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Abstract

The goal of this thesis work was to analyze, model and improve the phase noise per-
formance of a wideband synthesizer prototype. The analyzed synthesizer is based on a
phase-locked loop (PLL) with an active loop filter, where the output frequency range is
2340 MHz — 4420 MHz in steps of 260 MHz.

The noise analysis carried out in the thesis places emphasis on the loop filter and proposes
a model for a model for simulation of phase noise at the output of the PLL. The model
is verified through measurements and a new filter design is proposed. The new filter is
designed for reduced thermal noise which reduces the PLL output phase noise.

At an output frequency 3120 MHz, the simulated phase noise of the synthesizer with the
new filter design is —124.4dBc/Hz at offset frequency 1 MHz, which is an improvement
of more than 7.5dB compared to the synthesizer with the original filter design.
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Abbrevations & Notations

Abbreviations

DSB Double-sideband

ESA European Space Agency
IEEE Institute of Electrical and Electronics Engineers
KCL Kirchoff’s current law

LNA Low noise amplifier

OP AMP Operational amplifier
PD Phase Detector

PLL Phase-locked loop

RF Radio frequency

RHP Right half plane

rms Root mean square

SSA Signal Source Analzer

SSB Single-sideband

VCO Voltage controlled oscillator

Nomenclature
A Voltage amplitude [V]
«a Constant representing the level of flicker noise in Leeson’s oscillator phase noise model

C Capacitance [F]



Af Offset frequency [Hz]

F Noise figure

f Frequency [Hz|

fo Frequency of operation [Hz|

F(s) Loop filter transfer function
Ghp(s) High-pass filtering gain function
Gip(s) Low-pass filtering gain function
Goi(s) Open-loop gain function

G(s) Gain function

H(s) Feedback transfer function

I DC current [A]

i Current [A]

k Resistor reduction factor

kg Boltzmann’s constant (kp=1.3806-10"23J K1)
Kpa Phase detector constant [rad V™!
Ko VCO sensitivity [Hz V1]

% Phase noise [dBc/Hz] or [Hz 1]

N Division number

P Power [W] or [dBm]

@ Quality factor

R Resistance [2]

s Complex number frequency in the Laplace domain [rad]
S Power spectral density [W] or [dBm]
T Temperature [K]

t Time [s]

0 Phase deviation [rad]

V' DC voltage [V]

v Voltage [V]
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Chapter 1

Introduction

This chapter defines the topic of the thesis, provides the background and presents the
motivation for this work. It also describes the scope of the project and includes a brief
outline of this report.

1.1 Context

Satellite communication has become an important part of our everyday life. Today, there
are over 1000 satellites in orbit around Earth used for e.g. television broadcasting, mobile
telephony, remote sensing and navigation[1]-[3]. Naturally there are some technologies
which are competing with satellite communication. For instance, cellular telephone
networks with base-stations located throughout populated areas dominate the usage of
mobile telecommunication in most countries today. Another example is fiber-optical and
electrical transmission which to some extent has replaced satellite television. Despite
the competing technologies, the use of satellite communications is still increasing and
there is no doubt that the demands on high performance systems that can handle higher
data-rates will continue to grow in the foreseeable future.

A key component in satellite communication systems is the radio frequency (RF) syn-
thesizer, a device which works very much like the commonly known audio synthesizer,
but for higher frequencies. An RF synthesizer produces one or several different output
frequencies from a few or a single reference frequency source[4]. One of the most criti-
cal properties of the synthesizer is the spectral purity. The reason for this is that high
spectral purity can increase the data-rate of the system. In microwave technology, spec-
tral purity is often quantified in frequency domain as phase noise, a measure of random
fluctuations in the phase at frequencies close to the carrier frequency. Phase noise is of
great importance in communication systems and this property is thoroughly studied in
this thesis.
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1.2 Background

Several different topologies of synthesizers have been developed throughout the years.
The first versions consisted of a crystal-controlled oscillator where the output frequency
could be adjusted by manually switching to a different crystal[4]. The next step in the
development was a synthesizer with a few different crystal-controlled oscillators which
were mixed, multiplied and divided to generate the desired output frequencies. The ac-
curacy and stability of these synthesizers is determined by a combination of the accuracy
and stability of each oscillator. Thus, a highly accurate synthesizer of this type requires
multiple high performance crystal-controlled oscillators[4]. Such oscillators were very
expensive a few decades ago and therefore it was natural that a synthesizer using only
one high-performance crystal-controlled oscillator was eventually developed.

The above mentioned techniques using mixers, multipliers and dividers are categorized as
direct frequency synthesis. Naturally these kind of topologies generate a spurious output,
i.e. it contains unwanted frequencies in the output signal. This is not necessarily the
case for indirect synthesis, which utilizes a feedback loop to adjust the output frequency.
This topology can use the same components as in direct synthesis but also voltage
controlled oscillators (VCOs), phase detectors and programmable dividers. One of the
main advantages of indirect synthesis, apart from producing a less spurious output, is
that the noise floor is generally lower than in direct synthesis. The disadvantage of
indirect synthesis is that it can be more challenging to achieve high performance in
properties such as loop stability, acquisition and spectral purity close to the carrier[4].

Indirect synthesis methods almost exclusively use phase locked loops (PLLs) as feedback
systems. Frequency-locked loops also exist, but these cannot achieve as high performance
as its phase-locked counterpart[5]. Therefore, this thesis is focuses on a PLL-based
design.

PLLs can be either analogue or digital and the definition varies among different authors.
In [6], a digital PLL is defined as a PLL where the phase detector is built up by digital
components such as gates and flip-flops. By this definition, the PLL studied in this thesis
is analogue since a mixer is used as phase detector. The main advantage of an analogue
PLL design is that it allows for higher output frequencies than a digital design[7].

1.3 Objective

This thesis investigates the phase noise performance of a synthesizer prototype devel-
oped by RUAG Space AB. The synthesizer is designed on a request from the European
Space Agency(ESA) and is at the moment in an early prototype stage. The investi-
gation is carried out on a synthesizer which is a part of a bigger frequency generating
system for satellite communication, where the total performance is partly limited by the
synthesizer’s phase noise.

The synthesizer has a reference signal of 260 MHz and an output signal of frequency
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between 2340 MHz and 4420 MHz in steps of 260 MHz. Measurements have shown a
phase noise that is higher than expected at offset frequencies above 100kHz. For in-
stance, at an output frequency of 3120 MHz and offset frequency 350kHz, the phase
noise was measured to be —113.6 dBc/Hz compared to the expected phase noise that
was —118.3dBc¢/Hz. This increase is caused by the loop filter and the objective of this
work is to find an accurate model which explains it and also to design a new loop filter
with better phase noise performance.

1.4 Motivation

There are plenty of textbooks and articles describing the phase noise theory of PLLs and
synthesizers, for instance [4]-[6],[8]. All of these provide the theory of designing a loop
filter for optimal phase noise performance with respect to the PLLs main components,
but without taking the noise generated in the loop filter into account. The loop filter is
normally built up by resistors, capacitors and operational amplifiers (OP AMPs) which
all contribute noise to the system. This noise modulates the carrier signal of the VCO
and adds to the total phase noise of the PLL, as will be shown in this thesis. The
filter noise theory is rarely found in the literature and the reason is, to the authors
understanding, that this noise is often low enough to be negligible. However, a highly
sensitive VCO converts a low filter noise to significant output phase noise. Therefore it
is important to keep this in mind when designing a PLL and to have an accurate model
when the filter noise cannot be considered negligible. During the literature review in this
work only three papers describing this filter noise could be found, [9]-[11], and in those
papers it was not thoroughly investigated. Consequently there is a need for a deeper
analysis of the phase noise contribution of the loop filter.

1.5 Outline

In Chapter 2 some basic PLL theory is discussed and the theory of phase noise in a
PLL, with extra focus on the loop filter, is thoroughly investigated. Chapter 3 presents
the design of the synthesizer followed by a description of the measurements performed
during the project. In Chapter 4 the results are presented and discussed and Chapter 5
summarizes the conclusions of the whole project and suggest topics for future analysis.






Chapter 2

Theory

This chapter starts by defining phase noise after which some fundamental concepts of
PLLs are introduced. This is followed by studying the the phase noise contribution from
the different components in the PLL, with extra focus on the active loop filter.

