique.
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Figure 7.5: Simulated waveforms of the charge-pump circuit.
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DIFFERENTIAL RING-OSCILLATOR BASED VCO  The implemented VCO con-
sists of three components, as shown in Figure 7.6. The voltage-to-current con-
verter converts the input control voltage into a biasing current for the current-
controlled oscillator (CCO), which features an oscillation frequency propor-
tional to the biasing current. The level shifter converts the CCO output signal
with a small amplitude into a rail-to-rail signal, which is necessary to drive
the frequency divider.

VeraL Voltage to nbias Current Level | CLK OUT
— Current 3 controlled Shifter
Converter Oscillator
o
£
w
Q — + = + +
VREF — Eg pbias #| pbias #| pbias
g — |:|l:|ias+ 1 |71!:nias+ ™ qbias +
o
[0} | |
o i T
| I
,”/ \\ /l L\\
// \\ /:‘, \\\
/,’/ \\ .-~ Differential Delay Buffer >~
- N
_________ pbias
VREF
ouT- OUT+
IN+ IN-

nbias

Figure 7.6: VCO block diagram and schematics.

The CCO circuit consists of a fully differential three-stage ring oscillator
with a replica biasing circuit for keeping the output amplitude constant re-
gardless the biasing current [9]. The schematics of the CCO and the delay
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buffer are shown in Figure 7.7and Figure 7.8 respectively.

| pbias pbia
ol
buffer buffer

i, It
Ibias_buf_2 ias_but_3

Figure 7.7: Schematic of the CCO circuit.
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outn
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Figure 7.8: Schematic of the delay buffer circuit.

The replica biasing circuit is composed with the opamp and the transis-
tors MPO, MN2 and MN3. The feedback loop sets the MP0 gate voltage to
the reference voltage vbias so that the drain-to-source voltage of MP0 equals
(VDD-vbias). Because MP0O. MP2 and MP3 are copied from the delay buffer
and have the same biasing current as the delay buffer, the output swing of the
delay buffer is also fixed to (VDD-vbias). The nominal delay time f; of each
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buffer is expressed as:
_ szcl

Ipjas
where Vi, is the output swing of the delay buffer, C; is the total capacitive
load at the output of the delay buffer, and I;;, is the biasing current of the
delay buffer. Because Vi is held constant by the replica biasing circuit and
the capacitive load is also constant, the frequency of the oscillator has to be
adjusted by the basing current.

The delay buffer includes a source coupled differential pair with resistive
loads which are implemented by PMOS transistors operating in triode region.
It has a good ability to reject common mode noise thanks to its fully differen-
tial structure. The basic design principles of the delay buffer are summarized
here [1] [56]:

ty (7.1)

1. To ensure that the three-stage ring oscillator can oscillate, the minimum
small signal voltage gain per stage a, should be equal to 2. a, is approx-
imately equal to the ratio of the voltage swing to the overdrive voltage
of the NMOS differential input pair:

Tpias . Vsw Vew

a, = R ————— B (7.2)
O Vi Toias  Ves — Vinm

2. To keep the PMOS load transistors operating in triode region, the volt-
age swing should be smaller than the overdrive voltage of the PMOS
transistor:

Vew < (ng - Vthp) (7.3)

3. The differential input pair transistors should operate in saturation re-
gion:
(VDD - sz) = (VDD - Vthn) = Vsw < Vi (7.4)

4. The variance of the timing jitter of the buffer induced by thermal noise
can be expressed as [56]:

Csztd

o —swd 7.5)
(Vgs - Vthn)zlbias

OAty =

where C is a design independent constant. For constant output swing
Vsw and bias point of the differential NMOS pair (Vgs — Vi, ), the jitter
is reversely proportional to the power consumption. Therefore, for a
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given power specification, an oscillator with fewer stages is preferred
because each stage can have more power and has a smaller jitter. This is
why we have chosen a three-stage ring oscillator.

The design of the delay buffer follows the following steps:

1. Determine the voltage swing. The threshold voltage of the NMOS tran-
sistor in AMS 0.35 ym technology is about 0.5 Volt. Considering Equa-
tion (7.4), the output voltage swing is set to 0.4 Volt.

2. Set the biasing current of each stage: I;,s = 0.5 mA at 280 MHz (the
central frequency of the PLL tuning range).

3. Set the load capacitance of the delay buffer to 0.5 pF (including the input
capacitance and the parasitic capacitance of routing).

4. Set the small signal voltage gain of the differential pair to 3.

5. Set the bias point of the PMOS load transistor. The threshold voltage of
PMOS transistor is about 0.65 V. Considering Equation (7.3), we choose
(Vsg = Vinp) = 1.4V to ensure the PMOS load operating in linear region.

6. Calculate the size of the PMOS load transistor by the following equa-
tion:

_ Yo ! (7.6)

R = =
. W,
Tpias KPL—:(ng — Vinp — Vsw)

where K, = 58 nA/ V2 with this technology. The calculated PMOS size
is 72 = 60.

7. Calculate the size of the NMOS differential pair. For a predefined small
signal gain a, = 3 and the biasing current I;,; = 0.5 mA, the size of the

NMOS transistor can be calculated by:

7 W,
ao = gmR) = 5 . |2K, —L” Tpias (7.7)
bias n
with K, = 170 uA/ V2, the calculated size of the NMOS transistors is
W,
-t =91,
Lﬂ

The calculated transistor sizes provide a start point for the design. The actual
transistor sizes are finally determined by simulation.

