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Delta-Sigma Frequency Synthesizer for

DTV Broadband RF Tuner

Student : Lin-Chia Huang Advisors - Dr. Chung-Chih Hung

Department of Communication Engineering
National Chiao Tung University

ABSTRACT

Radio Frequency Integrated Circuits (RFIC) have been progressed rapidly in
recent years. RFIC becomes attractive for applications in wireless communication
due to its low cost and low power. One of the major challenges in the design of the
transceiver system is the frequency synthesis of the local oscillator (LO) signal.
Therefore, the frequency synthesizer is developed for this purpose.

In this thesis, a Delta-Sigma fractional-N frequency synthesizer in a single chip
without any external discrete components is proposed and analyzed. The synthesizer
was fabricated in TSMC 0.18um CMOS process and can support all 135 channels of
the DTV system from 1.27 GHz to 2.08 GHz. The simulation results and
measurement data are discussed and explained in the content.

The thesis is mainly divided into five parts. The first section introduces the
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related knowledge of the DTV system. The second section discusses the basic
principle of the Phase-Locked-Loop and Delta-Sigma modulation. We focus on the
important circuit design concepts and existent techniques. The third section presents
the architecture and components of a frequency synthesizer. In this section, a
modified voltage-controlled oscillator, a phase-frequency detector, a charge pump, a
loop filter, a programmable divider, and a delta-sigma modulator are all described in
details. The fourth section shows our simulations and measurement results. Finally, a
conclusion to this work is given. Suggestions for future works are recommended at

the ending of this thesis.
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Chapter 1

Introduction

1.1 Motivation

Television is the most important medium that educates, informs, and entertains
the general public around the world. With the development of communication
electronic, the demand for high-quality seeing and hearing information grows
increasingly. Traditional television had been alteady difficult to satisfy customers,
so digital television (DTV) technology was proposed to improve this problem. In
recent years, DTV system has expanded maturely, Many countries such as America,
Europe, Japan, have already advertised relative transmission standard and rules of
application [1]. At the same time, Taiwan has also started the transition from analog
to digital television.

DTV not only delivers distortion-free audio and video signals but also achieves
much higher spectrum efficiency than analog television. DTV can also interface
with other communication systems, digital media, and computer networks, making
datacasting and multimedia interactive services possible [2][3]. In view of this, it is
a key point of the ongoing digital leading toward the information society. A receiver
or tuner must be needed in a digital television set to implement channel selection.
Thus, it can be seen that a receiver plays an important role in our future digital

broadcasting.




Frequency synthesizer is a essential function block in the receiver. It can
provide a precise clock frequency to the tuner. By double conversion system, it can
select the channel what we want. How to implement a frequency synthesizer by
current technology will become a basilic study in the future. Based on this
requirement, we use a fractional-N PLL with a second-order modulator to synthesize

all frequency range that we need.

1.2 Digital television Development

1.2.1 Conventional Analog television

Traditional analog television, +is- “mainly, divided into three independent
transmission standards. They are NTSC i(National Television System Committee),
SECAM (Sequential Couleur Avec Memoire or 'Sequential Colour with Memory),
SECAM (Sequential Colour with-Memory), PAL (Phase Alternating Line). Besides
Taiwan, many countries in the world has also adopted NTSC standard for a long
time. This format has been in use from 1954. This technology is achieved by
transmitting varying frequencies of radio waves. It uses 525 horizontal lines of
picture resolution. This type of TV signal did have the flexibility to add some
characteristics such as closed captioning, stereo sound, the second audio program
feature, and the transmission of other data. Nevertheless, Analog television signals
degrade over distance and are extremely susceptible to sources of interference. This
means that some problems such as ghost images or snow may appear, even with

expensive equipment and powerful transmitters.




1.2.2 Introduction to Digital television

Television is in the process of converting from analog to digital technology
nowadays. Digital technology transmits in strings of 1’s and 0’s. Compared with
analog signals, digital form is susceptible to signal loss over distance and is less
probably to degrade due to interference. Therefore, digital signals are the preferred
media of future transmission due to the simple fact that a 1 is still a 1 regardless of
how strong the signal is or is not. In addition to these advantages, the digital signal
can be compressed and store more information in less space.

The digital television standard is designed to transmit high-quality video, audio
and ancillary data over a 6 MHz channel, which is the same bandwidth used for one
analog NTSC channel today. The'system is designed to reliably deliver about 19
Mbps (million bits per second) of data in a single terrestrial broadcast channel. DTV
can carry standard definition television(SDIV) and high definition television
(HDTV). HDTV encompasses six video. formats, including the 1080-line interlaced
(10801) mode at either 24, 30 or 60 pictures per second, and the 720-line progressive
(720p) format at the same picture rates. All these formats will have a wide-screen,
16:9, aspect ratio. This can be 2 to 3 times as many lines producing a higher picture
density. The SDTV formats encompass 12 different versions of a 480-line
signal-some progressive, some interlaced. The aspect ratio for the 480-line signal
can be either the wide-screen, 16:9 format or the standard width, 4:3 format. SDTV
has less resolution but allows the bandwidth of a DTV channel to be subdivided into
multiple sub-channels. Broadcasters have the flexibility to select between offering a high
definition picture and offering multiple programming options.

The technology of DTV will allow broadcasters to provide free television with

CD-quality sound and movie-quality picture and manifold other enhancements.

3



DTV will also make the rapid delivery of large amounts of information services over
your television set possible. Because DTV can free up valuable broadcast spectrum,
it will be available for other information and communication services. However, it
will depend on individual broadcasters to choose which services they will make
available with DTV. Based on previous description, digital skills indeed afford a lot

of benefits on DTV.

1.2.3 DTV in Taiwan

Today, the DTV specification development over the world mainly is divided
into three segments. They are ASTC (Advanced Television Systems Committee),
DVB (Digital Video Broadcasting); ISDB (Integrated Services Digital Broadcasting).

Relevant comparisons between them are listed-in Table I.

TABLET  Comparison between Différent DTV Standards [6]

DVB-T ATSC ISDB-T
Audio MPEG1-layer2 AC-3 MPEG1-layer2
Image MPEG-2 MPEG-2 MPEG2
Bandwidth 6/7/8 MHz 6 MHz 5.6 MHz
. DQPSK/QPSK/16QAM
Modulation COFDM 8VSB
/64QAM/OFDM

DVB-T is in operation in many countries around the world, but several
countries follows the U.S. in adopting ATSC instead (Canada, South Korea, and
Argentina). Japan is the only country to use ISDB. Taiwan terrestrial broadcasters
started broadcasting digital programs in July 2004 using the DVB-T transmission
system because of its superior features on mobile or portable reception, indoor

reception, the support of country-wide single-frequency networks (SFN), compatible




characteristic with DVB-C and DVB-S, and so on.

In one way or another, we must all face the simple fact that the change of TV
signals from analog to digital is avoidless. Currently there are 1 million DVB-T
receivers being used in Taiwan, including car STB’s, in home STB’s and PC or
Notebook PC DVB-T receivers. The government expected that they will recall the
existing analogue TV signal and change into digital broadcasting in an all-round
manner, when the DTV rating is up to 85% on January 1 , 2006. In the transition
years, the government will ask for stations to convert their systems to the DTV
standards and will allow them to broadcast analog and digital signals simultaneously.
However, broadcasters will be forced to give up the analog portion of their signals at
the end of the transition period. There are also provisions established that will
extend the transition period. For example, analog'signal will not cease until 85% or
more of a given market owns a=DTV capable-television. Nowadays, Taiwan has not
yet made a precise decision on an lanalogue-switch off date but continues to go

forward with Digital TV.

1.3 Digital Television Broadband RF Tuner

In order to watch digital television, there must be a receiver in the TV set to
implement function of downconversion. Generally speaking, there are four types of
receivers, comprising Superheterodyne Receiver, Direct-Conversion Receiver,
Low-IF Receiver, Double Conversion Receiver. Most of the traditional TV have
adopted “Superheterodyne Receiver” structure, but it was unsuited for portable
products because of its huge volume. Fig. 1.1 shows the traditional Superheterodyne

tuner.
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Fig. 1.1  Superheterodyne tuner

For the sake of reducing the demand for tracking filter, more and more tuners
are designed by Double Conversion structure, composed of frequency synthesizers,
mixers, and low noise amplifiers, as.shown in Fig. 1.2. The first local oscillator (LO)
is synthesized by a PLL and controlled by: a microprocessor. The second LO is a
fixed reference oscillator. This type of ‘tuner converts the entire input band of
50-860MHz up to a fixed first intermediate frequency (IF), that is above the highest
input frequency of interest, and selects the desired channel by the RF saw filter. This
process rejects the image of the downconversion. Then, the selected channel is down
converted to the second intermediate center at 43.75MHz and passes through the
second IF saw filter. Finally, the output signal feeds the next stage to demodulate

DTV signal. The detailed spectrum is shown in Fig. 1.3.