2.1 Phase noise theory

The noise performance of a synthesizer is very important because it can degrade the
performance of the complete system severely. There is for instance thermal noise which
adds to the noise floor and limits the performance of highly sensitive systems[5]. A
certain kind of noise is called phase noise which refers to random fluctuations in the
phase of the signal. Phase noise is very important in frequency generating systems
because it can for instance increase bit error rates in digital systems or contaminate
adjacent frequency channels and thereby limit the number of usable channels[5],[12].

To illustrate phase noise, a signal with amplitude 1V and frequency 3120 MHz was
created with and without uniformly distributed phase fluctuations in MATLAB . The
signal is shown in time and frequency domain in Fig. 2.1. Note that, for readability, the
phase noise in time domain has been made 10 times larger than in frequency domain.

The Institute of Electrical and Electronics Engineers (IEEE) definition of phase noise
is half of the double-sideband (DSB) power spectral density of phase fluctuations[13].
Phase noise is generally expressed in decibels below the carrier in a 1 Hz frequency band,
dBc/Hz, for a certain offset frequency. This defintion will be used throughout this thesis
and the phase noise will be denoted .Z:

L(Af) [dBe/Hz] = 101og, (W) , (2.1)

C

where Af is the offset frequency relative to carrier, P, is the carrier power and Spsp
represents the double-sideband spectral density of phase fluctuations.
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Fig. 2.1: An illustration of the difference between an ideal signal and a signal with phase
noise in (a) time domain and (b) frequency domain.

2.1.1 Phase noise in time domain

In time domain, the output frequency of a synthesizer or oscillator can be expressed by
the equation

v(t) = (Ao + A(t)) cos[2m fot + 0(t)] , (2.2)

where fj is the frequency of operation, Ay and A(t) are the amplitude and amplitude
variation and 6(¢) is the phase variation or phase noise[6]. Oscillators have an amplitude
limiting mechanism when the transistor or transistors are in compression which makes it
relatively easy to design amplitude stable oscillators and synthesizers. A(t) will therefore
be assumed to be zero in this thesis. The phase noise can be represented as a frequency
modulation of the carrier[14]

0(t) = Op sin(2m fnt) , (2.3)
where 0, is the peak phase deviation and f,, is the modulation frequency. The peak
phase deviation is also called modulation index and can be represented by

Af
0, = —= . 24
p fm ( )
Assuming A(t) = 0 and inserting (2.3) into (2.2) gives the expression
v(t) = Ag cos[2m fot + O, sin(27 fnt)] =
= Ag[ cos(27 fot) cos|f) sin (2 fimt)] — sin(2 fot) sin|6), sin(27 fmt)]] - (2.5)

By further assuming that the phase deviations are small, 6, < 1, the small angle ap-
proximation, sin(z) ~ z and cos(x) = 1, can be used to simplify (2.5). The expression
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then becomes
v(t) = Ao[cos(2m fot) — O, sin(27 fit) sin(27 fot)] =
= Ap[cos(2m fot) — %(cos[%r(fo + fm)t] — cos[2m(fo — fw)t])] , (2.6)

where it can be seen that small phase or frequency deviations result in modulation
sidebands at fo + fm[14]. The ratio between noise power in a single-sideband(SSB) and
the carrier power can then be expressed as

Ssse Jv®)P/2  Jo@®)]?  (Adhp/2)® 6

P. AZ/2 A2 A2 4

(2.7)

where 6, is the peak phase deviation. The IEEE definition of phase noise was in the
beginning of Section 2.1 defined by half the double-sideband spectral density. By as-
suming that the noise spectrum is symmetric around the carrier frequency, i.e. the
double-sideband noise power is twice the noise power in a single-sideband, the phase
noise can be expressed as

_ Sps/2 _ SssB _ 02

P. P. 4

&z (2.8)

2.1.2 Phase noise in frequency domain

In the frequency domain an ideal signal is a delta function while in reality the signal
is a band of frequencies, as is illustrated in Fig. 2.2 (a). This spectral broadening is
caused by phase noise. The most commonly used way of representing phase noise is
shown in Fig. 2.2 (b) where one sideband of the realistic signal in Fig. 2.2 (a) is plotted
in logarithmic scale versus offset frequency. The phase noise in the graph is based on
the oscillator phase noise model proposed by Leeson in 1966:

2
J
1+<2Q°Af>], (2.9)

where kg is Boltzmann’s constant, T is the physical temperature, P is the oscillator input
signal level, F' is an effective noise figure and () is the quality factor of the oscillator. « is
a constant representing the level of up-converted flicker noise. In this graph the quality
factor was chosen relatively high so that Af > fy/2Q while the additional parameters
were chosen to reach a noise floor at . = —130dBc¢/Hz. This choice of @ results in the
respective slopes that can be seen in Fig. 2.2 (b):

Af P,

2(Af) = ( o +2]<:BTF>

Close to the carrier: —30 dB/decade
Between Af; and Af, : —10 dB/decade
Above Af, : 0 dB/decade
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Fig. 2.2: An illustration of phase noise in (a) linear scale and (b) logarithmic scale.

o

If @ would have been been relatively low so that Af < fy/2@Q instead, the slope between
Af, and Afy would be —20 dB/decade.

By comparing the spectrum of an ideal and a realistic signal, as shown in Fig. 2.2 (a), it
is intuitive that the phase noise limits how closely channels can be spaced, as was stated
in the beginning of the section.

From (2.9) it can be seen that the phase noise scales quadratically with frequency of
operation:

2
2(1) =$<f1><§j> | (2.10)

2.2 The PLL principle

A PLL is a feedback loop where the phases of the reference and output signal are
compared. A block schematic of the PLL used in this study is shown in Fig. 2.3. As
can be seen in the figure, the phase detector (PD) compares the phase of fy divided by
the division number N with the phase of fief. Hence, if fiof = fo/IN the filter will not
receive any signal from the phase detector. If fiof # fo/N the filter will receive a signal
of frequency equal to the difference of the two signals. The filter is designed so that the
signal delivered to the VCO adjusts the output signal to the desired frequency.

There are three key performance limiting properties in a PLL: Lock-time, spurious fre-
quencies and phase noise[15]. The lock-time is determined by the loop bandwidth[16].
A large loop bandwidth gives a fast locking time, which is one reason why a large loop
bandwidth is generally desired. Another reason is that the VCO’s phase noise is bet-
ter suppressed near the carrier with a wider loop bandwidth. However, for a wider
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Reference PD Filter VCO
fref fO
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Fig. 2.3: A block schematic of the PLL.

@ Kep F(s)

¥ cho/ S

H(s)

Fig. 2.4: A block schematic of the PLL in Laplace domain.

bandwidth the phase noise of the reference, phase detector and frequency divider is less
suppressed far away from the carrier. Hence, there is a trade-off which needs to be
considered when designing a synthesizer. Spurious frequencies are unwanted frequency
components in the signal. In PLLs these are normally not a problem as long as they are
located outside the loop bandwidth where they are filtered. Phase noise is the property
which will be investigated thoroughly in this thesis, while the lock-time and spurious
output will be discussed only briefly.

2.2.1 Linear PLL-model

In this thesis a linear PLL-model is used[4]-[6], a block diagram of this model in Laplace
domain is shown in Fig. 2.4. The linear model can be found in several textbooks and
articles where it has been verified to be a very accurate[7],[9],[16]-[18]. As can be seen
in the diagram, the VCO is modeled as an integrator which adds a 1/s-factor in the
Laplace domain[6]. The phase detector is modeled as a linear device, which means that
it has the same output amplitude for all input frequencies. This is generally not true,
but has been used as a rule of thumb in many PLL calculations with only a few percent
error[6]. Therefore the linear phase detector model will also be used in this thesis.
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PLL transfer functions

There are a few important transfer functions in a PLL which will be presented below.
The first one is the feed-forward function, which is the transfer function for a signal
going from the input to the output, see Fig. 2.4. It is defined in the Laplace domain by:

Kdevco

G(s) =27 .

F(s), (2.11)
where K4 is the phase detector constant, Ky, is the VCO gain or sensitivity and F(s)
is the loop filter transfer function|6].

