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ABSTRACT

Yuldashev, Marat

Mathematical Models and Simulation of Costas Loops
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(Jyvaskyla Studies in Computing
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ISBN 978-951-39-5488-8 (nid.)

ISBN 978-951-39-5491-8 (PDF)

Finnish summary

Diss.

This work is devoted to the development of nonlinear mathematical models of
Costas loops. A Costas loop was invented in 1956 by John P. Costas of General
Electric. Nowadays, a Costas loop is widely used in many applications including
telecommunication devices, global positioning systems (GPS), medical implants,
mobile phones, and other gadgets.

Costas loop is a phase-locked loop (PLL) based circuit designed to simulta-
neously perform two tasks — carrier recovery and data demodulation. To per-
forms both of these tasks it has three non-linear elements. So, Costas loop is more
complicated circuit than analog PLLs with only one nonlinear element and there-
fore requires special techniques for its analysis. All this makes the development
of non-linear models of Costas loops a difficult task. For high-frequency signals,
used in the modern devices, the transient time is thousands of times greater than
the signal’s periods. This property of Costas loop further complicates the applica-
tion of analytical methods and numerical simulation. Also the signal waveforms
involved greatly affect the behaviour of Costas circuits.

In this work, nonlinear mathematical models of the BPSK Costas loop and
the Quadrature Phase Shift Keying (QPSK) Costas loop have been developed.
These models allow to facilitate the application of analytical methods and reduce
the numerical simulation time, which is a practically relevant significant problem.
All theoretical results are rigorously proved. An effective numerical procedure
for the simulation of Costas loops based on the phase-detector characteristics is
proposed.

Keywords: Costas loop, carrier tracking, GPS, PLL, BPSK, QPSK Costas
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1 INTRODUCTION AND THE STRUCTURE OF THE
WORK

1.1 Introduction

The Costas loop was proposed by American engineer John Costas of General
Electric (Costas, 1956, 1962) in 1956. A Costas loop is a Binary Phase Shift Key-
ing (BPSK) data recovery and carrier tracking circuit (Tomasi, 2001; Young, 2004;
Couch, 2007; Proakis and Salehi, 2007; Best, 2007; Chen et al., 2010). Nowadays,
various modifications of Costas loop are widely used in Global Positioning Sys-
tems (GPS) (Mileant and Hinedi, 1994; Tang et al., 2010; Braasch and Van Dieren-
donck, 1999; Tanaka et al., 2001; Humphreys et al., 2005; An’an and Du Yong,
2006; Kaplan and Hegarty, 2006; Misra and Palod, 2011; Hegarty, 2012; Jasper,
1987; Beier, 1987), telecommunication devices (Viterbi, 1983; Malyon, 1984; Hodgkin-
son, 1986; Stephens, 2001; Yu et al., 2011; Abe et al., 2012), medical systems (Iniewski,
2008; Hu and Sawan, 2005; Luo and Sonkusale, 2008, Xu et al., 2009), mobile
phones (Kobayashi et al., 1992; Gao and Feher, 1996; Lin et al., 2004; Shah and
Sinha, 2009), and other important technological applications (Wang and Leeb,
1987; Miyazaki et al., 1991; Djordjevic et al., 1998; Djordjevic and Stefanovic, 1999;
Cho, 2006; Hayami et al., 2008; Nowsheen et al., 2010). In particular, a number
of articles and patents devoted to the analysis of Costas loops published by re-
searchers and engineers from Finland (Vaelimaeki et al., 1996; Valimaki et al.,
1998; Nissila et al., 2001; Kanwal et al., 2010).

Mathematical description and investigation of mathematical models of Costas
loops is a very difficult task (Abramovitch, 2002). Direct description of these cir-
cuits leads to the analysis of nonlinear non-autonomous differential equations
with high-frequency and low-frequency components in the right-hand sides of
the equations (Leonov, 2006; Kudrewicz and Wasowicz, 2007; Leonov et al., 2009;
Leonov, 2010; Kuznetsov, 2008). Because in the modern applications not only si-
nusoidal but many other classes of signal have been used (Henning, 1981; Wang
and Emura, 1998; Sutterlin and Downey, 1999; Wang and Emura, 2001; Chang
and Chen, 2008; Sarkar and Sengupta, 2010), it further complicates the study of
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the corresponding differential equations.

Many methods of analysis of Costas loops are considered in various pub-
lications. However, the problems of development of adequate nonlinear models
and rigorous analysis of such models are still far from being resolved. A simple
linear analysis can lead to incorrect conclusions and, thereby, it requires rigorous
justification. Numerical simulation is not a trivial task either due to the high-
frequency properties of the signals involved. As mentioned in (Lai et al., 2005) “in
modern RF and mixed-signal designs (especially for SoCs) functional degrada-
tion of PLLs is a major cause of overall system malfunction, often resulting in
many design and fabrication re-spins. Costs of such re-fabs can run into the
millions of dollars and significantly delay product time-to-market”. Therefore
the development of nonlinear mathematical models of Costas loops is a must for
the analysis of such systems.

A Costas loop is a PLL-based circuit and, thereby, methods similar to those
used in the context of investigation of any PLL may be adapted here. The first
mathematical description of physical models was proposed by Gardner (Gard-
ner, 1966). These authors described a mathematical model of the BPSK Costas
loop in the signal space and, without a rigorous mathematical justification, pro-
posed a mathematical model in the phase space. Although PLL-based circuits
are essentially nonlinear control systems, in the modern engineering literature
devoted to the analysis of PLL-based circuits (Lindsey, 1972; Lindsey and Si-
mon, 1973; Djordjevic et al., 1998; Djordjevic and Stefanovic, 1999; Fiocchi et al.,
1992; Miyazaki et al., 1991; Cho, 2006; Wang and Leeb, 1987; Wang and Emura,
2001, 1998; Hayami et al., 2008; Young et al., 1992; Gardner et al., 1993; Gardner,
1993; Fines and Aghvami, 1991; Margaris, 2004; Kroupa, 2003; Razavi, 2003; Shu
and Sanchez-Sinencio, 2005; Manassewitsch, 2005; Egan, 2000; Suarez and Quere,
2003; Tretter, 2007; Emura, 1982; Benarjee, 2006; Demir et al., 2000a; Stephens,
2001; Xanthopoulos et al., 2001; Demir et al., 2000b; Roberts et al., 2009; Kim et al.,
2010; Tomkins et al., 2009; Proakis and Salehi, 2007), the main means of investiga-
tion include the use of simplified linear models, methods of linear analysis, em-
pirical rules, and numerical simulation (see a plenary lecture of D. Abramovitch
at the 2002 American Control Conference (Abramovitch, 2002)). While the anal-
ysis of linearized models of control systems may lead to incorrect conclusions!
attempts to justify the reliability of conclusions, based on the application of such
simplified approaches, are quite rare (see, e.g., (Suarez and Quere, 2003; Margaris,
2004; Banerjee and Sarkar, 2008a; Chicone and Heitzman, 2013; Best, 2007; Suarez

! see, e.g. counterexamples to the filter hypothesis and to Aizerman’s and Kalman'’s con-

jectures regarding absolute stability (Kuznetsov and Leonov, 2001, 2008; Kuznetsov et al.,
2010; Leonov and Kuznetsov, 2010; Leonov et al., 2010,a,b; Bragin et al., 2010; Leonov and
Kuznetsov, 2011a; Leonov et al., 2011a; Leonov and Kuznetsov, 2011b; Kuznetsov et al.,
2011; Bragin et al., 2011; Leonov et al., 2011b; Kuznetsov et al., 2011; Leonov et al., 2011a;
Kuznetsov et al., 2011; Leonov et al., 2011b, 2012, 2011b; Leonov and Kuznetsov, 2012; Kise-
leva et al., 2012; Andrievsky et al., 2012; Kuznetsov et al., 2013; Leonov and Kuznetsov,
2013c¢,b,a, 2014, ISBN 978-1-908106-38-4; Kiseleva et al., 2014), Perron effects of sign inver-
sions of Lyapunov exponents for time varying linearizations (Kuznetsov and Leonov, 2005;
Leonov and Kuznetsov, 2007), etc.
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et al., 2012; Feely, 2007; Feely et al., 2012; Kudrewicz and Wasowicz, 2007; Sarkar
and Sengupta, 2010; Banerjee and Sarkar, 2008b)). A rigorous nonlinear analysis
of a PLL-based circuit models is often a very difficult task (Leonov and Seledzhi,
2002; Kuznetsov, 2008; Kudrewicz and Wasowicz, 2007); therefore, for the analy-
sis of nonlinear PLL models numerical simulations are widely used (Troedsson,
2009; Best, 2007; Bouaricha et al., 2012). However, for the high-frequency signals,
complete numerical simulation of the physical model of a PLL-based circuit in
signal/time space, described by nonlinear non-autonomous system of differen-
tial equations, is highly complicated since it is necessary to simultaneously ob-
serve “very fast time scale of the input signals” and “slow time scale of signal’s phases”
(Abramovitch, 2008b,a). Here, a relatively small discretization step in a numer-
ical procedure does not allow one to consider transition processes for the high-
frequency signals in a reasonable time period.

However, it is possible to overcome these difficulties through the devel-
opment of the high-frequency asymptotic analysis methods (see (Leonov, 2008)
and [PI-PVI,AXI]). These methods allow one to “split” high-frequency and low-
frequency parts in the mathematical models of Costas loops in the space of sig-
nal phases. As noted in [PIV-PVI], this approach considers only a slow time
scale of the signals phases. This requires the computation of the phase detec-
tor (PD) characteristic, which depends on waveforms of circuit signals (Leonov,
2008; Kuznetsov et al., 2009a,b, 2008; Leonov et al., 2006, 2009; Kuznetsov, 2008).
In order to use the results of such analysis of a mathematical model describing the
behaviour of the corresponding physical model, a rigorous justification is needed
[PI-PVI]. To this end, it is essential, in turn, to apply also the averaging methods
(Krylov and Bogolyubov, 1947; Mitropolsky and Bogolubov, 1961; Sanders et al.,
2007; Artstein, 2007).

This work further contributes to the body of knowledge about Costas loops
and it is devoted to the development and analysis of their mathematical models
using the high-frequency asymptotic analysis approach. For the first time, a com-
prehensive rigorous mathematical method of constructing mathematical models
of Costas loops for general signal waveforms is proposed. This method is based
on the combination of engineering approaches to the investigation of PLL sys-
tems, the high-frequency analysis, and Fourier series application. The obtained
results can be used for the analysis of the stability of Costas loops. The pro-
posed numerical simulation method allows one to significantly reduce computa-
tion time spent on the numerical simulation of Costas loops (see patent applica-
tion [AXII]). It has become possible to obtain important characteristics of Costas
circuits such as pull-in time, pull-in range, etc. Also, the models developed facil-
itate further analysis and synthesis of Costas loops.
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1.2 Structure of the work

In the next chapter operation principles of BPSK Costas loop with sinusoidal
signals are considered. Then all necessary assumptions on every component of
Costas circuit are made. These assumptions allow to derive a nonlinear model
of BPSK Costas loop in phase space for general class of signal waveforms and to
prove that this model is asymptotically equivalent to the physical model. Next
another popular modification of Costas loop — QPSK Costas loop is considered.
Similar results for QPSK Costas loop in phase space are obtained. Correspond-
ing differential equations are derived in phase space and in signal space for both
Costas loops. To prove that solutions of differential equations are similar averag-
ing theory is applied to them in the next subsection.

Third chapter is devoted to the simulation of Costas loops in phase space
and in signal space. First section describes software model of BPSK Costas loop.
Then for different set of parameters and signal waveforms comparative simula-
tion in both spaces is done. Next two sections describe simulation of QPSK Costas
loop and establishe the dependency between the frequencies of signals and the
accuracy of simulation in phase space.

1.3 Included articles and publications

The present work is based on publications [Al - AXVI] and included articles [PI
- PVI].

