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Constructive estimates of the pull-in range for synchronization circuit
described by integro-differential equations
Anton V. Proskurnikov1 , Vera B. Smirnova2
Abstract— The pull-in range, known also as the acquisition
or capture range, is an important characteristics of synchronization circuits such as e.g. phase-, frequency- and delaylocked loops (PLL/FLL/DLL). For PLLs, the pull-in range
characterizes the maximal frequency detuning under which the
system provides phase locking (mathematically, every solution
of the system converges to one of the equilibria). The presence
of periodic nonlinearities (characteristics of phase detectors)
and infinite sequences of equilibria makes rigorous analysis of
PLLs very difficult in spite of their seeming simplicity. The
models of PLLs can be featured by multi-stability, hidden
attractors and even chaotic trajectories. For this reason, the
pull-in range is typically estimated numerically by e.g. using
harmonic balance or Galerkin approximations. Analytic results
presented in the literature are not numerous and primarily deal
with ordinary differential equations. In this paper, we propose
an analytic method for pull-in range estimation, applicable to
synchronization systems with infinite-dimensional linear part,
in particular, for PLLs with delays. The results are illustrated
by analysis of a PLL described by second-order delay equations.
Index Terms— PLL, pull-in range, nonlinear system, stability

I. I NTRODUCTION
Mathematical models of phase-locked loops (PLLs) and
other nonlinear synchronization circuits has been long studied in the literature [1]–[4]. In spite of their seeming simplicity, PLLs can have non-trivial dynamics featured by
chaotic behaviors [5] and hidden attractors [6]–[8]. These
effects are essentially nonlinear and cannot be understood
by linearization-based analysis and are caused by presence
of periodic nonlinearities, describing the phase detector.
Mathematical methods able to cope with general periodic
nonlinear systems (or, equivalently, dynamics on cylindrical
manifolds) have been developed quite recently and originate
from dynamical systems and control theories [9]–[12].
In this paper, we study one of the classical problems
related to PLL circuits stability, namely, estimation of PLL’s
pull-in range. The pull-in range characterizes capturing capabilities of the PLL and, following [1], is defined mathematically [6] as the interval of frequency detuning (deviation
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between the reference and controlled oscillators’ frequencies), for which phase locking is guaranteed. Mathematically,
phase locking can be characterized as the convergence of
each solution to one of the equilibria of the system.
Starting from the pioneer works on the pull-in range
estimation [13], [14], the engineering literature has been
primarily dealing with approximate numerical methods. On
one hand, the pull-in range cannot be broader than the hold-in
range [6], that is, the set of initial detuning for which the system may have a (locally) stable equilibrium. Local stability
analysis of equilibria thus gives a rough upper estimate of the
pull-in interval. On the other hand, global stability obviously
excludes the existence of periodic solutions (cycles). The
boundary of the pull-in interval is thus often estimated as a
point of bifurcation, at which a cycle (possibly, degenerating
to a saddle-point separatrix loop) emerges [15]–[17]. To
find cycles, harmonic balance [14], [18]–[20] or Galerkin
approximation [16], [21] techniques can be used; some
special methods also exist for low-order systems [22]. It
should be noticed, however, that mathematically the absence
of cycles and global stability are different properties. Using
the Poincare-Bendixsson theory [23], their equivalence can
be proved for second-order models of PLLs, whereas threeand higher dimensional systems may have non-periodic
attractors [7]. Mathematically rigorous estimates for pull-in
ranges are scarce and surveyed in recent works [6], [8], [24].
The aforementioned techniques for the pull-in range estimation are mainly confined to nonlinear circuits described by
ordinary differential equations (ODE). In practice, the actual
dynamics of PLL may appear to be infinite-dimensional
for two reasons. First, many PLL circuits contain a nonnegligible delay in the feedback loop [20], [25]–[28] or in
the reference signal [29]. Second, a PLL may contain a loopfilter whose transfer function is non-rational, e.g. fractionalorder low pass filter [30]. Analytic estimates for the pull-in
frequency detuning range in the infinite-dimensional case are
quite limited. For delayed second-order PLLs, some numerical results are available in [28], [31]. The aforementioned
method of harmonic balance to find cycles in delayed PLLs
was employed in [20]. Bifurcation analysis of a simplistic
first-order PLL model has been performed in [32], [33].
In this paper, we propose an estimate applicable to a
more general class of synchronization systems that arise
as feedback superpositions of linear blocks and periodic
nonlinearities. Unlike many results in engineering literature,
we do not simply exclude periodic oscillations, but prove
global stability of the system. We illustrate our results by
analyzing some models of PLL circuits with delay [20], [28].