The feedback transfer function is the transfer function from the output back to the phase
detector, see Fig. 2.4. Assuming that there is no time delay in the divider this function
is simply a division by N:

H(s) = — . (2.12)

The open-loop function is determined by the feed-forward and the feedback function[9]
and is defined as

K deco

Go(s) = G(s)H(s) = 2n—2

LR (s) | (2.13)

Once the open-loop transfer function has been defined, the transfer functions which
will be used for phase noise calculations can be presented. The transfer function which
describes how phase noise generated in the phase detector, reference source or frequency
divider appears at the PLL-output will have low-pass characteristics[9],[11],[17] and it is
known as the closed loop transfer function. It can be expressed as

Goi(s)

Gip(s) = 1+ Gols)

(2.14)

The phase noise generated in the VCO will be reduced by the gain of the loop filter at
low frequencies and will therefore have high-pass characteristics[9],[11],[17]. It can be

expressed as
1

Cie(s) = TG0

(2.15)

Loop stability

The criterion for closed loop stability is that there should be no pole in the right half
plane (RHP) of the complex closed loop transfer function[19]. Closed loop stability can
be verified from the Nyquist stability criterion, which states that if Go(s) does not have
poles in RHP, then the closed loop transfer function is stable if the Nyquist curve of
Goi(s) does not encircle the critical point —1[19]. The Nyquist curve of a function is the
function plotted in the complex plane versus frequency. Some authors prefer to analyze
the stability through phase and gain margin, which can be determined from the Bode

10
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Fig. 2.5: A simplified schematic of the loop filter used in this design.

plot of Gei(s)[20],[21]. This method is valuable for finding a good trade-off between
stability and response time but is not applicable on all systems. For instance, if the
phase of G,)(s) does not reach —180°, the gain margin cannot be calculated. This is
the case in this thesis, because ZGo(s) — —180° only when f — foo which makes it
impossible to determine the gain margin. Therefore, Nyquist stability criterion is used
to verify the stability of this PLL.

2.2.2 The loop filter

The loop filter is an important part of the PLL which determines phase noise perfor-
mance of the PLL and the loop bandwidth which in turn, as mentioned in Section 2.2,
determines the lock-time. There are many different topologies of both active and pas-
sive loop filters, some general examples can be found in e.g. [5],[6],[20]. A PLL is often
described by its order which is determined by the filter. For example, a simple low-pass
RC-filter, which has one pole, together with an integrating VCO provides a second order
PLL.

The PLL studied in this thesis is a combination of a second and a third order with an
active loop filter. The simplified schematic of the filter is shown in Fig. 2.5. The switch
X4 is what makes this a combination of second and third order loop. When the PLL is
unlocked, Xy is digitally closed so that Cy is short-circuited. Then the loop filter has
one pole which makes it a second order PLL. When the PLL is locked, X4 is opened so
that an extra pole is introduced by Cy, which makes it a third order loop. This topology
makes it possible to achieve a high loop bandwidth and fast lock-time before the PLL is
locked and a high gain and low phase noise when the PLL is locked.

The resistors Rp1 and Rpe in Fig. 2.5 are variable in the sense that they both consist
of eight parallel resistors with digitally controlled switches. Since Ry is variable it will

11
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be possible to digitally adjust the gain of the loop filter and thereby optimize the phase
noise performance for every output frequency. Since Ry is variable it will be possible
to add an offset DC voltage output by using the summing OP AMP Xj3. This is easily
realized by applying Kirchoff’s current law (KCL) in the input node of X3:

Vout Vofset . Voffset .
=0 = =—| —= R5 . 2.16
R5 + sz + p1 Vout ( Rp2 + ZPl) 5 ( )
This can be re-formulated to

Vout = Vout + U(/)ut s (2.17)

where Vout = Vofiset 5/ Rp2 represents the offset DC voltage and v),,, = ip1 R5 represents
the small signal voltage. The variable DC offset will make it possible to digitally set the
signal level at the input of the VCO and thereby reduce the lock-time considerably.

Filter transfer function

The filter transfer function is found by circuit analysis. Since Vogeet only adds a DC offset
it is assumed to be zero in the small signal transfer function. The transfer function will
be derived only for the case when X, is open, which is when the PLL is locked. The
reason for this is because the phase noise has only been analyzed in locked state since
this is the state of concern. The loop filter transfer function is found by applying KCL
to the circuit in Fig. 2.5:

Uin Ua,

Uin -0
R, + 1/sCy + R /(1 + sCyR2)
Ua Uout 0
Rpl R5
Uout RS 1 RQ
= F(s)= = . 2.18
(=) Un  Rp <SC4R1 " Ry + SCQR1R2> (2.18)

Here it can be seen that the gain of the loop filter can be adjusted by the factor Ry /Rs
as was mentioned in the previous section.

By looking at (2.11)-(2.15) it can bee seen that the filter function F'(s) determines the
break point in the low-pass and high-pass transfer functions. For low offset frequencies
Gip =~ 1 but after the break point G, < 1. This means that phase noise from the
reference, phase detector and divider will remain the same for low offset frequencies but
be suppressed for high offset frequencies. However Gy, < 1 for low frequencies and
Ghp ~ 1 for high frequencies, which means that the phase noise from the VCO will be
suppressed for low offset frequencies and remain the same for high offset frequencies.
This breakpoint, where the phase noise from the VCO starts to dominate over the phase

noise from the reference, phase detector and divider is what defines the loop bandwidth
of the PLL.

12
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Filter gain and offset voltage constant

From (2.18) it can be seen that Rs/R,1 represents a proportional gain factor. This
gain factor is constant for each output frequency selected, which means that Ry is
proportional to Rs:

Rp1 0.8 R5 . (2.19)

In a similar way it can bee seen from (2.16) that Rs5/Rp2 represents an offset constant
and that

Rpo « Rs . (2.20)

2.3 Synthesizer output phase noise

The total phase noise at the output of the synthesizer will be the sum of the contribution
from all its components. As was explained throughout Section 2.2, each component
has a specific transfer function depending on where in the PLL it is located. With
these transfer functions the phase noise of a component can be measured when it’s not
connected in a PLL and then its contribution at the output of the synthesizer can be
calculated. This method has been verified in many previous works, a few examples are
[9]-[11]. The different transfer functions that can be used to calculate each component’s
phase noise contribution at the synthesizer output are:

Reference source: Lref, pll = .,Zﬂref|G1p(s)|2N2 (2.21)
Phase detector: Zod, pll = Zpa|Gip(5)|*N? (2.22)
Frequency divider: Laiv, pl = 3div|Glp(S)’2N2 (2.23)
VCO: Lrco, pll = Leco|Gp(8)]? (2.24)

The transfer functions Gy (s) and Gy, (s) were derived in (2.14) and (2.15). The division
number N has been included in the low-pass transfer functions to up-convert the phase
noise at the device’s operation frequency to the PLL output frequency according to
(2.10).

2.3.1 Voltage noise in the loop filter

The voltage noise generated in the loop filter, e.g. thermal noise from resistors and
voltage and current noise from OP AMPs will add fluctuations to the control voltage
on the VCO'’s input. These fluctuations will appear as a phase deviation at the VCO’s
output and can be calculated by:

ﬂ Kyco Urms

Op(Af) = Af , (2.25)
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where v,5 is the root mean square (rms) voltage noise at the input of the VCOI9],[10].
From (2.8), the loop filter phase noise can then be calculated from the phase deviation:

2

1(V2K 2 1(K
Ler (Af) = 4<AVC}’ vrms) = 2<VA;m> . (2.26)

Since this phase noise is at the output of the VCO it will have the same transfer function
as the VCO phase noise, i.e. (2.15). The total phase noise contribution of the filter at
the output of the synthesizer then becomes

gﬁlter, pll(Af) = gﬁlter(Af)’th(s)lz (227)

Thermal noise from resistors

At baseband, the thermal noise, or Johnson—-Nyquist noise, from a resistance is generally
expressed as a voltage noise source with rms voltage equal to

Ums = VAkBTR (2.28)

where R is the resistance[10]. The thermal noise is uncorrelated and different voltage
noise sources will add as the root mean square of each noise voltage[22], that is

— 2 2 2
Urms, tot = \/’Urms7 1 + vrms, 2 + /Urms, 3 o (229)

The thermal noise of parallel and series resistors will be the thermal noise of the total
equivalent resistance of the parallel or series combination.

Noise from operational amplifiers

The noise from OP AMPs is generally provided in the data-sheet as rms voltage and
current noise at the input. The voltage noise can be modeled as a voltage noise source
placed at the input of the amplifier and treated in the same manner as resistors, as was
described in (2.29). The current noise will cause a voltage noise when it flows through
the surrounding resistors. Looking at the example in Fig. 2.6, the current noise will
spread out through all the surrounding resistors[22]. The equivalent voltage noise can
be found from the parallel combination of Ra, Rg and Rg:

—1
1 1 1 .
Ucurrent, rms — (_RA -+ R7B + ffc) trms - (230)

Now the current noise can be modeled as a voltage noise source and treated in the same
manner as was described in (2.29).