The total load capacitance on the output of each delay buffer determines

the maximum output frequency of the VCO. For a given biasing current, a
larger load capacitance requires a higher biasing current in order to achiev-
ing the same maximum output frequency. With predefined biasing current
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Ipsis = 0.5 mA, the load capacitor is set to C; = 0.4 pF. With this value, the
simulated maximum output frequency is 350 MHz in the worst case. After
the post layout simulation, C; should be reduced to 0.34 pF due to the para-
sitic capacitance of the layout. With the new value of the load capacitor, the
difference between the schematic simulation and the post-layout simulation

is smaller than 5%.

The level shifter is implemented with a folded-cascade amplifier. Its schematic

is shown in Figure 7.9. The circuit is described as:

1. Transistors MN1-MN3 and MP1-MP2 form the differential input stage.

2. Transistors MP3-MP4 and MN4-MN5 form a folded-cascode stage, which
transforms differential input to single-ended output.

3. Transistors MP5 and MNG6 consist the inverter output buffer.

4. Transistors MN7-MN8 and MP6 provide the biasing current.

T

4/0.35

Figure 7.9: Schematic of the level shifter.

The simulated waveforms of the VCO circuit is shown in Figure 7.10. For
the simulation, the VCO input control voltage is set to 0.8 V. The simulated
VCO output frequency is 261 MHz, and the simulated output voltage ampli-
tude is about 0.25 V.

Figure 7.11 shows the 8 corner simulation results. These corner simula-
tions simulate the VCO with variations of process, supply voltage and tem-
peratures. For the worst case (case4), the maximum VCO output frequency
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is 350 MHz.The range of the VCO control voltage is limited by the output
voltage range of the charge pump, which is about 0.5V -2.4 V.

Figure 7.12 compares the schematic simulation results and the post-layout
simulation result under the typical simulation conditions. The difference be-
tween both simulations is small than 5%.
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Figure 7.10: The waveforms obtained from the VCO transient simulation. Up-
per: the outputs of the VCO, Lower: the output of the lever shifter.

PHASE-FREQUENCY DETECTOR Figure 7.13 shows the schematic of the im-
plemented phase-frequency detector (PFD) based on dynamic logic circuit
[10]. This PFD needs fewer transistors and consumes less power compared
to the conventional PFDs based on the static logic circuit. The sizes of the
transistors are given in Table 7.2. Figure 7.14 and Figure 7.15 show the simu-
lated waveforms.

Loop FILTER The schematic of the loop filter is shown in Figure 7.16. The
implemented loop filter is a second-order passive low-pass filter. When the
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Figure 7.11: Corner simulation results of the VCO output frequency in func-
tion of the input control voltage.

global reset signal nreset is active, the loop filter output voltage vctrl is set
to the initial voltage vinit. As described in Chapter 2, the bandwidth and
stability of the PLL is dependent on the impedance of the loop filter. As a rule
of thumb, the maximum loop bandwidth of a charge pump should be lower
than 1/10 of the input reference frequency. In our design, we choose the loop
bandwidth that equals to 1.25 MHz considering the minimum input reference
frequency of 20 MHz. The values of the capacitors and resistor of the loop
filter can be calculated with the following equations [57]:

. sTp+1
Zloop/zlter(s) - S(ST1 T 1)(C0 ¥ Cl) (7.8)
T, — secPpm — tandpm 79)
! Whw '
1
Top=— (7.10)
wble
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Figure 7.12: Comparison of the schematic simulation and the post-layout sim-
ulation of the VCO.

MNO, MN3-MN4, MN7-MN11 2/0.35
MN1-MN2, MN5-MN6 4/0.35
MP0-MP2, MP5-MP7, MP10-MP13 | 4/0.35
MP3, MP8 2/0.35
MP4, MP9 6/0.35

Table 7.2: The transistor sizes of the PFD.

_ Tl ICJ Koeo 1+ (wbwTO)z

= —= 7.11
1 Ty 27T Tled 1+ (wble)2 ( )
T
Co = cl(?0 —1) (7.12)
1
To
Ry = — 7.13
0= G, (7.13)

where I, = 20 pA is the charge pump current, Kyeo = 220 MHz is the VCO
gain, N¢; = 7 is the division ratio of the frequency divider, wy,, = 1.25 MHz
is the loop bandwidth and ¢, = 50 degrees is the loop phase margin. With
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Figure 7.13: Schematic of the PFD.
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Figure 7.14: Simulation of the PFD with f,x = f,cx and rck is 5 ns before vck.
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Figure 7.15: Simulation of the PFD with 60 MHz synchronized input signals.

these predefined parameters, the values of the loop filter components are ob-
tained: Ry = 18 kohm, Cyp = 24.3 pF and C; = 3.7 pF. Considering the para-
sitic capacitance at the VCO input and the connection line, the final value of
C, is set to 3 pF. Table 7.3 summarizes the values of the components.

i
S
g, ]

I ﬁm -

Figure 7.16: Schematic of the loop filter.
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FREQUENCY DIVIDER The schematic of the frequency divider is shown in
Figure 7.17. It is a pure digital circuit and implemented with the standard
cells from the AMS library. The transient simulation results of the designed
PLL is shown in Figure 7.18.
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MNO, MN1 | 4/0.35
MN2 10/0.35
MP1, MP2 | 4/0.35
RO 18kO
C0 24 pF
C1 3pF

Table 7.3: The values of the loop filter components

Figure 7.17: Schematic of the frequency divider.
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Figure 7.18: Transient simulation of the frequency divider with a 450 MHz
input clock.
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7.1.3 Layout and post-layout simulation

The layout of the whole PLL is shown in Figure 7.19. The area of the layout
is 410 x 210 wm?. Half of the chip area is occupied by the loop filter due
to its large capacitor. The three delay buffers in the VCO are symmetrically
layouted to improve common mode noise rejection ability.