II. T HE GENERAL MODEL OF PLL. P ROBLEM SETUP.
The minimal structure of a PLL circuit is shown in Fig. 1
and comprises the phase detector (comparator), the low-pass
loop filter and the voltage control oscillator (VCO), which
has to be synchronized with the reference oscillator (RO)
signal. In practice, synchronization circuits often include
frequency dividers, charge pumps and other elements.

The constant ∆ω is said to be the frequency detuning of the
PLL. Our main concern is to find the set of possible values
∆ω, under which the PLL provides phase locking (1) for
every initial phase error σ(0).
For technical reasons, it appears to be convenient to get rid
of the constant ∆ω by shifting the detector characteristics.
Notice that in the case of ideal phase locking σV CO (t) −
∆
σin (t) ≡ σ∗ = const, the steady phase error β = f (σ∗ ) can
be found from (3) as follows
β=−

Fig. 1.

The minimal structure of a PLL circuit

Assume that the input to PLL is a harmonic signal
0
Fin (t) = sin σin (t) = sin(ωin t + σin
) of constant frequency
ωin > 0. The VCO has a free-run (natural) frequency ωV0 CO ,
whereas its instantaneous frequency is controlled as
ωV CO (t) = σ̇V CO (t) = ωV0 CO + e(t),
where e(t) is the filtered phase error, computed by the
detector. The VCO output Fout (t) = sin ωV CO (t) has to
be synchronized with the reference input, that is,
∆

σ(t) = σin (t) − σV CO (t) −−−→ σ∗ = const,
t→∞

σ̇(t) = ωin − σ̇V CO (t) −−−→ 0.

(1)

t→∞

The phase detector (comparator) receives the input and
output signals Fin (t), Fout (t), and returns a sum of a
“slowly” changing function, represented as f (σ(t)), and a
“fast” oscillatory signal, e.g., by computing the product
1
1
Fin (t)Fout (t) = cos(σ(t)) − cos(σV CO (t) + σin (t)) .
|2 {z } |2
{z
}
fast signal

f (σ(t))

To simplify modeling, it is typically assumed that the filter
perfectly rejects high-frequency components of the detector’s
output, and only the “slow” part of this output f (σ(t))
influences the VCO; note that f (σ) is a periodic function.
Typically, the loop filter is described by a stable linear timeinvariant system, described by the convolution equation
Zt
(2)
e(t) = ρf (σ(t)) + χ(t − s)f (σ(s)) ds,

(4)

It is convenient to introduce a shifted detector’s characteris∆
tics ϕβ (σ) = f (σ) − β, vanishing at the equilibrium points
σ∗ . The equation (3) shapes into
Z t
σ̇(t) = σ0 (t) − ρϕβ (σ(t)) −
χ(t − τ )ϕβ (σ(τ ))ds, (5)
0

where σ0 (t) = β

R∞
t

χ(s)ds −−−→ 0. Typically, the filter is
t→∞

an exponentially stable system, so that |χ(t)| ≤ ae−bt for
some a, b > 0. In this case, σ0 also decays exponentially
Z ∞
a|β| −bt
e .
|σ0 (t)| ≤ a|β|
e−bs ds =
b
t
In this paper, we consider a more general model of a PLL,
allowing the presence of delays in the chain Detector-FilterVCO. Assuming, for simplicity, that the transport delay h ≥
0 is constant and lumped, (5) is replaced by
Z t
σ̇(t) = σ0 (t)−ρϕβ (σ(t−h))−
χ(t−τ )ϕβ (σ(τ ))ds. (6)
0