14
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Re

RA RC

Fig. 2.6: Example of an operational amplifier circuit.
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Chapter 3

Synthesizer design verification

This chapter motivates and discusses the choice of components in the synthesizer. It also
displays measurement results performed on individual components, explains measurement
procedures and presents the instruments used during this work.

3.1 PLL design

The synthesizer analysed in this thesis consists of a reference source, phase detector,
VCO, frequency divider and loop filter, configured as was described in section 2.2. Aside
from these components, passive filters, attenuators and some DC-feed networks are lo-
cated throughout the circuit. There are also Low noise amplifiers (LNAs) placed on
the phase detector’s inputs to increase the power level of the signal for better perfor-
mance. These LNAs were selected with minimal phase noise contribution in mind and
were therefore assumed to not add any phase noise to the PLL’s output. The signal
to noise ratio was however considered so that the LNA did not amplify the noise floor
to unreasonable levels. All components are matched to 502 so there is no need for
matching networks, only 50 ) transmission lines. The only exception to this is the input
of the VCO which is high impedance, but since the signal after the mixer is DC or very
low frequency there is no need for a matching network there either.

The reference, phase detector, VCO, divider and loop filter are the components which
are important from a phase noise perspective and they will be presented in detail below.
The layout and a list of additional components can be found in Appendix A and B. The
phase noise for some of the components will be given for the offset frequency Af = 1 MHz
and scaled to an operating frequency of fo = 3120 MHz. The reason for this is that the
complete synthesizer has shown a large increase of phase noise at offset frequencies above
100 kHz, which makes Af = 1MHz a good frequency for comparison. The reason to
choose to compare phase noise at operation frequency fo = 3120 MHz is simply because
it is the frequency which has been most closely analysed throughout this project.
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Fig. 3.1: Measured phase noise for f, = 3120 MHz, originally predicted phase noise for
fo = 3120 MHz and the design specification for 2340 MHz < fy < 4420 MHz.

The goal of this work is to achieve a phase noise lower than ESA’s specification for
the whole frequency band, 2340 MHz < fy < 4420 MHz. The phase noise specifica-
tion is shown in Fig. 3.1 together with measured phase noise of the original design at
fo = 3120 MHz. In the same graph the original phase noise model, where phase noise
contribution from the filter is not taken into account, is also plotted for fy = 3120 MHz.
As can be seen in the graph, the measured phase noise is several decibels higher than pre-
dicted for offset frequencies above 100 kHz, as was stated above. It is also worth noting
the peak around A f = 13.5 MHz, which showed up on several measurements and is not
caused by the synthesizer itself. It is most likely interference from other measurement
equipment and was disregarded in this analysis.

3.1.1 Reference source

In this study the reference signal is generated from a QuickSyn FSW-0010 synthesizer
from National Instruments. The spectral purity of this synthesizer is not comparable
with state-of-the-art oscillator crystals, but unlike a crystal it is tunable and easily
controlled from a PC using USB cable.

The phase noise at the required reference frequency f.of = 260 MHz was measured to
be —141.7dBc/Hz at Af = 1 MHz. Using (2.10) this can be scaled to a phase noise of
% = —120.1dBc/Hz at operating frequency fo = 3120 MHz. One example of a reference
source with similar phase noise behaviour can be found in [23], which at operating
frequency frf = 100 MHz measured a phase noise of . = —174.0dBc/Hz at offset
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Fig. 3.2: Measured phase noise of reference signal at f = 260 MHz.

frequency Af = 1MHz. By again using (2.10), this can be scaled to a phase noise
of ¥ = —144.1dBc/Hz at the operating frequency fo = 3120 MHz. Hence, there are
reference sources with better phase noise performance, but since the phase noise in
the QuickSyn synthesizer is sufficient to verify the accuracy of the model developed in
this thesis, while it also can be easily controlled via PC, it is a suitable choice for this
prototype.

The power level of the reference signal was P = —2dBm at the input of the LNA during
all measurements. This power level was chosen as high as possible without pushing the
LNA into compression.

Improved reference signal for simulations

The reference source presented above will be replaced with a higher performance refer-
ence in the final synthesizer design. In order to be able to illustrate the complete PLL’s
performance in the final design, an improved reference was used in some of the simula-
tions. The data from this improved reference was taken from measurements performed
on a 250 MHz oscillator used in other products at RUAG. The fact that these references
are in the same frequency region suggests that it is reasonable to assume that a similar
performance could be achieved for 260 MHz. The measured phase noise of the improved
reference is shown in Fig. 3.3. This phase noise was scaled to 260 MHz, using (2.10), in
the simulations.
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Fig. 3.3: Measured phase noise of improved reference signal at f = 250 MHz.

Tab. 3.1: Some parameters from the HMC3589L.C4B data-sheet.

Parameter Specification Unit
Frequency range 2.25 —4.5 GHz
Output power 0—-7 dBm
Phase noise at Af = 100kHz -95 dBc/Hz
Tuning voltage —0.5—-20 A%
Tuning sensitivity 70 — 175 MHz V!

3.1.2 Voltage controlled oscillator

The VCO used in this synthesizer is a wide-band VCO from Hittite which, at the time
of writing, has not yet been made available for purchase. The VCO’s product ID is
HMC3589LC4B, some of its parameters according to the data-sheet are listed in Table
3.1.

In this design the most critical requirement on the VCO is that tuning range should
cover 2340 MHz < fy < 4420 MHz. After meeting this criteria the only concern is to
have as low phase noise as possible. HMC3589L.C4B was chosen because it was found
to best meet these specifications. The phase noise of the VCO was measured for three
different frequencies, the result is shown in Fig. 3.4. As can be seen in the graph, the
phase noise is around ¥ = —128.9dBc¢/Hz at Af = 1MHz for fy = 3120 MHz. It
can also be seen that the phase noise is below . = —104.3dBc/Hz at Af = 1 MHz
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Fig. 3.4: Phase noise measurements of free-running VCO for three different output frequen-
cies.

for all three frequencies, which is 9.3 dB better than specification. The sensitivity was
also measured and is shown in Fig. 3.5. As can be seen in the graph, the sensitivity is
fairly constant within the band, 2340 MHz < fy < 4420 MHz. At fo = 3120 MHz it was
measured to be:

Kyeo = 154.1MHz V1.

For comparison, a few different VCOs are presented in Table 3.2, where it can be seen
that the performance of the VCO is comparable with state-of-the art designs, especially
considering the wide tuning range.

3.1.3 Phase detector

This design utilizes the mixer ADE-1 from Mini Circuits as phase detector. When the
PLL is in locked state, the output of the mixer is DC or very low frequency. Hence,
there is no carrier out from the mixer and therefore the transfer function (2.22) cannot
be used to calculate this phase noise contribution. Instead, the noise added from the
mixer must be modeled as a noise voltage source and added to the voltage noise in the
loop filter according to the theory in Section 2.3.1. However, this analysis could not be
performed during this work. The noise generated in the mixer could not be measured

-1
because it was below the noise floor of the measurement system, which was 30 nV v Hz

at baseband frequency 100 Hz and 300 pV v/ Hz at 100 kHz. This is very low compared
to the noise in the loop filter and it is therefore negligible and should not have any
significant effect in noise analysis of the complete PLL.
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Fig. 3.5: Measurement of the VCO sensitivity.
Tab. 3.2: A comparison between different VCOs.
Freq.range | Freq.range A Af Ref.
[GHZ] [%] [dBc/Hz] | [kHz]

CMOS 1.14 — 2.46 73.3 —123.5 600 [24]
Si BJT 54 —17.5 32.6 —-90.5 100 [25]
InGaP/GaAs HBT 6.1 —7.6 21.9 —101 100 [26]
SiGe HBT 3.85 —4.40 13.3 —106 100 [27]
AlGaN/GaN HEMT 5.7—-6.3 10 —-92 100 [28]
AlGaN/GaN HEMT 6.50—7.5 14.3 —81 100 [29]
HMC3589LC4B 2.25—-4.5 66.7 —104.3 100 | This work

The phase detector constant, Kpq in (2.11), describes how much the phase detector
output voltage is changed for a change in the phase at the input. K4 can be determined
by looking at the output of the phase detector with two different input frequencies. For
a mixer, Kpq is the peak-to-peak voltage, v,_p,, divided by m/2 radians. The output
of the mixer was measured with an oscilloscope for a few different frp while fi,o was
held at the reference frequency fr,o = 260 MHz. The power level of the two signals were
Pro = 14dBm and Prr = —2dBm which are approximately the same power levels as
in the actual PLL at fy = 3120 MHz. The result is shown in Fig. 3.6. As can be seen
in the graph, v,_, = 260mV and it remains fairly constant for all the frequencies. This
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3.1.4 Frequency divider

The frequency divider used in this synthesizer is a low noise GaAs HBT programmable
divider from Hittite, HMC705LP4, with division number between 1 < N < 17 for
operation frequencies up to 6.5 GHz. The phase noise performance according to the
data-sheet of this divider is shown in Fig. 3.7 for fqivin = 6 GHz and N = 17, which
corresponds to an output frequency of fo = 353 MHz. As can be seen in the figure, the
phase noise is . = —155 dBc¢/Hz at offset frequency A f = 1 MHz. Using (2.10), this can
be scaled to a phase noise of . = —136.1dBc/Hz at output frequency fy = 3120 MHz.
This phase noise is 16 dB lower than the reference signal and will therefore be negligible
in comparison. Because of limited time and resources, the phase noise of the phase
detector was not measured during this work. It has however been measured previously
by designers at RUAG, which verified the values in the data-sheet.