[ 43.75 MHz
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Fig. 1.3  Double-Conversion system spectrum

1.4 Thesis Overview

This thesis comprises five chapters of which this introduction is the first.
Chapter 2 begins with basic ideas of phase-locked loops as well as some important
characteristics in a frequency synthesizer. The most important part describes the

design concepts and every building block in a PLL.




In Chapter 3, we show several techniques to implement fractional-N PLL. The
most significant part is the theorems of delta-sigma modulation. We also derive its
analytic function to prove the abilities of randomization and noise shaping.

In Chapter 4, a completely integrated delta-sigma frequency synthesizer
fabricated in 0.18um CMOS 1P6M process is presented. We first introduce the
architecture of the synthesizer and the behavior simulation in MATLAB. Then,
every building block such as the phase frequency detector, the charge pump, the
loop filter, the voltage-controlled oscillator, the programmable divider, and the
delta-sigma modulator, are discussed and designed.

In Chapter 5, we present the testing environment, including the instruments and
components on the print circuit board (PCB). The experimental results for the XA
frequency synthesizer described in;Chapter 4 will'be presented.

Chapter 6 gives conclusions to this wotk, in.which a delta-sigma fractional-N
frequency synthesizer is designed and verified-to be feasible. Suggestions for future

works are recommended at the end of this thesis.




Chapter 2

Basic theories of Phase-Locked Loop

2.1 Introduction to PLL

Phase-locked loops are used widely in the modern system such as
communications, command, telemetry, radar, time and frequency control, computer,
and instrumentation systems. Today, it is'rareto. find a piece of electronic equipment
that does not employ a PLL in-some form. Take communications for instance, they
can recover the carrier from satcllite transmission signals, recover clock from digital
data signals, synthesize exact frequenctes forireceiver tuning, perform frequency and
phase modulation and demodulation, and reduce EMI effects.

A PLL circuit can make a particular system to track with another one. More
definitely, a PLL synchronizes the output signal of an oscillator with a reference
signal in frequency as well as in phase. When PLL is locked, the phase error
between the reference signal and the oscillator s output signal is zero or remains
constant.

Some examples are described as follows [6]:

1. Carrier recovery: In all applications related to coherent telecommunications,
it is necessary to reconstruct a carrier reference from a noise-corrupted version of

the received signal first. Fig. 2.1 shows a received signal v; consisting of bursts of a




sinusoid. When a burst occurs, a PLL can detect the error and then create a output

signal v, to correct the phase.

Vi () Vi(w)
A A

O Y o
L LA L A

Fig. 2.1  Carrier recovery

2. Clock recovery : A clock signal is need to be synchronized to a digital data
signal v; in some application. As shewn in"Fig: 2.2, v;represents the data sequence
which is 1,0,1,1,0,1,1,1,0,0,1. Analyzing this ‘data signal knows that there is a
component at ®;, where 2m/w; is:the spacing betweenlogic symbols. A PLL can lock

the oscillator frequency o, to the w; producing the clock signal v,

Lo 1, e
loooooonnnn, [ [~

Fig.2.2  Clock recovery

3. Frequency demodulation and Phase demodulation: Most FM receivers today
adopt a PLL for frequency demodulation. If the bandwidth of the PLL is wide

enough, the PLL output frequency », can track the input frequency w; as it varies

10



according to the modulation. If the control voltage v, of the voltage control oscillator
(VCO) is proportional to ®, , it is also proportional to ®;. Consequently, v, is the

demodulated signal, as shown in Fig. 2.3. Similar concepts can be used for phase

demodulation.
/m,-
/Eﬂ\//f ]\A/ )
| ot ot LW | =
w, =
V; >t
—» PD » VCO ¥, I
(o) [} (w,) V.
T}r v ya J,/’ I|

Y
v
-

Fig.2.3  Frequency demodulation

2.2 Architecture of Frequency Synthesizer

Frequency synthesizers play an erucial rele in the field of communications. The
frequency synthesizer was a system creating a set of frequencies what we need.
Generally speaking, three common frequency synthesizer types can be distinguished:
the direct synthesizer, the indirect or phase-locked synthesizer, and the table-look-up
or digital synthesizer. Because the direct synthesizer is too bulky to integrate on a
chip and the digital frequency synthesizer can not be used for high output
frequencies, most synthesizers used in modern high frequency communication
systems are of the phase-locked loop type.

A indirect synthesizer generates multiples of an accurate reference frequency. It
is composed of five parts: a phase/frequency detector (PFD), a charge pump (CP), a
loop filter (LF), a voltage-controlled oscillator (VCO) and a programmable

frequency divider with a divider ratio N. The simplest form of this synthesizer is
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shown in Fig. 2.4.

The operation of the PLL is as follows: the VCO output frequency (Fj.) is
divided by N. The PFD compares the divided frequency (fz,) with the reference
frequency (Fy), then it gives digital up or down signals, which is equal to the phase
difference between them, to control the CP. The CP would change the digital signals
to the corresponding analog voltage signals. After that, the voltage signal is low-pass
filtered by the loop filter, and is used to control the frequency of VCO. When PLL is
locked, the phase of the divided output signal accurately tracks the phase of the
reference signal. The phase-lock process forces fz,, and F,s to be equal. Finally,

we can obtain

Fout = N« Fre (2.1)

3rd order filter

F
VCO 7—’&”

A

PFD dowr

Y

CP
L
O

faiv

Fig. 2.4  The simplest diagram of frequency synthesizer

2.3 Phase / Frequency Detector

A PFD, which is usually built with a state machine with memory elements such
as flip-flops, can monitor the difference between two input signals. Fig. 2.5
illustrates a common linear PFD structure using resettable DFFs and its operation

diagram. If the reference signal leads the feedback signal, PFD will output an UP

12



signal with its pulse width proportional to the phase difference. However, if the
reference signal lags the feedback signal, PFD will output a corresponding DN

signal.

Qa

(-Kll.'r l:}—} R

CKp :}—}

(a)

)

" i

(b)
Fig. 2.5  (a) Linear PFD architecture (b) Operation of PFD

We could make a state diagram according to the operation of PFD, as shown in
Fig. 2.6. Initially, outputs are both low. When one of the PFD inputs rises, the
corresponding output becomes high. The state of the finite-state machine changes
from an initial state to an Up or Down state. The state is held until the second input
goes high, which in turn resets the circuit and returns the finite-state machine to the
initial state. Fig. 2.7 illustrates that the characteristic of the PFD is ideally linear for

the entire range of input phase differences form -2x to 2.
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Fig. 2.6  PFD state diagram

4

-2n

o AD

Fig. 2.7. | Ideal/lin€ar characteristic

A conventional CMOS PFD:is shown in-Fig, 2.8. This PFD has large dead zone,
which is shown in Fig. 2.9, in the phase’characteristic at the equilibrium point,
which generates a large jitter in locked state in PLL. Furthermore, the maximum

speed is limited because of the total gate delay [7][8].

CKer 4\_D { »——{>— wp

D {>0— Down

CKtbk

Fig. 2.8  Conventional PFD

14



Dead Zone |q__’.l/
/I | » b

Fig. 2.9  Dead zone problem

2.4 Charge pump

The charge pump (CP) is an analog circuit controlled by the PFD outputs. It
generates phase error correction current pulses to the loop filter, in order to pull the
control voltage of the VCO up or down to adjust the frequency of the VCO output
signal. The conventional CP is ;shown in-Fig. 2.10:Depending on which switch is

activated, the CP will either charge or discharge the load-capacitor.

IL!I'

S)

Fig.2.10  Charge pump

Because these switches consist of MOS transistors, they suffer from several

non-ideal effects, such as mismatches, charge injection, clock feedthrough, and

15



charge sharing, giving rise to clock-skew and reference spurs in the output of PLL.

Fig. 2.11 illustrates those effects on the output voltage.