The kernel χ(t) remains exponentially decaying, and the
function σ0 (t) depends not only on β and filter characteristics, but also on the initial condition σ(t), t ∈ [−h, 0].
Furthermore, we also allow noises in the PLL circuit [34],
[35] that are supposed to decay sufficiently fast (yet not
exponentially) and can also be included into the term σ0 (t).
For this reason, we do not require exponential convergence
for σ0 , but only suppose that σ0 ∈ L1 [0, ∞) ∩ L2 [0, ∞).
Considering the delay as an element of the loop filter, its
transfer function becomes as follows


Z ∞
K(p) = ρ +
χ(t)e−pt dt) e−ph , p ∈ C.
(7)
0

0

where ρ = const and χ(·) ∈ L1 [0, ∞) are the filter’s
characteristics. The filter’s transfer function is defined as
Z ∞
K(p) = ρ +
χ(t)e−pt dt.
0

Combining (1) and (2), one arrives at the equation
Zt
σ̇(t) = (ωin − ωV0 CO ) −ρf (σ(t)) − χ(t − τ )f (σ(τ )) dτ,
{z
}
|
∆ω

∆ω
∆ω
R∞
=−
.
K(0)
ρ + 0 χ(t)dt

0

(3)

We are now ready to formulate the problem in question.
Problem. Given the phase detector characteristics f (σ)
and the loop filter’s transfer function K(p), find the set of
β ∈ R such that the solution of (6) with ϕβ (σ) = f (σ) − β
satisfies (1) for every σ0 (·) ∈ L1 [0, ∞) ∩ L2 [0, ∞).
In view of (4), the frequency detuning ∆ω = −K(0)β
belongs to the pull-in range of the synchronization circuit.
We thus give a sufficient condition for belonging of ∆ω to
the pull-in range (our criteria are, however, not necessary).

III. S TABILITY CRITERION
Henceforth the following assumptions are adopted:
1) the phase detector nonlinearity is continuously differentiable and periodic with known period ∆ > 0, that
is, f (σ + ∆) = f (σ);
2) for every β ∈ R, the equation
ϕβ (σ) = f (σ) − β = 0,

σ ∈ [0, ∆],

(8)

pendulum [37], one may notice that typically the system has
both stable and unstable equilibria. The frequency-domain
condition (12) does not involve β and depends only on the
properties of linear filter and the slopes αi of the phase
detector characteristics. However, conditions (12) and (13)
are entangled, involving the same scalar parameters δ, ε, κ, τ .
A. Simplification of the conditions from Theorem 1
The condition (13) can be rewritten in a simpler way

has a finite non-zero number of solutions;
3) the filter is an exponentially stable linear block, that
is, |χ(t)| ≤ ae−bt for all t ≥ 0 and some a, b > 0;
We also introduce some notation. Let
∆

α1 =
∆

Φ(ζ) =
R∆
∆ 0
R∆

∆

f 0 (ζ);

inf

α2 = sup f 0 (ζ)

ζ∈[0,∆)

q

1 − α1−1 f 0 (ζ)




1 − α2−1 f 0 (ζ) ,
R∆

ϕβ (ζ) dζ
,

ν(β) =

(9)

ζ∈[0,∆)

∆

ν0 (β) =

|ϕβ (ζ)|dζ

0

ϕβ (ζ) dζ

0

R∆

(10)

. (11)

In view of periodicity of f (·), we have α1 < 0 < α2 . In
general, the explicit computation of functions ν(β), ν0 (β)
is not very simple, however, for special phase detectors
(e.g. one with sinusoidal characteristics f (σ) = sin σ) their
closed-form expressions are available (see Example 1).
To estimate the pull-in range, the will use the following
stability criterion established in [36].
Theorem 1: Suppose there exist the numbers
a ∈ [0, 1], ε > 0, δ > 0, τ > 0 and κ ∈ R, such that the
following requirements are true:
1) for all ω ∈ R the inequality
∆

