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SUMMARY

In this thesis study, a wideband PLL based frequency synthesizer operating at
frequencies between 2070 MHz and 4070 MHz with low phase noise is designed and
prototyped. Designed frequency synthesizer is used as local oscillator in an S-band
receiver system. Single chip with integrated VCO is used to implement fractional-N
frequency synthesizer. Simulations are done to determine loop bandwidth.
Measurements are fulfilled with components ensuring determined loop bandwidth.
PCB routing is realized in accordance with transmission line impedance for RF
signals.  Configuring and programming synthesizer are done by utilizing SPI
interface of a microcontroller unit. In spite there is a few dB difference, phase noise
measurement results are obtained to be close to simulation results. Phase noise for
implemented board is obtained at 10 kHz as -87 dB/Hz to carrier and at 100 kHz as -
105 dB/Hz to carrier.

Keywords: PLL, Voltage-controlled Oscillator, dB, Phase Noise, Fractional-N
Synthesizer, PCB.



OZET

Bu tez ¢alismasinda, 2070 MHz ile 4070 MHz frekans bandinda calisan diisiik
faz giriltilii faz kilitlemeli ¢evrim tabanli bir frekans sentezleyici tasarlanip
gerceklenmektedir. Tasarlanan sentezleyici bir S-band almag cihazinda yerel osilatér
olarak kullanilmaktadir. Kesirli-bdlen frekans sentezleyiciyi gerceklemek i¢in dahili
gerilim kontrollii salinga¢ igeren tiimlesik yonga kullanilmaktadir. En iyi ¢evrim
band genisligini belirlemek icin benzetimler yapilmaktadir. Olgiimler en iyi band
genisligini veren ¢evrim filtresini olusturan elemanlar ile ger¢eklenmekterdir. Baskili
devre Kkarti, yiiksek frekans ¢izim teknikleri dikkate alinarak tasarlanmaktadir.
Kontrol ve programlama seri arayiiz araciligi ile mikrodenetleyici kullanilarak
yapilmaktadir. Olgiim kayiplari, dielektrik malzeme kayiplarmin neden oldugu bir
kag dB koétiilesmeye ragmen, faz giirtiltiisti 6lgtimleri benzetim sonuglari ile benzerlik
gostermektedir. Gergeklenen sentezleyicinin 6lgiilen en kotii faz giiriiltii degerleri, 10

kHz 6tede -87 dBc/Hz, 100 kHz 6tede -105 dBc/Hz oalrak olgiilmektedir.

Anahtar kelimeler: Faz Kilitlemeli Cevrim, Gerilim-kontrollii Salingag, dB, Faz
Giiriultiisii, Kesirli-bolen Sentezleyici, Baskili Devre Kart.
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1. INTRODUCTION

A frequency synthesizer is an important part of radio frequency (RF)
communication system. It generates oscillations at different range of frequencies and
takes place as local oscillator (LO) in transmitters and receivers. Frequency
synthesizers may carry out multiplication, division and mixing operations to generate
desired radio frequency.

Frequency synthesis techniques can be classified in two main groups such as
direct and indirect frequency synthesis. Direct synthesis is consist of direct digital
synthesis (DDS) and direct analog synthesis (DDS). Indirect synthesis is realized by
phase-locked loop (PLL) technique [1]. The most common type of the frequency
synthesizers that used in RF applications is the PLL-based frequency synthesizers
(FS) because of their adequate performance, ease of integration and moderate power
dissipation.

The PLL-based RF synthesizers which are used in radio receivers should have
some key performance criteria such as spectral purity (harmonics, phase noise, spurs)
and timing (frequency switching speed). Spectral purity is an important issue when
FS is used as LO in a receiver. SNR is a function of phase noise level of the LO [2],
[3]. SNR ratio is important parameter which determines the sensitivity of a receiver.
Bad spectral density disturbs the receiving weak signals [4]. Therefore, spectral
purity is an important performance criteria for a receiver applications. Switching
speed determines how fast frequency synthesizer switches from one frequency to
another. It can be defined as time spent by synthesizer during this switching between
two states. Sweeping time is an important criteria in RF signal reception. When a
receiver sweeps a particular frequency band, frequency switching speed of LO of that
receiver is an important criteria to define sweep speed of the receiver.

This thesis includes designing, simulating and implementing of a phase-
locked loop based RF synthesizer is achieved.

The thesis is composed of five chapters. Chapter 2 presents detailed discussion of
phase-locked loop based RF synthesizer.
This chapter begins with the basics of PLL, working principle and blocks that build
phase-locked system loop are explained.



Chapter 3 mentions different types of PLL-based RF synthesizers such as
integer-N and fractional-N frequency synthesizer. The chapter is completed with
spurious types in PLL, phase noise phenomenon subjects.

Chapter 4 is dedicated for designing, simulating and implementing of PLL-
based frequency synthesizer which is utilized as local oscillator in a COMINT
(Communication Intelligence) receiver which cover the band from 2 GHz to 4 GHz .
While computer based design is done by Altium software, simulation is done by
ADISIimPLL software which is a trademark of Applied Radio Labs. Discrete
commercial components are used in the design of frequency synthesizer.
Specifications of the components are specified in the simulation software and
component values of the loop filter are adjusted for optimum phase noise
performance and locking time performance. After that system is realized on the
printed circuit board (PCB) with commercial components. In this chapter simulation
results and measurement from the PCB is presented.

Chapter 5 which is conclusion chapter is dedicated to summary of this study,

explanation of important points and things are possible to be done in the future.



2. THEORY of PLL-BASED RF SYNTHESIZERS

In this chapter, the fundamentals of PLL-based frequency synthesizers are
explained. First, general overview of PLL-based frequency synthesizers is given.

Then, building blocks of PLL-based frequency synthesizer is discussed in detail.

2.1. Basics of PLL-based RF Synthesizer

An equipment producing a set of output frequencies by using reference input

signal can be defined as an RF synthesizer. It is illustrated in Figure 2.1 [1].

Af

synthesizer

>}
- Frequency - | | | | | |

faer v fmax

Figure 2.1: Concept of an RF synthesizer.

PLL-based RF synthesizer uses phase-locked loop technique to produce
output frequencies from stable and precision reference source. PLL is a closed loop
feedback system that compares signal sampled from output and reference signal both

in frequency and in phase [1]. Figure 2.2 [1] shows a basic diagram.
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Figure 2.2: Simple block diagram for PLL RF synthesizer.

Operation of the PLL system is dependent on technology. Fundamentally, R
prescaler divides the frequency of the reference signal and N feedback divider
divides the frequency of the output signal. The frequency-divided signals are
compared in frequency and phase by phase-frequency detector (PFD). PFD generates
an error signal that is in proportional to phase and frequency difference between the
compared signals. Error signal generated by PFD is converted into DC value by loop
filter (LF) which is a low-pass filter that eliminates high frequency components on
the error signal. DC value is used to tune voltage-controlled oscillator (VCO). VCO
is an oscillator that generates frequency according to the tune voltage which is
applied to the input of the VCO. If DC value is not enough for VCO to produce the
desired frequency, an operational amplifier should be placed between LF and VCO.
This means an active filter should be used. But, active filter adds extra noise,
complexity and cost to the system. When phase difference is zero or constant and
there is no frequency difference between the compared signals, the system is locked
and stabilized. If a different output frequency is intented to be generated, the N
divider which divides output frequency is programmed accordingly. As long as the

PLL is in lock state, the output frequency is expressed as in (2.1) [1].

N
Foyr = I X Frerp (2.1)

If N divider value is an integer, then PLL is called integer-N PLL.Frequency
resolution (channel spacing) of an integer-N PLL is equal to the frequency of the
PFD that is Frgr / R. Provided that the PLL is fractional-N, N is a fractional value.

In this situation, frequency resolution can be less than the frequency of the PFD. To
4



improve phase noise performance of the frequency synthesizer, N counter value

should be selected as low as possible [1].

2.2. Building Blocks of PLL-Based Frequency Synthesizer

A PLL-based frequency synthesizer consists of the following parts,

2.2.1.

A phase or phase-frequency detector (PFD), which compares input reference
signal (REF) and divided VCO output signal in phase and frequency and
generates an error signal depending on phase and frequency difference.

A charge pump (CP), which sources or sinks current in accordance with the
signal coming from PFD.

A loop filter (LF), which filters high frequency contents of error signal from
PFD out and convert it into a DC level. LF realizes a low-pass filtering
operation.