At the first stage of the research, the BPSK Costas Loop with sinusoidal
voltage-controlled oscillator was investigated for various input signal waveforms
(sinusoidal, impulse, polyharmonic, piecewise-differentiable). These results were
published in the included papers [PI-PII], where co-authors formulated the prob-
lems and the author formulated and proved theorems.

Then, to develop nonlinear mathematical models of the BPSK Costas loop
for general class of input signal waveforms general theorems were developed
based on [PV, PVI]. Theoretical results were extended and applied to QPSK Costas
Loop. These results were published in the included papers [PIII-PIV]. The the-
oretical part of the justification of developed numerical simulation method for
both modifications of Costas loops is due to the author.

Effective numerical procedure and software tool for the simulation and anal-
ysis of Costas loops have been proposed in Finnish patent application [AXII] and
four Russian patents [AXIII-AXVI].

The main results of this work are also included in (Yuldashev, 2012, 2013a).



2 MATHEMATICAL MODELS OF COSTAS LOOPS

In this section following [PI-PIV,AVII,AXIII] and (Best, 2007; Lai et al., 2005; Yul-
dashev, 2012, 2013a) nonlinear mathematical models of BPSK Costas loop and
QPSK Costas loop are considered.

2.1 Nonlinear models of BPSK Costas loop

Consider the BPSK Costas loop (Fig. 1) having sinusoidal Voltage-Controlled Os-
cillator (VCO) and sinusoidal carrier signals in lock state. The input signal is a

1 I L
=(m(f)cos(0) - m(f)sinRwr)) =1

2 . m(?)
_>® »1 Filter 1 |
m(f)sin(wt) y Y
AN ino) o(0)
= sin(wt

data___ m(f) «—~rr VCO | Filter 2

ior ¥sin(wi) D0,
carrier  sin(w? = (-m(t)sin(0) - m()sinQw?)) = Q

\VAVAVaVaVaVs 2 »| Filter 3

FIGURE 1 Costas loop after transient processes: m(t) sin(wt) is an input BPSK signal;
m(t) = (£1) is the transmitted data; w is the frequency of VCO output and
input carrier signals

product of the transmitted data m(t) = £1 and the sinusoidal carrier sin(wt)
with the high frequency w. After transient processes the carrier is synchronized
with the VCO signal and there is no frequency difference between input carrier
and VCO signal. On the lower branch (Q), the VCO signal is shifted by —7 and
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then multiplied by the input signal
Q = m(t) sin(wt) sin(wt — %) _

= %(m(t) sin(O) — m(t) sin(Zwt)) = (1)

= —%m(t) sin(2wt).

The high-frequency part sin(2wt) in (1) is meant to be erased by a low-pass filter
3 on the Q branch. So, the signal on the lower branch after the filtration is equal
to zero, which indicates that Costas loop is in-lock state.

On the upper branch (I), the input signal is multiplied by the output signal

of VCO:
[ = m(t) sin(wt) sin(wt) =

(m(t) cos(0) — m(t) cos(2wt)) =

(m(t) + m(t) cos(2wt)).

N[ —= N =

Similarly to the Q branch, the term cos(2wt) is filtered by the Filter 1. Since
cos(0) = 1, on the upper branch, after filtration, one can obtain demodulated
data m(t). Then both branches are multiplied together and, after an additional
low-pass filtration, one gets the signal g(t) to adjust VCO frequency to the fre-
quency of the input signal carrier. After the transient processes, the carrier and
the VCO frequencies are equal to each other and the control input of VCO is equal
to zero:
g(t) =0.

Described principles, lacking rigorous mathematical justification, were well-
known since Costas loop was invented (Costas, 1962) in the case of harmonic sig-
nals. One of the first effective mathematical models of high-frequency signals for
PLL-based circuits was proposed in (Leonov, 2008) and [PV, PVI]. The included
papers [PI-PIV] generalize this approach to the BPSK Costas loop with a har-
monic VCO signal and various input carrier waveforms. Here, we will describe
the general approach to the investigation of Costas loops.

Consider Costas loop before synchronization (see Fig. 2). i.e., the phases of
the input carrier 6!(t) and VCO 6?(t) are different. Let us formulate the high-
frequency property of signals f12(t) = f12(612(t)) (here f*() are waveforms)
in the following way: suppose that there exist a large number w,,;, such that for

the frequencies!
w'?(t) = 62(t)

the following relation holds
W'2(t) > Wyin >0, t€[0,T], 2)

where T doesn’t depend on wj,.

Y db
! 0(t) = %
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%(m(r)eos(ez(z) -6'(0)) - m(t)sin(6°(0) + 6'(1)))

>| Filter 1
m(2)sin(6' (1)) sin(0/ (1) 2() . \
> \ ': VCO | Filter 2
50"
L onosin(@ @) - 00) - m(o)sin(016) + 0'(9)
2 e
>| Filter 3

FIGURE 2 The BPSK Costas loop with the phase difference 62(t) — 61 (t)

Suppose that for the frequencies

| (t) — W? ()] < Aw, Vt € [0, T). 3)
_1
Denote § = w, 7, then
|wP (t) —wP (1) < AQ, p=1,2,

4
|t—1| <6, VtTel0,T], @)

where AQ) doesn’t depend on é.

In many applications (see, e.g. (Kaplan and Hegarty, 2006)) simplified Costas
loop is used. Let us consider a circuit shown in Fig. 3, which is used in GPS. It is
the same loop as in Fig. 2, yet without Filter 1 and Filter 3, m(t) = 1.

JAWU0)
—_—

\

: 8()
Filter 2 —>

JACI0)
\

! -90° |

FIGURE 3 Simplified Costas loop circuit

For the piecewise differentiable signal waveforms f!?(6), which can be pre-
sented in the form of Fourier series 2

f12(0) = 2 + Y. (a}*cos(if) + b} *sin(if)), 6 >0
i=1

where |7 1 7
al = — [ fr(9)de, al = — | f7(0) cos(i0)do,
- -7
- %ffnﬂ’(e) sin(i)ds, p=1,2,

2 full description of application of Fourier series to PLL-based systems can be found in (Yul-

dashev, 2013b)
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it is possible to obtain a model of Costas loop in phase space. The linear filter can
be described by the relation

o(t) = molt) + bfv(t D),

where ¢(t) and o (t) are filter’s input and output respectively. Most of the filters
(Thede, 2005) satisfy the following condition

v(0) = ()] = 0©), |t-7| <5, VrteloT), )

where 7(t) is the impulse transient function with bounded derivative. ag(t) is
exponentially damped function depending on the initial conditions of the filter.

By (5) we get

g(t)= ao(t) [ 7(t = D F (6 (1)) £ (¢*(7))
0
7T

f1 (91(1))]‘2(92(1) — E)d’t’.

Consider the block-diagram shown in Fig. 4.

p(0°(0) - 0'(0)) G(t)
» Filter 2 —>

AN

PD

T 010

FIGURE 4 Phase detector and filter

A

Here, the phase detector (PD) is a nonlinear element with the output ¢ (6(t) —
92(1‘)) and Filter 2 is the same as in Fig. 3. Let their initial conditions also be the
same, then

G() = ao(t) + [ 7(t = )p(6 (1) ~ 6%(x)dr. ©)
0

Consider a 27r-periodic function
AYAG o 142, plp2
¢(0) = T T3 Y [ (AjA} + B|B}) cos(16)+
=1 7)
+ (AlB? — B} A?) sin(l@)),

N
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where Af , Bf can be calculated from the Fourier series coefficients of f1%() as

follows
l 1 1 [ee]

asa
A= 23 0 a8 4B )
m=1
111
Bl= “Ob’ += 2 (BL =D )—bh(al  —al, )]
1 2 m\Ym+1" Ym—I m\"*m+1 m—1/1r
2 ‘10"‘1_|_1i o VBB B )]
2 m+l m—1 m\Fm-+l m—1/)1r
a /S ad
2 0 l+ Z m(.Bm+l ‘Bm 1 .Bm( X1 mfl)]r
where
a%, k = 4p, b%/ k = 4pl
0‘2_ b]%, k:4p+1,ﬁ2_ —ai, k:4p+1/
F7) —a2, k=4p+2,"F 7 ) —b2, k=4p+2, )
—b]%, k=4p+3, a,%, k=4p+3,

a_p,=ay, b_, =b,, h<O.

The following theorem proves the asymptotic equivalence of the models
shown in Fig. 3 and Fig. 4.

Theorem 1. If (2)—(5), are satisfied then
Ig(t) — G(t)] =0O(s), Vte[0,T]. (10)

The proof of this theorem based on analysis of Fourier series can be found
in the included articles [PI-PIV].

To illustrate how to use this theorem the following table (TABLE 1) provides
phase-detector characteristics for the most common signal waveforms.

Remark

Since waveforms f12(6) are piecewise-differentiable their Fourier coeffi-
cients a,lq’z and b,11’2 tends to zero

1 1
a,* = O(;)r by = O(;)-

By (8) Fourier coefficients of function ¢(6) satisfy relation
1
A =0(—3), Bi?=0(-). (11)

Condition (11) guaranties that ¢(0) is continuous.

2.2 QPSK Costas loop

One of the most popular Costas loop based circuit is QPSK Costas loop (Waters,
1982; Ryan and Stilwell, 1978). It is used in biomedical applications (Iniewski,
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TABLE 1 Phase detector characteristics examples

12(6) = sin(0), p(0) = —%sin(Zf))
fl’z (0) ¢(0): T T T T T T T :
0 0 M
-05 -0.2 -
'1 C 1 1 1 1 1 1 1 _0~4 C_ 1 1 1 1 1 1 1
0 2 4 6 8101214 0 2 4 6 8101214
12(0)= -2 OZO; Lsin (n),
n=
%cos(l@), I=4p, peN
p(O)=sl 15 ) g cosIO) =5 sin(19), 1 =dp+1, peNo
2025 Spsin(le), I=4p+2, pe Ny
4(24[;2) cos(lﬁ)% sin(16), 1=4p+3, pe Ny
T T T T ¢(9) T T T T T T T
N -0.05 -
| | | | | - _0.1 | | | | | | 1
4 8 10 12 14 02 46 8101214
£12(0) = %ngl (Znil)Z cos ((2n —1)0)
p(6) = %521;1 iz sin((41 +2)0)
f1,2(0) T L TA T @(9) 1 1T T 1T T 1
05 1 -0.05
'1 I 1 1 1 1 1 1 _0.1 1 1 1 1 1 1 1
0 2 4 6 8 101214 02 46 8101214
1) — 8 v _ 1
f1(0) = ?n)gl 1)z €08 ((2n —1)0)
£2(0)=—-2 Zl%sin (n)
n=
- n2(1i4)4 cos((I+4)8), I =4p,
_-1,.8 )
9(0) =77+:2 El —% sin(16), I =4p +2,
B 0, I=2p+1, peNy
fl(g) T T, T T 1A T 3
Og : 7 (0(0)_ T T T T T T T
-.1 E Yy 0 0 Y 0 W
_0. -
12 et MR AR
-Og 0 2 4 6 8101214
A
0 2 4 6 8101214
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2008), wireless communication (Tranter, 2001), Internet of Things (Agbinya, 2011),
e.t.c. Below, we provide a rigorous mathematical description of the QPSK Costas
loop and formulate the corresponding theorem. The following description of the
QPSK Costas loop follows article [PIV].

Consider the QPSK Costas loop shown in Fig. 5.

m (£)cos(0'(t)) - m (£)sin(0 (£)))

u®(t)

Filter 1

e o)

A

u(t)
4»% > Filter 3
cos(é’2 () Vo

FIGURES5 The QPSK Costas loop

Filter 2

10

A

The input signal has the form
ml(t) cos(01(t)) — m?(sin(61(t))),

where m!2(t) = +1 is the transmitted data, sin(8'(t)) and cos(0'(t)) are carriers.
The output of the VCO is supposed to be sinusoidal cos(6%(t)). Both input signal
and output signal of VCO are high-frequency signals, i.e., requirements (2)—(4)
are met.