Π(ω) = Re{κK(ıω) − τ (K(ıω) + ıα1−1 ω)∗ (K(ıω)+
(12)

(where ∗ stands for complex conjugation) is valid.
2) the following quadratic form is positive definite:
∆

2

2

One way to prove this is to use the standard Sylvester
criterion for positive definiteness; alternatively, one may
minimize Q(x, y, z) with respect to z and check that (13)
boils down to the positive definiteness of the quadratic form
∆

Qmin (x, y) = min Q(x, y, z) =

z
(1 − a)2 κ 2 ν0 (β)2 2
y + aκν(β)xy,
= εx2 + δ −
4τ
ε(1 − a)2 κ 2 ν0 (β)2
< 0.
τ
The latter inequality is equivalent to (15).
Notice now that the parameter a appears only in (15),
and the right-hand side of (15) attains its minimum for a =
(εν02 )/(εν02 + τ ν 2 ) ∈ [0, 1]. Substituting this value into (15),
one shows that (15) holds for some a ∈ [0, 1] if and only if
a2 κ 2 ν(β)2 − 4εδ +

4εδτ >

κ 2 τ εν(β)2 ν0 (β)2
κ 2 ν(β)2 ν0 (β)2
⇔
4δ
>
.
εν0 (β)2 + τ ν(β)2
εν0 (β)2 + τ ν(β)2

The latter inequality, obviously, holds when κ = 0. This
inequality, as well as (12), retain their validity if one scales
all parameters κ, ε, τ, δ by a positive constant. For this
reason, one may always assume that either κ = 0 or κ = ±1.
Theorem 1 can be now restated in a simpler form.
Theorem 2: Suppose that three real numbers ε, τ, δ > 0
and an integer κ ∈ {−1, 0, 1} exist such (12) holds and
δ > κ2

2

Q(x, y, z) = εx + δy + τ z +
+aκν(β)xy + (1 − a)κν0 (β)yz > 0

(13)

∀x, y, z : |x| + |y| + |z| =
6 0.
Then every solution of (6) (corresponding to some function
σ0 ∈ L1 ∩ L2 ) converges to an equilibrium
σ̇(t) −−−→ 0,
t→∞

σ(t) −−−→ σeq
t→∞

(15)

which is equivalent to the negativity of the discriminant

Φ(ζ) |ϕβ (ζ)| dζ

0

+ ıα2−1 ω)} − ε|K(ıω)|2 ≥ δ

4εδτ > κ 2 (a2 ν(β)2 τ + (1 − a)2 ν0 (β)2 ε).

(14)

where f (σeq ) = β. In other words, the frequency detuning
∆ω = −K(0)β is within the PLL’s pull-in range.
Remarks. It should be noticed that Theorem 1 is applicable
to every PLL representable in the form (6), not only loworder systems. Unlike many results, available in engineering
literature, it ensures stability of (1) rather than the absence
of periodic cycles. Notice that Theorem 1 does not say
anything about (local) stability of a specific equilibrium
point. Considering the simple model of a viscously damped

ν(β)2 ν0 (β)2
.
4(εν0 (β)2 + τ ν(β)2 )

(16)

Then every solution of (6) converges to an equilibrium (14).
Notice that essentially one can get rid of the parameter δ,
rewriting (12) and (16) as a single inequality
inf Π(ω) > κ 2

ω∈R

ν(β)2 ν0 (β)2
,
4(εν0 (β)2 + τ ν(β)2 )

(17)

which involves only two real parameters ε, τ > 0 and one
discrete parameter κ ∈ {0, ±1}.
B. A special case of system (6): delayed differential equation
A typical example of the infinite-dimensional system (6)
is the PLL described by delay equations
dz(t)
= Az(t) − bϕβ (σ(t − h)) ∈ Rm
dt
dσ(t)
= c> z(t) − ρϕβ (σ(t − h)) ∈ R,
dt