Dn |_| Dn

Netcurrent — i ‘.-7 Vo
Vo f %

fif e

Fig.2.11  CP non-ideal effects

Subsequently, we discuss the PFD,combined with CP. If the phase error

between reference signal and feedback signal.is. A¢., the charge or discharge current

of the CP is 1, the average errot current in a‘cycle is /., then

Ag
"5, v @.2)
Ji 1
K, = = £ (2.3)
A @ 2r

2.5 Voltage-Controlled Oscillator

The voltage-controlled oscillator (VCO) operates at the highest frequency and
usually determines the out-of-band noise of the frequency synthesizer. Different
applications usually require different specification for the VCO. These requirements
are often in conflict with one another, and therefore a compromise is needed. The
most important specifications of the VCO are the tuning range, the power
consumption, the phase noise, the tuning linearity, and the frequency

pushing/pulling. Some well-defined descriptions are as follows [11]:
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- Tuning range: the VCO must be able to cover the complete required frequency
band of the application, taking account of process variations.

- Tuning linearity: to simplify the design of the PLL, the VCO gain K, should be
constant.

- Frequency pushing: the dependency of the center frequency on the power supply
voltage (in [MHz/ V)).

- Frequency pulling: the dependency of the center frequency on the output load

impedance.

The output frequency (F,u) of the VCO is dependent on its control voltage

(Veonmror)- The relationship between them can be written as

)

out

= o

center

+ KVCO(Vcontrol) ¢ Vcontrol (24)

, Where Kyco (Veonnor) 1s the VCO gain factorin [Hz/V] and w,,, is the free running
frequency. The relationship of phase 6, of the-VCO signal with the control voltage

Veontror can be derived as

0,(1) = | @, (1) dlt (2.5)

= J. (a)center + cho(Vcomm]) ° Vcontrol) dt (26)
Dropping the first term of the integral, which is not dependent on V., results in

00 (t) - j KVCO (I/cantrol) * I/control dt (27)

After phase and frequency lock is achieved, Vi 1s nearly constant, so the

dependency of K., on Vuror can be neglected. Taking the Laplace transform of (2.7)

yields
90 (S) _ cho
Vcontrol - s (28)

We will discuss the most often used oscillator types now.
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2.5.1 Crystal Oscillators

The most stable oscillator is the crystal oscillator. The symbol and equivalent
circuit is shown in Fig. 2.12. From it, we can derive that a crystal has two resonance
modes. At series resonance frequency ®s, the impedance of the crystal becomes
almost zero. At parallel resonance frequency ®, , the impedance of the crystal is
infinite. The corresponding resonance frequencies ® and ®, are

w2 = 1 w2 = 1 . L—FL (2.9)
* LC, b L C C

s s P

Since C,is much larger than C; , ®; and M, are very close together. This is the reason
why crystal oscillators achieve very low phase noise. Their low noise and good
stability let them the first choice for:generating the reference signal in a frequency

synthesizer .

=z
G

Fig. 2.12:  An oscillator crystal: (a) Symbol (b) Equivalent circuit

2.5.2 Ring Oscillators

The ring oscillator is one of the most popular oscillators for clock recovery
circuits and integrated PLLs because it is simple and easy to integrate. The periodic
signal is generated by a ring of inverters. They can be built of three or more inverters,

but the number must be odd to assure the ring to oscillate. The oscillation frequency
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is 1 /2n-T4, where n is the number of inverters in the ring and Tyis the delay of one
inverter. Fig. 2.13 shows the simplest ring oscillator. The tuning range is large.

However, the phase noise is inferior,impeding its use in high-quality communication

R

Fig. 2.13  The simplest ring oscillator

systems.

2.5.3 LC Oscillators

To improve the phase noise of the ring oscillator, the power consumption will
become unacceptably high. The best way to overcome this problem is to utilize the
LC oscillator. Since this structure uses high Q.passive elements to be their loads, it is
expected that it will have a pure spécttum..Generally speaking, the phase noise of
LC oscillators is 20dB better than those .of . ring oscillators. Also high speed
operation is achieved because of the simple working principle. Nevertheless, the

biggest challenges are how to realize inductors and to reduce needed area.

2.6 Loop Filter

The loop filter provides the current-to-voltage conversion from the charge
pump signal to the tuning voltage input of the VCO. The purity of the tuning voltage
determines how the spectrum of the VCO output signal is. In consequence, most of
the PLL’s specifications will be determined by the loop filter. In the loop filter, extra
poles and zeros can be introduced in the open loop transfer function, which are used

to set the noise and transient performance of the PLL. The standard second-order
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passive loop filter configuration is shown in Fig. 2.14. The shunt capacitor C1 is
used to mitigate discrete voltage steps at the control port of the VCO because of the

instantaneous changes in the CP current output.

Fig. 2.14  Second order passive loop filter

Then we will discuss its design considerations by adding PFD and CP. The

impedance of Fig. 2.14 is

1
Z(s)=C\ll/ (Rz +E} (2.10)
_|_
= (S 2R2 =K S+a)z
S

S(wpﬂ) @.11)
(C,+C,))s C+C) C)
CC,R,

CZRZ ’ g C1C2R2 Cl

With this transfer function, we can easily draw the Bode Plot to observe its behavior
and use the open loop gain bandwidth and phase margin to determine the component.
Fig. 2.15 shows its Bode plot. Typically, we locate the unity gain frequency ;

between @ and w, to ensure loop stability.
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Fig. 2.15  Open loop response Bode Plot

However, additional pole is often necessary for suppressing the reference spur.
For this application, we place a series resistor and a shunt capacitor prior to the VCO
for more attenuation of unwanted spurs. The recommended filter configuration is

shown in Fig. 2.16. The added attenuation from the low pass filter is:

2
Attenuation = 20log [(a)r efR3C3) +1} (2.12)

Besides, it is worthy to notice that the added pole must be lower than the reference
frequency, in order to significantly attenuate the spurs, but must be at least 5 times

higher than the loop bandwidth to keep system stable.

ICP VCtr

Fig. 2.16  Third order filter
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2.7 Frequency Divider

Frequency dividers are used to synthesize a high frequency LO from a precise
low frequency crystal oscillator. The output frequency £z, equals the input frequency
findivided by an integer number. From this information we could derive a model for
the divider in the phase domain.

The phase 6;, of the input signal is given by
0, () =2xf,t + 6,sin2xf,t (2.13)

and the instantaneous frequency of the input signal is

_ 1 d6,(0) _
f;'nst(t) 20 dt _f;'n + epfm Coszﬁfmt (214)

f = M 3 &+9pfmcos27rfmt
v N. N N

and the phase of the output signal can now be found as

0, (1) = [ 2 f (1) dt

2r Nt Nsm27rfmt N

(2.15)

2.8 Noise Analysis of a PLL Synthesizer

Apart from channel selection and frequency accuracy, there are several other
aspects of frequency synthesizers which have an influence on the performance of a

transceiver, like phase noise and reference spur.

2.8.1 Phase Noise

A frequency synthesizer is expected to provide a pure spectral signal as shown

in Fig. 2.17(a). There should be no unwanted frequency/phase modulation or
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amplitude in the output spectrum because those undesired effect will reduce the
channel selectivity and degrade the bit error rate of the receiver. However, the phase
of the oscillation will fluctuate because of some noise at the frequency control input
of the oscillator or the thermal noise of the resistors and transistors in the oscillator.
The phase fluctuation forms “skirts” around the carrier in the frequency domain as
shown in Fig. 2.17(b). So, the phase noise is developed in order to determine how
the performance of a VCO is. The phase noise is characterized as the power ratio of

the noise within an unit bandwidth at an offset Aw with respect to o to the carrier.
L{Af} (dBc/ Hz) = X (dBm)—Y(dBm)—10log(RBW) (2.17)

where Af is the offset frequency from carrier and RBW is the resolution bandwidth

of spectrum analyzer.

.—-";' \\ l
4 \\:—- X dBm

b= (1) - O}
. {1, i

(a) (b)

Fig. 2.17  Output spectrum of (a) Ideal (b) Actual oscillator

The phase noise has a great effect upon both the receiver and transmitter. As
illustrated in the Fig. 2.18(a), if there is a large interference signal near the small
desired signal and the LO exhibits phase noise, both the desired signal and the

interference will be mixed down to the IF. However, both signals will suffer from
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significant noise which is generated from the LO signal since the down-conversions
is actually a convolution in frequency domain. If the powers of the interference
signals are large, the signal-to-noise ratio (SNR) of the desired signal will be
reduced. This effect is called “reciprocal mixing.” On the other hand, for the receiver,
large-power transmitted signals with substantial phase noise will corrupt nearby
weak signals. Therefore, the output spectrum of the LO must be extremely sharp to

avoid being detected by mistake. Fig. 2.18(b) describes this appearance [13].