When choosing a frequency divider for this synthesizer, two criteria must be fulfilled.
The first one is to cover the synthesizer bandwidth, 2340 MHz < fy < 4420 MHz, and
the second one is to cover the desirable division numbers which in this case are all
integers between 9 < N < 17. It is also desirable to have as constant output power as
possible. This simplifies the circuitry between the divider and phase detector if the phase
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Fig. 3.7: Divider phase noise from data-sheet for f4iv,out = 353 MHz.

detector performance is affected by power level differences. The phase noise performance
is generally not very critical since it is often negligible compared to the phase detector
and reference signal. The two criteria are clearly fulfilled, and as can be seen in Fig. 3.7
the phase noise is much lower than the phase noise of the reference source. This divider
was chosen because it showed a more constant output power compared to alternatives.

3.1.5 Loop filter

As was discussed in Section 2.2.2, OP AMPs and resistors generate voltage noise, which
is translated to phase noise by the VCO. This is mostly a problem for VCOs with high
sensitivity, since the magnitude of the phase noise scales linearly with Kyco. In this
design, a wide bandwidth is required which requires a high sensitivity. To reach the
higher output frequencies, a high filter output voltage is also required. For the highest
operation frequency, fo = 4420 MHz the voltage at the output of the filter needs to be
Vout ~ 16 V. In locked state, the small signal level is very low, which from (2.17) means
that the DC offset voltage must be V,,; = 16 V. Achieving this high filter output voltage
can be difficult as will be discussed further below.

Case 1: Original filter topology

A schematic of the complete original loop filter design is shown in Fig. 3.8 and all the
passive component values are listed in Tab. 3.3. Note that Rs is constant but was
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Fig. 3.8: Schematic of the original loop filter topology.

Tab. 3.3: Component values in the original loop filter topology.

Ry R Co Cy Rp1 Rp2 Rs
51.3Q | 51.3Q | 22pF | 22nF | Variable | Variable | Constant

varied during the analysis, while Rj,; and Rp2 can be digitally adjusted to optimize the
performance for every output frequency.

X1, X4 and X5 are active switches from Analog Devices, where X; and X5 are serial
pulse-controlled 8-channel switches, ADG1414BRUZ, and X} is a single channel switch,
ADGT741BKS. In order to perform an accurate noise analysis of the loop filter, the synthe-
sizer was re-fabricated without switches. This eliminated parasitics and on-resistances
in the switches which allowed for a more accurate filter model. In the measurements
performed in this thesis, R,1 and Rp2 were replaced with fixed resistances while the
switch X4 was replaced with a mechanical switch. The OP AMPs, X»-X3, are high
performance OP AMPs from Texas Instruments, OPA161, with low noise, 1.1 nV m_l

and 1.7 pA \/I@il at 1 kHz, and wide bandwidth, 40 MHz. The maximum allowed short-
circuit current for this OP AMP is I, = 55 mA at room temperature, which during this
work was higher than other OP AMPs with comparable noise performance and band-
width. However, this design assumes a maximum short-circuit current of Iy, = 25 mA
in order to allow for alternative OP AMPs, since the availability of space qualified OP
AMPs is quite limited.

The total equivalent voltage noise of the circuit can be found by using (2.29), where
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Fig. 3.9: Measurement of original filter design with 50 Q-termination at the input.

(2.30) is used for the OP AMPs current noise and (2.28) for all resistors. Then the total
noise voltage at the output of the filter (and input of the VCO) can be found:

—2
2 .2 1 1 -2
vrms, tot — Urms, OP AMP1 + E + Rig zrms, OP AMP1 + ..
2

1 1 )
+ Ums, 0P ArP2 + (Rm + o + R5> ims, 0P AMP2 + oo (3.1)

+4kpTRy + 4kpTRy + 4kpT Ry, + 4kpTRyy + 4kpTRs .

The phase noise caused by this voltage noise can be calculated from (2.27).

The component values for the original filter design were R, = 60308, Ry = 442042
and Ry = 27302 together with the values presented in Tab. 3.3. Inserting these into
(3.1) at T'= 298 K results in a total equivalent voltage noise of

-1
Urms, tot = 15.0 HV\/}E .

By terminating the input of the filter with 502 and applying the DC feed to the OP
AMPs the baseband voltage noise could be measured. The result is shown in Fig. 3.9,
measured at temperature T' = 298 K. As can be seen in the figure, the calculated voltage
noise agrees well with the measurement around f = 100 kHz. When this voltage noise is
translated to phase noise in the VCO, the voltage noise at f = 100 kHz will produce a
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phase noise at an offset frequency Af = 100kHz. It can also be seen in the graph that
the voltage noise is higher at lower frequencies. This is natural because the OP AMPs are
noisier at lower frequencies, a feature which have been neglected in this thesis because
this noise is heavily suppressed by the PLL at low offset frequencies. Furthermore, there
is a peak around f = 12 MHz in Fig. 3.9 which have been disregarded in the calculations.
It showed up on all baseband measurements, even in measurements on a single resistor,
and the reason is most likely interference from other devices in the lab.

Maximum current in the filter

As was mentioned earlier in this section, the higher output frequencies require a higher
filter output voltage. This puts a requirement on the loop filter, since this voltage needs
to be generated by the second OP AMP and the feedback resistor. The maximum current
that the OP AMP need to be able to deliver is

I _‘/out,maxfov_ltsv
max Rs Rs .

(3.2)

This means that the limited output current of the OP AMPs limits how small R5 can
be chosen. According to (2.19) and (2.20), Rp1 and Ry scales linearly with Rs. It is
desirable to reduce the size of these resistances which, since the high output voltage
is necessary, means that I,x needs to be increased. To simplify the nomenclature
in this thesis, where simulations and measurements are performed for several different
resistances, the parameter k can be introduced to represent the factor with which the
resistances are reduced:

k— RB, original value }zpl7 original value Rp2, original value (3 3)

RS, new value Rpl, new value }%p27 new value

Case 2: Modified loop filter topology

In order to allow for smaller resistances in the loop filter, a transistor was placed at the
output of the second OP AMP, X3 which makes it possible to drive a higher current.
The transistor chosen for this design was a bipolar Si-NPN transistor, 2N2219A, from
STMicroelectronics. This transistor can amplify the loop filter current up to 800 mA
which means that the resistances can be greatly reduced according to (3.2) and (3.3).
To prevent oscillations in the feedback loop a small resistor, Ry, was placed between the
OP AMP output and the transistor base. A circuit diagram of the modified filter is
shown in Fig. 3.10 and the component values are listed in Tab. 3.4. Assuming that the
transistor does not add voltage noise, the total noise at the input of the VCO is then
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Fig. 3.10: Schematic of loop filter topology with current amplifying transistor.

Tab. 3.4: Component values in the loop filter topology with current amplifying transistor.

Ry Ro Cs, Cy Ry R R R
51.3Q | 51.3Q | 22pF | 22nF | 10.5Q | Variable | Variable | Constant
found in the same way as in the previous section:
2
2 2 1 1 2
Urms, tot — vrms, OP AMP1 5 T+ 5 Zrms, OP AMP1 + .
Ri Ry
2
+ 0 - L) e + (3.4)
v —_—t — 4+ — . .
rms, OP AMP2 Ror | Ry ' Rs Yrms, OP AMP2

+ 4kgT R + 4]€BTRp1 + 4]{2BTRP2 + 4kgTRs5 + 4kgT Ry, .

The phase noise caused by this voltage noise can be calculated from (2.27).