A transient simulation with the whole PLL including the extracted para-
sitic capacitance and resistance due to the layout was performed. Figure 7.20
shows the simulated VCO input control voltage. The lock time of the VCO is
about 1.5 ps.

Fregue ioyunEe 1

Loop fitter

210 um

Figure 7.19: The layout of the PLL chip.

7.1.4 Measurement and characterisation

A special test board shown in Figure 7.21 was developed for characterizing
the designed PLL circuit. LeCroy serial data analyzer SDA 6020 was used for
the measurement. Three chips were measured.

At first, The VCO was tested with an external input control voltage. The
test shows that the vco output frequency is a linear function of the input con-
trol voltage in the range of 50 MHz - 550 MHz, and the VCO gain is about 205
MHz/V. The test results are close to the simulation results. Figure 7.22 shows
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Transient Responss
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Figure 7.20: Post-layout transient simulation of the VCO input voltage.

the measured VCO output frequency in function of the input control voltage
under different temperatures.

Figure 7.21: PLL test board.

The measurement shows that the PLL has a lock range from 100 MHz -
560 MHz at room temperature (25°C). The measured root-mean-square jitter
is 7 ps at 350 MHz output frequency, and the peak-to-peak jitter is 65 ps at 350
MHz output frequency as shown in Figure 7.23.
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VCO output frequency in function of the controlvoltage
and temperature (chip2)
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Figure 7.22: Measured VCO output frequency in function of the input control

voltage.

Sample
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Measure P1:period(C1) P2 freq(C1) P3range(F1) .
value 2864 ns 3482 MHz B5 ps Period
mean 285715 ns 350.001 MHz 63.31 ps

min 2828 ns 3456 MHz 45ps

mx 2893ns 353.7 MHz 65 ps

sdev 7T09ps 869 kHz 274 ps

num 566 676e+3 566 676e+3 162

Figure 7.23: Measured period jitter of the PLL.
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7.1.5 Conclusion

Table 7.4 summarizes the measured parameters of the realized PLL and com-
pares them with some similar PLL designs.

The realized PLL exhibits an optimal jitter-power consumption product,
while occupying a significant smaller area and featuring a larger lock range.
The achieved low jitter performance of this PLL benefits from using the fol-
lowing techniques:

1. The fully differential structure of the VCO minimizes the common mode
noise.

2. The bias transistor and the differential pair of the VCO delay buffer are
designed to have large effective gate voltages to reduce the jitter accord-
ing to the jitter analysis in chapter 5.

3. The novel charge pump is designed to minimize the charge sharing, mis-
match and leakage current, therefore, the jitter caused by charge pump
is largely reduced.

this work | [58] [59] [60]
Nominal freq. (MHz) | 350 340 300 270
RMS jitter (ps) 71 8.4 3.1 4
P-P jitter (ps) 65 62 22 32
Power cons. (mW) 12 100 44 24
Lock range (MHz) 100-560 340-612 | 300-400 | 100-500
VDD (Volt) 3.3 2.5 3.3 1.8
Area (mm?) 0.09 0.67 4 0.16
Technology (ym) 0.35 0.4 0.6 0.18

Table 7.4: Performance comparison of the realized PLL with some published
PLLs.

7.2 A 1.5 GHz fractional-N PLL for frequency synthesis

The goal of this second realization is to develop an integrated low-power PLL
suited for atomic clock applications. The main system specifications are:

1. The whole PLL is realized into a CMOS or BiCMOS process with a min-
imum number of external components.
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2. Low power consumption. The total power consumption is in order of
20 mW.

3. Generating a signal to be used in a wide range of applications covering
Rubidium and Cesium based atomic clocks suitable for CPT techniques
and microwave interrogation techniques.

4. Frequency tuning resolution = 1 Hz. This specification means that a -
A fractional-N PLL has to be implemented in order to realize a small
frequency tuning resolution with a large PLL loop bandwidth.

5. PLL output phase noise < 100 dBc/Hz @ 100 MHz.

6. Supply voltage range 1.5 - 1.8 Volt.

The basic block diagram of the PLL is shown in Figure 7.24. The prototype
chip includes a PFD, a charge pump, a VCO, a 1/8 frequency prescaler and a
RF output buffer. The Multi-Modulus Divider (MMD) with a X-A modulator
is a pure digital circuit and is implemented on a FPGA that can be flexibly
programmed.

10 MHz input_|
reference | PFD CP . LF | VCO BUF —— RF output

DIV8
1/8

test chip

Multi-modulus divider

Mash A-Z modulator FPGA

Figure 7.24: Block diagram of the PLL.

7.2.1 System-level simulation of the PLL

Before starting to design the PLL in transistor level, it is preferred to make
some simulations at system level in order to determine some important pa-
rameters, such as PLL loop bandwidth, VCO phase noise, the order of X-A
modulator, the transfer function of the loop filter and the charge pump cur-
rent, according to the specifications.
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TRANSFER FUNCTION LEVEL SIMULATION The first step is to running sim-
ulations at the transfer function level with a program named PllDesign [61].
PllDesign allows fast and straightforward design of phase locked loops at the
transfer function level. In particular, the program takes as input a desired
closed loop transfer function description and then automatically calculates
the open loop parameters that must be chosen to achieve the design. The re-
sulting closed loop pole/zero locations, transfer function, and step response
can be plotted out. The impact of non-idealities, such as open loop gain and
open loop pole variations, parasitic poles and zeros, on the closed loop re-
sponse can be explored by simply entering the variation values into the tool
and observing the resulting closed loop pole/zero locations, transfer function,
and step response. In addition, an estimation of PLL noise performance can
be viewed by entering noise parameters, such as the magnitude of detector
noise and VCO noise, and observing the resulting phase noise and rms jitter
at the PLL output.