On the lower branch (I), after the multiplying input signal by the VCO sig-
nal, we get

ul(t) = (m!(t) cos(0*(t)) — m*(sin(6'(t)))) cos(6(t)),
After filtering by a low-pass filter (Filter 3) we get

I(t) = /Oth(t— o)ul (T)dr,

where h(t — T) is an impulse transient function of the Filter. This signal is used to
obtain one of the carriers of the input signal. On the Q branch the product of the
input signal and the VCO signal, shifted by —90°, forms the signal

uQ(t) = (m'(t) cos(0'(t)) — m?(sin(6'(t)))) sin(6?(t)).
Then the output of Filter 1 is

Qt) = /Oth(t— )ul(1)dr.
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This signal allows to get the second carrier. After the filtration, both signals, I(t)
and Q(t), pass through the limiters. Then the outputs of the limiters sign(I(t))
and sign(Q(t)) are multiplied as shown in Fig. 5. The resulting signal, after the
filtration by Filter 2, forms the control signal g(¢) for the VCO. Similarly to the
BPSK Costas loop, Filter 2 satisfies conditions (5).

According to (Kaplan and Hegarty, 2006) described circuit is usually sim-
plified and we may consider a modified loop (see Fig. 6). Here m!2(t) = 1.

cos(0'(1)) - sin(0'(1)))

u(t)

Filter 1

- 0w

A

t
Filter 2 ﬂ

1(t)

u'(t)
Filter 3
i cos(6(1))

FIGURE 6 A simplified QPSK Costas loop

Y

Suppose that Filter 1 and Filter 3 satisfy the conditions® (Leonov and Kuznetsov,
2014, ISBN 978-1-908106-38-4)

t

/ h(t — T) sin(wT + 6p)dtT = O(l), VYw > Wpin,
°, v . (12)

/ h(t — T) sin(wT + 0p)dt = sin(wt + 6p) + O(a), Vw < Aw.
0

Consider the block-scheme shown in Fig. 4, where Filter 2 is the same filter
as the one in Fig. 6
Consider a 27r-periodic function ¢(6)

V2 s

®(0) :7<sin(0(t) + %) sign(sin(6(t) — Z))_ 13
—sin(6(t) — %) sign(sin(6(t) + g))

The following theorem allows one to justify the transition from the block-
scheme shown in Fig. 6 to that of Fig. 4.

Theorem 2. If conditions (2)—~(5) and (12) are satisfied, then

lg(t) — G(t)] =0(6), Vtelo,T]. (14)

_1
2
min

3 relation between ¢ and wy,y,;,, is the same as before: § = w
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This theorem can be proved similarly to the previews theorem by dividing
time interval [0, T] on sufficiently small subintervals and estimating correspond-
ing integrals.

2.3 Differential equations of Costas loops

From a mathematical point of view, linear filter can also be described by a system
of linear differential equations

dx
i Ax +bi(t),

o(t) =c*x,

(15)

a solution of which takes the form (5). Here A is the constant n X n matrix of
the filter, x(t) represents the state of the filter, b and ¢ are constant R” vectors —
parameters of the filter, {(t) — input of the filter, o (t) — output of the filter, * is
the transpose operator. The model of tunable generator is usually assumed to be
linear (Kroupa, 2003; Best, 2007; Chen et al., 2012):

da6?
ﬁ = wjz‘ree + LG(t)r (16)
teo,T],

where is a free-running frequency of the tunable generator and L is an oscillator
gain. Similarly, one can consider various nonlinear models of VCO (see, e.g., [Lai
et al., 2005]). Suppose that the frequency of input signal carrier is constant. By
equations of filter (15) and VCO (16) one has

o A+ b (0 () PO O )O3,

d;: = w]%ree + Lc*x, (17)
et

e

Similarly the QPSK Costas loop can be described by the following differen-
tial equations:

% = Aqxq1 + by(cos(8%(t)) (cos(8(t)) —sin(01(1)))),

dx
dt
dx3

5 = Aaxa + b (sin(6%(t)) (cos(9' (1)) — sin(6'(1)))), (18)

ot

7_(/(),
dt

462 .
At = wj%ree + Leyxo,

= Agxy + ba(sign(cyx1)(c3x3) — sign(c3x3) (c1x1)),
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where A1,3, b1y3, €123 are parameters of the filter and x; 5 3(f) is the state of the
filter.

Using the phase-detector characteristics, it is possible to derive differential
equations of Costas loops in the phase space as follows

d

d—’; = Ax +be(0(t)),

de

aTA — w]%m — w4 Lc*x, (19)

O (t) = 62(t) — 01(t).

Here ¢(0) is the phase detector characteristics, which depends on the signal wave-
forms.

The averaging methods allow one to justify that the solutions of differential
equations in the phase space are close to the solutions in the signal/time space.
These methods are described in the next section.

2.4 Averaging method for investigation of Costas loops

The averaging method was invented to solve problems of celestial mechanics.
History and development of this method up to 1960s is described in (Mitropol-
sky, 1967). Main theoretical results from this book were obtained by Krylov, Bo-
goliubov, and Mitropolsky became classical in averaging theory. Contemporary
results can be found in (Sanders et al., 2007).

Lets apply the averaging method to the Costas loop equations. Original
system (17) is equivalent to the system

% = Ax +0f (w't) fA(w't + 05 (1) fH (@) fH (@t + 0 (F) — §>,
A _ Lc* 20)
ar wp + Lecx,

where 0y = 6% — 0! is the phase difference of VCO and input carrier and w, is
initial frequency difference. To apply the averaging theory to this system we have
to convert it to the standard form

Y _eF(y,0), ¥(0) = @

where ¢ is a small parameter. Since frequencies w'?

reasonable to put ¢ = ;. Denote
w

are assumed to be large, it is

T= wlt,
T (22)
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then system (20) transforms to

% - % (42 +b£ @0 + D (D0 +7-3) ). (23)
Po = L (wat1es),

2.4.1 First order periodic averaging

The following theorem allows to obtain easily the phase-detector characteristics
for sinusoidal signals without asymptotic analysis given in the previous sections.
General averaging theorems described in the next subsections can not be applied
to Costas loop equations directly because they require theorem 1 and theorem 2
to be proved.

Consider an equation (21) where F is T-periodic on ¢ and Lipschitz continu-
ous*. Let D be an bounded open set, containing xo, choose ¢g such that 0 < & < .
Let us introduce the averaged equation

% =¢F(z), z(0)=xo, (24)
where ’
F(z) = % [ Fez e (25)
0

There is a constant L such that solutions z(t, ¢) and x(t, ¢) remainin D if0 < t < %
Theorem 3. Suppose that €y, D, and L are as above. Then there exists a constant ¢ > 0
such that

ly(t€) —z(te)|| < ce

for0<e<egyand 0 <t <

o |t~

Proof of this theorem can be found in (Sanders et al., 2007) (p. 31). This
theorem allows one to obtain phase-detector characteristics for Costas loop with
sinusoidal signal waveforms

12() = sin(0).

System (23) for these waveforms equals to

d 1

d—i =— (Az + bsin(7) sin(0(T) + 7) sin(7) sin(6a(T) + 7 — g)) ,

doy 1 (26)
di’r fr—y E ((UA + Lc*Z) .

Obviously the right-hand side of system (26) is Lipschitz continuous and 27 pe-

riodic. As before 1
e —

_wl.

4 |F(y1,t) — F(y2,t)] < K|y1 — y2|, where k is a certain constant
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The choice of the time interval obviously defines the constant L and the domain D
((Sanders et al., 2007). To obtain the averaged equation (24) we need to integrate
the right-hand side

7T
% / Az + bsin(7) sin(0p + 7) sin(7) sin(0x + 7 — g)dT =

( (14 cos(27)) sin(0p + T) cos(6p + T)> dt =

(14 cos(27))(sin(205 +27))) dT = 27)

o]
i

= Az + gsin(ZGA),

7T
1
o / (wa + Lc*z) dT = wp + Le*z.
0

So, by (22) we get the averaged equation of Costas loop for sinusoidal signals

dx b
o = Ax+ 3 sin(0,(7)),

QA = wp + LC*X,

which is equals to the equation of Costas Loop in phase space with phase-detector
characteristics ¢(6) = & sin(26).

However, it is not obvious how to apply this theorem to obtain PD charac-
teristics for other signal waveforms. In the following subsection we will consider
general averaging theory and apply it to the Costas loops with non-sinusoidal
waveforms.

2.4.2 General averaging

Here we will follow a recent approach presented in (Artstein, 2007).

Definition 1. Let M be a complete metric space with its metric d(-,-). Mapping S :
M — M is called a contraction, with contraction factor p, if p < 1and d(S(v), S(w)) <
pd(v,w) for all v and w in M.

Lemma 1. Let S' : M — M be a contraction, with a contraction factor p < 1. Let
S%: M — M be another mapping such that

d(S'(0),5%(v)) <6 (28)

for every v € M. Then the distance between the unique fixed point v' of S! and every
fixed point v* of S? is less than or equal to 6(1 — p) L.
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Proof. By the contraction property of S!
d(0',8'(0%)) = d(S'(0"),S' (7)) < pd(o',0%) (29)
From condition (28) we get
d(S*(v"),0%) = d(S*(v"), S*(v?)) < 6 (30)

Inequalities (29) and (30) combined with triangular inequality applied to points
o', v2, and S!(v?) finalize the proof. O

Consider mapping S(y(-)) : C([0, T],R") — C([0, T],R") given by

S =vo+e [ Fy(x), T)dr. G1)

Function y(-) is a solution of (21) if and only if it is a fixed point of the mapping
S(y(+)). Furthermore, in case of Costas loop the function F(y, t) is bounded, say
by r, then solutions of (21) are Lipschitz with respect to the time variable with
Lipschitz constant er. Let’s introduce a new norm to make mapping (31) a con-
traction.

Lemma 2. Consider equation (21) and assume that the right-hand side is K-Lipschitz in

y, ie.
|F(y1,t) — F(y2,t)| < Kly1 — yal-

Then the mapping S(y(-)) given by (31) is a contraction with respect to the norm

M = t)e K,
y )l trer}%ly()le

This norm is equivalent to the sup norm. The contraction factor is estimated by

p=¢e(1—e X7,

Proof. Let t,, be a point where [[S(y1(-)) — S(y2(-))||; reaches its maximum on the
interval [0, T]. Then using Lipschitz condition we get

tm

[1S(1() = S(y2())|l = e~ /(F(yl(T)/T)—F(yz(T),T)dT) =<
0

th

< e [ Ke (1) = ya(7) dT <
0

tm

< e () = ya() || | KeeKTar =
0

= e 5|y (1) — ya ()| ie(eFim — 1) =
= elly1(-) = ya ()| [;(1 — e X)) <
<elly1(-) —ya ()|l (1 —e7XT)
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Since

Hy )l max ly(t)|e ™" < max ly(t)| < max ly(t)le ey ()1

holds then || - ||; norm is equivalent to the sup norm. O

Corollary 1. Consider two differential equations of the form (21) with right-hand sides
Fl(y,t) and F?(y, t) on the interval [0, T]. Let S**(y(-)) be the corresponding mappings

S2(y())(1) = o+ [ FA(y(x), D).
0

Suppose that F'(y, t) is K-Lipschitz in the state y, F*(y, t) are bounded by r, and

ISty ()6 =S (y( )] <6
holds for every r-Lipschitz function y(-) with initial condition y(0) = yo. Then

Eﬁ]ly() ye(t)| <e

where x'(t) is the unique solution of % = eFl(y,t) and x(t) is a solution of % =
eF2(y,t).