A voltage-controlled oscillator (VCO), which produce an oscillation
proportionally to the DC tuning voltage coming from LF.

A frequency divider, which divides the VCO frequency to create a frequency

which is equal to input reference frequency.

Phase and Frequency Detector

While a phase and frequency detector (PFD) is a circuitry that compares

phase and frequency difference between reference source and VCO frequency-

divided output and generates an error function proportional to difference [15], [16],

[23]. A phase detector performs same thing comparing only phase of the input

signals. The gain of the phase or phase-frequency detector (Kprp/pp) IS given by,

Kprp/pp = Vp x AD (2.2)

where Vp is the average voltage value of the error signal, and A® is the phase

difference between inputs applied to phase detector. While phase detectors can be



examined as exclusive-OR based PD and mixer based PD, PFD is examined as tri-

state phase - frequency detector.

2.2.1.1. Multiplier (Mixer) Based Phase Detector

A mixer can be utilized as phase detector and it is illustrated in Figure 2.3. A
mixer has two input and one output and gives both the sum and difference
frequencies at the output [1], [17]. Input signals are sinusoidal such as V; =

A; sin(wqt + 6;) and V, = A,sin(w,t + 6,) and the output is described by,

VOUT == A1 Sin((l)lt + 91) XAzsin((Uzt + 02) [V] (23)

after utilizing trigonometric transformations, the output is expressed by,

A4,

Vour = cos[(w; — wy)t + (6; — 6,)] —

2.4
Ad, (2.4)

cos[(wy + wy)t+ (6; + 6,)] [V]

and placing a low pass filter at the mixer output that eliminates high frequency
content which is sum product of the inputs, the output signal reduces to,

414,

Vour = cos[(w; — wy)t + (6, — 6,)] [Volts] (2.5)

Mixer phase detectors cannot sense frequency difference but phase
difference. Therefore, the frequencies of input signals are the same and frequency
content (w; — w,)t of the output is equal to zero. Thus, the output of the mixer PD
provides DC signal in proportional to phase difference (8, — 6,). The mixer used as
phase detector needs to be a balanced mixer, otherwise an unwanted DC voltage
offset is presented at the output [1]. The other unwanted signals at the output
spectrum are input reference signal and sum of frequency of reference signal and
divided frequency of VCO signal. These unwanted frequencies are eliminated by low

pass filter.



Its contribution to overall phase noise is low and its capability to support high
frequency reference input are the main advantages of this type of PD. On the other
hand, unwanted DC offset arising from its imperfect balance, unwanted frequency
products (harmonics, etc.) and not having frequency discrimination are among its

disadvantages [1].

fin1
—_— — fin1 + fin2

— fin1 — fin2

fin2

Figure 2.3: A mixer.

2.2.1.2. XOR Based Phase Detector

That is implemented by using XOR logic gate. The inputs are in square form.
When input signals have no phase difference in , the output of the PD is at zero volt.
When the phase difference between the input signals is 180°, the output is high
depending on the supply voltage of the XOR gate. Between 0° and 180°, the gate
ouputs a pulse train. Using a simple low-pass filtering at the output of the gate, an
average voltage is obtained which is proportional to the phase difference and the
supply voltage of XOR gate (VDD). Frequency of the PD output signal is equal to
twice the input reference signal [1]. Simple XOR gate and its input and output

signals are shown in Figure 2.4 [1].
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Figure 2.4: A simple XOR gate and its input/output signals.

The XOR-based PD operates similarly as mixer based PD. XOR-based PD
does also not have a frequency discriminator. Therefore, The input signals need to be
50% duty cycle and same frequency for proper operation [1].

The phase difference between input reference signal and divided VCO signal

expressed as,

AD = D o At 2 At
= — = — X 47T =
! g TZ Tout

x 1 [radians] (2.6)

Average output voltage is given by,

AD
VPD = ? X VDD = KPD X AD [VOltS] (27)

Kpp Is the gain of the phase detector. The plot of average voltage versus phase

difference is illustrated in Figure 2.5 [18].
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Figure 2.5: Plot of the Vpp vs. AD.

2.2.1.3. Tri-state Phase - Frequency Detector

Mixer and XOR-based phase detectors are not able to detect frequency
difference between reference signal and divided VCO signal and are not appropriate
for the PLL-based frequency synthesizers where the divided VCO frequency is
different from reference signal frequency. PFD is generally implemented as a circuit
consisting of D flip-flop combined with charge pump structure as illustrated in
Figure 2.6a [1]. The PFD has two output called up and down. When up output is
high, the frequency of VCO is incremented. A high signal at down output causes the
VCO to decrease its output frequency [1] [15].

Upper flip-flop controls PMOS transistor of the charge pump while lower flip-flop
controls NMOS transistor [8].
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Figure 2.6: A phase-frequency detector (a) circuit. (b) state diagram.

The state diagram of tri-state PFD is shown below in Figure 2.6b [20]. The
PFD is not able to sense a too small differences in phase between reference signal
and divided VCO output. Hence no current sinking or sourcing occurs in the charge
pump. This creates a phenomenon called dead zone. Dead zone is able to be
eliminated by placing a delay element onto reset path of D flip-flops as shown in
Figure 2.7 [7].

—dd
UP
i D Q Do—”: MP
A
frefp—p —
rst C‘) I\-u
o [ —— Loop fer
: . OF
fved/  NB——D
B
T D DOWN {E MN

Figure 2.7: A reset delayed PFD integrated with charge pump.

CLKRger or F1 is the frequency of reference signal and CLKp,y or F2 is the
frequency of divided VCO signal which is coming from frequency divider placed

onto feedback line within the PLL loop. When CLKRggr leads CLKpyy, CLKger
10



triggers the upper flip-flop and UP which is output of the upper flip - flop is switched
from low (0) to high (1) which starts current sourcing and DOWN which is output of
the lower flip-flop keeps its state which is low. As sourcing current provided that a
rising edge of CLKp,y signal, both flip-flops are reset, both transistors are switched
off and the output becomes high impedance (high-Z). Similar events happen when
CLKRger lags CLKpyv but, this time, NMOS transistor is ON and current is sinking
instead of sourcing [8].

ka0

Figure 2.8: Transfer characteristics of phase - frequency detector.

Transfer characteristics of a phase — frequency detector is illustrated in figure
2.8 [15]. PFD has three different modes of operation. If A® is larger than +2x, PFD
is in frequency detection mode where the PFD continually sources or sinks
depending on which signal’s frequency is higher. When A® is smaller than +2x PFD
is in phase detection mode in which the charge pump is active only during a portion
of the period which is defined by the phase difference. In phase-frequency locked
mode, the phase difference is zero and the output is at high-Z [21].
The average output voltage of the PFD proportionally changes with phase difference,
if PFD is in phase detection mode. PFD characteristics is periodical with 2z. Average
output voltage is given by

VPFD = KPFD X AD [VOltS] (28)

11



2.2.2. Loop Filter

Phase detector output signal includes a DC component and high frequency
contents. Voltage controlled oscillator requires DC tuning voltage at its input to
produce a frequency content. Therefore a loop filter which implies a low pass
filtering to PFD output signal is used to get DC tuning voltage. Loop filter can be in
active or passive topologies. When charge pump supply is below VCO tuning
voltage range, the average output voltage needs to be scaled to this tutning range. In
this case, an active filter topology is used to scale. Otherwise, a passive loop filter
topology can be used. A passive and an active loop filter is shown in figure 2.9a and

[

(a) (b)

Figure 2.9: (a) A passive loop filter. (b) an active loop filter.

figure 2.9b [8], respectively.

Ci

i
T

—

2.2.3. Voltage-Controlled Oscillator

Voltage-controlled oscillator is the key component in PLL synthesizers that
generates the purposed frequency output [9]. Conceptional block diagram and
desired behavior of VCO is shown in figure 2.10 [4]. The output frequency changes
from ®; to w, while the control voltage (VconTt) varies from Vi to V,. The slope of
this characteristics, Kyco is stated as sensitivity or gain of the VCO and expressed in

rad.Hz/V. It is given by,

Woyr = KVCO X VCONT + Wy [rad. HZ] (29)

where o States intercept point on the frequency axis. Kyco is desired not to change
12



significantly within tuning range [4].