For the designed PLL, Table 7.5 lists the pre-defined parameters for sim-
ulation. The in-band noise represents the total noise generated from the com-
ponents inside PLL except the VCO and the X-A modulator, and is assumed
being dominated by white noise. The third pole of the loop filter is assumed
to be at 600 kHz. The definition of the PLL closed loop bandwidth involves
a trade-off between the suppression of in-band noise and the suppression of
the VCO noise because the PLL behaves as a low-pass filter for the in-band
noise, and as a high-pass filter for the VCO noise. Figures 7.25 - 7.27 show the
simulated phase noise with the different loop bandwidth settings. From the
simulation results, we conclude that the best choice of the loop bandwidth
is 120 kHz because both of the X-A noise and the VCO noise are well sup-
pressed. For the frequency range much lower than the loop bandwidth, the
phase noise is dominated by the in-band noise. For the frequency range much
higher than the loop bandwidth, the phase noise is dominated by the X-A
modulator noise.

SIMULATION AT BEHAVIOR MODEL LEVEL  The behavior simulations are made
with a simulator named CppSim [62]. CppSim is a general behavior simula-
tor that leverages C++ language to achieve very fast simulation time, and a
graphical framework to allow ease of design entry and modification. At first,
we simulated the behavior of a PLL with a third-order X-A modulator and
a third-order loop filter. The parameters for the simulation are the same as
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Input reference frequency (MHz) | 10
Output frequency (GHz) 1.5179
VCO tuning gain (kHz/V) 500
Charge pump current (A) 100
In-band noise (dBc) -100
Order of X-Amodulator 3
Order of loop filter 3

Table 7.5: Configuration of the PLL simulation.

those defined in Table 7.5. Figure 7.28 shows the simulated transient behav-
ior of the VCO control voltage. Figure 7.29 shows the simulated phase noise
of the PLL output.

For comparison, we simulated also the PLL with a third-order X-A modu-
lator and a second-order loop filter. Figure 7.30 and Figure 7.31 show the sim-
ulated VCO control voltage and the output phase noise respectively. In this
case, the VCO control voltage is much more noisy than the plot of Figure 7.28,
and the output phase noise is increased due to insufficiently suppressed noise
generated by the X-Amodulator. So, we conclude that a third-order loop filter
is absolutely necessary for a PLL with a third-order X-Amodulator.

SIMULATIONS OF THE EFFECTS DUE TO MISMATCH AND LEAKAGE CURRENTS
OF CHARGE PUMP  Usually charge pumps in PLLs exhibit nonidealities, such
as mismatch between UP and DN current, leakage current, etc. With CppSim,
we can simulate the effect due to mismatch and leakage current of the charge
pump. We assume the mismatch current is 1% of the nominal current of the
charge pump, which is 100 pA. Figure 7.32 shows the simulated phase noise
with 1 pA mismatch current. Figure 7.33 shows the simulated phase noise
with 1 pA mismatch current and 100 pA leakage current. The phase noise
increases about 7dBc inside the loop bandwidth in comparison with the phase
noise shown in Figure 7.29. The leakage current has negligible effect on the
output phase noise.

From the above simulations at the system level, we determined and con-
firmed some system parameters:

1. The PLL loop bandwidth is about 120 kHz.
2. A third-order loop filter is necessary for suppressing the noise of the
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Figure 7.25: Simulated PLL output phase noise with 100 kHz loop bandwidth.

~-A modulator.
3. the charge pump current is 100 #A assuming the mismatch current is
1% and in-band noise < -100 dBc.

7.2.2 Schematic and layout design of the prototype chip

The prototype chip was designed with UMC CMOS 0.18 ym RF process. The
main block diagram of the chip was already shown in Figure 7.24. This section
presents the detailed schematic design of each blocks.

DESIGN OF THE VCO The VCO is one of the the most critical components
in this PLL. The VCO design specifications are given in Table 7.6. Because
the gain of the VCO is as low as 500 kHz/V, it may be assumed that the
PLL output phase noise is mainly contributed by the VCO. According to the
phase noise theory presented in Chapter 5, the closed-in phase noise of LC
VCOs is caused by the upconversion of flicker noise of the biasing transistors
and the differential pair transistors. Since PMOS transistors have ~ 10 dB
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Figure 7.26: Simulated PLL output phase noise with 120 kHz loop bandwidth.

lower flicker noise compared to that of NMOS transistors for a typical 0.18
pum CMOS process, PMOS only VCOs can achieve better phase noise perfor-
mance [29].

The schematic of the VCO is shown in Figure 7.34. The PMOS differen-
tial pair (PM1 and PM2) generates the negative resistance to compensates for
the resistive loss of the LC tank. The transistor PMO provides the bias cur-
rent for the differential pair. The capacitor C1 is added to the common mode
node of the tail current transistor to suppress common mode node variations,
which result in flicker noise upconversion of the differential pair [41]. PM3
and PM4 are common-source connected output buffers for the measurement
of the VCO. The inductors and the varactors are provided by the technology
library [63]. The quality factor of the inductors at 1.5 GHz is about 5. Because
the minimum varactor from the library is still too large to achieving the VCO
gain as small as 1 MHz/V, two small series capacitors are put between the var-
actors and the differential pair output nodes. According to the specifications,
the VCO gain is about 1 MHz/V. However, process, supply voltage and tem-
perature variations will cause the frequency shift far from the target central
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Figure 7.27: Simulated PLL output phase noise with 150 kHz loop bandwidth.

frequency. A coarse frequency tuning is implemented with a 7-bits digitally
controlled capacitor bank.