Proof. Both of the right-hand sides F?(y, t) are bounded by r, so corresponding
solutions are r-Lipschitz. Since F!(y,t) is K-Lipschitz then by Lemma 2 corre-
sponding mapping S'(y(-)) of r-Lipschitz functions from [0, T] to R" is a contrac-
tion with respect to its || - ||; norm with a contraction factor

e(1—e KTy < (1 —e KT,
By Lemma 1 we have
ly' (1) = y* ()l < 61— p) 71 < 6.
Lets multiply both sides of this inequality by eXT
KTy (6) ~ A0l < 65

Inequality trg}g}(] ly(t)] < eXT||y(-)||; finalizes the proof. O

Consider equation (21) where y € R, t € [0.00), and F(y, t) is continuous.
For the averaged system (24) function F(z) is defined by the following equation

to+ T
F(z) = lim% / F(z,7)dx, (32)
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where the limit in (32) is assumed uniform in fp > 0. Notice that this average may
not exist. When an equation has this average we look for non-negative numbers
A(e) and 7(¢) with the property

ot A6

ﬁ / (F(y,T) = E(y))dr| < y(e), Wy, 0<ty<e '(1-A(e)).

fo

Denote s = ¢t then

so+A(e)

A?e) / (F(%%)—F(y))ds <n(e), Yy, 0<sp<1-Ae). (33

Pair (A(e),7(¢e)) is called the rate of averaging.

Theorem 4. Assume that the function F(y,t) is K-Lipschitz in y and bounded by r.
Suppose that the equation has a time-independent average F(z) and let (A(e),1(¢e)) be a
rate of averaging. Then

y(£) —z(1)] < T T((K+2)rA(e) +1(e))

namely, it is of order max(A(¢),1(¢)), this uniformly for t in the interval [0,e71].

Proof. Lets apply the change of variable s = ¢t. Then equations (21) and (24)
transforms to

dy _ s _
a5 = Fw. 2 v(0) =y,
and
dz

i F(z), z(0)=yo.

Lets estimate the following integral
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using K-Lipschitz properties of F(y,t) and F(z):

< E((0),2) = F(y(0) | do + 2 TA(e) <
k=0 kA(e)
l5)  (H1)AE)

<y ([ |9 - e ae), D)o
k=0 kate)
T T

w [ e e D) - Fe ey dor
kA(e)
(k+1)A(e) o

+ ‘F( (Z5—() — F(y(0))|de) +2rTA(e) <
kA(e)
Laiq] rA(e)

< K

<L (k=52
EERO ki1 o L k41

o [ e s, D) - Fe ey o
kA(e)

+ sz(e)) +2rTA(e) <

< TKrA(e) +2rTA(e)+
53] (F1)AE)

’ 2k +1 o 2k +1
+ ) - Fly
k £

Fy(Paw),
=0
kA(¢)

By (33) it is possible to estimate last sum of integrals

LaG

Ale)
>
k=0

| (k+1)A(e)

PO 80), D) - F 5 a(e)

kA(e)
Lats)

< Y n(e)dle) < T(e)
k=0

Last two equations give the following estimate

JEW@), ) = Fy(e))do

c < T((2+ K)rA(e) +7(e)).
0

Combination of the (34) and corollary 1 completes the proof.

(34)

O
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Now we can apply this theorem to the Costas loops with K-Lipschitz signal
waveforms on time interval [0, T]. Consider an original system (20) of Costas
Loop. Time independent average is equal to

d
o= Ax+be(0a(1)),

f (35)
G—A = wp + Lc*x
dt A '

Theorem 1 provides the function ¢ and the averaging rate (O(E% ), O(ei)), ie.

1
So+e4

/ (fl(wlt)fz(wlt +05) FH () 2wt + 0y — %) - (p(BA)) dt| <0 (Ve),

50

Vso, 1<so+1<T.

By theorem 4 solutions of the equation of Costas loop in signal space (20) and in
phase space (35) are close in the following sense

Ix(t) — z(t)| = O(ex), te€[0,T].

Recall equations of QPSK Costas loop in signal space (18)

T Aver 4 bi(cos(0%(1)) (cos(6' (1) — sin(6" (1)),
dx . * « . " "

T2 _ Ay + blsign(cix) (i) — sign(eim)(ci)),
T — Asxs 4 bs(sin(6%(1) (cos(@' (1)) — sin(8' (1)),
o’ _

ar =

dg> 2 *

ar = Whee + Ly xo.

which is equal to the following system

Xy = Apxy + ba(sign(cixy)(c3x3) — sign(czx3)(cix1)),

0L(t) = w!,
éz(t) = w}ree + L(C§x3)/
x3(0) = x03,

(36)

xX] = /’yl(t — 7) cos(8%(t))(cos (6 (t)) — sin(0(t)))dT,

0
t

X3 = /73(t — 1) cos(6(t))(cos(8(t)) — sin(81(t)))dT
0
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Denote
fapsk(0',6%) = by(sign(cixy) (c3x3) — sign(cixs)(cfx1))

x| = /71(15 — 1) cos(6(t)) (cos(8(t)) — sin(81(t)))dx,
0

t
x3 = / 3t — 7) cos(62(£)) (cos(81(£)) — sin(6' (£)))dt
0
Similar to BPSK Costas loop theorem 2 gives the following estimate

1
so+e4

(fQPSK(wlfrf)A) - <P(9A)) dt) <O (Ve), Vs, 1<sp+1<T.

S0

By theorem 4 solutions of the equation of QPSK Costas loop in signal space (20)
and in phase space (35) are close in the following sense

x(t) — z(t)| = O(ex), te€[0,T].

Theorem 4 gives very good estimate of the difference between solutions of
the averaged and original equations (Artstein, 2007). However this theorem can
not be applied for Costas loops with some other waveforms, which don’t meet
Lipschitz condition. There are several generalizations of theorem 4 for discon-
tinuous systems (Samoilenko, 1963; Mitropolsky, 1967; Mossaheb, 1983; Iannelli
et al., 2006). Here we will consider one of the original theorems proposed by
Samoilenko A.M. This theorem doesn’t give such a good estimates as theorem
4, but it is very easy to apply to the Costas loop equations because of the non-
linearity form of the right-hand side.

Consider system of differential equations

dx

E - X(tl x//\)r (37)

where x, X are points of n-dimensional Euclidean space E;;, A is a parameter.
Let function X(t,x,A) be real measurable function in t € [0,T|, x € D for
any A € A, Ag € A, where A is a domain of E,,.

Theorem 5. Consider the following system

dx

i eX(t,x). (38)

Assume that the right-hand side X (t, x) is uniformly bounded and integrals

tx
//X(t,x)dxdt, 0<t<oo, xeD (39)
5
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are smooth for any fixed c € D; the following limit

T
lim %/ (t,x)dt = Xo(x) (40)
0

T—o00

is exists (uniformly with respect to x € D); uniformly with respect to x,

/XA t X1,eee, Xi+Vm, . ..,xn) _XA(t’x)dt:O
T~>ooT Ym ’ (41)

x—i—rmeD,

where ry, is a decreasing sequence (1, — 0 while m — o), and Xp = X (t,x) — Xo(x);
Xo(x) are k-Lipschitz functions; solution z(t) of the averaged equation

dz
dt

forany t from 0 < t < oo belongs to the domain D together with its p-neighborhood, and
solution of the (38) with initial conditions x(0) = &(0) is unique.

Then for any y > 0, T > O there is an g9 > 0, such that for 0 < & < ¢ the
solution x(t) of (38) satisfies

= eXo(z),

[x(t) =g <n, tel0,—] (42)

T
€

Since only piecewise-differentiable waveforms are considered, condition (39)
is satisfied. Condition (40) follows from relation

T—o00

T

.1

lim ?/ fBPSK w t QA) q)(QA))dt =
O

= Tlgr;o (fBPSK(w1TT,9A> - ?(%))dT
0

and theorem 1 (theorem 2 for QPSK Costas loop). Since

T—o0

T

. 1

lim ?/ fBPSK w t Oa Jri’m) — (p(QA + T’m)fBPSK((Ult,QA) — <p(9A)>dt =0
0

(43)
for any r,, — 0 where r( is a constant condition (41) is also met. So, (42) can
be used to estimate the difference between solutions of differential equations in
signal space and in phase space.

In this chapter we provided phase detector characteristics of QPSK Costas
loop and BPSK Costas loop for variety of signal waveforms. These characteris-
tics allowed to derive nonlinear mathematical models of Costas loops in phase
space. Phase space models are described by nonlinear autonomous differential
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equations. Averaging theory, described in the last section, allowed to estimate
how well the models of Costas loops in phase space estimate real physical sys-
tem. Derived systems are much simpler to analyse than original system of non-
autonomous differential equations both with analytical and computational meth-
ods. Next section explains how to use these systems to analyse Costas loops by
simulation.



3 SIMULATION

Accurate and fast numerical simulation of PLL-based systems, such as Costas
loops, is of great practical importance. As mentioned in (Lai et al., 2005) direct
time domain simulation of PLL-based systems at the level of SPICE (Simulation
Program with Integrated Circuit Emphasis) circuits is generally inefficient: “PLL
transients can last hundreds of thousands of cycles, with each cycle requiring
hundreds of small timesteps for accurate simulation of the embedded voltage-
controlled oscillator (VCO)”. Furthermore, extracting phase of frequency infor-
mation, one of the chief metrics of PLL performance, from time-domain wave-
forms is often difficult and inaccurate. The same is true for Costas loops.

In this section we will generalize another popular approach towards fast
and accurate simulation of Costas loops in phase domain. Here we will use Mat-
lab Simulink tool, which is became a popular software tool for designing, simula-
tion, and investigation of PLL-based systems (see, e.g.(Lai et al., 2005; Kozak and
Friedman, 2004; Hanumolu et al., 2004; Brigati et al., 2001)).

3.1 Simulation of BPSK Costas loop

3.1.1 Software model description

Consider Matlab Simulink model of BPSK Costas loop in signal space (Fig. 7).
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time domain
simulation result

out

Filter

X
Product3

-

In1 [«

VCO

X
Product1

— Out
— Out -90

X
Product2

Out1

input signal
generator

FIGURE 7 Software model of BPSK Costas loop in signal space

It is consist of four standard blocks and three subsystems. Standard blocks
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Productl, Product2, and Product3 corresponds to the multipliers of BPSK Costas
loop (see Fig. 3). Block time domain simulation result is a Scope element from
standard Simulink library, which allows to plot simulation results.

Structure of the input signal generator block is shown on Fig. 8.

1 Interpreted
C-——» ¢ P wantasren >

Out1

frequency Integrator waveform

FIGURE 8 Input signal generator

This block allows to specify input signal and consists of three elements from
standard library: constant block specifies the carrier frequency of the input signal,
integrator reproduces phase of the carrier, and Interpreted MATLAB Fcn deter-
mines waveform of the carrier.

Internal structure of the VCO subsystem on Fig. 7 is shown on Fig. 9.

1 | Interpreted »

s_freq B MATLAB Fen (D
Out
self frequency Integrator VCO waveform
Scope

| Interpreted -
In1 ”| MATLAB Fcn '@
Out -90

phase shifted signal

FIGURE 9 Internal structure of the VCO subsystem

VCO consists of three standard blocks: constant signal block self frequency
defines VCO self (free) frequency, summing block and Integrator. VCO waveform
block and phase shifted signal block determine waveform of VCO by interpreted
Matlab function.

Filter subsystem from Fig. 7 is shown on Fig. 10. It is used to simulate the
filter of BPSK Costas loop (Fig. 3)

y

1
D o >

in Out

Transfer Fcn Gain

FIGURE 10 Loop filter
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Filter subsystem consists of two standard blocks: block Transfer Fcn, which
defines transfer function of the filter, and Gain block, which multiplies the ampli-
tude of the filter by certain value.

Now consider Matlab Simulink model for investigation of BPSK Costas loop
in phase space (Fig. 14).

Block input carrier phase is shown in Fig. 11.

1 &

Out

Frequency Integrator
FIGURE 11 Input carrier phase subsystem
Here constant signal block Frequency determines the frequency of the in-

put signal, and block Integrator generates phase. The structure of the block PD
(Fig. 14) is shown in Fig. 12.

In1
>+
) e A >
g fcn out
Subtract Gain

MATLAB Function

In2

FIGURE 12 PD

Here Substract block’s output is equal to the difference of the input signals.
MATLAB Function allows to specify the phase detector characteristics by provid-
ing corresponding function. Gain block determines the amplitude of the output
signal.