(') out “

w 2

[0}
Voltage-Controlled O gt (')1 g
Oscillator or :

Figure 2.10: Transfer characteristics of a VCO.

In spite there exists different types of oscillators, in RF applications,
oscillators that are resonator based are commonly used. A typical VCO is illustrated
in figure 2.11 [8]. Output frequency is varied by changing voltage on the varactor
(voltage-controlled capacitor) which adjust resonance frequency. Active device

provides negative resistance to compensate resonator loss and supplies stable
oscillation [8].

Vop
Lo
§R1 ouT
VCO" i
trol % }
B —— C3 ’\“

Cq \f Ly \

L3

prmmcac C4 §R2
R

Figure 2.11: A simple transistor level VCO circuit.
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2.2.4. Frequency Divider

Frequency divider is a device that divides the frequency of input signal by N
which is the division ratio [1]. Frequency dividers are used on feedback line in PLL
systems. Their objective is to divide VCO output frequency in order to be able to
compared input reference frequency by phase-frequency detector. For low
frequencies less than 200 MHz, counters can be used as frequency divider. However,
digital counters are unable to handle high frequency (high VCO frequencies in PLL
system). Therefore prescalers which have ability in handling high frequency input
signals are used in front of digital counter to decrease the frequency to the levels that
counter is able to handle [12]. Dividers can be classified in accordance with prescaler

modulus. These are single modulus, dual modulus and quadruple modulus prescalers.

2.2.4.1. Single Modulus Prescaler

In this approach, single prescaler is combined with a digital counter to create
a high frequency frequency divider. Counter is adjusted to B while prescaler is fixed
and its value is P. Then division ratio is N = B.P. As it can be seen from formula,
only integer multiple of P can be generated as N. This is one disadvantage of this
type [12]. PLL blocks integrated with single modulus is illustrated in Figure 2.12
[12].

N Counter

B Counter | +

C 1 Ko Z(s) — Fout

Figure 2.12: Single Modulus Prescaler in PLL system.
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2.2.4.2. Dual Modulus Prescaler

In order to get better division resolution, dual modulus is utilized which is
shown in Figure 2.13 [12]. This allows its division coefficient to be two different
values: P or P + 1. In fact, there exists only one prescaler whose value is P, and P + 1
coefficient is obtained by implementing a pulse swallow function before the
prescaler. In addition to digital counter B in single modulus type, another counter
called swallow counter is used to control if pulse swallow function is enabled or not
[12].

Throughout A cycles, P + 1 prescaler is active, then remaining B-A cycles, P
prescaler operates. When B counter finishes counting, reset event occurs and same
procedure is repeated. At the end, it gives a division ratio stated in (2.10) which

illustrates having better division ratio than single modulus.

N=A.P+1)+(B—-A4).P=B.P+A (2.10)

B should be higher than or equal to A is required for proper operation of the
prescaler. When this restriction is not satisfied, the B counter finishes counting
before A counter and reset event untimely occurs [12]. For instance, in a 32/33
(P/P+1) dual modulus prescaler, maximum value for A is 31 (P-1) and minimum

value for B is 31 which gives a minimum division raito of 992.

N Counter

|A Counterl !-| B

|B Counterl Ll =

@ 1 Ko 2(s) — Fout

Figure 2.13: Dual Modulus Prescaler in PLL system.
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2.2.4.3 Quadruple Modulus Prescaler

So as to get lower minimum division ratio, the quadruple modulus prescaler is
used. In quadruple modulus prescaler, there are four prescalers, however depending
on the value of A and B, only three of them are utilized to generate any frequency
division ratio (N). Operation is very similar to that of dual modulus. All counters
begin to count at the same time. For A cycles, P+5 prescaler is enbabled. If B > A,
P+4 is enabled for B-A cycles or P+1 is enable for A-B cycles, if B < A. P is active
for C-B cycles [12]. At the end when all counters finish counting, it gives N as
shown in (2.11).

N=A.(P+5)+(B—-4).(P+4)+(C—B).=C.P+4B+A (2.11)

N Counter

A Counter

B Counter

HY

]
z

C Counter

a

-

C Ké Z(s) —Fout

Figure 2.14: Quadruple Modulus Prescaler in PLL system.

There is no restriction on A or B. However, for proper operation, C ought to
be greater than maximum of A and B. In comparison to dual modulus prescaler,
quadruple modulus prescaler has lower minimum division ratio and increased

maximum division ratio. Minimum division ratio is calculated by,

)

Nyn = max{(— — ),S}x P (2.12)

o~
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For example, 32/33/36/37 quadruple prescaler, minimum division ratio is

calculated, according to (2.12), as 224,
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3.PLL BASED SYNTHESIZER ARCHITECTURES

There are two PLL architectures which are integer-N and fractional-N PLL.
Provided that N counter value is integer, the PLL is integer-N. It is called fractional-
N, when N counter value is fractional [5]. This section provides detailed explanation
for these architectures. After these explanations, PLL spurs with reduction
techniques are given and the chapter is completed with phase noise of PLL and its

importance.

3.1. Integer-N RF Synthesizer

The integer-N architecture is able to synthesize frequency with channel
spacing as the PFD frequency or integer multiples of PFD frequency. Let us assume
that PFD frequency is 10 MHz. The possible channel spacings are 10 MHz, 20 MHz,
30 MHz, etc. [7]. The N counter determine the division ratio between reference input
and output frequencies [8]. This type of divider is commonly implemented with
CMOS technology and not good at operating at very high frequency. To extend the
operating frequency of the divider, a high-frequency prescaler (P) whose value is
constant, is added before the N-divider. However, this method increases the channel
spacing of the synthesizer. For instance, if a prescaler is added, the output frequency
is determined by:

Foyr = (Px N) x Fppp (3.1)

As seen from (2.2), the step size (channel spacing) becomes P x Fppp. TO
decrease the channel spacing, Fprp can be decreased. However, this results in
deteriorating in locking time and phase noise performance [1].

This restriction is handled by utilizing dual-modulus prescaler topology as illustrated
in figure 3.1. The division coefficient of the dual-modulus prescaler is able to be
adjusted as P or (P+1). It operates in collaboration with two low-frequency
programmable dividers which are marked as A-counter and B-counter. These are

clocked by the same prescaler output [1].
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Prescaler B-Counter
O—»| +(P+1)/P +B
A
Reset
Modulus
control +A
A-Counter

Figure 3.1: Dual-modulus prescaler diagram.

At first, the prescaler divides by (P + 1), up to A counter counts A pulses and
changes its division ratio to P. At this moment, the number of pulses is (P+1)A. After
that, B starts counting and counts (B-A) more pulses with division raito of P. Now,

number of pulses is P(B-A). After a cycle is completed, the division ratio N is;

N=P+1)xA+Px(B—A)=PxB+A (3.2)

Now the output frequency is;

FOUT = (P X B + A) X FPFD (33)

The output frequency is able to be tuned in steps Fprp. Thus, the operating
frequency of the feedback N-divider is extended without increasing the channel
spacing [1].

A and B are integer values which are be able to adjustable. If B is less than A,
B-counter resets the system before A-counter changes the prescaler division value.
This means, prescaler division ratio is always kept at (P+1). Therefore, B value needs

to be more than A value. The mininmum division factor is defined by,

N=P®P-1) (3.4)
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In high frequency operation, P should be high enough so that the other two counters
can operate properly. Because, A and B counters operates properly at low

frequencies [1].

3.2. Fractional-N RF Synthesizer

As has been explained before, the step size of the synthesizer is determined
by the frequency of the PFD. For smaller step sizes without changing the output
frequency, PFD frequency must be reduced [6]. Decreasing the frequency of the PFD
results in higher N-divider ratio which degrades phase noise performance of the
synthesizer [8]. This will be discussed in the next chapters.

Output frequency of a fractional-N is possible to be a fractional multiples of
the PFD frequency which implies that the channel spacing is smaller than the PFD
frequency. Hence, the step size of the synthesizer is able to be decreased without
reducing the frequency of the PFD and N-divider value can be significantly small
which provides better phase noise performance than integer-N architecture does [10],
[13]. In this architecture, N division ratio can be programmed to a fractional value

which is expressed as,

N,
N = Ninreger + S (3.5)
NMODULUS
The output frequency of the fractional-N frequency synthesizer is given by,
NFRACTION
FOUT = FPFD X (NINTEGER + > (36)
NMODULUS

where Foyr is the output frequency of the voltage-controlled oscillator, Nintecer
(INT) is the integer part of the division ratio, NeracTion (FRAC) is the channel
number and Nmopurus (MOD) is the fractional resolution in respect of the PFD
frequency.