The design procedure is described as follows:

1. Determine the tank inductor. According to [64], the tank loss is mainly

120

caused by the resistance of the inductor and can be expressed as:

peak (7.14)

where V), is the peak amplitude voltage of the VCO output, Q is the
quality factor of the inductor, and w is the oscillation frequency. Vg is
usually designed with the maximal value to minimize the phase noise.
The maximal value of V}.;x depends on the power supply voltage. The
oscillation frequency is specified and cannot be changed. As analyzed
in Chapter 6, a larger tank inductor results in less power consumption.
In this design, the maximal inductor value that can be used is limited by
the total tank capacitance.
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Figure 7.28: Transient response of the VCO control voltage of the PLL with a
3rd order £-A modulator and a 3rd order loop filter.

2. Determine the values of the capacitors and varactors. The varactors are
taken from the UMC library and realized by MOS transistors working
in the accumulation mode. The minimum varactor from the library is
taken due to the extremely low VCO gain. However, the simulations
showed that even the minimum varactor was still too large to achieve
the specified VCO gain. Therefore, a small series capacitor is inserted
between the varactor and the VCO output node in order to reduce the
VCO gain. The capacitors for the digitally controlled capacitor bank
are also taken from the UMC RF library. The smallest capacitor from
the library is still too large for the tuning resolution. The unit capaci-
tance of the bank is realized with 3 minimum size capacitor connected
in series. The switch transistor is also taken from the library. There is
a trade-off for choosing the size of the switching transistor. A switch-
ing transistor with large size has small turn-on resistance and is better
for the overall quality factor, but it has a large source capacitance, that
reduces frequency tuning range.

3. Determine the PMOS transistor size of the differential pair. The differ-
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Figure 7.29: Simulated output phase noise of the PLL with a 3rd order £-A
modulator and a 3rd order loop filter.

ential pair generates a negative resistance given by:

2
Rneg = ng (7-15)

where gy, is the effective transconductance per transistor. The start-up
condition of the VCO requires:

gmRp =1 (7.16)

where Ry, is the total parallel resistance of the LC tank. The transistors
have the minimum length to reduce the parasitic drain capacitance.

The values of the components are finally determined through simulations and
are summarized in Table 7.7.

Figure 7.35 shows the simulated VCO frequency in function of the VCO
control voltage with the different coarse tuning bits. The simulated coarse
tuning range of the VCO output frequency is about 150 MHz (from 1.46 GHz
to 1.61 GHz). The fine tuning gain is 1.04 MHz/V for the lowest coarse tuning
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Figure 7.30: Transient response of the VCO control voltage of the PLL with a
3rd order X-A modulator and a 2rd order loop filter.

band (D6-DO0 = 1111111) and 1.6 MHz/V for the highest coarse tuning band
(D6-D0 = 0000000).

The simulated phase noise curves for different bias currents between 4
mA and 20 mA are shown in Figure 7.36. The phase noise at 100 kHz from
the carrier is about -105 dBc. At 100 kHz from the carrier, smaller bias current
is better for phase noise. At 1 MHz from the carrier, the larger bias current
results in smaller phase noise.

Figure 7.37 shows the simulated VCO differential output swing in func-
tion of the VCO bias current. The differential output swing linearly increases
as the bias current goes higher at the beginning, and becomes saturated as it
approaches 2VDD.

DESIGN OF THE PRESCALER  The VCO output is divided by eight by a prescaler
before it is connected to the ¥-A multi-modulus-divider (MMD). As shown
in Figure 7.38, the prescaler consists of three serially connected divide-by-2
stages and two output buffers.

The output buffers convert the low swing output of the last divide-by-2
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Figure 7.31: Simulated output phase noise of the PLL with a 3rd order £-A
modulator and a 2rd order loop filter.

stage into a rail-to-rail signal. It is essentially a CMOS inverter that has resis-
tive feedback to its input to provide DC biasing. The input signal is AC cou-
pled to the inverter through a capacitor. The coupling capacitors C1 and C2
are selected to be much larger than the parasitic capacitance at the inverter in-
put, so that the input signals are almost not attenuated. The feedback resistors
R1 and R2 have to be large enough, so that the high frequency components
of the inverter output do not affect the inverter input. Table 7.8 presents the
values of the components of the output buffer.

The divide-by-2 stages are implemented with CML circuit as introduced
in Chapter 3. Figure 7.39 shows the schematic of the divide-by-2 stage. The
divide-by-2 stage consists of two CML D-flip-flops (DFF) connected in feed-
back with each other. The first DFF is implemented with MN1-MN6 and R1-
R2. The second is implemented with MN7-MN12 and R3-R4. The basic op-
eration principle of the DFFs is explained as follows. When the input signal
VIN+ is high and VIN- is low, MN5 is on. Thus, the differential pair MN1
and MN2 compares the input signals on their gates, and passes the results
to the output nodes. When the VIN+ becomes low and VIN- becomes high,
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Figure 7.32: Simulated phase noise with 1% mismatch current of charge
pump.

MNS5 is off and MNG6 is on. The cross connected pair MN3 and MN4 acts in
positive feedback as a latch. During one cycle of the input clock signal, the
output of the DFF changes only once (either from high to low, or from low to
high). So, the output frequency is half the input frequency. The input signal
of the divider-by-2 stage is AC coupled through C1 and C2. The bias current
is sinked into diode-connected MN13, whose gate voltage sets the DC voltage
of the input signal.Table 7.9 lists the values and sizes of the components.

Figure 7.40 shows the outputs waveforms of the divide-by-2 stages and
the output buffer from a transient simulation with VDD=1.5 and 1.5 V peak-
to-peak differential input signal. The simulated current consumption is given
in Table 7.10.