(18)

where A is a Hurwitz (stable) matrix, b,c are vectors, ρ ∈
R and z(t) is the internal state variable of the filter. The
solution is uniquely defined by initial conditions z(0) and
σ : [−h, 0] → R, it is supposed that σ is continuous at t = 0
so that σ(0) = limt→−0 σ(t). The filter’s transfer function is

K(p) = ρ + c> (pI − A)−1 b e−ph ,
which corresponds to the following kernel of convolution
(
0,
if t < h,
χ(t) =
> A(t−h)
−c e
b, if t > h.
In the case of filter (18), phase locking (1) also implies
that z(t) −−−→ 0, since A is Hurwitz and ϕβ (σ(t)) −−−→ 0.
t→∞

t→0

τ 0 ∈ (0, 1 − δ 0 − ε0 ) and taking such triples that one of the
relations (23) or (24) holds, one can estimate the maximal
β satisfying (16) (with κ = 1). Taking the maximum over
all admissible triples (δ, ε, τ ), one estimates the pull-in range
for the fixed values of µ, s. The dependence between β and
µ for different s ∈ (0, 1) is shown in Fig.1.
1
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IV. N UMERICAL EXAMPLES

0,2

In this section, we illustrate Theorem 2 by examining a
delayed PLL with a proportional-integrating filter and a sineshaped detector (with the period is ∆ = 2π) [20]
K(p) = T

sT p + 1 −ph
e
,
Tp + 1

f (σ) = sin σ, ϕβ (σ) = sin σ−β.

Notice that the equation (8) has solutions only for β ∈
[−1, 1]. Due to space limitations, we consider only nonnegative values of β ≥ 0 (estimating thus a “half-plane”
pull-in range [16]). Here T > 0 and s ∈ (0, 1) are some
constants, h ≥ 0 is the delay. The slopes (9) of f (·) are
α2 = 1 = −α1 , thus Φ(σ) = | sin σ| and one can show that
|ν(β)| =
|ν0 (β)| =

πβ
2(β arcsin β +
2πβ

p

1 − β2)

4β + π − 2 arcsin β − 2β

p
.
1 − β2

(19)

∆

(20)

(21)

∆

A = τ 0 µ3 , B = τ 0 µ5 − (τ 0 + ε0 )s2 µ + sµ − δ 0 µ,
∆

C = µ3 (1 − τ 0 − ε0 − δ 0 ).

(22)

It is clear that (21) holds if and only if C ≥ 0 (the value at
y = 0) and either B ≥ 0 or the discriminant of the quadratic
function B 2 − 4AC ≤ 0. In other words, τ 0 + ε0 + δ 0 ≤ 1
and at least one of the following conditions should hold:
τ 0 µ4 − (τ 0 + ε0 )s2 + s − δ 0 ≥ 0,

µ

0
0

1

2

3

4

5

Fig. 2. Stability domains for PLL’s with the proportional–integrating lowpass filter and the sine–shaped characteristic of phase detector

Notice that the genuine value for the pull-in range boundary reported in [38] for s = 0.4 is β0 = 0.84 for µ < 0.2
and β0 = 1 for µ ≥ 1. Theorem 2 gives the value β ≈ 0.74
for µ < 0.2, β ≈ 0.8 for µ = 1 and β ≈ 0.96 for µ > 2.2.
Example 2. Consider now the case where h > 0. The
frequency–domain inequality (12) with κ = 1 takes the form
τ µ2 ω 4 + ω 2 (τ µ4 − δµ2 + µs cos(ωh)−
−(ε + τ )s2 ) − µ2 (1 − s)ω sin(ωh) + µ3 cos(ωh)− (25)

Example 1. Consider first the undelayed PLL case
h = 0. Notice first that for K(0) = T > 0 and
Re{(K(ıω) + ıα1−1 ω)∗ (K(ıω) + ıα2−1 ω)} = |K(ıω)|2 − ω 2 ,
the inequality (12) may hold only with κ > 0, so we choose
κ = 1. Also, it is convenient to redesignate the parameters:
∆
τ 0 = τ /µ, ε0 = ε/µ, δ 0 = δµ, where µ = T1 . Obviously, this
change of the parameter does not change the relation (16).
∆
Denoting y = ω 2 , (12) is written as
Ay 2 + By + C ≥ 0, ∀y ≥ 0