VCO subsystem is explained in Fig. 13.

s_freq

1
s

Out1

Constant Integrator

In1

FIGURE 13 VCO subsystem structure

VCO consists of three building blocks: constant output block Constant,
which determines own (free) frequency of the VCO, adder unit and Integrator.
Loop Filter is the same as in Fig. 10
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FIGURE 14 Costas loop model in phase space

For comparison of the simulation results in signal space and in phase space
it is better to use hybrid model shown in Fig. 15.
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ety of modifications of Costas loops, for example, with non-linear VCO, digital
filters, digital VCOs, e.t.c. However, to obtain correct simulation results in the
phase space, these modifications should retain the phase detector characteristics.

3.1.2 Simulation results

As noted in the introduction numerical simulation in signal space requires huge
amount of computing power to study Costas loops with high frequency sig-
nals.Therefore, a comparative analysis of transients by numerical simulations in
the phase space and signal space is possible only for signals with a sufficiently
low frequency.

Consider Costas loop with sawtooth VCO signal and triangular input signal
carrier.

Initial conditions and parameter values are as follows: the carrier frequency
of the input signal is m_freq = 100, Matlab function -sawtooth(u,0.5) gives trian-
gular waveform for input carrier, the natural frequency of the modulating oscilla-
tor s_freq = 101, VCO and phase-shifted VCO waveforms are defined by Matlab
functions sawtooth(u) and sawtooth(u-pi/2) correspondingly, transfer function of
the filters is equal to F(s) = i, Gain value is gain = 30, sampling interval is
ta = 107*, simulated period is T = 20. Phase detector characteristics is defined
by the following function:

function y = fcn (x)
$#codegen
y = 2/pi/8xsin (2xx);

1
2

3

4 for i=1:1

5 1 = 4%i;

6 y =y + 4/pi”2/1%4xcos (1*x);
7 1 = 4%xi+2;

8 y =y + 2/pi/1"3%sin(1lxx);

9 end

10y = —-1/72 + y*8/pi”2;

The simulation results in the phase space and a signal space are shown in Fig. 16
and Fig. 17.
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Filter odtpljt ‘

time

0 2 4 6 8 10 12 14 16 18 20

FIGURE 16 Simulation of the filter output in phase space.

Filter oUtpUt ‘

time
-15 ; | | | | | . . .
0O 2 4 6 8 10 12 14 16 18 20

FIGURE 17 Simulation of the filter output in signal space.

In Fig. 18 both results of simulation in signal space and in phase space are
shown in the same figure for the following parameters: the carrier frequency of
the input signal is m_freq = 100, Matlab function -sawtooth(u,0.5) gives triangular
waveform for input carrier, the natural frequency of the modulating oscillator
s_freq = 100.5, VCO and phase-shifted VCO waveforms are defined by Matlab
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functions sawtooth(u) and sawtooth(u-pi/2) correspondingly, transfer function of

the filters is equal to F(s) = 2%5, Gain value is gain = 27, sampling interval is

tan = 10~*, simulated period is T = 20.

Filter output

g(t)
signal space
simulation

G
phase space simu-
lation

WWW“ ‘y\\uUIHIUWN“”IM”IW UBLAIAMATALY,

t-time
0O 2 4 6 8 10 12

FIGURE 18 Comparison of simulation in phase space and in signal space

It is easy to see (Fig. 18) that the numerical simulation in phase space allows
to reliably estimate the time of transients of Costas loop. However, simulation in
phase space with the same configuration of hardware and software components
!, took almost 1000 times less time of computations (1 second versus 987 seconds).

Consider now Costas loop with triangular signals.

Initial conditions and parameter values are as follows: the carrier frequency
of the input signal is m_freq = 100, Matlab function -sawtooth(u,0.5) gives tri-
angular waveform for input carrier, the natural frequency of the modulating os-
cillator s_freq = 101, VCO and phase-shifted VCO waveforms are defined by
Matlab functions sawtooth(u),0.5 and -sawtooth(u-pi/2,0.5) correspondingly, trans-
fer function of the filters is equal to F(s) = 11, Gain value is gain = 50, sampling
interval is f5 = 1074, simulated period is T = 20. Phase detector characteristics
is defined by the following function:

1 function y = fcn(x)

2 $#codegen

3y = 0;

4+ for i=0:0

5 y =y +sin((4x1+2)xx)/ (4%x1+2)"5;
6 end

7y = — y*512/pi”"5;

1 Intel Core 13 2100 GHz, 8Gb DDR3, Linux Ubuntu 12.10, Matlab R2013a
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The simulation results in the phase space and a signal space are shown in
Fig. 19 and in Fig. 20.

1.5

Filter output

0.5}

oy time
0 2 4 6 8 10 12 14 16 18 20

FIGURE 19 Simulation of BPSK Costas loop with triangular waveforms in phase space.

Filter output

time
0 2 4 6 8 10 12 14 16 18 20

FIGURE 20 Simulation of BPSK Costas loop with triangular waveforms in signal space.

Simulation in signal space took 618 seconds and in phase space — less than
a second.

Consider now Costas loop with sawtooth signals.
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Initial conditions and parameter values are as follows: the carrier frequency
of the input signal is m_freq = 100, Matlab function -sawtooth(u,0.5) gives trian-
gular waveform for input carrier, the natural frequency of the modulating oscilla-
tor s_freq = 101, VCO and phase-shifted VCO waveforms are defined by Matlab
functions sawtooth(u) and -sawtooth(u-pi/2) correspondingly, transfer function of
the filters is equal to F(s) = 11?, Gain value is gain = 30, sampling interval is
ta = 1074, simulated period is T = 20. Phase detector characteristics is defined

by the following function:

function y = fcn(x)
$#codegen
= 0;

2,
y — 8/pi”3/173%sin (1*x);
1
Yy

- 4% (pi*xl - 2)/pi”4/1"4%cos (1*x)
— 4% (pi*xl - 2)/pit4/1%%sin(1*x);

© ® N o e e W N =
= KoERENK K
Il

I
w
~

dx (pixl + 2)/pi~4/1"4xcos (1xx)
- 4% (pi*l + 2)/pit4/1%4%sin (1*x);
12 for i=1:5

10

=
Il
=

+

13 1 4%i;

14 y =y + 16/pi*4/1"4xcos (1xx);

15 1 = 4%x1i + 2;

16 y =y — 8/pi*3/173xsin (1*x);

17 1 = 4«1 + 1;

18 y =y — 4x(pixl - 2)/pi~4/1%4xcos (1%x)
19 - 4% (pixl — 2)/pi~4/1%4%sin (1*x);
20 1 = 4x1i + 3;

21 y =y + 4% (pi*xl + 2)/pit4/1%4xcos (1*x)
2 — 4% (pi*xl + 2)/pit4/1%4xsin(1+*x);
23 end

u y =v/2;

» y =y - 1/72;

The simulation results in the phase space and a signal space are shown in Fig. 21
and in Fig. 22.
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time
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FIGURE 21 Simulation of BPSK Costas loop with sawtooth waveforms in phase space.

0.2

A Filter odtpUt |

-0.6f

-1.21
time

14 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0O 2 4 6 8 10 12 14 16 18 20

FIGURE 22 Simulation of BPSK Costas loop with sawtooth waveforms in signal space.

Simulation in signal space took 493 seconds and in phase space — less than
a second.

Consider Costas loop with triangular VCO signal and sawtooth input signal
carrier.
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Initial conditions and parameter values are as follows: the carrier frequency
of the input signal is m_freq = 100, Matlab function -sawtooth(u) gives triangu-
lar waveform for input carrier, the natural frequency of the modulating oscillator
s_freq = 101, VCO and phase-shifted VCO waveforms are defined by Matlab
functions sawtooth(u,0.5) and sawtooth(u-pi/2,0.5) correspondingly, transfer func-
tion of the filters is equal to F(s) = %Jrs, Gain value is gain = 100, sampling
interval is 5 = 10~%, simulated period is T = 20. Phase detector characteristics

is defined by the following function:

function y = fcn(x)
$#codegen
y = 0;
for 1=0:0
y =y +sin((4*1i42) xx)/ (4%x1i+2)"5;
end
y = y*128/pi”5;

R T G N

The simulation results in the phase space and a signal space are shown in Fig. 23
and in Fig. 24.

Fitler oUtpUt ‘

time

0 2 4 6 8 10 12 14 16 18 20

FIGURE 23 Sawtooth and triangular waveforms. Phase space.
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Filter odtpUt ‘

-1.21 i i
time

Q4
0O 2 4 6 8 10 12 14 16 18 20

FIGURE 24 Sawtooth and triangular waveforms. Signal space.

Simulation in signal space took 493 seconds and in phase space — less than
a second.

3.1.3 Simulation of digital circuits

The derived method can be adapted for the numerical simulation of the digital
Costas loops. The main idea is to select an analog filter with appropriate char-
acteristics. For example analog filter with transfer function o.éﬁ corresponds to

digital filter 1_6)@1,701”2,1, where T is discretization step (sample time) 2.

Simulink model of digital filter is shown in Fig. 25,

) den(z)
in . out
Discrete Filter Gain

@ > sample_time >{ 20

FIGURE 25 Digital filter

where set of parameters of Discrete filter are show in Fig. 26.

The process for selecting the appropriate filters by their characteristics in general case is
described in (Thede, 2005).
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Function Block Parameters: Discrete Filter

Data Types | State Attributes |

Filter structure: | Direct form Il -

Data

Source Value

Numerator: Dialog + | [sample_time]

Denominator: | Dialog + [1 -exp(-sample_time)]

Initial states: | Dialog ~ 0

External reset: None -

Input processing: Elements as channels (sample based) -

Optimize by skipping divide by leading denominator coefficient (a0)

Sample time (-1 for inherited):  sample_time

Cancel Help Apply

FIGURE 26 Digital filter parameters

Fig. 27 shows the results of simulation of digital Costas loop in phase space
and a in signal space for the sawtooth input carrier signal waveform and trian-
gular VCO signal with the following parameters: VCO self (free) frequency —
105 Hz, carrier frequency — 100 Hz, Gain = 100, transfer function of analog fil-
ter F(s) = ;4 digital filter characteristics F(z) = sample time

10
0.1s+17 T—exp 10T z=17
T=10"7
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FIGURE 27 Simulation of digital Costas loop

3.2 Simulation of QPSK Costas loop

In the first chapter it has been shown that the mathematical model of QPSK
Costas loop in phase space coincides with the model of BPSK Costas loop. The
only difference is phase detector characteristics. Consider the Simulink model of
QPSK Costas in signal space (Fig. 29). Here we have two custom blocks — input
carrier signal and VCO. Internals of input carrier signal are shown in Fig. 28.

cos

=1,
il

100 >

1
s

Out1

Add1

m_freq Integrator ]
P sin

c2

FIGURE 28 Input carrier signal

Here block constant signal block m_freq determines the frequency of the
input signal, and Integrator generates phase. Then blocks c1 and c2 are form two
carrier signals.

VCO subsystem internals are shown in Fig. 30.
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FIGURE 29 QPSK Costas loop model. Signal space.



54

99
vco_freq »| sin
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> Trigonometric Function1
>+ 1
»
(1 D)—>»30 + > 5
In1
Gaind Add4 Integrator1 cos

g cos

Trigonometric Function2

FIGURE 30 VCO subsystem

It is consist of the following standard library blocks: constant signal block
vco_freq,stroke which determines self frequency of VCO, Integrator block, sum-
ming block, Gain, and two blocks which defines sinusoidal waveforms.

Results of simulation of QPSK Costas loop are shown in Fig. 31 in signal
space and in phase space.

0.05 input of the VCO
,W
gl
004 [ “"u&
! H‘ﬂ WW"’U'M‘MW" | 'VWV\I g(t)
0.03 L ] simulation in
signal space
0.02 ]
!
ooty ==Y 0 === G(1)
»1' simulation in phase
0 ; N | space
0.0l . t-time
0 1 2 3 4 5

FIGURE 31 Simulation of QPSK Costas loop in phase space and in signal space

Parameters values are as follows: phase detector characteristics is defined
by the following MATHAL function:

1 function y = fcn(u)
2 $#codegen
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3y = —0.5xsqrt (2) *x (sin(u + pi/4)*sign(sin(u — pi/4)));
4 y =y + 0.5xsgrt (2) «(sin(u - pi/4)*sign(sin(u + pi/4)));
5 end

Input carrier frequency is equal to m_freq = 100, VCO free frequency is s_freq =
99, filter 2 transfer function is F(s) = ﬁs, Filter 1 and filter 3 transfer functions
are F(s) = ﬁ, Gain = 30, discretization step is ty = 10~4, simulated time

period is equal to T = 5.