DESIGN OF THE LOOP FILTER The schematic of the loop filter is shown in
Figure 7.41. The implemented loop filter is a third-order passive loop filter.
When the global reset signal nreset is active, the loop filter output voltage vctr!
is set to the initial voltage vinit. The procedure to calculate the values of the re-
sistors and the capacitors is given in [57]. The parameters used for calculaton
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Figure 7.33: Simulated phase noise with mismatch and leakage current of
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Figure 7.34: Schematic of the VCO.

are summarized in Table 7.11. f,» and f,3 are the frequencies of the second
and the third poles, respectively. Table 7.12 lists the values of the components
of the loop filter. Capacitor C3 of the third pole is assumed to be given by the
parasitic capacitance on the node.
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Frequency (GHz) 1.518
Power consumption (mW) | 5
VDD (V) 1.5-18V

coarse tuning range (MHz) | 128
Fine tuning range (MHz) 1
Phase noise (dBc) -100 @ 100 kHz

Table 7.6: The VCO design specifications.

Inductor 2.1nH
W/L of varactor 120/1
C1,C2 100 fF

C unit 103/3 fF

W/L of PM1, PM2 | 100/0.18
W/L of the switch | 50/0.18
w/L of PMO 350/0.5
W/L of PM3,PM4 | 25/0.18

Table 7.7: Component values of the VCO.

DESIGN OF THE CHARGE PUMP  The schematic of the charge pump is shown
in Figure 7.42. The sizes of the transistors are given in Table 7.13. When
the signal DN is high, the differential pair MN2/MN3 steers the whole bias
current to the right side. Then, through the current mirrors, the current is
passed to the output. The same case happens when the input signal UP is
high. MN5-MNB8 and MP3-MP6 are cascode current mirrors with wide output
swing.

W/L of MP1 and MP2 | 4/0.18
W/L of MN1 and MN2 | 4/0.18
R1 and R2 54 kQ)
Cland C2 607 fF

Table 7.8: The component values of the output buffers of the prescaler.

127



PLL Design and Realization - 7

W/L of M1 and M2 | 25/0.18

W/L of M3 and M4 | 25/0.18

W/L of M5 25/0.18

W/L of M6 25/0.18 fF
25/0.18 (1st stage)

MN13 100/0.18 (2nd stage)
100/0.18 (3rd stage)
3 kQ) (1st stage)

R1-R4 3.7 kQ) (2nd stage)
5.75 k() (3rd stage)

R5 and R6 127 kO

Cland C2 305 fF

W/L of PM3,PM4 | 25/0.18

Table 7.9: The component values of the divider-by-2 stages.

Average Current (mA)
1st stage 222
2nd stage 1.61
3rd stage 1.2
output buffers | 0.46
total 5.5

Table 7.10: The simulated current consumption of the divide-by-2 stages with
an 1.5 GHz input frequency.

fin 10 MHz
fout 1.5 GHz
Loop BW 120 kHz
phase margin | 50 degree
Koco 1 MHz
Iy 200 pA

f 3 / f P2 5

Table 7.11: PLL design parameters.
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Figure 7.35: Simulated VCO output frequency with Ibias = 6 mA and VDD =
1.8 V.

DESIGN OF THE PFD  The PFD is a dynamic logic circuit as already used in
the first chip. The schematic of the PFD is shown in Figure 7.43. The values of
the components are given in Table 7.14.

TEST CHIP AND LAYOUT The block diagram of the test chip is shown in Fig-
ure 7.44. The chip includes a bandgap to generate the reference voltage, and
a biasing block to provide the bias currents for the other blocks. The VCO
control voltage can be provided from an external source when measuring the
VCO alone. The charge pump current, the bias current of the VCO and the
prescaler bias current can be adjusted through the external resistors connected
to the pads ICP, IVCO and IDIV.

Figure 7.45 shows the layout of the test chip. The size of the PLL core is
1420 x 940 pm?. The total chip size including the pads is 1985 x 1488 um?.
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Figure 7.36: Simulated VCO phase noise with different bias currents and D6-
DO = 1000000.

7.2.3 Measurement of the test chip

The test chip has been measured and characterized with a specially designed
PCB.

MEASUREMENT OF THE VCO The measured VCO output frequency is par-
tially listed in Table 7.15. The comparison between the measurement results
and the simulation results is summarized here:

1. The measured VCO tuning range is from 1.28877 GHz to 1.45486 GHz,
which is about 10% lower than the simulated tuning range (1.46 GHz -
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Figure 7.37: Simulated VCO differential output swing in function of the bias
currents, D6-D0 = 1000000, VDD = 1.8 V.
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Figure 7.40: The simulated output waveforms of the divide-by-2 stages and
the output buffer of the prescaler.
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1.61 GHz). This can be explained as the parasitic capacitance reduces the
output frequency range. The simulations with the extracted resistance
and capacitance of layout show a frequency tuning range of 1.376 GHz
-1.479 GHz.

. The measured VCO gains for the different coarse tuning codes are be-

tween 100 kHz/V - 200 kHz/V, whereas the schematic simulations show
the gains between 1 MHz/V - 1.3 MHz/V. The measured gains are 6 to
10 times smaller than the simulated gains. One possible reason for gain
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MPO 2/0.18
MP1-MP3 | 1/0.18
MNO-MN3 | 1/0.18

C0 5.35 pF
Cl 0.74 pF
RO 763 kQ)
R1 229 MO

Table 7.12: The calculated component values of the loop filter.
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Figure 7.41: The schematic of the loop filter.

Figure 7.42: The schematic of the charge pump.

reduction is that the simulation model of the varactor is not correct be-
cause the vacractor is not biased in the valid biasing voltage range. The
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MNO 10/2
MN1, MN12 20/2
MN2-MN3, MN13-MN14 | 10/0.24
MN4 5/0.5
MN5-MN8 20/0.5
MN9-MN11 20/1.5
MP0-MP2, MP8-MP9 20/1.5
MP3-MP6 30/0.3
MP7 5/0.3

Table 7.13: The transistor sizes of the charge pump.