The power loss in the filter can be approximated by looking at the PLL in locked
state, when the current through Ry is close to zero. From (2.16) it can be seen that
Vofset/ Rp2 =~ Vout/Rs for small 4,1, which makes the approximated power loss in Rpo
and Rs:

V2 Vi | 2V2
-PlosS, resistors — ]%;t + ;{Ifj;t ~ Rosut . (35)

The power consumed in the transistor, in locked state when vyt ~ Vout, can be expressed
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as

Vou Vou ‘/CO VYOU ‘/0211
]Dloss, transistor = (‘fcol - 'Uout)‘R75t ~ (V;:ol - ‘/out) R5t = Fl% Lo R5t ’ (36)

where V) is the DC voltage at the transistor’s collector which needs to be approximately
0.7V higher than V¢ max, because of the voltage drop in the transistor. In this design,
the collector voltage was chosen to be Vi, = 20V which was convenient since the OP
AMPs also uses 20 volt supply voltage.

At locked state, all other currents in the filter are very small and therefore the power
loss in other resistors are assumed to be negligible. The total power loss in the filter,
excluding the losses in OP AMPs, can then be approximated from sum of (3.6) and
(3.5):

]Dloss, filter = IDloss, transistor T F)loss, resistors ~

Vcol%ut ‘/:)2ut 2‘/:)211’5
~ _ - 3.7
Rs Ry | Rs (3.7)
_ Veor Vout + V;QHt
Ry Rs

This indicates that the power loss increases with increasing V4 and thereby with in-
creasing output frequency.

Loop stability

For the original loop filter topology the different functions F(s), Ge(s), Gip(s) and
Ghp(s) were plotted versus frequency, the result is shown in Fig. 3.11. In the plot, the
functions are plotted for the original loop filter design at fo = 3120 MHz, that is N = 12,
Rp1 = 603092, Rpp = 442092, Rs = 27302 together with the components listed in Tab.
3.3. A different N would however only make a very small change in the behaviour of
the functions and it is therefore not illustrated further.

Since Ry, Ra, C2, C4 and the ratio Rs/ Ry are equal in both topologies, the filter transfer
function (2.18) will also be the same in both topologies. This means, from (2.13), that
Goi(s) and thereby stability will also be approximately equal in both cases. Because the
transfer functions have similar behaviour for all fy, the stability will also be similar for
the different output frequencies.

The stability was analyzed using Nyquist stability criterion described in Section 2.2.1,
a Nyquist diagram of Gg(s) is shown in Fig. 3.12. As can be seen in the graph, the
Nyquist curve of Gg(s) does not encircle the critical point —1 which implies that the
closed loop system is stable.
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Fig. 3.12: Nyquist plot of Gg(s).
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3.2 Instruments and experimental procedure

All simulations in this project were carried out in MATLAB and the measurements were
performed with several different instruments. For general troubleshooting the spectrum
analyzer 8596FE from Hewlett Packard was used, with a high impedance probe, to be
able to look at the spectrum at any exposed pad in the circuit. The power meter E4416A
from Agilent was also used throughout the project to keep track of the power level of
the signal.

3.2.1 Phase noise measurements

The phase noise of the reference signal and the VCO was measured with the Signal Source
Analyzer (SSA) E5052B from Agilent. The same instrument was used to measure the
VCO output frequency vs. control voltage in Fig. 3.5.

The PLLs total output phase noise was measured with the older version of the same
instrument, E5052A. When this phase noise was measured, the PLL output was split with
a 3 dB-divider, where one port was connected to the SSA and the other was connected
to the spectrum analyzer. The spectrum analyzer was used to simplify the process of
finding a locked state. During these measurements R was not tunable but replaced
with a fixed resistance and Vgt was instead adjusted until the PLL locked in.

3.2.2 Baseband noise measurements

The voltage noise in the loop filter, Fig. 3.9, was measured with the SSA E5052B.
During this measurement, the output of the filter was connected to the baseband port
of the SSA while the input of the filter was terminated with a 50 2 load. The DC supply
voltages were applied in order to include the full voltage noise from the OP AMPs.

3.2.3 Phase detector characterization

The phase detector constant, Fig. 3.6, was measured using two signal generators SMB100A
and one oscilloscope RT 01044, all from Rohde & Schwarz. To simulate the phase detec-
tor, which in this design was a mixer, as realistically as possible, the LO- and RF-ports
were fed with signals similar to the signals which would appear in the real circuit. A
14 dBm, 260 MHz signal was applied to the LO-port while a —2 dBm signal of different
frequency was applied to the RF-port.
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Chapter 4

Results & Discussion

In this chapter, the results from the different measurements and simulations will be pre-
sented and discussed. In the first half of the chapter, simulations of the filter phase noise
model are compared with measurements, verifying the model’s accuracy. A suggestion
of a final design will be presented in the later half of the chapter which is followed by a
general discussion at the end.

4.1 Measurement & simulation of synthesizer with original
loop filter design

The original loop filter design, at fo = 3120 MHz, consisted of resistors with values
according to Tab. 4.1. In the same table the resistance scale factor k and maximum
filter current, calculated from (3.2) and (3.3), are also provided. For circuit diagram and
additional component values see Fig. 3.8 and Tab. 3.3 in chapter 3. The phase noise
performance of the complete PLL was measured and simulated, the result is shown in
4.1. Two simulations are presented, one with and one without an included filter model.
The figure also shows the phase noise of the free running VCO, filter and upconverted
reference signal, that is the reference signal multiplied with the division number (N = 12)
as was explained in (2.10). Note that the peak at Af = 13.5MHz is disregarded since
it does not originate from the synthesizer itself, as was mentioned in Section 3.1.

As can be seen in Fig. 4.1, the simulation including the filter model proposed in Section
2.3.1 is much more accurate than the simulation not including the filter model. The
most critical point is at offset frequency A f = 841 kHz, where the measured phase noise
is 3.7dB higher than the maximum allowed phase noise according to the specification
presented in Section 3.1. Note that for offset frequencies above Af = 860 Hz the filter
contributes more noise than the VCO. Since both the VCO and the filter have the same
transfer function Gpp(s), (2.15), the filter will dominate the phase noise contribution
instead of the VCO for high offset frequencies. This is not desirable since it is generally
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Tab. 4.1: Component values of the original loop filter design at fy = 3120 MHz.

R

Ry

Rs

Imax

6030 2

4420

27300

6 mA

T T

T

T

Measured

— - — - Reference (upconverted to fo) I

N VCO
60+ N — —  Filter phase noise
~ Specification
N — — — Simulated without filter model
— — — Simulated with filter model H

Phase noise [dBc/Hz]

-120-

-140-

-16 T | Ll T | T | M|
10 10 10" 10° 10° 10’

Offset frequency [Hz]

Fig. 4.1: Measured and simulated phase noise of the synthesizer at fy = 3120 MHz with the
original loop filter design.

considered harder to design a low phase noise VCO than a loop filter with low phase
noise contribution. To investigate the filter further, an analysis of each filter component’s
phase noise contribution was performed, the result is shown in Fig. 4.2. As can be seen
in the graph, the largest phase noise contributors are the large resistors Rp1, 22 and R,
followed by the current noise from the second OP AMP. The phase noise caused by the
current noise in the second OP AMP is related to the size of Ry, Rp2 and R5 according
to (2.30). Therefore, by reducing these resistances the phase noise contribution from the
filter can be substantially reduced.

4.2 Simulation of synthesizer with original filter topology
where resistances are reduced by a factor £ = 4.3

The low noise, wide bandwidth OP AMPs mentioned in Section 3.1.5 are assumed to

be able to operate at a short-circuit current of 25 mA. From (3.2) and (3.3) this allows

for a reduction of the resistances by a factor kK = 4.3. Therefore a design with k = 4.3
was simulated, the corresponding resistor values are presented in Tab. 4.2 and the
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Fig. 4.2: Simulated phase noise contribution from the different components in the original
loop filter at fy = 3120 MHz.

Tab. 4.2: Component values of the loop filter with original topology, where k = 4.3 and
fo = 3120 MHz.

k Rp1 Rp2 R5 Imax
4.3 | 14149 | 1036Q | 6409 | 25mA

simulation result is shown in Fig. 4.3. As can be seen in the graph, the phase noise is
greatly improved when the resistances are reduced and is near the specification at this
output frequency. However the phase noise contributions will increase with higher output

frequencies according to (2.10) and therefore the filter design needs to be improved even
further.