3.3 Frequency of the signals and accuracy of simulation

In modern Costas loop-based devices the frequencies of VCO and input carrier
can be very high(up to 85-87 GHz (Huang et al., 2011)). Therefore it is important
to determine how the increase in frequency affects simulation process.

Accuracy of simulation behaves similarly for all waveforms. Consider the
simulation of Costas loop with sawtooth VCO signal and triangular input carrier
signal.

The parameters and the initial data other than the frequency and sampling
step, will be the same as before: sawtooth input carrier waveform is defined by
Matlab function -sawtooth(u,0.5), triangular VCO signal is defined by function
sawtooth(u), analog filter transfer function F(s) = i, gain = 30. Simulation
results are shown in the following table, where m_freq is frequency of input car-
rier, s_freq is frequency of VCO, and discretization step is equal to t5. Difference

between simulation in phase space and in signal space is marked by red colour.
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filter output

m_freq = 200Hz,
s_freq = 201Hz,

ta = 0.0001
0.035

filter output

m_freq = 400Hz,
s_freq = 401Hz,
ta = 0.0001

0.017

It is easy to see, that experimental results are consistent with theoretical
estimations. As we can see convergence rate is almost linear, which is even faster
than square root> mentioned in theorem 1. This is due to the stable filter with
smooth and exponentially decreasing impulse response function and continuous
input signal carrier waveform.

The efficiency of the proposed method is confirmed by the numerical sim-

ulation of the Costas loop for high-frequency signals. In Fig. 32, an example of

modelling the classic Costas loop with 1Ghz signals is shown?*.

P 0(0) =0(A)

The parameters of simulation are the same as in 21 except the frequencies and discretization
step (10~11).
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FIGURE 32 Comparison of the effectiveness of simulation in signal space and phase
space

Here, in the course of 10 seconds of computing in the signal space (where
the process of computation is very slow), only 2.5 x 10~7 seconds of the tran-
sient processes have been modeled. Therefore, the numerical simulation of the
full transient process in the signal space is almost impossible for high-frequency
signals. At the same time, the full simulation time of 20 seconds of the transient
processes in the phase space took less than a second.



4 CONCLUSION

First chapter provided reasoning for investigation of Costas loops and stated
the main problems. In the second chapter we derived nonlinear mathematical
models of BPSK Costas loop and QPSK Costas loop for variety of signal wave-
forms. The averaging methods allowed to justify that the solutions of differen-
tial equations in the phase space are close to the solutions in the signal/time
space. Derived systems are much simpler to analyse than original system of
non-autonomous differential equations both with analytical and computational
methods. Third chapter showed that proposed models can be effectively used to
investigate important Costas loop characteristics and significantly reduce simula-
tion time. Simulation speed-up allowed to analyse transient processes in reason-
able time that wasn’t possible for some Costas loops. Finnish patent application
was filled based on results obtained in this thesis.
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YHTEENVETO (FINNISH SUMMARY)

Tyossd tarkastellaan ns Costas loop-piirien matemaattisia malleja. Costas loop-
piirit keksi John P. Costas General Electric-yhtiostd v. 1956. Tétd nykyd Costas
loop-piiri on laajassa kédytossa erilaisissa sovelluksissa, muun muassa tietoliiken-
nejarjestelmissd, GPS-jarjestelmissd, lddketieteellisissd implanteissa ja muissa lait-
teissa.

Costas loop-piiri perustuu vaihelukittuun piiriin (phase-locked loop, PLL)
ja silld on kaksi erillistd tehtdvédd: kantoaallon uudelleen aktivointi ja tietojen
demodulointi. Costas loop on siksi monimutkaisempi kuin PLL-piiri sisdltden
kolme epélineaarista elementtid yhden sijasta. Tamd vaikeuttaa piirien analyyt-
tista tarkastelua. Costas loop -piirien suora simulointi ei ole mielekasta nykyaikai-
sissa laitteissa kdytettdvien korkeiden taajuuksien takia.

Téssa tyossd on kehitetty epélineaarisia matemaattisia malleja Binary Phase
Shift Keying (BPSK) Costas loop-piirien ja Quadrature Phase Shift Keying (QPSK)
Costas loop-piirien analysointiin taajuustasossa .

Mallit helpottavat analyyttisten menetelmien soveltamista ja lyhentavit oleel-
lisesti numeerisen simuloinnin aikaa. Mallien asymptoottista tarkkuutta korkeataa-
juisille signaaleille on tarkasteltu sekéd teoreettisesti ettd kokeellisesti erilaisille
kdytannossa tarvittaville aaltomuodoille.



61
REFERENCES

Abe, T., Yuan, Y., Ishikuro, H. & Kuroda, T. 2012. A 2gb/s 150mw uwb direct-
conversion coherent transceiver with iq-switching carrier recovery scheme. In
Solid-State Circuits Conference Digest of Technical Papers (ISSCC), 2012 IEEE
International, 442-444.

Abramovitch, D. 2002. Phase-locked loops: A control centric tutorial. In Proceed-
ings of the American Control Conference, Vol. 1, 1-15.

Abramovitch, D. 2008a. Efficient and flexible simulation of phase locked loops,
partII: post processing and a design example. In American Control Conference.
Seattle, WA: , 4678—-4683.

Abramovitch, D. 2008b. Efficient and flexible simulation of phase locked loops,
part I: simulator design. In American Control Conference. Seattle, WA: , 4672—
4677.

Agbinya, J. I. 2011. Principles of Inductive Near Field Communications for Inter-
net of Things, Vol. 18. River Publishers.

An’an, Z. & Du Yong, H. F. 2006. Design and implementation of costas loop on
fpga platform. Electronic Engineer 1, 18-20.

Andrievsky, B. R., Kuznetsov, N. V., Leonov, G. A. & Pogromsky, A. Y. 2012.
Convergence based anti-windup design method and its application to flight
control. In International Congress on Ultra Modern Telecommunications and
Control Systems and Workshops. IEEE, 212-218 (art. no. 6459667). doi:10.1109/
ICUMT.2012.6459667.

Artstein, Z. 2007. Averaging of time-varying differential equations revisited. Jour-
nal of Differential Equations 243 (2), 146-167.

Banerjee, T. & Sarkar, B. 2008a. Chaos and bifurcation in a third-order digital
phase-locked loop. International Journal of Electronics and Communications
62, 86-91.

Banerjee, T. & Sarkar, B. C. 2008b. Chaos and bifurcation in a third-order digital
phase-locked loop. International Journal of Electronics and Communications
62, 86-91.

Beier, W. 1987. Receiver for bandspread signals. (US Patent 4,672,629).

Benarjee, D. 2006. PLL Perforfmance, Simulation, and Design. Dog Ear Publish-
ing.

Best, R. E. 2007. Phase-Lock Loops: Design, Simulation and Application.
McGraw-Hill



62

Bouaricha, A. et al. 2012. Hybrid time and frequency solution for PLL sub-block
simulation. (US Patent 8,209,154).

Braasch, M. S. & Van Dierendonck, A. 1999. Gps receiver architectures and mea-
surements. Proceedings of the IEEE 87 (1), 48-64.

Bragin, V. O., Kuznetsov, N. V. & Leonov, G. A. 2010. Algorithm for counterexam-
ples construction for Aizerman’s and Kalman’s conjectures. IFAC Proceedings
Volumes (IFAC-PapersOnline) 4 (1), 24-28. do0i:10.3182/20100826-3-TR-4016.
00008.

Bragin, V. O., Vagaitsev, V. I, Kuznetsov, N. V. & Leonov, G. A. 2011. Algo-
rithms for finding hidden oscillations in nonlinear systems. The Aizerman and
Kalman conjectures and Chua’s circuits. Journal of Computer and Systems Sci-
ences International 50 (4), 511-543. d0i:10.1134/5106423071104006X.

Brigati, S., Francesconi, F., Malvasi, A., Pesucci, A. & Poletti, M. 2001. Modeling
of fractional-n division frequency synthesizers with simulink and matlab. In
Electronics, Circuits and Systems, 2001. ICECS 2001. The 8th IEEE International
Conference on, Vol. 2. IEEE, 1081-1084.

Chang, G. & Chen, C. 2008. A comparative study of voltage flicker envelope esti-
mation methods. In Power and Energy Society General Meeting - Conversion
and Delivery of Electrical Energy in the 21st Century, 1-6.

Chen, H., Cao, Z. & Ge, Q. ]J. 2012. NOISE REGULATED LINEAR VOLTAGE
CONTROLLED OSCILLATOR. (US Patent 20,120,223,781).

Chen, R., Guan, J. & Zhang, X. 2010. Design and implementation of digital costas-
loop. Radio Engineering.

Chicone, C. & Heitzman, M. T. 2013. Phase-locked loops, demodulation, and av-
eraging approximation time-scale extensions. SIAM Journal on Applied Dy-
namical Systems 12 (2), 674-721.

Cho, P. S. 2006. Optical phase-locked loop performance in homodyne detection
using pulsed and cw lo. In Optical Amplifiers and Their Applications/Coher-
ent Optical Technologies and Applications. Optical Society of America, JWB24.

Costas, J. 1956. Synchoronous communications. In Proc. IRE, Vol. 44, 1713-1718.
Costas, J. P. 1962. Receiver for communication system. (US Patent 3,047,659).

Couch, L. 2007. Digital and Analog Communication Systems. Pearson/Prentice
Hall.

Demir, A., Mehrotra, A. & Roychowdhury, J. 2000a. Phase noise in oscillators: a
unifying theory and numerical methods for characterization. IEEE Transactions
on Circuits and Systems I 47, 655-674.



63

Demir, A., Mehrotra, A. & Roychowdhury, J. 2000b. Phase noise in oscillators: a
unifying theory and numerical methods for characterization. IEEE Transactions
on Circuits and Systems I 47, 655-674.

Djordjevic, 1. B., Stefanovic, M. C,, Ilic, S. S. & Djordjevic, G. T. 1998. An exam-
ple of a hybrid system: Coherent optical system with Costas loop in receiver-
system for transmission in baseband. J. Lightwave Technol. 16 (2), 177.

Djordjevic, I. B. & Stefanovic, M. C. 1999. Performance of optical heterodyne psk
systems with Costas loop in multichannel environment for nonlinear second-
order PLL model. J. Lightwave Technol. 17 (12), 2470.

Egan, W. F. 2000. Frequency synthesis by phase lock. Wiley New York.

Emura, T. 1982. A study of a servomechanism for nc machines using 90 degrees
phase difference method. Prog. Rep. of JSPE, 419-421.

Feely, O., Curran, P. F. & Bi, C. 2012. Dynamics of charge-pump phase-locked
loops. International Journal of Circuit Theory and Applications. doi:10.1002/
cta.

Feely, O. 2007. Nonlinear dynamics of discrete-time circuits: A survey. Interna-
tional Journal of Circuit Theory and Applications 35, 515-531.

Fines, P. & Aghvami, A. 1991. Fully digital m-ary psk and m-ary qam demodula-
tors for land mobile satellite communications. IEEE Electronics and Communi-
cation Engineering Journal 3 (6), 291-298.

Fiocchi, C., Maloberti, F. & Torelli, G. 1992. A sigma-delta based pll for non-
sinusoidal waveforms. In Circuits and Systems, 1992. ISCAS '92. Proceed-
ings., 1992 IEEE International Symposium on, Vol. 6, 2661-2664 vol.6. doi:
10.1109/1SCAS.1992.230673.