MNO0-MN2, MN4-MN6, MN8-MN9 | 1/0.18
MN3, MN7 2/0.18
MN10-MN11 1/1
MP0-MP2, MP4-MP7, MP9-MP11 2/0.18
MP3, MP8 2/0.24
MP12-MP13 2/1

Table 7.14: The transistor sizes of the PFD.

varactors in the VCO is biased between -VDD to 0 V. In the redesign, it
may be better to bias the varactors between -0.5VDD to +0.5VDD.

3. The measured VCO output frequencies are not continuous between the
frequency bands set by the coarse tuning codes. This is because of the
small VCO gains. For the redesign, the gain of the VCO should be in-
creased, and the overlap between the adjacent frequency bands should
be large enough.

The measured VCO phase noise is -97.4 dBc/HZ at 100 kHz from the car-
rier as shown in Figure 7.46. It is about 6 dB higher than the simulated value.
The possible reasons for this phase noise degradation is:

1. The parasitic capacitance, which mostly comes from the capacitance
coupling to the substrate and is not extracted for the simulation, could
have low quality factor and increases the phase noise.

2. The varactors are not well biased and their quality factor could be lower
than that used for the simulation.
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Figure 7.43: The schematic of the PFD.

3. The high frequency output buffer includes external inductors and ca-
pacitors on the PCB. The additional off-chip noise could be introduced
through these component and increase the measured phase noise.

4. The error of the instrument used for the phase noise measurement. It
would be better to measure a reference VCO with the known phase
noise in the future.
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Figure 7.44: Block diagram of the PLL test chip.

Figure 7.45: Layout of the PLL test chip.
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Vetrl (V) | foco (GH2) | foco (GHZ) | foco (GHZ) | foco (GHZ) foco (GHz) foco (GHz)
D6-D0=0 | D6-D0=1 | D6-D0 =62 | D6-D0 =63 | D6-D0 =126 | D6-DO0 = 127
0.2 1.45474 1.45301 1.36026 1.36790 1.28891 1.28877
0.4 1.45476 1.45303 1.36934 1.36798 1.28894 1.28880
0.6 1.45477 1.45304 1.36939 1.36803 1.28898 1.28885
0.8 1.45478 1.45305 1.36940 1.36804 1.29002 1.28889
1.0 1.45480 1.45307 1.36949 1.36813 1.29004 1.28891
1.2 1.45482 1.45308 1.36953 1.36817 1.29010 1.28896
14 1.45486 1.45313 1.36956 1.36819 1.29013 1.28900

Table 7.15: Measured VCO output frequency for several coarse tuning codes.
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Figure 7.46: The measured VCO output phase noise.

7.2.4 Measurement of the PLL

With a frequency divider implemented in a FPGA, the test PLL chip can be
connected in a closed loop and measured. The output phase noise of the

137



PLL Design and Realization - 7

closed PLL is -87 dBc at 100 kHz offset from the carrier as shown in Fig-
ure 7.47. Because of the reduced VCO gain, the closed loop bandwidth of
the PLL is much smaller than the designed value (120 kHz). The phase noise
out of the bandwidth frequency should be dominated by the VCO noise only
if the PLL is well locked. However, the measured PLL phase noise is 10 dB
higher than the measured VCO noise. The reason for this noise increase is not
clear. One possibility is that the PLL was not locked so that the phase noise
due to the PFD, the charge pump and the frequency divider were added to
the PLL output phase noise with the VCO noise together.

ilent Phase Noise - Log Plot

ALIGN SUTO |07:29:20 AM Jun 12, 2008
Carrier Freq: 1.455011868 GHz MNoise Correction: Off
F ——  Trig:Free Run
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Frequency Offset

Figure 7.47: The measured output phase noise of the PLL.
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7.2.5 Conclusions

The measurements showed some performance degradations compared to the
schematic simulations. The most serious problem is the low VCO gain, which
is mainly caused by an design error in the multiplexer. The multiplexer is
used to select the source of the VCO control voltage, which is either from
the external input out of the chip or from the loop filter output. The error
in the multiplexer causes the VCO control voltage is largely attenuated. On
the other hand, the parasitic capacitance due to the layout further reduced
the VCO gain. The VCO phase noise is 6 dB higher than the simulation. The
possible explains are: (a) The VCO parasitic capacitance to the substrate has
low quality factor, and was not simulated (b) The varactor is not biased on
its best operating range, and was not well simulated. The PLL phase noise
is even worse than the VCO because it could not go into lock due to the low
VCO gain.
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Chapter 8

Conclusions

The main focus of this thesis has been on study, analysis and design of low
phase noise, low jitter and low power CMOS PLL. The dominated phase noise
source in a PLL is the VCO. The other blocks, such as PFD and charge-pump,
contribute to in-band phase noise. Understanding the generating mechanism
of phase noise in VCO and other PLL blocks is the theoretic basis to design
low phase noise PLLs.