4.3 Measurement & simulation of synthesizer with modi-

fied loop filter topology where resistances are reduced
by a factor k = 6.8

To reduce the phase noise from the filter even further, a current amplifying transistor
was added as shown in Fig. 3.10. The resistances were this time reduced by a factor
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Fig. 4.3: Simulated phase noise of the synthesizer at fy; = 3120 MHz, with original filter
topology where resistances are reduced by a factor k = 4.3.

Tab. 4.3: Component values of the loop filter with modified topology, where &k = 6.8 and
fo = 3120 MHz.

k Rpl Rp2 R5 Imax
6.8 | 842€) | 6563 | 404 | 40mA

k = 6.8 compared to the original design, the values that are listed in Tab. 4.3 were
chosen. The simulated and measured result is shown in Fig. 4.4, where it can be seen
that the phase noise is further improved compared to Fig. 4.3 in Section 4.2. It can
also be seen that the simulated model fits the measured phase noise well for this new
topology as well, which suggests that the transistor adds very little phase noise, as was
assumed. However, the phase noise is still not low enough to meet the specification for
higher operation frequencies. At the most critical region, where the phase noise is as
high as the specification, around Af = 1MHz, the total phase noise level is close to
the level of the reference phase noise. This suggests that an improved reference could
improve the phase noise even at this high offset frequency. It was mentioned in Section
3.1.1 that the phase noise performance of the QuickSyn reference is not excellent and
there is room for improvement by choosing a better reference source for the final design.
Therefore a simulation was performed with data from a different reference, the result is
shown in Fig. 4.5. As can be seen in the graph, the phase noise can be greatly reduced
by improving the reference.
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Fig. 4.4: Measured and simulated phase noise of the synthesizer at f, = 3120 MHz, with
modified filter topology where resistances are reduced by a factor k = 6.8.

4.4 Simulation of synthesizer phase noise for different re-
sistance reduction factor k

To investigate how much the phase noise can be improved using the current amplifying
topology, the phase noise was simulated for several different k. The different component
values are listed in Tab. 3.4 and 4.4. The simulation result for the original reference
source is shown in Fig. 4.6 and for the improved reference source in Fig 4.7. To clarify the
impact of increasing the filter current, the phase noise of the synthesizer with improved
reference was also plotted within the most critical region, 100kHz < Af < 1 MHz, in
Fig. 4.8. As can be seen in the graphs, the phase noise is improved when k is increased.
However, the later steps represents a much larger current increase which makes the
improvement much less energy efficient at these current levels. For this reason, the value
k = 17.1 was chosen for further analysis. The higher k£ were considered unreasonable
even if they do improve the phase noise.

4.5 Simulation of synthesizer with modified loop filter topol-

ogy where resistances are reduced by a factor £ = 17.1
A simulation was performed of the synthesizer with modified loop filter topology, where
k = 17.1, and with the improved reference signal from Fig. 3.3. The component values

can be found in Tab. 4.4. The total phase noise together with the phase noise con-
tribution from the reference, divider, VCO and filter is shown in Fig. 4.9. The phase
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Fig. 4.5: Simulated phase noise of the synthesizer at fy = 3120 MHz with an improved
reference signal and modified filter topology where resistances are reduced by a factor k = 6.8.

Tab. 4.4: Component values of the loopfilter with modified topology, for different k at fy =
3120 MHz.

k R R, Rs Imax

1 603082 | 44209 | 273092 | 40mA
6.8 | 842Q | 6530 | 404 | 40mA
12.0 | 503 | 3682 | 2280 70mA
17.1 | 3549 259 () 160 | 100mA
34.1 | 1778 1302 802 200 mA
85.3 710 520Q 32Q 500 mA

noise contribution from each component in the loop filter is shown in Fig. 4.10. As
can be seen in Fig. 4.9, the phase noise for this k is more than 4 dB lower than the
specification. In Fig. 4.10 it can be seen that the phase noise contribution from the
largest resistances Rp1, Rp2 and R5 are now comparable with the the OP AMP voltage
noise, which explains why the phase noise did not improve at the same rate for higher
currents in Section 4.4. To efficiently improve the phase noise further with this method,
the noise of the OP AMPs would also need to be reduced.
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Fig. 4.6: Simulated phase noise of the synthesizer with modified filter topology, for different

k at fo = 3120 MHz.
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Fig. 4.7: Simulated phase noise of the synthesizer with modified filter topology and improved
reference signal, for different k at fy = 3120 MHz.
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Fig. 4.8: Simulated phase noise of the synthesizer with modified filter topology and improved
reference signal, for different k at fo = 3120 MHz and 100kHz < Af < 1 MHz.

4.6 Simulation of synthesizer with modified loop filter topol-
ogy and k£ = 17.1 for different output frequencies

To investigate how well the & = 17.1 design works over the whole frequency band,
2340 MHz < fy < 4420 MHz, the output phase noise was simulated for the highest and
lowest frequency. The result is shown in Fig. 4.11, where it can be seen that the design
meets the specification well for those frequencies. It can also be seen that the phase
noise increases with frequency which is expected since the VCO have higher phase noise
at high fo. Larger fp means larger N which from (2.14) also increases the phase noise
contribution reference, phase detector and divider.

4.7 Discussions and alternative solutions

Looking at the phase noise graphs above, for instance Fig. 4.10, one might be tempted
to reduce the cut-off frequency of the loop filter such that the phase noise rolls off at
a lower offset frequency. Unfortunately this is not possible because if Cy is increased
Goi(s) will have a peak within the loop bandwidth which causes instability. Co can be
increased a little, but not enough to move the breakpoint considerably and these small
adjustments only showed degraded phase noise performance in simulations.

The power consumption and efficiency was not the focus of this thesis, but it was con-
sidered for instance when choosing to not reduce the resistances further than a fac-
tor k = 17.1. This k, which is the design where Rs = 160}, has a total power
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Fig. 4.9: Simulated phase noise of the synthesizer at fy = 3120 MHz, with modified loop filter
topology where the resistances are reduced by a factor k = 17.1.

loss in the filter of Ploss, firter = 3.6 W according to (3.7) when the collector voltage
is Veor = 20V and Vi = 16 V. This high V,,; is necessary to achieve the highest output
frequency but V., could safely be reduced to 17 V. This would decrease the power loss
to Ploss, fitter = 3.3 W. This is still a large power loss, but as was already stated, power
loss was not the focus of this thesis.

During this work, other ways of reducing the resistances were considered. However,
to achieve the high output voltage reducing the resistances will require a high current
unless the loop filter or the complete PLL is completely re-designed. Therefore, some
time was spent on searching for ways of increasing this current. One way of achieving
Imax = 100mA, other than using a current amplifying transistor, would be to connect
four OP AMPs in parallel in the second OP AMP stage. Each OP AMP would add
voltage noise and the OP AMPs would need to be stabilized with a small resistance at
the output similar to R}y in Fig. 3.1.5. This small resistance would also add a little
voltage noise. This means that this solution would not be able to achieve as good phase
noise performance while it also would be physically larger and more expensive. The
benefit of a design like this would be that it could be less power consuming, since a lot
of power is lost as heat in the transistor. This design was never tested since the power
loss were not considered as high priority as the phase noise performance, size and cost.
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Fig. 4.10: Simulated phase noise contribution from the different components in the modified
loop filter with £ = 17.1 and fy = 3120 MHz.

4.8 Estimation of loop filter phase noise contribution in an
early PLL design stage

When designing a PLL there are many different parameters that can be considered which
can make it difficult to find a good approach in the beginning of the design process. The
theory behind the filter phase noise contribution is relatively extensive and it is not likely
that a designer would consider this in an early design stage. It could therefore be useful
to have a tool which, with only a few easily measured PLL parameters, can estimate the
phase noise contribution from the filter. A suggestion of such an estimation tool will be
formulated in this section.

From a phase noise perspective, the general approach in the beginning of a PLL design
process is to investigate the VCO, reference source and phase detector. The phase noise
curves of these components will provide a rough indication of the performance of the
complete PLL. The phase noise of the system will follow the reference or phase detector
at low offset frequencies and the VCO at high offset frequencies. The offset frequency
where the VCO phase noise intersects the reference or phase detector phase noise also
gives a good estimation of the loop bandwidth. With this data, one could also estimate
some initial parameters for the loop filter.
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Fig. 4.11: Simulated phase noise of the synthesizer with modified filter topology, improved
reference and k = 17.1 for three different output frequencies.