The step size of the system is expressed as,
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F,
Fsrpp = — 3.7)

NMODULUS

For example, in a fractional-N synthesizer, if the frequency output is 2000.02
MHz and the step size is 10 kHz, the PFD frequency is 25 MHz, then INT value is
80, MOD 2500 and FRAC is 2. In integer-N synthesizer, the PFD frequency must be
same with the step frequency. In this case, it is 10 kHz and N division ratio is 200002
which is approximately 2500 times larger than that of the fractional-N synthesizer. A
small divider value of the fractional-N architecture helps to decrease the output phase
noise of the synthesizer [14]. The fractional division factors are realized by switching

two divider as illustrated in figure 3.2 [1].

0_/0—+2—0\_>

Figure 3.2 Concept of the fractional division.

A part of input pulses are divided by two, and the other part of input pulses
are divided by three. The total number of input pulses over the sum of the number of
pulses delivered by the divider circuit for a given time interval gives the average
division ratio. Simply, let us assume that the input frequency of the divider is 60
MHz (60 million pulses/sec). The half of total pulses (30 million pulses/sec) is
divided by two which results in 15 million pulses per second, and by switching the
division factor to 3 the other half of the pulses is divided by three which gives 10
million pulses per second. Altogether, the circuit delivers 25 million pulses per
second (25 MHz). The average division ratio is 2.4 which is given by 60 + 25.

One of the convenient fractional-N synthesizer application utilizes a dual-
modulus division concept in its feedback line as demonstrated in Figure 3.3 [1]. An
accumulator which is clocked by the feedback divider output is used to manage the
division ratio of the feedback divider [1].
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Figure 3.3: Dual-modulus divider controlled by an accumulator.

The preloaded content of the accumulator is incremented on every clock cycle
until it reaches its max value and it resets and initializes the process again [1].
NmobuLus IS the max value to which the accumulator is able to go up and NrracTion
is the tuning word which is preloaded content of the accumulator. For example,
during Neraction cycles, division factor is (N + 1) and during the remaining
(Nmoburus — NeracTion) cycles, the division factor is N. Then overall division ratio is

given by,

Negacrion X (N + 1) + (Nyopurus — Nrracrion) x (N)

Noverau = Noro < (38)
MODULU

which gives the same statement in (2.6). In this concept, a sudden change in division
factor between N and (N + 1) gives rise to an instantenous phase error that generates
fractional spurs at frequencies of the step size. Unless, they are eliminated, they can
be inconvenient. Altough, these spurs are low, they settle down into loop bandwidth.
The fractional spurs are the major difficuilty of fractional-N synthesizers.

There are different phase correction methods such as current injection, delay
line control, DAC compensation which are analog techniques can be easily affected
by process, temperature and voltage variations [12]. To minimize fractional spurs

using Z-A modulator instead of the accumulator.
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3.2.1. Sigma — Delta (X-A) Fractional-N Synthesizer

As discussed in the previous chapter, the fundamental concept of fractional-N
synthesizer is to acquire a fractional division ratio switching between two integer
factors. The switching management is realized by an accumulator which is
essentially a 1% order =-A modulator. However, 2-A fractional-N synthesizers refers
to have at least 2" order =-A modulator in its divider circuit. N" order =-A modulator
alternates the division factor among 2" integer values. When the order of the
modulator is increased which pushes the fractional spurs to the beyond cut-off
frequency of loop filter, low pass filtering reduces the spur levels. [12].

Simple %-A modulator can be modeled as in Figure 3.4 [12]. Instantenous
phase error is added to ideal divider. The instantenous phase error is expressed by

E(z) and Z~1 represents delay for one clock cycle.

E(z)

l

X(2) _.@)_. T-—]z _.@)__.Y(:)

Figure 3.4: 1* order =-A modulator model.
Output is expressed as,

Y(z2) = X(2)+E()(1 -2z (3.9)
As seen from (3.8), Difference between current phase error and previous phase error
values ensures a digital high pass filtering process. When X-A modulator is

mentioned, it is second or upper order modulator. Transfer function for n™ order =-A

modulator is given by,
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Y(2) = X(z) + E(z)(1 — Z~1)" (3.10)

Higher order X-A modulators move the phase error to higher frequencies.
Thus, the noise can be filtered out more efficiently by loop filter. Beside of
increasing modulator order, X-A fractional-N synthesizers utilizes dithering method
to reduce fractional spur levels which are occurs at channel spacing frequency.
Dithering is a method of adding randomness to alternating division factors to reduce
the periodicity. Thus, the energy of the fractional spurs at low frequencies is moved

to higher frequencies which are be able to be eliminated by the loop filter [12].

3.3. Spurs in PLL Based Frequency Synthesizer

Spurs are noise that intensified at a certain offset frequency from carrier
frequency. These offset frequencies typically are multiples of the synthesizer channel
spacing. Adjacent channel is mixed down by this spurs which gives rise undesired
products to fall into desired bandwidth [12] as shown in figure 3.5 [22]. In this
regard, spurious response of a frequency synthesizer is an important concern. In
respect of the reasons of spurs, there are different types such as reference related

spurs, integer boundary spurs (IBS) and fractional spurs [8].

Adjacent Desired

Channel Channel @ IF

Mixer Adjacent
Channel @ IF

Desired
Channel

Channel Reference f
Spacing Spur ¥

'RF

Channel
Spacing

fLO

Figure 3.5: Adjacent channel interference due to reference related spur.
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3.3.1. Reference Related Spurs

Reference related spurs is shown up at multiples of the comparison frequency
of phase detector. Reference related spurs are based on mismatch and current leak in
charge-pump. When PLL synthesizer is locked, charge pump is in tri-state. Current
flow is not expected in tri-state situation. However, in reality, there exists trivial
leakage current through charge pump creating modulation at the input of VCO. In
today’s PLL circuits, this leak current is at level of nano amps or less. Accordingly,
this is not the major cause of reference related spurs. The dominant source of
reference spur is due to charge pump mismatch. One of the reasons of mismatch in
charge-pump is inequality between source and sink currents of the charge pump. As
speed of PMOS transistor differs from that of NMOS transistor, current spikes at
PFD frequency shown in Figure 3.6 [8] may give rise to modulation in VCO output
[12].

QN N N N N N N A
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] ) . ) ' '
R i i | i
Tri State -—- - p—— .- o= - s it
i i l i
Sink Current —— ! ! SIS NI ¢ T
1 ' ' ' ] 1 ] ]

Figure 3.6: Current spikes caused by CP mismatch.

In order to send away reference related spurs from fundamental frequency
synthesized, PFD frequency is selected as high as possible. Here, possibility is
restricted by maximum allowed PFD frequency. Spurs are far away from corner

frequency of loop filter can be filtered easily by the loop filter.
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In integer-N synthesizers the step size is as PFD frequency. Therefore
reference related spurs can be a problem for small step sizes. In contract to integer-N,
reference related spurs are not troublesome because step size can be decreased
independently from PFD frequency.

In figure 3.7 [22], output spectrum of a frequency synthesizer with a 1 MHz

PFD frequency is shown. Spurs are appeared at PFD frequency and its harmonics.
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Figure 3.7: Reference related spurs at multiples of LMHz PFD frequency.

3.3.2. Integer Boundary Spurs

Integer boundary spur (IBS) occurs due to interaction between PFD
frequency and VCO output frequency or its harmonics. These spurs are observed at
an offset frequency equals to difference between multiple of frequency of phase
detector and frequency of VCO [11].

Once synthesizer frequency is set to close to integer multiple of frequency of
phase detector, integer boundary spurs are headache [24]. This case occurs in
integer-N synthesizers. In fractional-N synthesizers, synthesized frequency is
generally not close to multiple of PFD frequency. Loop filter generally filters out

these type of spurs in fractional-N synthesizers [8].
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3.3.3. Fractional Spurs

Fractional spurs are the most troublesome spur type which appear at an offset
as step size of the synthesizer from the fundamental output frequency. Fractional
spurs arise from operation of accumulator or X¥-A modulator. To obtain an avarage

fractional division factor, divider is changed between two or more integer values [8].

frer ——¢—| PFD/CP || LPF [ VCO = fout

1 MHz 10.1 MHz
xrg (t)
210/11 pt—r

f Modulus Control
—= 310
A 11
<10 T
'| |: REF__

- '
9TRer

Figure 3.8: Example of fractional-N loop.