Gao, W. & Feher, K. 1996. All-digital reverse modulation architecture based car-
rier recovery implementation for gmsk and compatible fqpsk. Broadcasting,
IEEE Transactions on 42 (1), 55-62.

Gardner, F, Erup, L. & Harris, R. 1993. Interpolation in digital modems - part II:
Implementation and performance. IEEE Electronics and Communication Engi-
neering Journal 41 (6), 998-1008.

Gardner, F. 1966. Phase-lock techniques. New York: John Wiley.

Gardner, F. 1993. Interpolation in digital modems - part I: Fundamentals. IEEE
Electronics and Communication Engineering Journal 41 (3), 501-507.

Hanumolu, P. K., Brownlee, M., Mayaram, K. & Moon, U.-K. 2004. Analysis of
charge-pump phase-locked loops. Circuits and Systems I: Regular Papers, IEEE
Transactions on 51 (9), 1665-1674.



64

Hayami, Y., Imai, F. & Iwashita, K. 2008. Linewidth investigation for costas loop
phase-diversity homodyne detection in digital coherent detection system. In
Asia Optical Fiber Communication and Optoelectronic Exposition and Confer-
ence. Optical Society of America, SaK20.

Hegarty, C. J. 2012. Gnss signals - an overview. In Frequency Control Symposium
(FCS), 2012 IEEE International, 1-7.

Henning, F. H. 1981. Nonsinusoidal Waves for Radar and Radio Communication
(First edition). Academic Press, 396.

Hodgkinson, T. 1986. Costas loop analysis for coherent optical receivers. Electron-
ics letters 22 (7), 394-396.

Hu, Y. & Sawan, M. 2005. A fully integrated low-power bpsk demodulator for im-
plantable medical devices. Circuits and Systems I: Regular Papers, IEEE Trans-
actions on 52 (12), 2552-2562.

Huang, S.-J., Yeh, Y.-C., Wang, H., Chen, P-N. & Lee, J. 2011. W -band bpsk and
gpsk transceivers with costas-loop carrier recovery in 65-nm cmos technology.
Solid-State Circuits, IEEE Journal of 46 (12), 3033-3046. doi:10.1109 /JSSC.2011.
2166469.

Humpbhreys, T. E., Psiaki, M. L., Ledvina, B. M. & Kintner Jr, P. 2005. Gps carrier
tracking loop performance in the presence of ionospheric scintillations. Pro-
ceedings of ION GNSS 2005, 13-16.

Iannelli, L., Johansson, K. H., Jonsson, U. T. & Vasca, F. 2006. Averaging of nons-
mooth systems using dither. Automatica 42 (4), 669-676.

Iniewski, K. 2008. VLSI circuits for biomedical applications. Artech House.

Jasper, S. C. 1987. Method of doppler searching in a digital GPS receiver. (US
Patent 4,701,934).

Kanwal, N., Hurskainen, H. & Nurmi, J. 2010. Vector tracking loop design for de-
graded signal environment. In Ubiquitous Positioning Indoor Navigation and
Location Based Service (UPINLBS), 2010. IEEE, 1-4.

Kaplan, E. & Hegarty, C. 2006. Understanding GPS: Principles and Applications.
Artech House.

Kim, H., Kang, S., Chang, J.-H., Choi, J.-H., Chung, H., Heo, ]., Bae, J.-D., Choo,
W. & Park, B.-h. 2010. A multi-standard multi-band tuner for mobile TV SoC

with GSM interoperability. In Radio Frequency Integrated Circuits Symposium
(RFIC), 2010. IEEE, 189-192.

Kiseleva, M. A., Kuznetsov, N. V., Leonov, G. A. & Neittaanméki, P. 2012. Drilling
systems failures and hidden oscillations. In IEEE 4th International Conference
on Nonlinear Science and Complexity, NSC 2012 - Proceedings, 109-112. doi:
10.1109/NSC.2012.6304736.



65

Kiseleva, M. A., Kuznetsov, N. V,, Leonov, G. A. & Neittaanmaiki, P. 2014. Dis-
continuity and Complexity in Nonlinear Physical Systems, Vol. 6. Springer.
doi:10.1007 /978-3-319-01411-1_15.

Kobayashi, K., Matsumoto, Y., Seki, K. & Kato, S. 1992. A full digital modem for
offset type modulation schemes. In Personal, Indoor and Mobile Radio Com-
munications, 1992. Proceedings, PIMRC’92., Third IEEE International Sympo-
sium on, 596-599.

Kozak, M. & Friedman, E. G. 2004. Design and simulation of fractional-n pll fre-
quency synthesizers. In Circuits and Systems, 2004. ISCAS’04. Proceedings of
the 2004 International Symposium on, Vol. 4. IEEE, IV-780.

Kroupa, V. 2003. Phase Lock Loops and Frequency Synthesis. John Wiley & Sons.

Krylov, N. & Bogolyubov, N. 1947. Introduction to non-linear mechanics. Prince-
ton: Princeton Univ. Press.

Kudrewicz, ]. & Wasowicz, S. 2007. Equations of phase-locked loop. Dynamics on
circle, torus and cylinder, Vol. 59. World Scientific. A.

Kuznetsov, N., Kuznetsova, O., Leonov, G. & Vagaitsev, V. 2013. Informatics in
Control, Automation and Robotics, Lecture Notes in Electrical Engineering,
Volume 174, Part 4. doi:10.1007/978-3-642-31353-0_11.

Kuznetsov, N. V., Kuznetsova, O. A., Leonov, G. A. & Vagaytsev, V. I. 2011. Hid-
den attractor in Chua’s circuits. ICINCO 2011 - Proceedings of the 8th Interna-
tional Conference on Informatics in Control, Automation and Robotics 1, 279-
283. d0i:10.5220,/0003530702790283.

Kuznetsov, N. V., Leonov, G. A., Seledzhi, S. M. & Neittaanmaki, P. 2009a.
Analysis and design of computer architecture circuits with controllable de-
lay line. ICINCO 2009 - 6th International Conference on Informatics in Con-
trol, Automation and Robotics, Proceedings 3 SPSMC, 221-224. doi:10.5220/
0002205002210224.

Kuznetsov, N. V., Leonov, G. A. & Seledzhi, S. M. 2009b. Nonlinear analysis of the
Costas loop and phase-locked loop with squarer. In Proceedings of the IASTED
International Conference on Signal and Image Processing, SIP 2009, 1-7.

Kuznetsov, N. V., Leonov, G. A. & Seledzhi, S. M. 2011. Hidden oscillations in
nonlinear control systems. IFAC Proceedings Volumes (IFAC-PapersOnline) 18
(1), 2506-2510. doi:10.3182/20110828-6-1T-1002.03316.

Kuznetsov, N. V., Leonov, G. A. & Seledzhi, S. S. 2008. Phase locked loops design
and analysis. In ICINCO 2008 - 5th International Conference on Informatics
in Control, Automation and Robotics, Proceedings, Vol. SPSMC, 114-118. doi:
10.5220,/0001485401140118.



66

Kuznetsov, N. V., Leonov, G. A. & Vagaitsev, V. 1. 2010. Analytical-
numerical method for attractor localization of generalized Chua’s system.
IFAC Proceedings Volumes (IFAC-PapersOnline) 4 (1), 29-33. doi:10.3182/
20100826-3-TR-4016.00009.

Kuznetsov, N. V. & Leonov, G. A. 2001. Counterexample of Perron in the discrete
case. Izv. RAEN, Diff. Uravn. 5, 71.

Kuznetsov, N. V. & Leonov, G. A. 2005. On stability by the first approximation
for discrete systems. 2005 International Conference on Physics and Control,
PhysCon 2005 Proceedings Volume 2005, 596-599. d0i:10.1109 /PHYCON.2005.
1514053.

Kuznetsov, N. V. & Leonov, G. A. 2008. Lyapunov quantities, limit cycles and
strange behavior of trajectories in two-dimensional quadratic systems. Journal
of Vibroengineering 10 (4), 460-467.

Kuznetsov, N. V., Vagaytsev, V. L., Leonov, G. A. & Seledzhi, S. M. 2011. Localiza-
tion of hidden attractors in smooth Chua’s systems. International Conference
on Applied and Computational Mathematics, 26-33.

Kuznetsov, N. V. 2008. Stability and Oscillations of Dynamical Systems: Theory
and Applications. Jyvaskyla University Printing House.

Lai, X., Wan, Y. & Roychowdhury, J. 2005. Fast pll simulation using nonlinear vco
macromodels for accurate prediction of jitter and cycle-slipping due to loop
non-idealities and supply noise. Proceedings of the 2005 Asia and South Pacific
Design Automation Conference, 459-464.

Leonov, G. & Seledzhi, S. 2002. The Phase-Locked Loop for Array Processors.
St.Petersburg [in Russian]: Nevskii dialect.

Leonov, G. A, Bragin, V. O. & Kuznetsov, N. V. 2010a. Algorithm for constructing
counterexamples to the Kalman problem. Doklady Mathematics 82 (1), 540-
542. d0i:10.1134/51064562410040101.

Leonov, G. A., Bragin, V. O. & Kuznetsov, N. V. 2010b. On problems of Aizerman
and Kalman. Vestnik St. Petersburg University. Mathematics 43 (3), 148-162.
doi:10.3103/51063454110030052.

Leonov, G. A., Kuznetsov, N. V. & Kudryashova, E. V. 2011a. A direct method
for calculating Lyapunov quantities of two-dimensional dynamical systems.
Proceedings of the Steklov Institute of Mathematics 272 (Suppl. 1), S119-5127.
doi:10.1134/5008154381102009X.

Leonov, G. A., Kuznetsov, N. V., Kuznetsova, O. A., Seledzhi, S. M. & Vagaitsev,
V. L. 2011b. Hidden oscillations in dynamical systems. Transaction on Systems
and Control 6 (2), 54-67.



67

Leonov, G. A., Kuznetsov, N. V. & Seledzhi, S. M. 2006. Analysis of phase-locked
systems with discontinuous characteristics. IFAC Proceedings Volumes (IFAC-
PapersOnline) 1, 107-112. doi:10.3182 /20060628-3-FR-3903.00021.

Leonov, G. A., Kuznetsov, N. V. & Seledzhi, S. M. 2009. Automation control -
Theory and Practice. In-Tech, 89-114. doi:10.5772/7900.

Leonov, G. A., Kuznetsov, N. V. & Seledzhi, S. M. 2011a. Hidden oscillations in
dynamical systems. Recent researches in System Science, 292-297.

Leonov, G. A., Kuznetsov, N. V. & Vagaitsev, V. I. 2011b. Localization of hidden
Chua’s attractors. Physics Letters A 375 (23), 2230-2233. doi:10.1016 /j.physleta.
2011.04.037.

Leonov, G. A., Kuznetsov, N. V. & Vagaitsev, V. 1. 2012. Hidden attractor in smooth
Chua systems. Physica D: Nonlinear Phenomena 241 (18), 1482-1486. doi:10.
1016/j.physd.2012.05.016.

Leonov, G. A. & Kuznetsov, N. V. 2007. Time-varying linearization and the Perron
effects. International Journal of Bifurcation and Chaos 17 (4), 1079-1107. doi:
10.1142/50218127407017732.

Leonov, G. A. & Kuznetsov, N. V. 2010. Limit cycles of quadratic systems with a
perturbed weak focus of order 3 and a saddle equilibrium at infinity. Doklady
Mathematics 82 (2), 693-696. d0i:10.1134/51064562410050042.

Leonov, G. A. & Kuznetsov, N. V. 2011a. Algorithms for searching for hidden
oscillations in the Aizerman and Kalman problems. Doklady Mathematics 84
(1), 475-481. d0i:10.1134/51064562411040120.

Leonov, G. A. & Kuznetsov, N. V. 2011b. Analytical-numerical methods
for investigation of hidden oscillations in nonlinear control systems. IFAC
Proceedings Volumes (IFAC-PapersOnline) 18 (1), 2494-2505. doi:10.3182/
20110828-6-1T-1002.03315.