Let Af; represent the offset frequency where the VCO phase noise curve intersects the
reference or phase detector phase noise curve. If the phase noise of the reference source
is larger than the phase noise of the phase detector this intersection will occur between
the VCO and reference source, otherwise it will occur between the VCO and phase
detector. Also note that the phase noise of the reference or phase detector needs to
be up-converted to the same frequency as the VCO according to (2.10). At Af;, the
VCO phase noise is Zyco(Af;). It is desirable that the filter’s phase noise contribution is
less than the VCO’s phase noise. A reasonable specification is to require the maximum
allowed phase noise of the filter to be less than half the phase noise of the VCO, that is
Litter, max (A fi) = Lyco(Af;)/2. Inserting this into (2.26) and rewriting provides

KVCO

Ko
Urms, max = Afl \/2$ﬁlter, max(Afi) = Afl zvco(Afi) . (41)

This means, that if this intersection point and the VCO sensitivity K., are known, a
maximum allowed voltage noise in the filter can easily be estimated. This is a valuable
knowledge to have in the process of choosing OP AMPs and resistors for the filter. To
develop this further, another rough estimation can be made. If the filter consists of M
components such as resistors and OP AMPs, then according to (2.29) the maximum
allowed average voltage noise of these components can be found as

(%
Urms, avg = S DA (42)

VM

43



CHAPTER 4. RESULTS & DISCUSSION

The maximum average resistance which generates a thermal voltage noise of this mag-
nitude is then easily calculated by (2.28):

7}2

Rmax,avg = Zzsl;;jg . (43)

With equations (4.1)-(4.3), the voltage noise of the OP AMPs and the size of the re-
sistances in the loop filter can be estimated from a few parameters which are generally
known early in the PLL design process. This gives a rough estimation to help in an early
design stage and this approach should be valid in filter topologies which are relatively
similar to the ones studied in this thesis, e.g. Fig. 2.5.
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Chapter 5

Conclusions and future work

Phase noise analysis was performed on an already designed and fabricated synthesizer
on which measurements had shown a larger phase noise than predicted. To allow for
an accurate phase noise analysis, the circuit was re-fabricated with a simpler loop filter.
The pulse-controlled 8-channel switches were removed and the filter was designed for a
single state only.

A model for the PLL output phase noise was developed which included the effect of
voltage noise generated in the loop filter. This model was then verified through measure-
ments, which indicated that the unpredicted increase of phase noise originated mostly
from thermal noise in the loop filter’s relatively large resistances. These resistances could
not be directly reduced since the VCO requires a high input voltage while the OP AMPs
limit the current, which together limits how small the resistances can be. Therefore, the
loop filter was modified by adding a current amplifying transistor at the output of the
filter. This allowed for the necessary high output voltage while reducing the resistances.
The modified loop filter was fabricated and measured which proved that the phase noise
increase did, as predicted, originate mostly from thermal noise.

When the model was verified, a new loop filter was designed to meet the specification. For
the highest operation frequency, fo = 4420 GHz, and at the most critical offset frequency,
Af = 1MHz, the new design’s simulated phase noise was . = —123.6 dBc/Hz which
is a 7.5dB improvement compared to the original design and low enough to meet the
specification with over 3.6 dB margin.
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The new design utilizes a high current to achieve the required high output voltage while
still keeping the noisy resistors small. A large amount of power is lost as heat in the
transistor and resistors, which could be a topic for future work. For a wide bandwidth
PLL, the VCO needs to be very sensitive or require a wide range of input voltage. If
the VCO is very sensitive the resistances in the filter need to be small, otherwise their
thermal noise will generate a large phase noise. This requires high currents which causes
power loss in the filter. If a wide range of VCO input voltage is required it normally
means that the higher frequencies need a high input voltage. This high input voltage
would then cause power loss in the filter. Either way, this filter design is relatively power
consuming. One suggestion for future research is to investigate ways of summing a small
signal voltage with a variable DC voltage other than a summing OP AMP and a variable
voltage divider, as was used in this design. Another suggestion is to investigate a design
using a different phase detector, for example one using logic gates to create a pulse width
modulated signal. This kind of phase detector could possibly achieve the high voltage
without utilizing a summing OP AMP, which would make it possible to design a less
noisy loop filter.
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Appendix A

Synthesizer layout
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Appendix B

Bill of materials

Label | Component Label | Component
X 8-channel switch ADG1414BURZ X9 Mixer ADE-1+
Xo OP AMP OPA161 Ry Resistor 51 2
X3 OP AMP OPA161 Ry Not used
Xy Single channel switch ADG741BKS Rs3 Resistor, 512
X5 8-channel switch ADG1414BURZ Ry Part of Rp*
X VCO HMC3589LC4B Rs Resistor 2.7k
X7 | Power divider GP2Y1+ Re Part of Ryo*
Xg Low-pass filter LFCN-4400 Ry Resistor 02
Xy High-pass filter HFCN-2000 Rg Resistor 1.33 k(2
X0 Low-pass filter LFCN-4400 Ry Part of Rp*
X1 High-pass filter HFCN-2000 Rio Part of Ry*
X192 Frequency divider HMC705LP4 Ry Part of Rp1*
Xi3 Low-pass filter LCFN-320 Ri9 Part of Rp1*
X14 | LNA ERA-5XSM—+ Ri3 | Part of Ryi*
X15 | LNA ERA-5XSM—+ Ryy | Part of Ryi*
X6 Not used Ri5 Part of Rp*
X7 Not used Ri6 Part of Rj*
Xis Not used Ry Resistor 02

*Included in Rp1 or Rp2 which were varied throughout this work.

o3




Label | Component Label | Component
Ris Part of Rpo* Cs Capacitor 1 pF
Rig Part of Rp0* Cy Capacitor 100 nF
Ry Part of Rpo* Cho Capacitor 1 pF
Ro1 Part of Rp0* C11 Capacitor 100 nF
Roo Part of Rpo* Cia Capacitor 1 pF
Ros Part of Ry * Ci3 Capacitor 100 nF
Roa Part of Ryo* Cla Capacitor 1 pF
Ros Part of Ryo* Cis Capacitor 100 nF
Rog | Not used Cig Capacitor 1 pF
Ro7 Resistor 02 Ch7 Not used
Rog Resistor 51 Q2 C1s Not used
Rog Resistor 51 Q2 Cig Capacitor 100 nF
Rsp Resistor 36 2 Cy Capacitor 100 nF
R3y Resistor 36 2 Ca Capacitor 10 pF
R3s Not used Co Capacitor 10 pF
Rs3 Resistor 02 Cos Capacitor 100 nF
R34 Resistor 02 Cay Capacitor 100 nF
Ly Inductor 220 nH Cos Capacitor 100 nF
Lo Inductor 330 nH Cas Capacitor 100 nF
L3 Inductor 330 nH Cor Capacitor 100 nF
Ly Not used Cas Capacitor 100 nF
C4 Capacitor 1 pF Cog Capacitor 100 nF
Cy Capacitor 22 pF Cs3o Capacitor 100 nF
Cs Capacitor 22 pF Cs Capacitor 100 nF
Cy Capacitor 22 nF C39 Capacitor 100 nF
Cs Capacitor 100 nF C33 Capacitor 100 nF
Cs Capacitor 100 pF Cs34 Capacitor 100 nF
Cy Capacitor 1 pF Cs5 Capacitor 100 nF

*Included in Rp1 or Rp2 which were varied throughout this work.

o4




Label | Component Label | Component
Cs6 Capacitor 100 nF Csg Capacitor 100 nF
Cs7 Capacitor 100 nF Cs7 Capacitor 100 pF
C3s Capacitor 100 nF Css Capacitor 100 pF
C39 Capacitor 1nF Cs9 Capacitor 100 pF
Cyo Capacitor 4.7 pF Cso Capacitor 100 pF
Cy1 Capacitor 1nF Ce1 Capacitor 100 nF
Cyo Capacitor 1nF Ce2 Not used
Cys Capacitor 100 pF Cs3 Not used
Cya Capacitor 100 pF Cea Not used
Cys Capacitor 100 pF Aq Attenator 4dB
Cug Capacitor 1nF Ag Attenator 4 dB
Cyr Capacitor 1nF Asg Attenator 3dB
Cys Capacitor 4.7pF Ay Attenator 3dB
Cyg Capacitor 4.7 pF Ag Attenator 2dB
Cso Capacitor 100 nF Ag Attenator 2dB
Cs1 Capacitor 100 nF Az Attenator 2dB
Cs9 Capacitor 100 nF Ag Not used
Cs3 Capacitor 100 nF Ag Not used
Cs4 Capacitor 100 nF Aqo Attenator 10dB
Css Capacitor 100 nF A Attenator 3dB
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