Lo

NIerrerer

J: \.:Il.{|| o '_:' 'I|

T = () L]

Dow neonversion

i1,

(a)

mearhy transmitted
signal

desired signal

) i

(b)

Fig. 2.18  Effect of phase noise in the (a) Receiver and (b) Transmitter

2.8.2 Spurs

In addition to phase noise, the oscillator can also be modulated by some fixed

frequency noise due to the switching of other circuits in the synthesizer. Take current
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switching noise in the divider and the CP at the reference rate for example, they may
cause unwanted FM sidebands at the LO. Fig 2.19 illustrates this circumstance that
two tones appear at the upper and lower sideband of the carrier. These tones are
called “spurs”. It is similar to the case of phase noise that these spurious sidebands

will also cause noise in adjacent channels and degrade the SNR of the desired signal.

A carrier

Fig. 2.19  Sputs

2.8.3 Noise Source at input

Fig. 2.20 shows the linear PLL model to analysis the input noise effect on the

PLL output signal. The transfer function from ®j,(s) to ®@(s) is derived as

K
v0) e Ty
H(s)= q;m( -2 - (2.18)
n\S) L F(S) e —
2 s N
h—— (=) i F) = P

= -

Fig. 2.20  Noise transfer function of the PLL from input to output
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For simplicity, we use first-order loop filter to rewrite the above equation as

sCR+1 Ip K, 1
27 N 2805+
H = SC 272' S N _ ‘ 3 ]
(S) 1+SCR+1.I£,KVCO_L N S2+2§.a)ns+a)n2 (219)
SC 272' S N

/I K I K C
where @,=,|+—= and g& = 5 P
2xNC 2 2z N

Fig. 2.21 shows Bode plot of the transfer function. The input phase noise is
shaped by the low-pass characteristic of the second-order PLL. For the sake of
reducing the phase noise in the output signal because of the input noise, it is

expected to let the PLL bandwidth as narrow as possible.

0

Wy W My

Fig.2.21  Bode plot of the normalized transfer function

2.8.4 Noise of VCO

The phase noise of the VCO can be modeled as Fig. 2.22. Similar to Eq. 2.19,

we also use the first-order filter to derive the transfer function. It can be expressed as

1 s
H(s)= =
(=) | SCR+1 Ip K, 1 s +28-05+0,] (2.20)
sC 27 s N
I K 1 K _C
where @,=,|->—= and & R e
27 NC 2\ 2zN
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Fig. 2.22  Noise transfer function of the PLL from VCO to output

Compared with the input noise, the VCO phase noise is shaped by a high-pass
characteristic by the second-order PLL. If we want to reduce the VCO phase noise,
we need to make the PLL bandwidth as wide as possible. In view of this, we can
know there is a tradeoff in the bandwidth position. The optimum loop bandwidth
depends on the application. However, it is common to increase the loop bandwidth
since the dominant source of noise is usually the VCO in fully integrated frequency

synthesizer. Fig. 2.23 shows the’PLL effect on the VCO output spectrum.

F
PWR | vco tocked ,—”,.'T"r N
r ,-'I I".. b1 E___, VOO free running
SN N Region I : VCO inband noise is filtered
P LAY
g S . L
/ \.‘ Region 1I; PFD noise is included
.r/ AL LN . g . .
r_,_,-rm T T m"*--_._ Region 111 VCO free running nosie
>
.« ma > f
W W,

Fig. 2.23  Phase noise performance of the VCO

27



Chapter 3

Principles of Frequency Synthesizers

3.1 Frequency Synthesizer Types and Comparison

Frequency synthesizers can traditionally be considered to be of two main forms.
One is the integer-N frequency synthesizer, and the other is the fractional-N
frequency synthesizer. For the integer-N synthesizer, its output frequency is always
an integer multiple of the reference frequency-On. the other hand, in the fractional-N
frequency synthesizer the output frequency-can.be afractional ratio of the reference
frequency.

The inherent limitation of an integer-N frequency synthesizer is that its
frequency resolution is equal to the PLL reference frequency Fi.s. Fine frequency
resolution needs a small Frand a correspondingly small loop bandwidth. Narrow
loop bandwidths are undesired due to inadequate suppression of VCO phase noise,
long switching times, and susceptibility to noise. So, the fractional-N frequency
synthesizer has been developed to solve this problem [13]. With the same channel
spacing, the fractional-N frequency synthesizer can be designed with a higher loop
bandwidth than the integer-N frequency synthesizer. Higher loop bandwidth results
in faster frequency switching and thereby dynamic bandwidth techniques can be
used more efficiently [14][15]. This will also relax the PLL requirements in terms of

the noise reduction and the reference spur attenuation. Fractional-N frequency
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synthesis solves the frequency resolution issue, but it also generates other unwanted

problems.

3.2 Fractional-N architectures

When designing a fractional-N frequency synthesizer, we suffer from a
trade-off between loop bandwidth, tuning bandwidth, frequency switching speed,
and power consumption. There are four Fractional-N frequency synthesizer
techniques: pulse swallowing, phase interpolation, Wheatly random jittering and

Delta-Sigma modulation [16][17].

3.2.1 Pulse swallowing

Let us consider a pulse swallowing fractional-N synthesizer shown in Fig. 3.1.
The condition of overflow in the accumulator is used to shift the divider modulus
from n to nt+l. For a M-bit accumulator, the average division factor N will be

controlled by the accumulator input k as the following formula:

k
On every cycle of the divider output, k is added to the accumulator content X,
so the new accumulator value would be X+k except the accumulator overflows.

Then, the value assigned to accumulator is X+k-2M. In the condition of overflow, a

carry output is generated to switch the divider modulus.
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—» PFD > Filter four
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N/N+1
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carry out

R M bit
CLK accumulator

Fig. 3.1  Pulse swallowing fractional-N synthesizer

The main problem of this operation is the phase error between the
instantaneous frequency and the wanted frequency, at the phase detector. Although
the final phase error over the complete cycle is zero, the periodic peak will arise
when the frequency division changes from N to*N+1 as shown in Fig. 3.2. If the
phase error is unfiltered, it may cause severe spurious signals at the output of the

VCO.

Wanted average
divison ratio

Phase error

\J

Fig. 3.2  Sawtooth phase error
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3.2.2 Phase interpolating

The phase interpolation is a spur reduction skill to suppress the spurious tones
as seen in the pulse swallowing approach. The technique uses amplitude
compensation to the PFD output utilizing a digital to analog converter (DAC), as
shown in Fig. 3.3. The accumulation of the phase of the fractional part is subtracted
from the output of the PFD with that of the DAC. If the two signals exactly match,
the phase error signal and output spurious are eliminated because fractional
synthesis is reduced. However, the precision of the compensation directly rely on the
DAC accuracy. Even if the system is well compensated during the production phase
og the design, the compensation does not remain accurate as the characteristics of

the analog elements are varied by témperature and aging.

fer —» PFD Filter 4> fout
A

N/N+1 -«
DAC [€—|—— carryout
M bit

cLx | accumulator

Fig. 3.3 Amplitude compensation approach

3.2.3 Random jittering

This skill employs a random sequence generator to randomize the division
modulus and so converts the output spurs to jitter [18]. Fig. 3.4 illustrates this

concept. The comparator output is one bit in order to control the divider module.
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This technique brings a main drawback that the output spectrum displays a 1/f °

phase noise near the output frequency.

for —» PFD Filter fou
A

N/N+1
k-bit
- random
k bit number
comparator generator

Fig. 3.4  Random jittering approach

3.2.4 Delta-Sigma modulation

Fig. 3.5 shows a Delta-sigma (XA) modulation frequency synthesizer. The
divider operates as the coarse™.quantizer,-as-only-integer division ratios can be
realized. By switching of the division between two or more integers, the average
value of the division ratio is generated at the output of the frequency synthesizer. A
>A modulator has the characteristic of noise shaping, so it can shape the phase noise
resulting from randomization and quantization to a higher offset frequency. In this
way, the SNR and dynamic range at the relevant frequency range is improved and
the shaped quantization noise can be eliminated by filtering. However, it has a large

power consumption and relatively high complexity.
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3.2.5 Performance comparison

fout

Delta-sigma modulation frequency synthesizer

A brief overview of different fractional-N frequency synthesizers is presented

in this section. Each of these structures has advantages and disadvantages as

summarized in Table II. As a result of the best performance of the A modulation,

we choose this architecture to implement our eircuit.

TABLE Il  Total Performance comparison
Pulse Phase Random >A
Technique
swallowing interpolation jittering modulation
Spurious Yes No No No
Additional 1 accumulator
1 accumulator DAC 2 accumulator
Components + generator
Broad band
No No Yes No
noise
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3.3 Delta-sigma frequency synthesis

Delta-sigma modulation technique was primarily used in over-sampling
converters until Riley used the modulator noise shaping property to improve the

random jitter and phase noise.