In this thesis, the phase noise mechanism of VCOs, including both of ring-
oscillator based VCO and LC tank based VCO, were deeply studied and an-
alyzed. Three important VCO phase noise models, Leeson’s linear model,
Hajimiri’s time-variant model and Samori’s non-linear model, were studied
and compared. Samori’s model turned out to be the best for analyze the
phase noise of LC VCO, because it can explain phase noise generated from
both of thermal noise and flicker noise, and can be used to easily derive an-
alytic phase noise equations. The key point of Samori’s phase noise theory
is that the transconductor switching between the cross-coupled transistors in
LC VCOs causes a spectrum folding of the wide band noise , such as white
noise, into the frequencies near the resonant frequency. The low frequency
noise, such as flicker noise, is up-converted into the frequencies around the
oscillation frequency mainly due to the two mechanisms: (a) The oscillation
frequency is not only dependent on the L and C values of the LC tank, but also
dependent on the bias current, resonant frequency. (b) The flicker noise in the
tail current causes the random amplitude modulation (AM), and this random
AM modulates the effective capacitance of the varactor, thus converting AM
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to FM. The phase noise analysis results in some general design guidelines for
the optimisation of phase noise performance:

1. The quality factor Qp, of the tank inductor should be as high as possible.

2. The oscillation amplitude has to be as large as possible. Using the maxi-
mum bias current allowed by the power budget, and operating VCOs in
the edge of voltage limited region can effectively achieve the available
maximum amplitude.

3. The gain of the VCO has to be as small as possible in order to minimize
flicker noise up-conversion.

4. The flicker noise in the tail transistor is the main contributor to the close-
in phase noise.

Abidi’s model was studied for the phase noise and jitter process in CMOS
inverter-based and differential ring oscillators. A time-domain jitter calcula-
tion method is used to analyze the effects of white noise, while random VCO
modulation is used for flicker noise. Analysis showed that in differential ring
oscillators, white noise in the differential pairs dominates the jitter and phase
noise, whereas the phase noise due to flicker noise arises mainly from the tail
current.

The analysis of PLL in-band phase noise caused by PFD and charge pump
turned out that operating them in the highest possible frequency is a direct
way to minimize jitter and phase noise. The non-linearities of charge pump
have to be minimized to reduce phase noise.

Several practical design techniques for reducing the phase noise of CMOS
LC VCO were presented in this thesis. Noise filtering technique can be used
to reduce the phase noise due to tail transistor. Discrete tuning can reduce
VCO gain so that the close-in phase noise due to AM-FM up-conversion is
minimized. Harmonic tuned LC tank can reduce phase noise through increas-
ing the slope of the VCO output at the crossing point. Tail current shaping can
reduce phase noise through shaping the tail current into narrower current, so
that most of the energy is delivered to the resonator at the less phase sensitive
instant.

Two prototype PLLs were designed and realized. The first PLL chip was
realized with AMS 0.35 ym CMOS process and applied as clock generator in
a LVDS transmitter. A novel low noise charge pump was designed to mini-
mize the non-linearities, such as mismatch, charge sharing and leakage cur-
rent. The differential ring oscillator based VCO were designed to achieve
low jitter and wide tuning range. The PFD based on dynamic logic circuit

142



8.1 - Future works

and the passive loop filter are preferred for low power consumption. The
PLL achieved an optimal jitter-power consumption product while occupying
a small area and featuring a large locking range (140 - 560 MHz). The mea-
sured rms jitter was 7 ps at 350 MHz output frequency. The PLL consumed 12
mW with 3.3V power supply, and occupied 0.09 mm? silicon area.

The second chip was a 1.5 GHz fractional-N PLL and realized with UMC
0.18 pm CMOS process. It was used as a reference frequency in an atomic
clock system. The most challenging specifications are its low close-in phase
noise and extremely low VCO gain of 1 MHz/V. A PMOS-only LC-tank based
VCO with a 7-bits coarse tuning capacitance bank and noise shaping capacitor
was implemented. The test chip integrated also an PFD based on dynamic
logic circuit, an wide-swing low voltage charge pump, a divide-by-8 analog
prescaler, a third-order passive loop filter. The simulated phase noise is -103
dBc at 100 kHz. The measured VCO phase noise was -97 dBc at 100 kHz.
The measured PLL output phase noise was -87 dBc. One serious problem of
this chip was that the measured VCO gains are about 10 times lower than the
expected value due to a design error for the multiplexor at the VCO input.
Another problem is the large parasitic capacitance, which could degrade the
VCO phase noise because of its low quality factor. The low VCO gain caused
also the PLL to be impossible to become locked.

8.1 Future works

Although in this thesis we tried to do an extensive study on the low phase
noise and low power CMOS PLL design theories and technique, the phase
noise theories studied in this thesis are not fully completed yet, and many
interesting topics remain to be investigated in the future. New design tech-
niques for low phase noise and low power PLL studied are expected to be
developed and practised. For example:

1. The exact quantitative relation of the phase noise to flicker noise for LC
VCO is not yet available.

2. The phase noise caused by the power supply and the substrate noise is
not well studied.

3. The design of high quality inductor. For the second test chip, the induc-
tors from the UMC library have really poor quality factor. The quality
factor of the tank is a main limitation of the phase noise performance.
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The design techniques presented in the thesis were not fully implemented
in the chips. The measured performances of the 1.5 GHz PLL chip did not
fulfill the specification. A redesign has to be done. Some tips for improving
the performances of the redesign are listed in follows:

1.
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Using differential charge pump and differential varactor to reduce the
common mode noise and mismatch of the charge pump, also the flicker
noise upconversion in VCO.

. Biasing the varactors DC operating point around 0 V. In the prototype

design, the varactors always worked on the negative gate-bulk voltage
region. This might be the reason that the measured VCO gains are much
lower than the measured values.

. Replacing the tail transistor with a resistor to removing flicker noise

upconversion.

. Increasing the transistor sizes in the PFD and charge-pump to reducing

the flick noise in these blocks.

. Extracting the parasitic resistance and capacitance from the layout. Dur-

ing the prototype design, layout extraction could not be done due to
designkit problem.

. Adjusting the charge pump current and VCO bias current on chip. In

the prototype design, the charge pump current and the VCO bias cur-
rent are adjusted through the resistors out of the chip, which could add
extra noise to the chip.
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