Leonov, G. A. & Kuznetsov, N. V. 2012. INCFTA2012 keynote speech I - Hid-
den attractors in dynamical systems: From hidden oscillation in Hilbert-
Kolmogorov, Aizerman and Kalman problems to hidden chaotic attractor in
Chua circuits. In Chaos-Fractals Theories and Applications (IWCFTA), 2012
Fifth International Workshop on, XV-XVII. doi:10.1109/IWCFTA.2012.8.

Leonov, G. A. & Kuznetsov, N. V. 2013a. Advances in Intelligent Systems and
Computing, Vol. 210 AISC. Springer, 5-13. doi:10.1007 /978-3-319-00542-3_3.

Leonov, G. A. & Kuznetsov, N. V. 2013b. Hidden attractors in dynamical systems.
From hidden oscillations in Hilbert-Kolmogorov, Aizerman, and Kalman prob-
lems to hidden chaotic attractors in Chua circuits. International Journal of Bi-
furcation and Chaos 23 (1). doi:10.1142/50218127413300024. (art. no. 1330002).



68

Leonov, G. A. & Kuznetsov, N. V. 2013c. Numerical Methods for Differential
Equations, Optimization, and Technological Problems, Computational Meth-
ods in Applied Sciences, Volume 27, Part 1. doi:10.1007/978-94-007-5288-7_3.

Leonov, G. A. & Kuznetsov, N. V. 2014, ISBN 978-1-908106-38-4. Nonlinear Mathe-
matical Models Of Phase-Locked Loops. Stability and Oscillations, Vol. 7. Cam-
bridge Scientific Press.

Leonov, G. A., Vagaitsev, V. I. & Kuznetsov, N. V. 2010. Algorithm for localizing
Chua attractors based on the harmonic linearization method. Doklady Mathe-
matics 82 (1), 693-696. doi:10.1134/51064562410040411.

Leonov, G. A. 2006. Phase-locked loops. theory and application. Automation and
Remote Control 10, 47-55.

Leonov, G. A. 2008. Computation of phase detector characteristics in phase-
locked loops for clock synchronization. Doklady Mathematics 78 (1), 643-645.

Leonov, G. A. 2010. Effective methods for periodic oscillations search in dynami-
cal systems. App. math. & mech. 74 (1), 24-50.

Lin, V., Ghoneim, A. & Dafesh, P. 2004. Implementation of reconfigurable soft-
ware radio for multiple wireless standards. In Aerospace Conference, 2004.
Proceedings. 2004 IEEE, Vol. 2, 1392-1397.

Lindsey, W. & Simon, M. 1973. Telecommunication Systems Engineering. NJ:
Prentice Hall.

Lindsey, W. 1972. Synchronization systems in communication and control. New
Jersey: Prentice-Hall.

Luo, Z. & Sonkusale, S. 2008. A novel bpsk demodulator for biological implants.
Circuits and Systems I: Regular Papers, IEEE Transactions on 55 (6), 1478-1484.

Malyon, D. 1984. Digital fibre transmission using optical homodyne detection.
Electronics Letters 20 (7), 281-283.

Manassewitsch, V. 2005. Frequency synthesizers: theory and design. Wiley.

Margaris, W. 2004. Theory of the Non-Linear Analog Phase Locked Loop. New
Jersey: Springer Verlag.

Mileant, A. & Hinedi, S. 1994. Overview of arraying techniques for deep space
communications. Communications, IEEE Transactions on 42 (234), 1856-1865.

Misra, R. & Palod, S. 2011. Code and carrier tracking loops for gps c¢/a code. Int.
J. Pure Appl. Sci. Technol 6 (1), 1-20.

Mitropolsky, I. A. 1967. Averaging method in non-linear mechanics. International
Journal of Non-Linear Mechanics 2 (1), 69-96.



69

Mitropolsky, Y. & Bogolubov, N. 1961. Asymptotic Methods in the Theory of Non-
Linear Oscillations. New York: Gordon and Breach.

Miyazaki, T., Ryu, S., Namihira, Y. & Wakabayashi, H. 1991. Optical costas loop
experiment using a novel optical 90 hybrid module and a semiconductor-laser-
amplifier external phase adjuster. In Optical Fiber Communication. Optical So-
ciety of America, WH6.

Mossaheb, S. 1983. Application of a method of averaging to the study of dithers
in non-linear systems. International Journal of Control 38 (3), 557-576.

Nissila, M., Pasupathy, S. & Mammela, A. 2001. An em approach to carrier phase
recovery in awgn channel. In Communications, 2001. ICC 2001. IEEE Interna-
tional Conference on, Vol. 7. IEEE, 2199-2203.

Nowsheen, N., Benson, C. & Frater, M. 2010. A high data-rate, software-defined
underwater acoustic modem. In OCEANS 2010. IEEE, 1-5.

Proakis, J. G. & Salehi, M. 2007. Digital communications. McGraw-Hill Higher
Education.

Razavi, B. 2003. Phase-Locking in High-Performance Systems: From Devices to
Architectures.

Roberts, K., O’Sullivan, M., Wu, K.-T., Sun, H., Awadalla, A., Krause, D. J. &
Laperle, C. 2009. Performance of dual-polarization QPSK for optical transport
systems. Journal of lightwave technology 27 (16), 3546-3559.

Ryan, C. R. & Stilwell, J. H. 1978. QPSK demodulator. (US Patent 4,085,378).

Samoilenko, A. M. 1963. Contribution to the question of the periodic solutions of
differential equations with non-differentiable right-hand sides. UMJ XV, 328.

Sanders, J. J. A., Verhulst, F. & Murdock, J. A. 2007. Averaging methods in non-
linear dynamical systems, Vol. 59. Springer.

Sarkar, A. & Sengupta, S. 2010. Second-degree digital differentiator-based power
system frequency estimation under non-sinusoidal conditions. IET Sci. Meas.
Technol. 4 (2), 105-114.

Shah, S. & Sinha, V. 2009. Gmsk demodulator using costas loop for software-
defined radio. In Advanced Computer Control, 2009. ICACC’09. International
Conference on. IEEE, 757-761.

Shu, K. & Sanchez-Sinencio, E. 2005. CMOS PLL synthesizers: analysis and de-
sign. Springer.

Stephens, R. D. 2001. Phase-Locked Loops for Wireless Communications: Digital,
Analog and Optical Implementations. Springer.



70

Suarez, A. & Quere, R. 2003. Stability Analysis of Nonlinear Microwave Circuits.
New Jersey: Artech House.

Suarez, A., Fernandez, E., Ramirez, F. & Sancho, S. 2012. Stability and bifurca-
tion analysis of self-oscillating quasi-periodic regimes. IEEE transactions on
microwave theory and techniques 60 (3), 528-541.

Sutterlin, P. & Downey, W. 1999. A power line communication tutorial - chal-
lenges and technologies. In Technical Report. Echelon Corporation.

Tanaka, K., Muto, T., Hori, K., Wakamori, M., Teranishi, K., Takahashi, H.,
Sawada, M. & Ronning, M. 2001. A high performance gps solution for mobile
use. In Proceedings of the 15th International Technical Meeting of the Satellite
Division of The Institute of Navigation (ION GPS 2002), 1648-1655.

Tang, X.-M., Xu, P-C. & Wang, F--X. 2010. Performance comparison of phase de-
tector in navigation receiver’s tracking loop. Journal of National University of
Defense Technology 32 (2), 85-90.

Thede, L. 2005. Practical analog and digital filter design. Artech House.

Tomasi, W. 2001. Electronic communications systems: fundamentals through ad-
vanced. Pearson/Prentice Hall, 947.

Tomkins, A., Aroca, R. A., Yamamoto, T., Nicolson, S. T., Voinigescu, S. et al.
2009. A zero-IF 60 GHz 65 nm CMOS transceiver with direct BPSK modulation
demonstrating up to 6 Gb/s data rates over a 2 m wireless link. Solid-State
Circuits, IEEE Journal of 44 (8), 2085-2099.

Tranter, W. H. 2001. Wireless Personal Communications: Bluetooth Tutorial and
Other Technologies, Vol. 592. Springer.

Tretter, S. A. 2007. Communication System Design Using DSP Algorithms with
Laboratory Experiments for the TMS320C6713TM DSK. Springer.

Troedsson, N. 2009. Method and simulator for generating phase noise in system
with phase-locked loop. (US Patent App. 12/371,828).

Vaelimaeki, V., Laakso, T. & Henriksson, J. 1996. Method and circuit arrangement
for processing variable symbol rates. (EP Patent 0,741,472).

Valimaki, V., Henriksson, J. & Laakso, T. 1998. Method and circuit arrangement
for processing received signal. (US Patent 5,812,608).

Viterbi, A. 1983. Nonlinear estimation of psk-modulated carrier phase with ap-
plication to burst digital transmission. Information Theory, IEEE Transactions
on 29 (4), 543-551.

Wang, L. & Emura, T. 1998. A high-precision positioning servo-controller using
non-sinusoidal two-phase type PLL. In UK Mechatronics Forum International
Conference. Elsevier Science Ltd, 103-108.



71

Wang, L. & Emura, T. 2001. Servomechanism using traction drive. JSME Interna-
tional Journal Series C 44 (1), 171-179.

Wang, Y. & Leeb, W. R. 1987. A 90 optical fiber hybrid for optimal signal power
utilization. Appl. Opt. 26 (19), 4181-4184. d0i:10.1364/A0.26.004181.

Waters, G. W. 1982. Costas loop QPSK demodulator. (US Patent 4,344,178).

Xanthopoulos, T., Bailey, D., Gangwar, A., Gowan, M., Jain, A. & Prewitt, B. 2001.
The design and analysis of the clock distribution network for a 1.2 GHz Alpha
microprocessor. In Solid-State Circuits Conference, 2001. Digest of Technical
Papers. ISSCC. IEEE International, 402—403.

Xu, W., Luo, Z. & Sonkusale, S. 2009. Fully digital bpsk demodulator and multi-
level Isk back telemetry for biomedical implant transceivers. Circuits and Sys-
tems II: Express Briefs, IEEE Transactions on 56 (9), 714-718.

Young, I., Greason, J. & Wong, K. 1992. A PLL clock generator with 5 to 110 MHz
of lock range for microprocessors. Solid-State Circuits, IEEE Journal of 27 (11),
1599-1607.

Young, P. 2004. Electronic communication techniques. Pearson/Prentice Hall,
893.

Yu, G, Xie, X., Zhao, W., Wang, W. & Yan, S. 2011. Impact of phase noise on co-
herent bpsk homodyne systems in long-haul optical fiber communications. In
Photonics and Optoelectronics Meetings 2011. International Society for Optics
and Photonics, 83310R-83310R.

Yuldashev, M. V. 2012. Nonlinear Analysis of Costas Loop. Jyvaskyld University
Printing House. (M.Sc. thesis).

Yuldashev, M. V. 2013a. Nonlinear Mathematical Models of Costas Loops. Saint
Petersburg State University Studies in Mathematics.

Yuldashev, R. V. 2013b. Synthesis of Phase-Locked Loop: analytical methods and
simulation. Jyvéaskyld University Printing House. (PhD thesis).



	Marat Yuldashev, Mathematical Models andSimulation of Costas Loops
	ABSTRACT
	ACKNOWLEDGEMENTS
	LIST OF FIGURES
	LIST OF TABLES
	CONTENTS
	LIST OF INCLUDED ARTICLES
	OTHER PUBLICATIONS
	PATENTS
	1 INTRODUCTION AND THE STRUCTURE OF THE WORK
	1.1 Introduction
	1.2 Structure of the work
	1.3 Included articles and publications

	2 MATHEMATICAL MODELS OF COSTAS LOOPS
	2.1 Nonlinear models of BPSK Costas loop
	2.2 QPSK Costas loop
	2.3 Differential equations of Costas loops
	2.4 Averaging method for investigation of Costas loops

	3 SIMULATION
	3.1 Simulation of BPSK Costas loop
	3.2 Simulation of QPSK Costas loop
	3.3 Frequency of the signals and accuracy of simulation

	4 CONCLUSION
	YHTEENVETO (FINNISH SUMMARY)
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