3.3.1 Fundamental concepts

Fig. 3.6(a) shows that a ZA modulator consists of three components such as the
integrator, the quantizer, and the differentiator. Their frequency response and power
spectrum is shown in Fig. 3.6(b). In an analog to digital converter, the analog input
propagates to an integrator followed by a quantizer working at a high sampling
frequency compared to the Nyquist frequency. Then; the output of the quantizer is
delivered to the differentiator. Fig. 316(c)-illustrate the operation of this process, we
can find that the XA modulator noise fransfer characteristic is high pass in nature and
results in very low in-band noise levels. So, the in-band quantization noise is
alleviated and higher out-of-band quantization noise can be suppressed by the low
pass loop filter.

In a fractional-N synthesizer, the input of the XA modulator is usually a digital
word representing the wanted fractional value and the output of the modulator is a
stream of integer numbers used to control the divider modulus. This stream forces
the VCO output frequency to be fractional ratio of the reference frequency. Over
time, the average if the XA modulator output converges to the desired fractional

ratio.
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Fig. 3.6 XA modulation structure and principle

3.3.2 First-order XA modulator

The equivalent model of a first-order XA.modulator is shown in Fig. 3.7.

Qa

Y
Quantization Aé—)——>

N
L

Fig. 3.7  The equivalent model of a first-order XA modulator

we can get the transfer function as follows:

Y=X+(1-z")gq, (3.2)

Now, we consider an accumulator and its equivalent block diagram, as

shown in Fig. 3.8.
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Fig. 3.8  (a) Implementation (b) block diagram of a accumulator

A transfer function of the accumulator can be derived as follows:

Nzl = flal#(mz, g (2] (33)
From Eq. (3.3), we find the output is a:delayed version of the input with shaped
quantization noise. Because theZinput is a‘constant, Eq. (3.2) and Eq. (3.3) are equal.
We prove that the implementation of XA modulator can be achieved by a
accumulator.
In order to know the effect of noise shaping, we incorporate the £A modulator

in the PLL to control the divider modulus, as shown in Fig. 3.9.

PD LPF V€O
Fiy —»@—» . —»@7—> Fou
+ K-
Fain
+N/N+1

b(t)

overflow

k bit
LD Latch Accumulator

Fig. 3.9  Realization of £A modulator
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A discussion of the effects of quantization noise on the overall output, F,, ,
follows. Our first step is to evaluate the phase noise in Fg;, supposing an ideal VCO
at a fixed frequency. The instantaneous frequency of F,(2), is determined by the
VCO frequency, F,u, and the instantaneous of division rate. The instantaneous
frequency division rate in the case of Z-A modulated dual-modulus divider is given

by n + b(t), where b(?) is the bit stream alternating between 0 and 1; hence

E}ut

Fdiv(t) = n+b(t)

(3.4)

Then, the bit stream can be broke up into the desired dc value, K/M, and an additive

quantization noise [19][20]. In the time domain the quantization noise is labeled

qe(t), giving

F F
F;iiv (t) — K out out

n+27+qe(t) Ny +4.(t) (3-5)

The normalized instantaneous frequency departure is defined as

Fos F0) ] q.(t)
F.(t)==m div =1= ~ 1o
iy (1) 7 4.0 N, (3.6)

in
N, eff

, where L ~]-¢ forsmall ¢
1+¢

Then,

0,(t)=27-[[F, —F, (0] dt =27 -F,,- [ F,,(¢) dt
Fl’l

Ne_ﬂ‘

Ja.0 (3.7)

=2

6 =27 fu 4.0)

N

(3.8)

If the rms spectral density of the quantization noise is labeled S,.(f), then the

power spectral density of the normalized phase deviation will be given by

37



1 2rF, ’
Sy (f)=—=—58,(f)=| =2~ -8,
() 2nf) () [Zﬁf'NgffJ ()
g )
According to Eq. (3.3)
q.lz1=(1-z")q,[2] (3.10)

Because the quantizer in first order XA modulator is one bit,

1

4.21= o

(3.11)

The power spectral density of the quantization noise through the quantizer can be

described as follows:

S, (O =[HL| S, () (3.12)
7 f

|7 (f)|= \/‘(1 - Zl)r = Elop 2:sin (F—} (3.13)

Combine Eq. (3.12) with Eq.(3.13), we can find its noise shaping ability

1 . T f F.
S = .sin’| =—~—| rad*/Hz, < — 3.14

Then from Eq. (3.9), we can get the final power spectral density of quantization
noise is
F

S, _ in . ) Mjm 0
() 3(N.y - f) o (F f (3.15)

However, from Eq. (3.15), we know that the noise un the output of VCO is flat, not

the differential as we expected. In view of this, in order to obtain the noise shaping

effectively, we must adopt the higher order XA modulator.
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3.3.3 High order XA modulator

Based on the previous section, it is clear that implementing a fractional-N
synthesizer with an accumulator known as a first-order A modulator to control the
divider is unwise. These shortcomings are greatly alleviated by implementing the
division control with higher-order A modulators. With this structure, the switching
of the divider ratio is randomized, such that the spurious signals are no longer
present in the output signal of the synthesizer. Fig. 3.10 (a) shows the second-order
>A modulator and Fig. 3.10 (b) shows the third-order XA modulator. By principles of
the superposition, we can easily know their outputs which the quantization noise is
reduced more through noise shaping.

Second-order:
Output = Input+ ¢, (1-27)° (3.16)
Third-order:

Output = Input + ¢, (I-z ")’ (3.17)

1 1
Input —»@—» ) —»@—» IR — » Out
1-z 1-z | |

(a)
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m

(b)

Fig. 3.10 Basic structures of (a) second-order modulator (b) third-order modulator

3.4 Mash implementations of XA modulator

Higher-order delta-sigma modulators improve the noise shaping characteristic,
even so, they are not always stable because there are several feedback loops in the
system. Fortunately, this problem was solved in the structure referred as Multistage
Noise Shaping Technique (MASH).[21][22]{23].

The MASH or cascade 1-1-1 XA meodulator 1s depicted in Fig. 3.11(a). The
MASH modulator consists of a caseade.of first-order modulators and of a combiner
stage. Fig. 3.11(b) shows the block diagram of the MASH 1-1-1. The operation of
the modulator is as follows: each subsequent first-order modulator performs a
quantization operation on the quantization error from the previous stages; the
combiner stage, on its turn, realizes a noise shaping operation on the output signals

from the first-order modulators. The math equation description is as follows:

N(@)=.f(2)+A-z")q, (3.18)
Ny(2)==q, +(1-z")q,, (3.19)
Ny(2)==q,, +(1-2")g, (3.20)

So, the output of third-order modulator is:
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1(2)

Fig. 3.11

N, (2)=N,(2)+ 1=z )N, (2) +(1-2)’ Ny (2)

7 (3.21)
:,f(Z)+(1_Z 1)3 a3
Latch Latch
b[n] «—( AR
Cl1
K—x 2
c+ C C3
X+Y X ¢
v X+Y]
+ X C
—» Y XY
Latch
Y
Latch
Latch
(@)
qal(z)
- Qa1(2) — 1_‘271
Qaz(z)
| g N2(@)
- CIaz(Z)

: N3(z) .

1-z =

R
|

(b)

(a) Implementation and (b) block diagram of MASH 1-1-1
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Similar to first-order XA modulator, we can also change the noise transfer

function to H(f) = ( 1-z" )’ and get the final power spectral density of output noise.

16 F. -6 ﬂ'f 4
Sa — mn > . oc '
e (f) 3 (Neff ' f) o ( r, ] f (-22)

n

According to Eq. (3.22), we find that the output power spectral density is now
proportional to 1, showing that the quantization noise is suppressed in the signal
band. Through the process of the derivation, we can conclude that the for i order A

modulator the power spectral density of the phase noise is [24]

Sy, (f): 12(N}::f)2 {2 Sin(%j} radz/Hz (3.23)
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Chapter 4

Frequency Synthesizers for DTV Tuner

4.1 Introduction

Today s high-performance RF frequency synthesizer are often required: (1) to
have smooth transition among channel intervals; (2) to have low phase noise and
frequency variation; (3) to work ever a wide frequency range which can cover the
desired range; (4) to have an-integrated loop filter on the chip. In the previous
chapters we discussed system level design-issues of-a frequency synthesizer. Based
on the knowledge, we will implement a XA frequency synthesizer for a DTV
broadband RF tuner. This synthesizer is fabricated in a 0.18pum standard CMOS
technology. Provided a 36MHz input reference signal and several bits digital codes,
the circuit can generate a frequency tuning range from 1.27 to 2.08 GHz with 6 MHz

channel bandwidth.