Let us examine the circuit shown in Figure 3.8[4] in time domain to
understand fractional spur mechanism. Output period is equal to (10.1 MHz)™ ~ 99
nsec. As seen from Figure 3.8, this output period is multiplied by 10 for nine cycles
of reference signal while it is multiplied by 11 for one cycle of reference signal.
Duration of first nine cycle is 990 ns long which is shorter than period reference
signal. The phase difference between feedback signal and reference signal increases
until it becomes zero phase error, once division ratio is 11. This leads phase detector
to generate wider pulse which appear as periodic waveform after loop filter. This
periodic waveform is repeated in every 10 cycles of reference signal which
modulates VCO at a rate of 0.1 MHz that generates spurs at offset of 0.1 MHz and
its harmonics from 10.1 MHz carrier frequency [4].

When channel spacing (step size) is too small, spurs fall into loop BW which
are not able to be eliminated by the loop filter and they are observed within the
output spectrum. To reduce the amplitude of fractional spurs, dithering method and

increasing X-A order discussed in setion 3.2.1 can be utilized [8].
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3.4. Phase Noise Phenomenon in Frequency Synthesizers

Ripple in amplitude and phase give rise to noise in oscillators. Output signal

IS given by,
V(t) = [Vo + a(t)] xcos(wot + P(t)) (3.11)

where o(t) denotes the amplitude ripple and @ (t) states the phase noise [7]. In most
oscillators, there are amplitude limiting mechanism. Therefore amplitude fluctuation
causing noise in amplitude can be ignored. Phase noise dominates the oscillator
output noise [25]. Phase noise can be characterized as random phase fluctuations and

is stated as,
V(t) = Vypxcos(wpt + ®(t)) (3.12)

A RF transciever system is remarkably influenced by RF synthesizer
performance used as local oscillator in that transciever. Every component in
frequency synthesizer contribute to overall phase noise of the synthesizer. Noise

contribution can be modelled as illustrated in Figure 3.9 [7].

1“1’ Ulf H\'(o

Hr“f 1\-;)(1 _é_' [:(-“') —$_’ [\-\.(,”/.\' _é__.ﬁmn

A

T

H(li\'

Figure 3.9: Linear phase noise model of a PLL based synthesizer.

Kpp is the gain phase detector and charge pump which is given by Icp/2n

(A/rad) where Icp is charge-pump current. Kycofs is the transfer function of the VCO
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where Kyco is the gain of the VCO. The loop filter transfer function is given by F(s)
and 1/N is the transfer functiom for frequency divider [7].

Phase noise model shown in Figure 3.9, phase noise is joint to the component
output signal. Phase noise contribution is given by 0O, Ovco and 64y for reference,
VCO and divider, respectevily. Vs represents loop filter voltage noise and i¢, gives
charge pump current noise [7]. The open loop transfer function To(S) for PLL is
stated as,

KppKycoF (s) (3.13)
sN

TOL(S) =
Considering individual noise contribution of PLL components, transfer function for
each noise source is acquired. In this context, transfer function of the reference noise

source is expressed as,

0 KppKycoF (s)
TREF(S) == 5
Orer KppKycoF (s)
D e ' — (3.14)
_ ToL(S)
1+ To(S)

Current noise transfer fiunction of the charge pump is given by,

0 KycoF (s)
T.(S) = .out: S
N #9Y PN)] are
Ns :

_ N Ta®) _ N 2m Toi(S)
Kpp 1+ To,(S) ep 14 ToL(S)

Noise transfer function for the loop filter is stated by,

0 Kyco
T S — out — S
1e(S) Vir 1+ KppKycoF (s)
Ns (3.16)
_ Kyco 1
s 14Ty (S)
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Relating to VCO noise transfer function, it can be expressed as,

. 1 1

T §) = _out _ _
veo(S) Ovco 4 n KPDK]I(ICOF(S) 1+ Ty, () (3.17)
S

(3.16) gives the transfer function of feedback frequency divider noise.

. KPDKVCOF(S)
Tp (S) = Bout = S S TOL—(S) (3.18)
Baiv 1+ KPDKKICOF(S) 1+ To.(S)
S

It is seen from equations above, to obtain low phase noise at the output, low
VCO gain (Kyco), low division ratio (N) and high charge pump current are required.
However, this parameters are selected depending on application specifications [7].
Total noise can be obtained by RMS sum of the individual noise of each component
as given in (3.19) [7].

eout2 = [eref- TREF(S)] 2 + [ediv- TDIV(S)] 2 + [icp-TCP (S)]Z
+ [Ovco-Tyco ()] % + [vif. Tor(S)] 2

_ Tor(S)
1+ Ty (8

2m\* 1 z Kyco\?
i ep. N.— —_— —) +6?
+(l“’ ICP) l+ <1+T0L(S)> l(vlf s ) * VCO]

It can be concluded from (3.16), phase noise of reference, phase frequency

2
) l(N Bren)? + (N.0giy)? (3.19)

detector combined with charge pump (PFD/CP) and divider is effective at low offset
frequencies, while phase noise of the VCO and loop filter is effective at high offset
frequencies. Reference source, divider and PFD/CP dominant noise contributers
within the loop bandwith. In contrast, VCO dominates the phase noise outside the

loop bandwith [7].
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3.4.1. Determining Optimum Loop Bandwidth For A PLL
Frequency Synthesizer

Loop bandwidth is one of the significant parameters for a PLL based RF

synthesizer. Phase noise of the RF synthesizer is characterized by loop filter. While

VCO noise is dominant after corner frequency of the loop filter, reference, divider

and phase detector noise dominate the phase noise before corner frequency which

means inside loop filter. Therefore, optimum loop bandwidth is the intersection point

of VCO phase noise graph and noise floor of the other noise sources such as

reference, PFD and N divider. As illwstrated in Figure 3.10, loop BW is selected

smaller or bigger than intersection point, there probably will be performance

degradation [8].
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Figure 3.10: (a) optimum loop BW (b) after intersection (c) before instersection.
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3.4.2 Phase Noise Prediction For A PLL Frequency Synthesizer

Phase noise value can be defined as noise ratio in a 1-Hz bandwidth at a
certain frequency offset as illustrated in Figure 3.11 [1]. In a PLL system, each noise
source contributes to output noise in different region. Noise of reference input is
effective at the region up to 1 kHz offset frequency. In range of 1 kHz and cut-off
frequency, frequency divider noise and PFD integrated with charge pump noise are
dominant. After cut-off frequency, VCO noise is dominant. Noise floor is formulated

as,

dBc
‘CO = 10 log(fPFD) + ‘CPLL + 2010g(N) I:Ejl (320)

where L, is the noise floor, £p . stands for the noise of PLL circuitries, and fpep iS

the comparison frequency of PFD [8].

Y

Figure 3.11: Phase noise illustration.

3.4.3 Phase Noise Improvement in PLL Frequency Synthesizers

There are some rule of thumbs to improve the phase noise at the output of the
RF synthesizer. To reduce the phase noise within the loop bandwidth, first, highly
clean reference source should be used. Reference phase noise will be amplified by
20log(N/R). N states feedback division ratio while R is reference frequency division
ratio. PFD frequency is obtained by frer/ R [1], [24].
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Second, PFD frequency should not to be selected too high or low, an
optimum value should be selected. If low PFD frequency is used, N division ratio
increases and this degrades the phase noise as 20logN. If high PFD frequency is
chosen to use, it deteriorates the phase noise as 10log(feep) [1], [8], [24], [27].

Third, In integer-N PLL, channel spacing is assigned by PFD frequency.
When high resolution integer-N frequency synthesizer is intented, PFD frequency
needs to be used as step size which requires high division ratio giving rise to
degradation in phase noise as 20logN. A fractional-N architecture should be prefered
in high resolution frequency synthesizer design [1], [24].

Fourth, loop bandwidth optimum value should be chosen as shown in Figure
3.10. If it is selected too narrow, VCO phase noise degrades the close-in phase noise.
When loop BW is chosen too wide, PLL internal phase noise will be extended far
from the carrier frequency [8], [24].

Lastly, VCO which posseses the low phase noise is chosen to improve the
phase noise outside the loop BW [24].