4.2 System architecture

Fig. 4.1 shows this ZA frequency synthesizer. It consists of phase frequency
detector (PFD), charge pump (CP), voltage controlled oscillator (VCO), loop filter
(LP), programmable divider, and XA modulator. The specification of every

component must be designed with extreme care. The PFD must operate correctly to
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distinguish phase error and frequency error, the filter must provide an optimum
compromise in output noise, switching speed, and frequency settling. In addition to

these, the VCO must be of high quality and the programmable divider should work

-
-

WTR‘ VCO i
R i — Vo
Z“L'.% C;

at high speed.
CP
Vi > . up . é | 3rd order filter
— PFD down i >

Multi-Modulus Divider

A

3263

ttttd
. 2-nd Sigma-Delta o
L Modulator

All:‘!\q Pl: e e g

ﬁ 5 5 ﬁ 6 offset control

Bo Bi B Bs B,
Fig. 4.1  the architecture of ZA frequency synthesizer

In the Fig. 4.1, we choose the second-order £A modulator to realize modulus
control. When the output of the XA modulator is -1, 0, 1, and 2, we select the
modulus of the divider as N+1, N, N-1, and N-2 respectively. Thus, a fractional
division ratio from n fi.r to (n + 1) fier 1s achieved as known in previous chapters.
We use 7 bits accumulators to construct the modulator due to the minimum

frequency resolution.

4.3 Behavior simulation

Due to the tremendous amount of gates counts in a frequency synthesizer, the

closed-loop simulation with HSPICE will spend a lot of time. For the reason, some
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simulations can be made with SIMULINK to test and verify transient response and

system parameters rapidly. The behavior model of the frequency synthesizer is

implemented in SIMULINK as shown in Fig. 4.2. The behavior simulation results of

the system are shown in Fig. 4.3 and Fig. 4.4.
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(b)
Fig. 4.3 Simulation results of fractional-N frequency synthesizer (a) Bode

plot of open-loop response (b) transient response

46



Pirsier Spiscium
T

i
4 #
Fffuency (Hz) 10

Prwer Speciram

i
hk&quurw]r [Hz)

Pirsier Spiscirum

Fig. 44  PSD of ZA modulator (a) 1* order (b) 2" order (c) 3" order
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4.4 Circuit Implementation

4.4.1 Phase Frequency Detector

A common drawback for some phase frequency detector is a dead zone in the
phase characteristic at the equilibrium point. The dead zone generates phase jitter
because the control system does not change the control voltage when the phase error
is within the dead zone. This influence can be improved by increasing the precision
of the PFD. To reduce the dead zone and to overcome the speed limitation, we
choose the dynamic phase frequency detector shown in Fig. 4.5 [25]. Compared
with the conventional PFD, the transistor numbers are decreased to 12 and thus
possesses smaller parasitic inherently. According.to the phase difference between
both input signals, UP is used te increase and*DN.is-used to decrease the frequency

of the output signal. Fig. 4.6 simulatés-its-operation situation.

ref _O-I

- >

X
o

= L |
g

Fig. 4.5  Phase frequency detector
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Fig. 4.6  The time diagram of the PFD

4.4.2 Charge Pump

As discussed in section 2.4, the non-ideal behavior of MOS switches such as
charge injection and clockfeedthroﬁgh"introducﬁe phase noise and spurious tones in
the VCO output. A lot of reseé}réh hasbeen”develqped to solve these problems.
Among them, current steering‘ _has b“encn‘usu‘;ally ‘uséd due to their fast switching
speed and low charge injection efrors; Fig. 4.7 (a) éhows the basic circuit proposed
in [26]. When UP is greater than UP, Iy is steered on M2. The current difference
between Ip and Ig is mirrored by M3 and M4, generating the charge or discharge
current. On the contrary, when UP is greater than UP, Ip is steered on M1. The
pull-up circuit M5 and M6 is used to increase the charge speed of the node A which
is the slow path of the structure. If this pull-up circuit is not used, M1 and M3 may
produces a temporal current which may modulate the VCO and then cause phase
noise. However, it also has several drawbacks. The modified circuit is shown in Fig.
4.7 (b). It employs the current reuse technique to save more power than Fig. 4.7 (a)
and to turn off M4 faster. Finally, by adding M7 the slow path — node B- is improved.
The use of positive feedback and current reuse can obtain a faster switching speed

without increasing the power consumption. The complete circuit we use is shown in
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Fig. 4.8.

VSS VSS

(a) (b)

Fig. 4.7  (a) Basic charge purﬁp «(‘b) Médiﬁcation for current reuse

M3 [ H M4 M4 = I ws

e L o I

M9 M10

Bias I
M11 M11

Fig. 4.8  Charge pump used in this synthesizer

Combine PFD with charge pump, some important simulations which may affect

the performance of the overall system are done. Fig. 4.9 shows the charge situation
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of the circuit. Fig. 4.10 shows the dead zone simulation. Even very small phase error
can be distinguished, so there is no dead zone. By carefully design, we can make the

range of Vg, as large as possible in order to generate wider tuning frequency, as

shown in Fig. 4.11 [27].

o

up

dn

Vout

Fig. 4.9  The charge situation of the charge pump
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Fig.4.10  Dead zone simulation of PFD with CP
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Fig. 4.11  the output voltage range of charge pump

4.4.3 Loop Filter

Loop filter design is chiefly concerned with the order of loop filter, bandwidth,
and phase margin. It determines most specifications of the synthesizer and should be
carefully designed. In terms of the order of loop filter, the most fundamental one is
the second order filter. In the XA fractional-N_PLL; however, the loop filter must
equal to or higher than the order of' ZA.modulator that ensures the extra noise from
the modulator being filtered out properly. In view of this, we select the third order
loop filter shown in Fig. 4.12 to implement our synthesizer. Besides, the phase
margin relates to the stability of a system. Generally speaking, the phase margin is

chosen from 45 degrees to 60 degrees.

ICp Vctr

Fig.4.12  the third order filter
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After deciding the order of the loop filter, we can easily determine the
parameters of each element step by step [28]. The basic design considerations are

shown in Fig. 4.13.

Frequency

T T >4 >4 >10
Poles

Zero

PLL BW
Pole 2
Pole 3
Reference clock

Fig. 4.13  Basic design considerations of the third order filter

1.  Calculate the time constant T; and Ts;. Then we can get the new unity-gain

bandwidtho. because of the added third pole.

sec — tan
T, = L 2 (4.1)

D

1 O ATTENO)

Ty =R,C, = 2 (4.2)
(272' Fref)
2
- tan¢.(Tzl+T3) b (T1+T3)+T1T32_1 @3)
[(T1+T3) +T1T3] [tan ¢ - (7, + T,)]
2. Calculate the time constant T».
r,=1/[e(T1+7T3)] (4.4)
3. Thus we can derive the value of each element.
1
Tledew (1+a)62T22) <
C, = — 2 2 2 2 2 (4.5)
T, o/N |(1+0.7°)(1+0,T”)
T T
C = C —2—1 5 R = 2 4.6
’ 1 ( Tl ) ’ Cz (4.6)
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4. Asrule of thumb chooses C, < C, /10, otherwise T3 will interact with the
primary poles of the filter.
C3:C1/109R3:T3/C3 4.7)

By following these steps, the calculated values of the elements which are all
on-chip and some important parameters are listed in the following Table. The Bode

diagram of the PLL is shown in Fig. 4.14.

Design parameters

Parameter Value
Fref 36 MHz
PLL BW 900 kHz
Kyeo 866 MHz / V
I, 0.06 mA
C 7.245 pF
R, 8.05 kQ
C; 91.88 pF
R3 18.3 kQ
Cs 724.53 {F
E. \“‘\\ “\KE
IS

Fig. 4.14  Bode diagram simulation of the PLL
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4.4.4 Voltage-Controlled Oscillator

A CMOS VCO can be built using ring structures or LC tanks. The LC design
has the best noise and frequency performance because of the large quality factor Q
achievable with resonant networks [29]. However, the limited tuning range and large
area have become serious drawbacks in LC VCOs. On the other hand, ring VCOs
have several attractive characteristics such as the ease of integration with standard
CMOS process, the small chip area, and the wide frequency tuning range.
Furthermore, they can be used to generate both in-phase and quadrature-phase
outputs with an even number of delay cells [30]. Therefore, taking System On Chip
(SOC) and other advantages into consideration, we choose the ring oscillator to
realize our VCO.