A curve of the main contributors for output phase noise is demonstrated in
Figure 3.12 [24].
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Figure 3.12: Phase noise contributors and their effective regions.
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4. DESIGN OF PLL-BASED RF SYNTHESIZER

An RF synthesizer is designed to be used in an S band (2 GHz — 4GHz)

receiver as a local oscillator. Diagram of the receiver is as given in Figure 4.1.
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Figure 4.1: Conceptual diagram of S-band COMINT receiver.

In this chapter, components composing the purposed PLL based frequency
synthesizer, simulation before implementing frequency synthesizer as a product,
calculating loop filter components, designing frequency synthesizer and

measurements for the implemented frequency synthesizer are discussed.
4.1. Frequency Synthesizer IC Overview

ADF5355 which is ultra wideband frequency synthesizer IC with integrated
VCO of Analog Devices is utilized in designing and implementing of the PLL based
RF synthesizer. Figure 4.2 illustrates functional block diagram of ADF5355 [19].
ADF5355 includes all PLL unit inside a single package except for loop filter. For
flexibility of tuning loop bandwidth loop filter is outside the chip.

ADF5355 IC supports implementation of both integer-N and fractional-N
architectures. VCO which is integrated to ADF5355 synthesizer IC operates in
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frequency range of 3400 MHz — 6800 MHz and by means of output frequency
divider and doubler, it is able to be extended to the range from 54 MHz to 13600
MHz with very high resolution. ADF5355 IC has two RF output channels. Channel
A outputs 54 MHz — 6800 MHz band while channel B generates frequencies from
6800 MHz t013.6 GHz. In this study, ADF5355 is configured to generate frequencies
between 2070 MHz and 4070 MHz with 100 kHz resolution. With such LO (local
oscillator), receiver can receive signals in S-band and downconvert it to 70 MHz IF
(intermediate frequency).
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Figure 4.2: Functional block diagram of ADF5355 synthesizer IC.

4.1.1. Reference Input Circuitry

ADF5355 IC accepts both differential and single-ended reference signal. This
can be configured by software over serial peripheral interface (SPI). Designed and
implemented synthesizer utilizes single-ended configuration because reference
crystal oscillator has single-ended output.

Reference input circuitry includes reference frequency doubler and divider
block (Div) composed of 10-bit R counter and divide-by-2 sub-units. Reference
doubler is used to double the reference frequency to improve phase noise and
spurious performance of PLL frequency synthesizer module. Divider blocks can be

utilized when, integer-N architecture is prefered to generate a frequency in order to
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acquire low channel spacing. However this configuration degrades phase noise by
20log(Div x fyco / frer). In this application, doubler is enabled while reference
division factor is one which means no division for reference signal frequency. By
doubling 10 MHz reference frequency, 20 MHz PFD frequency is utilized for

comparison. Thus, it is purposed to improve phase noise by some amount.

4.1.2. Phase-Frequency Detector and Charge Pump Circuitry

ADF5355 includes a PFD circuitry integrated with a charge pump. In
PFD/CP circuitry has a delay element which prevents dead zone issue causing
reference related spurs. A simplified block diagram of PFD/CP circuitry is illustrated
in Figure 4.3 [19].
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HIGHO—D1 Q1
U1
+IN O—> cLR1
¢—— oeray ({ us [ CP“ARUMgE o CP
CLR2
DOWN
HIGH o—p2 Q22>
U2
-INO—>

Figure 4.3: Functional block diagram of ADF5355 PFD/CP circuitry .

4.1.3. Loop Filter Circuitry

Loop filter circuitry is installed between charge pump output pin and tuning
voltage input of ADF5355 synthesizer chip. A third order low pass filter is designed
and implemented as loop filter. Components which build loop filter is calculated by a
simulator is published by Applied Radio Labs. Simulator gives frequency and time

domain responses such as phase error, closed loop gain, phase margin, locking time
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and so on. Simulation results and loop filter values fopr components will be given in
the following sections.

One of the main advantage of ADF5355 is loop filter type. When discrete
VCO is used for such wideband application, tuning voltage, required for used
frequency range, exceeds the charge pump upper limit and there an active filter with
an amplifier need to be used. Using amplifier in loop filter circuit contributes to

overall phase noise and consumes more power [26].

4.1.4. VCO and Output Stage Circuitry

ADF5355 has a VCO core which consists of four seperate VCOs, thus, it is
able to cover a wide range with small VCO sensitivity (Kyvco). VCO core covers
frequency range from 3400 MHz to 6800 MHz. Other frequency values are able to
generate using output divider and doubler integrated to ADF5355 IC. VCO phase
noise is given in Figure 4.3 [19].
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Figure 4.4: Open loop phase noise of ADF5355 internal VCO at 3.4GHz.

ADF5355 has two RF output channels, channel A and channel B. In design,
channel A is used for outputting synthesized frequency. Channel B is terminated by

50Q terminator.
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VCO is connected to channel A output stage through a buffered output
divider. Output divider has ability to divide the VCO frequency by 1, 2, 4, 8, 16, 32
and 64. In this design, target frequency range is from 2070 MHz to 4070 MHz.
Division ratio is 1 from 3400 MHz to 4070 MHz while it is 2 from 2070 MHz to
3400 MHz. Division ratio is programmed over SPI interface.

Channel A is employed by an NPN differential pair. Output A+ and A- is
taken from the collectors of the transistors and biased through 50Q from RF power
supply (Vrr) Which is +3.3VDC, typically. ADF5355 has four different power level
configuration, -4dBm, -1dBm, +2dBm, +5dBm. Power level is able to programmed

via SPI interface. Output stage is as shown in Figure 4.5 [19].

VR VRe
500 50Q
RFOUTA'.' RFOUTA-
— BUFFER/
DIVIDE BY
Veo 112/4/8/
—_— 16/32/64

g

Figure 4.5: ADF5355 output stage.

4.1.5. RF Feedback Divider Circuitry

ADF5355 includes third-order £-A modulator in N divider circuitry. N value
is determined by dual modulus prescaler (P/P+1) and INT (integer), FRAC1, FRAC2
(fraction), MOD1, MOD2 (modulus) counter values. With this divider, ADF5355
can exhibit good noise performance and high resolution ability. N divider functional

block diagram is shown in Figure 4.6 [19]
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Figure 4.6: N Divider functional block diagram.

4.1.5.1. Calculation of N Divider Parameters

Output frequency is given by,

fVCOOUT =N X fprp 4.1)

where VCOoyr is fundamental (no output divison used) output frequency of VCO. N
is embodied by,

FRAC2
FRAC1 + 37557 (4.2)

N = INT
* MOD1

INT is 16-bit value. It is between 23 and 32767 if dual modulus prescaler is
(P/P+1) 4/5, 75 and 65535 if dual modulus prescaler is 8/9. FRACL1 is the numerator
of 24-bit primary modulus. It can be set from 0 to 2/, FRAC2 is the numerator of
14-bit secondary modulus MOD?2 is programmable 14-bit modulus and MOD1 is a
constant 24 bit modulus (22%). INT can be obtained by integer part of fractional N
division factor. INT and other counter values are as given in (4.3), (4.4), (4.5) and
(4.6).

INT = int(N) (4.3)
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FRAC1 = int[(N — INT) x MOD1] (4.4)

MOD?2 = fPFD (45)

GCD (fPFD» fstep)

GCD stands for the greatest common divisor.

FRAC2 = [(N — INT) x MOD1 — FRAC1] x MOD?2 (4.6)

4.2. Simulation of PLL Frequency Synthesizer

Simulations are realized using ADISIimPLL software which is a trademark of
Applied Radio Labs v5.00. Abracon’s 10 MHz OCXO is used as reference source of
the synthesizer. Table 4.1 illustrates specifications of the OCXO [28].

Table 4.1: Specifications for 10 MHz OCXO.

Supply Voltage +3.3 VDC typ.
Power Consumption 3W @startup, 1W @steady
state
Daily Aging +1.0 ppb
Frequency stability vs. Supply Voltage | +5.0 ppb
Offset: Phase Noise:
1Hz -90 dBc/Hz
10 Hz -120 dBc/Hz
100 Hz -140 dBc/Hz
1 kHz -145 dBc/Hz
10 kHz -150 dBc/Hz
100 kHz -155 dBc/Hz

Phase noise of the reference source simulated in ADISimPLL is as illustrated

in Figure 4.7.
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Figure 4.7: Simulated phase noise for OCXO.