Several techniques have been.devised to reduce the smallest achievable delay
per stage because of the frequency limitations of a single-loop ring oscillator
[31][32][33]. One of them is dual-delay paths method, as shown in Fig.4.15. The
key point of the concept is that adding another feedforward loop to make the delay
time smaller than that of the single-loop oscillator. The bold lines seen in Fig. 4.15

represent the primary loop and the dotted lines represent the auxiliary loop [34][35].

===

Er e Sy S ey

—K

Fig. 4.15  Block diagram of ring oscillator with dual-delay paths
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The design of delay cell is depicted in Fig. 4.16. M1 and M2 are the input pair
of the primary loop, while M5 and M6 form the input pair of the second loop. M3
and M4 serve as variable resistances which are controlled by tuning the gate voltage
of them in order to change the operating frequency. The cross-coupled NMOS, M7
and M8, can boost the operating frequency and reduce the transition time of the
output signal. In the end, M9 and M 10 are added as the load to prevent the oscillator
from failing to oscillator when the control voltage approaches 1.8V [36]. Fig. 4.17
shows the simulation for the frequency-voltage characteristic of the three stage ring

oscillator.

VDD

M5
J i L
Vs_—l M9 |—'—| M10 I—V&

Verre
Vhias Vhias

Vour.

Vp+4|_ M1 |—><—| M2 _|7 Ve.

M7 M3

Fig.4.16  Original delay cell of the ring oscillator

23z

2g

Measures {lin)

18z

16z

14z

Fig. 4.17  Tuning characteristic of the original ring oscillator
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According to Fig. 4.17, we find that the output frequency of the VCO changes
barely when the control voltage is above 1.2V. This is because that at this time M3
and M4 tend to turn off, only leaving load resistance M9 and M10 biased at a
constant voltage. In view of this, we propose a improved circuit minutely working
when the control voltage is above 1.2V, as shown in Fig. 4.18. In the Fig. 4.18, by
adding M11 and M12 the control voltage will be level shift and is used to bias the
gate voltage of M9 and M10. At this time, the operation of M9 and M10 are so like
variable resistances that they will also affect the output frequency of the VCO.
Consequently, the ideal is obviously known that M3 and M4 dominate the output
frequency with the control voltage from OV to 1.2V , on the contrary, M9 and M10
dominate the output frequency with the control voltage from 1.2V to 1.8V. So, the
VCO can work normally with the control voltage from OV to 1.8V. With careful
design, we can find the frequeney tuning range of the-VCO is extended and has good
linearity over the control voltage being - 0V~1.8V. The VCO provides a frequency
tuning range from 770 MHz to 2330. MHz and fits in with the desired output
frequency. Take measurements into account, we use the open drain structure as the
output buffer due to its high driving ability, as shown in Fig. 4.19. Fig. 4.20 shows
the frequency-voltage characteristic of our VCO. Fig. 4.21 shows its phase noise
performance. Fig. 4.22 shows the out swing is approach 190mV considering the

PAD effect.
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Fig. 4.18  The proposed delay cell
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Fig. 4.19 "The open drain structure
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Fig. 420  Tuning characteristic of the proposed ring oscillator
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Fig.4.21  Phase noise of the VCO
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Fig. 4.22  The output swing with the PAD effect

Finally, we simulate the VCO tuning range in the different corner conditions
shown in Fig. 4.23 and summarize the results in the Table III. According to Table III,
results illustrate that the VCO with the different corner conditions can all cover the

wanted frequency range.
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Fig. 4.23  Tuning range of the VCO with corner model variation
TABLE III  Process corners simulation
Process Corners TT FF FS SS SF
Frequency(MHz) | 770~2330 | 1020~2590 | 817~2340 | 576~2110 | 742~2340

4.4.5 Programmable Frequency Divider

Programmable dividers have to "operate at the highest VCO frequency.

Therefore, the choice of the divider architecture is essential for achieving low power

dissipation and high design flexibility. Fig. 4.24 depicts the programmable

frequency divider. These feedback lines enable simple optimization of power

dissipation. Another advantage is that the topology of the different cells in the

divider is the same, therefore facilitating layout work.

+2/3 +2/3 +2/3 +2/3 +2/3 OouT
IN OouT - IN ouT P IN OouT - IN ouT [N L
N OouT
modout  modin|g dout di dout din| dout din | dout .
CON IO OE:ON modin| IO OE:ON modin IO OE:ON modin IO OléON modin
I ! f I oo
Pq P, P, Ps Py
Fig. 4.24  The architecture of programmable frequency divider
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The programmable divider can provide an output signal with a period of

T =(25+p4'24+p3'23+p2'22+p1'21+p0)><];n 4.8)

out

Therefore, this equation shows that the division ratios from 32 (if all p,=0) to
63 (if all p,=1) is achieved. The circuit of the 2/3 divider is shown in Fig. 4.25. The
logic functions of the 2/3 cells are implemented with the Source Coupled Logic
(SCL) structure presented in Fig. 4.26. The logic tree combines a latch function with

an AND gate [37]. Fig. 4.27 shows the simulation of divide-by-62 frequency divider.

=+2/3 Circuits
LATCH LATCH
Q D Q
D p—
Q ouT
clk clk
IN > l
modout
LATCH LATCH
D Q D C:i__._—modiu
—Q clk

!

»

Fig. 4.25  Functional blocks and logic implementation of a 2/3 divider cell
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e
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Fig. 426  SCL implementation of an AND gate combined with a latch function
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Fig. 4.27  The simulation of divide-by-62 frequency divider

4.4.6 Sigma-Delta Modulator

The sigma-delta modulator can randomize the feedback division ratio and result
in a helpful noise shaping of the phase noise introduced by fractional-N division.
The digital realization of a 7-bits'pipelined second order LA modulator is shown in
Fig. 4.28. It is composed of two “accumulators and-a noise cancellation network.
Each accumulator only employs-a 7-bits ‘adder and- several registers. However, the
noise cancellation network is more complex: The detail of the noise cancellation

network design will be discussed in the following.

N@) )t
A+
#2) Ny[Z] N,[Z]
—

Fig. 428  Second order XA modulator
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Fig. 4.29 shows the noise cancellation network of the second order XA
modulator. In order to simply design, we analyze each adder’s logics states and
design the decoder for it. First of all, the adder A has three states such as -1, 0, and 1,
as shown in Table IV.

B;

C, B

Fig. 4.29  Noise cancellation network

TABLE IV Noise cancellation Network coding (A)

G Cy* Decimal number 2’s complement
0 0 0 000
0 1 -1 111
1 0 1 001
1 1 0 000

Observe the 2’s complement table, we can find that the highest two bits are the same.

So, we can simplify the out of adder A as

Two MSB = C, xC,™ (4.9)

LSB=C,®C," (4.10)

Then, we check the adder B where C; is added to the output of adder A. Only three
half-adders are used here and adder B’s output is tabulated in Table V. According to
Table V, we can conclude that the output of adder B has only four states (000, 001,
010, 111) and can control the division modulus as N, N+1, N+2, N-1. From the
above analysis, the total error cancellation network is shown in Fig. 4.30 [38].

Finally, a simplified flow chart of the modulation is illustrated in Fig. 4.31.
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TABLE V  Noise cancellation Network coding (B)

G C,! G Decimal number 2’s complement
0 0 0 0 000
0 1 0 -1 111
1 0 0 1 001
1 1 0 0 000
0 0 1 1 001
0 1 1 0 000
1 0 1 2 010
1 1 1 1 001

Half adder
€2 {>C '_\, a Sum b2
|: b Cout
a  Sum bl
ok N REG Lo Cout ||
_’-Di a Sum b0
: ’— b Cout{ |
Cl
Fig. 430  Realization of the-noise cancellation network
Divider
5 bit adder
5 bit 5 bit
Sign Integral control
extension signal
T 3bit
Modulator <:I 7 bit
Fig. 431  The flow chart of the modulation
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4.5 Fractional-N Frequency Synthesizer System

By providing external digital control codes, the synthesizer can generate any
desired frequency. Two extreme conditions are considered. Fig. 4.32 shows the
transient response of the control voltage of the VCO and its output spectrum when

1.27 GHz LO is needed. On the other hand, Fig. 4.33 shows the simulation results

when 2.08 GHz LO is needed.

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
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T T T T

Poiyer

Frequency (Hz).