ADF5355 uses its internal VCO core to generate an output signal. VCO core
covers fundamentally a range of 3400 MHz — 6800 MHz. Sensitivity of integrated
VCO is 15 MHz/V in average. Open loop phase noise at 100kHz offset for 4070
MHz which is within synthesizer operating band (2.07 GHz to 4.07 GHz) is
approximately -114 dBc/Hz. Open loop phase noise of VCO which is simulated by
ADISImPLL is given in Figure 4.8 [19].
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Figure 4.8: Phase noise of VCO at 4.07 GHz.

Integrated VCO has 9 pF tuning port input capacitance and it is supplied by
+5VDC (cho) [19]

41



4.2.1. Determination of Loop Bandwidth

Loop filter is simulated and optimized for different loop BW and phase
margin. Simulation results are compared to one another. Phase noise values for
varied loop bandwidth is illustrated in Figure 4.9. As discussed in previous chapters,
phase noise participation of phase frequency detector, charge-pump and frequency
dividers reduce outside the loop BW while noise contribution of VCO is effective.
Hence, as loop bandwidth is designed to be narrower, overall phase noise
performance approches to VCO phase noise performance. This results in degradation
in close-in phase noise.

Locking time is also closely related to loop bandwidth. The narrower loop
bandwidth it is designed, the longer we get locking time. ADF5355 performs
automatic calibration for integrated VCO which takes approximately 2884 us with
timeout values for the fastest calibration [19]. The locking time and calibration
duration determines the overal locking time for the synthesizer. Locking time is also
simulated by means of ADISimPLL software. All simulations are done for 4070

MHz.

Phase Noise at various Loop BW values
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Figure 4.9: Phase noise at different loop BWs.

As seen from Figure 4.9, as loop bandwidth gets narrow, the phase noise
approches to that of VCO. On the other hand, as loop BW widens, PFD, CP and
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divider noises stretch to higher offset frequency. As a conclusion, narrower BW
degrades close-in noise while it improves noise at higher offset frequencies. Keeping
all these facts in view, 20kHz is evaluated as optimum value for the loop BW. Beside
of phase noise, locking time for different loop BW value is tabulated in Table 4.2.

Table 4.2: Frequency switching time at various loop BW.

Loop Bandwidth | Lock Time
10 kHz 3.23 msec
20 kHz 3.06 msec
40 kHz 2.98 msec
60 kHz 2.96 msec

Phase margin is related to the stability of the loop. It is appropriate to choose
it between 40° and 55°. Simulations demonstrate that the optimum locking time is
obtained at phase margin range between 40° and 55°. While loop BW is fixed at 2

kHz, switching time at different phase margin values is listed in Table 4.3.

Table 4.3: Frequency switching time at different phase margin.

Phase Margin Lock Time
80° No lock
65° 3.29 msec
55° 3.09 msec
45° 3.06 msec
40° 3.10 msec
35° 3.12 msec
25° 3.24 msec

While realizing loop filter whose circuitry is shown in Figure 4.10, standard
capacitor and resistor values need to be used. Therefore non-standard values are

optimized to these standard values.
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After optimization, new loop bandwidth and phase margin are as given in Table 4.4.

Table 4.4: Loop BW and phase margin for calculated and used filter components.

Component Calculated Used
C1 714 pF 820 pF
R1 2.29kQ 1.8 kQ
C2 9.72 nF 12 nF
R2 4.69 kQ 4.7kQ
C3 317 pF 270 pF
Loop BW 20 kHz 19.8 kHz
Phase Margin 45° 48°

4.2.2. Characteristics of PLL Frequency Synthesizer

Simulation of transient requency error, transient phase error, transient phase
characteristics, open loop gain, closed loop gain and phase noise performance of the
proposed frequency synthesizer with standard component values is performed and
examined.

Simulated frequency synthesizer schematic is illustrated in Figure 4.11. Loop
bandwidth and phase margin can be observed from open loop gain simulation result
given in Figure 4.12(a). As discussed in previous chapters, phase noise of the
reference, PFD with charge pump and feedback divider is multiplied by closed loop
gain and transfered to the output. Outside the loop BW, VCO dominates the output
phase noise performance. Closed loop gain plot is as shown in Figure 4.12(b).
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Figure 4.11: Simulated schematics of ADF5355 synthesizer.
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Closed Loop Gain at 4.07GHz
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Figure 4.12: (a) open loop gain (b) closed loop gain of proposed PLL system.

Open loop gain approximately 0dB and phase margin 48° at 19.8 kHz. Figure
4.13 (a), (b) and (c) shows synthesized frequency error, output phase error and
frequency characteristics, respectively.
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Figure 4.13: (a) frequency error (b) phase error while (c) frequency characteristics.

4.2.3. Phase Noise Simulation

Simulations show that noise of reference input dominates the phase noise

characteristics up to loop bandwidth and VCO starts to dominate the phase noise

performance after the loop bandwidth as it is expected. Overall phase noise response

after offset of 20 kHz follows the VCO noise. This result is as expected which

discussed in previous chapters. Overall phase noise at various offset shown in Figure

4.14.
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Figure 4.14: Simulated phase noise response at 4070 MHz.
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When output frequency is reduced by keeping the other settings fixed, phase

noise is changed by 20logN. When simulation is repeated with 2070 MHz RFour,

simulation result is as shown in Figure 4.16 along with . As expected it is improved

by 20log (4070/2070) = 6 dB.
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Figure 4.15: Simulated phase noise response at 2070 MHz.

4.3. Design and Implementation

In this section, detailed information about design and implementation of PLL

based frequency are given. Design consideration for power, analog, RF and digital

circuitries are discussed and implemented at design phase.

KiCad which is open source schematic and PCB design tool is used to draw

schematic and board. KiCad is very practical tool for board prototyping. Being

priceless and practical to use makes it encouraging to choose over other CAD tools.
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Figure 4.16: KiCad along with project navigator and toolbars

4.3.1. Board Material

PCB is the environment to that all synthesizer circuits are implemetend.
There are different kind of material for PCBs. The material of two-layer PCB is FR-4
for this design. It is preferred because it can be easily found at low prices. Thickness
of the board is 0.8 mm. The copper thickness is 1 0z (35 um).

4.3.2. Design Method For PLL Circuits

Main component of the designed and implemented frequency synthesizer
board is ADF5355 wideband frequency synthesizer integrated circuit. Excluding
loop filter, all PLL components such as PFD, charge-pump, reference divider and
doubler, VCO and feedback divider is integrated within a single chip. ADF5355 has
32-lead LFCSP package with size of 5 mm x 5mm [19].

Because PLL circuit is an RF based circuit, care is taken for impedance
matching issue. PCB material is FR-4 and charactheristic impedance calculation is
realized so that it can be matched to 50 Q. There are four RF lines which are
subjected to this requirement: Channel A+, channel A-, channel B and reference
input line. For calculations, a free tool called AppCAD by Avago is used. AppCAD
needs some parameter related to line whose impedance is calculated. This parameters
are line width (W), distance between RF line and reference ground plane underneath,

copper thickness, gap between RF line and ground plane on same layer with RF line
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and dielectric constant of the PCB material. Grounded coplanar waveguide (GCPW)
structure achieving good isolation is used for RF transmission lines. AppCAD
calculation is illustrated in Figure 4.17.

Ground vias nearby RF line is placed properly for better isolation and phase
noise performance. DC blocking capacitors are placed on RF lines. II-type
attenuators are also placed onto RF lines to be able to adjust signal amplitude. In this
design only one of the RF lines is used hence, other two RF channels are terminated
by a 50 Q in series with a DC blocking capacitor.

Loop filter circuit should be considered to be placed close to Vtune pin of
ADF5355. This is an important consideration in terms of noise coupling to the tuning
line of VCO.
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Figure 4.17: AppCAD tool 50 Q RF line calculation.

4.3.3. Design Method For Power Supply Circuits

RF frequency synthesizer board is supplied by +6 V DC power supply.
ADF5355 IC is supplied by three low noise regulators. ADF5355 includes different

type of circuitries inside such as analog, RF and digital circuitries. These circuitries
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should be supplied for better noise performance. Therefore three different regulators
are used. While analog supply (Avpp) and digital supply (Dvpp) are supplied by two
seperate 3.3 V regulators, charge-pump (Vp) and VCO (Vvco) are supplied by single
5V regulator.

Power supply noise can effect the phase noise performance of the synthesizer.
In this context, ADM7151 low noise and high PSRR low droupout regulator is used
to implemet these power supply circuitries. Care should be taken for low noise
design. Power supply filtering with capacitors and ferrite beads should be
implemented carefully. Placement of power decoupling capacitors correctly. These
bypass capacitors should be placed close to ADF5355 IC. +5 V regulator circuitry is
shown in Figure 4.18.
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Figure 4.18: +5 V regulator circuitry.

4.3.4. Design Method For Digital Circuits

Programming ADF5355 is fulfilled over SPI which stands for serial
peripheral interface. SPI is a synchronous serial protocol [1]. ADF5355 needs a
master SPI driver to be programmed [19]. In this study, ATmega328P is used to
configure the ADF5355 over SPI. ATmega328P is a microcontroller from 8-bit
microcontroller family of Microchip Technology, Inc. MCU is not included in
purposed board design. It is connected to ADF5355 board externally. Logic inputs of
ADF5355 accepts signals that are between 1.5 V and 3.3 V as logical high. To map
the output signal level of MCU in between 1.5 V ~ 3.3 V, a resistor divider network

is used.
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Figure 4.19: SPI signal level translation.

SPI clock frequency is chosen as 500 kHz. This is able to be configured by
software in coding phase. Commercial central control unit (MCU) is shown in Figure
4.20.

Figure 4.20: ATmega328P based Arduino Nano board.

4.3.5. Implementing Frequency Synthesizer

In KiCad, boar schematic is drawn in two seperate sheets. One includes
power subsytem and the other includes RF subsytem with ADF5355 IC. Schematics
are shown in Figure 4.21 and 4.22.
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Figure 4.21: RF subsystem schematics.

Figure 4.22: Power subsystem schematics.

Synthesizer is referenced by Abracon’s 10 MHz OCXO whose output level is
+2 dBm. DC blocking capacitor is used in reference signal line. OCXO is not in the
board design, it is used as external reference.

53



10 kHz third order loop filter is used between CP output pin and VCO tuning
pin. Phase margin is selected as 45° but implemented loop filter by standard
comercial values gives 2.2 kHz loop bandwidth and 46.5° phase margin.

There are fixed attenuator network on output lines. By means of attenuators,
output signal level can be fixed at desired value which is below default output
amplitude of ADF5355 IC.

4.3.6. Configuring Operation Parameters

Synthesizer is programmed over SPI interface. Using SPI interface, registers of
ADF5355 is set. For, 10 MHz reference frequency and 20 MHz PFD frequency

1+D
Fprp = Frep X [R 4.7)

x(1+T1T)

Reference doubler is enabled which means D bit is 1. R counter value is 1 and
divide-by-2 is disabled that means T is 0. The desired Fprp = 20 MHz and Frer =
10MHz values are obtained by this configuration. To get 4070 MHz output
frequency with 100kHz channel spacing, desired parameters are calculated as follow.

Calculations is performed by using equation (4.3).

4070
FRAC1 = int [(T - 195) x224] = 8,388,608

MODZ — 20000 kHz — 200
~ GCD(20000 kHz, 100 kHz)

FRAC2 = [(203.5 — 203) x 224 — 8,388,608] x 200 = 0

Charge pump current is adjusted to 900uA and muxout function is set to

digital lock detection. RF output power configured as -4 dBm.
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4.3.7 Measurements

PCB design of the board is given in Figure 4.23 and 3-dimensional

illustration is in Figure 4.24.
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Figure 4.23: PCB drawing
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Figure 4.24: 3D illustration of frequency synthesizer.

Board is powered by Agilent E3632A DC power supply adjusted to 6V.

Current drawn by board is shown in Figure 4.25.

B ks I\ T\ -

Figure 4.25: Power supply current drawn by the board.
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spectrum analyzer. Output spectrum of frequency synthesizer is shown in Figure

4.26.
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Figure 4.26: Output spectrum
Harmonic response of the synthesizer is as shown in Figure 4.27.
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RF measurements are done by means of Rohde & Schwarz FSU Series

Figure 4.27: Harmonic response measurement.
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Phase noise measurement is done by using phase noise measurement R&S
Vector Signal Analyzer. Phase noise measurement for 4070 MHz at 10 kHz and
100kHz offsets are as shown in Figure 4.28 (a) and (b), respectively.
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Figure 4.28: 4.07 GHz phase noise result at (a) 10 kHz and (b) 100 kHz.
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To see feedback divider effect on phase noise, output frequency is changed to
2070 MHz and phase noise measurements for 10 kHz and 100 kHz offset is as shown
in Figure 4.29 (a) and (b), repectively. Table 4.5 shows the results.
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Figure 4.29: 2.07 GHz phase noise result at (a) 10 kHz and (b) 100 kHz.
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As expected, measured phase noise is coincided with simulated phase noise.
There is a few dB difference between them. The PCB material FR-4 has high

dielectric constant degrading phase noise. Phase noise measurement result can be

improved by using a material having less dielectric loss such as RO4003C, RO4350B

and so on. In such sensitive measurements, it is likely that there are small

measurement deviations.

Table 4.5: Phase noise result for 2070 MHz and 4070 MHz.

Phase Noise (dBc/Hz)
Offset (Hz)
4070 MHz 2070 MHz
1 kHz -87.69 -95.26
10 kHz -87.26 -94.83
100 kHz -105.03 -111.51
1 MHz -130.42 -136.90

Specifications of prototyped PLL based frequency synthesizer is tabulated in

Table 4.6.

Table 4.6: Specification of the synthesizer.

Frequency Range 2.07 GHz - 4.07 GHz
Amplitude (dBm) -5

Harmonic Level (dBc) -15

Power Supply Voltage +6V

Current Consumption 223 mA

Phase Noise (dBm/Hz)

1 kHz -87.69

10 kHz -87.26

100 kHz -105.03

1 MHz -130.42
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5. CONCLUSION AND FUTURE WORKS

Phase noise is one of the most important performance indicator in
communication platforms. Phase noise performance can have negative effects in the
communication platform whose channel spacing is small. To get clean and stabilized
oscillator in these platforms, PLL technique is used to implement frequency
synthesizer. To improve phase noise performance, N value should be choosen
smaller in accordance with output frequency and PFD frequency. Therefore
fractional-N architecture is used to get small channel spacing while PFD is able to be
high. Provided that VCO tuning voltage is not out of charge pump output range,
passive filter should be chosen. Otherwise, noise of OP-AMP in active filter
degrades phase noise performance. VCO should be selected to be low phase noise
one. In addition, using high PSRR and low noise RF linear regulator is important for
phase noise performance.

In this thesis study, a PLL based frequency synthesizer is prototyped to
operate at frequency in range between 2.07 GHz — 4.07 GHz. Synthesizer is utilized
as LO in an S-band receiver. Design is implemented by discrete components. A loop
filter is designed and simulated to give good phase noise performance and lock time.
Optimum loop bandwidth is decided to be 20kHz by means of simulations.
Simulations are fulfilled by ADISimPLL simulation tool which gives results that are
very close to lab. measurements. Design is done by KiCad design tool which is open
source software and practical to use. Phase noise values are measured as -73 dBm/Hz
at 1 kHz, -87 dBm/Hz at 10 kHz, -113 at dBm/Hz at 100 kHz and -135 dBm/Hz at 1
MHz offsets. Measured noise values and simulated noise values are very close to
each other, as expected. Taking into consideration that PCB material is FR-4, Using
a material with lower dielectric constant such as RO4003C, RO4350B by Rogers
Corparation is able to improve phase noise performance.

ADF5355 IC perform internal automatic calibration operation to select
appropriate VCO and VCO subband. Automatic calibration approximately takes 2.88
msec and this result in longer lock times. Analog Devices has published an
application note [29] which explains how to bypass VCO automatic calibration. This
method can be added to obtain faster lock time in the future.
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ADF5355 is integrated with wideband VCO core, it can be considered to
design a general purpose wideband signal generator in the future. Modulation
capability can be added to this general purpose generator. ASK, FSK, PSK, AM and
FM modulation capabilities can be thrown in frequency synthesizer. To implement a
frequency synthesizer with better phase noise performance, offset mixing technique
with dual PLL stage or hybrid PLL/DDS based frequency synthesizer schemes can
be used. In addition to better phase noise, this probably results in faster locking time.
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