(b)
Fig. 4.32  (a) VCO control voltage and (b) Out Spectrum when LO is 1.27GHz
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Fig. 4.33  (a) VCO control voltage and (b) Out Spectrum when LO is 2.08 GHz
With Fig. 4.32 and Fig. 4.33, we prove that the frequency synthesizer can meet
all the frequency range which we expect through the change of the control voltage of

the VCO. The parameters and performance summaries of the frequency synthesizer
are listed in Table VI.
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TABLE VI Performance of the XA frequency synthesizer

Technology TSMC 0.18-um 1P6M CMOS
Chip area 0.92mm x 0.92mm
Supply voltage 1.8V
Reference frequency 36 MHz
Output frequency 1.27 GHz ~ 2.08 GHz
VCO gain 866 MHz / V
VCO output swing 190 mV
Phase noise@1 MHz offset -100 dB / Hz
Phase margin 56 degree
Loop bandwidth 900 kHz
Channel bandwidth 6 MHz
Setting time <3us
Maximum power consumption 13.08 mW

The overall synthesizer layout;is-shown in Fig. 4.34 and the PCB layout is

shown in Fig. 4.35.

Fig. 4.34  Physical layout of the XA frequency synthesizer
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Chapter 5

Testing Setup and Experimental Results

5.1 Introduction

In this Chapter, we present the testing environment, including the instruments
and components on the print circuit board (PCB). The experimental results for the

YA frequency synthesizer described:in Chapter 4 will be presented.

5.2 Experimental Results

5.2.1 Prototype

The proposed XA frequency synthesizer has been implemented in a single IC
that has been fabricated in a 0.18-um 1P6M CMOS process. Fig. 5.1 shows the
microphotograph of the synthesizer. This chip uses a total of 24 pads including
reference clock input, VCO differential outputs, digital control signals, and bias

voltages. The total area of the chip is 0.92 x 0.92 mm’.
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The fabricated synthesizer w te to determine its performance.
Measurement was performed with raw dies mounted on the PCB to prevent the
parasitic effect of the package. Because the synthesizer is a mixed-mode system, we
separate the powers and grounds of digital and analog parts. Then, we connect the
ground of analog part and that of digital part with an inductor. The inductor shorts
the DC voltage of the digital and analog grounds, while preventing the
high-frequency noise in the digital circuit from coupling to the analog circuit by
their grounds.

The analog and digital powers are generated by LM317 adjustable regulators as
shown in Figure 5.2. The regulator circuit is easy to use and the output voltage could

be predicted by equation (5.1)
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Veour :1.25(1+R,/R2)+ I,,,°R, (5.1)

The Iap;is the DC current that flows out of the ADJ terminal of the regulator.

Besides, the capacitors C; and C, are the bypass capacitors.

L1217
Vi W,
o Win Vo o™
ADT
R=10K
C=01p :: C.=lp
E=5E
L

Fig. 5.2 LM317 regulator

The outputs of the regulators+are bypassed on the PCB with the parallel
combination capacitors then connected to-the chip. The bypass filter network is
combined by 10uF, 1uF, 0.1uF and 0.01uF capacitors as shown in Fig. 5.3. The
arrangement can provide decoupling of both'low-frequency noise with large

amplitudes and high-frequency noise with small amplitudes [39].
Vin Vout
) o

L1=100p C1=1Op C1=1p C1=01p :: C1=001p

Fig. 5.3  Bypass filter at the regulator output

The measurement setup of the synthesizer is shown in Fig. 5.4. The input clock
is produced from the signal generator (Agilent 33250A). The output spectrum is
observed by a Spectrum Analyzer (Agilent E4440A). Fig. 5.5 shows the photograph

of the related instruments. The testing PCB is shown in Fig. 5.6.
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Fig. 5.5  Photograph of (a) Waveform generator (b) Spectrum analyzer
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Fig. 5.6  The testing PCB in the synthesizer
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In this section, we will diséﬁs@;::thunc@_éﬁ?ement results of the synthesizer.

Trrut

Firstly, we test the VCO’s free running frequency and tuning range. The measured
VCO transfer curve is shown in Fig. 5.7. The free running frequency for the VCO is
within the process corner and has a tuning range between 844 MHz and 2340 MHz.
Table VII compares the simulation results with the measurement results

Secondly, we test the overall system of the frequency synthesizer. By changing
the digital control bits, we can synthesize different output frequency. Fig. 5.8
displays the output signal spectrum of 2.28 GHz with the phase noise -66.79 dBc/Hz
at 1-MHz offset. Fig. 5.9 shows the measured phase noise. Table VIII summarizes

the measured performance of the synthesizer.
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TABLE VII Comparisons between simulation and measurement

Spec Simulation Measurement
fmax ( MHz) 2330 2340
fimin ( MHz) 770 844
tuning range 1560 1496
Kvco (MHz / V) 867 831
Mkrl 2.288 4 GHz
Ref @ dBm Atten 19 dB -38.57 dBm
Lo | Marker
16 | 2.280400000 GHz
a6/ | -58.57 dBm
LaAy 1
HL 52
53 FS
AR
£(f3
FTun
Swp

Center 2.280 8§ GHz
Res BH 1.2 MHz

Span 131.1 MHz

#\BH 18 kHz Sweep 8.52 ms (601 pts)

(a)
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Mkrl 2.2808 62 GHz

Ref § dBm Atten 16 dB ~56.40 dBm
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g |Marker «

10 [2.280620000 GHz
48/ | -58.40 dBm
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33 F§
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AL PSR L ——" Mgl \nw»w

Swp

Center 2.280 62 GHz Span 76.53 MHz

#Res BH 1 MHz #\BH 16 kHz Sweep B ms (BB pts)
(b)

Fig. 5.8 The output spectrum of the synthesizer at 2.28 GHz with

(a) Span = 131.1 MHZz and'(b), Span = 76.53 MHz
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Fig. 5.9 The measured phase noise
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TABLE VIII Performance summary

Technology TSMC 0.18-um 1P6M CMOS
Chip area 0.92mm x 0.92mm
Supply voltage 1.8V
Reference frequency 36 MHz
Output frequency 1.69 GHz ~ 2.28 GHz
Synthesizer output swing 30 mV
Phase noise@1 MHz offset -66.79 dB / Hz
Channel bandwidth 6 MHz
Maximum power consumption 20.3 mW

5.3 Conclusion and Discussion

From the measurement, the-fun¢tion of the synthesizer is verified but the output
power is small. We guess that the phenomenon results from the improper operation
voltage at the open drain buffer.The loading effect of the divider causes the large
size NMOS to operate in the linear region. So, the out signal is not amplified. The
way to improve the problem is that we make the output of the VCO to feed a
coupling capacitor, and then connects to the open-drain buffer with a resistor biasing

its gate terminal, as shown in Fig. 5.10.

VCO

C
}—'—l | Buffer
R

Divider %

Vg

e e

Fig. 5.10 The modified output buffer
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Another problem is that the synthesizer can not cover the full frequency band
of interest. Besides, the phase noise is not good as we expected. Trace the reason
carefully, we find that the defect might come from the process variation and
un-prefect layout skill. It affects the linearity of the VCO and the designed loop filter
parameters. These factors may cause the PLL to be unlocked in some region. In view

of this, we should get more insight into the layout skill and process variation.
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Chapter 6

Conclusions and Future Work

A fractional-N synthesizer is presented in this thesis including the history, the
simulation and the fabrication to the measurement. Basically, the PLL synthesizer is
composed of five building blocks: the phase detector, the charge pump, the loop
filter, the VCO and the programmable divider. A lot of design challenges can be
found in each block, but this work hastackled the problems of the VCO tuning
range. We proposed a improved-VCO circuit to widen its frequency tuning range and
then to integrate in the frequency-synthesizer:

Another interesting study is the delta-sigma modulator. The all-digital DSM is
widely used in the fractional-N synthesizer because of many good properties. One
major advantage is the reduction of the reference spur by randomizing the feedback
division ratio such that the quantization noise of the fractional-N divider is
transferred to higher frequency. Researches on all-digital DSM could be another
topic for the fractional-N synthesizer.

In order to optimize the synthesizer performance, some features should be
taken care of. Firstly, the divider should be designed more cagily because it is
another component in the synthesizer to operate at radio-frequency. Secondly, the
layout of the whole synthesizer, especially the VCO, should be considered carefully.

Finally, the analog and digital supplies should be separated for reducing the noise
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coupling.

Some suggestions for the future work are given as follows. Firstly, the ESD
protection should be considered in the circuit design and physical layout to avoid the
instantaneous high voltage breaking down the circuit. Secondly, the voltage supplies
of different functional blocks of the synthesizer should be separated for debugging.
Finally, parallel control bits of the modulator can be designed as serial input scheme

to reduce the large number of PAD, which will save the area.
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