0,1

(23)

(τ 0 µ4 − (τ 0 + ε0 )s2 + s − δ 0 )2 ≤ 4τ 0 µ4 (1 − ε0 − δ 0 − τ 0 )
(24)
It can be shown that the right-hand side of (16) is an
increasing function of β. Changing, with a sufficiently small
step, the values of δ 0 ∈ (0, 1), ε0 ∈ (0, 1 − δ 0 ) and

−(ε + τ )µ2 − δµ4 ≥ 0,

∀ω ≥ 0.

Substituting ω = 0, one shows that
µ3 − (ε + τ )µ2 − δµ4 ≥ 0,
and therefore µ2 δ + ε + τ ≤ µ. For every pair (µ, β) the
inequality (25) has been checked numerically. It is obvious
that it holds for ω > Ω, where Ω is sufficiently large. To
check it on the interval [0, Ω], we scan this interval with
sufficiently small step hω > 0.
Scanning with small steps hδ , hε , hτ the intervals


1
δ ∈ 0,
, ε ∈ (0, µ − µ2 δ), τ ∈ (0, µ − µ2 δ − ε),
µ
we find the triples (δ, ε, τ ) that satisfy (25) and estimate the
maximal value of β satisfying (16) for every such triple.
Taking the maximum over all feasible triples (δ, ε, τ ), we
estimate the pull-in range. For s = 0.2, h = 0.01 and µ =
T = 1 the estimated value is β = 0.7, whereas the genuine
pull-in range reported in [31] is β0 = 0.93.
V. F UTURE WORKS
The pull-in range estimates obtained in this paper are
confined to analog PLL circuits with smooth characteristics of phase detector. Their extensions to continuous-time
models with continuous yet non-smooth (e.g. Lipschitz) and
discontinuous nonlinearities and, more important, to models
of digital PLLs are subjects of ongoing research.

R EFERENCES
[1] F. Gardner, Phaselock Techniques. New York: Wiley, 1966.
[2] A. Viterbi, Principles of Coherent Communications. New York: McGraw-Hill, 1966.
[3] W. Lindsey, Synchronization Systems in Communication and Control.
Englewood Cliffs, NJ: Prentice-Hall, 1972.
[4] V. V. Shakhgil’dyan and A. A. Lyakhovkin, Phase-Locked Loops (in
Russian, Sistemy fazovoi avtopodstroiki chastoty). Moscow: Svyaz’,
1972.
[5] T. Endo and L. O. Chua, “Chaos from phase-locked loops,” IEEE
Trans. Circuits and Systems, vol. 35, no. 8, pp. 987–1003, 1988.
[6] G. Leonov, N. Kuznetsov, M. Yuldashev, and R. Yuldashev, “Hold-in,
pull-in, and lock-in ranges of PLL circuits: Rigorous mathematical
definitions and limitations of classical theory,” IEEE Trans. Circuits
and Systems-I, vol. 62, no. 10, pp. 2454–2464, 2015.
[7] D. Dudkowski, S. Jafari, T. Kapitaniak, N. Kuznetsov, G. Leonov, and
A. Prasad, “Hidden attractors in dynamical systems,” Physics Reports,
vol. 637, pp. 1–50, 2016.
[8] R. Best, N. Kuznetsov, G. Leonov, M. Yuldashev, and R. Yuldashev,
“Tutorial on dynamic analysis of the Costas loop,” Annual Reviews in
Control, vol. 42, pp. 27–49, 2016.
[9] G. A. Leonov, I. Burkin, and A. I. Shepeljavyi, Frequency Methods
in Oscillation Theory. Springer Netherlands, 1996.
[10] A. Gelig, G. Leonov, and V. Yakubovich, Stability of stationary sets
in control systems with discontinuous nonlinearities. World Scientific
Publ. Co., 2004.
[11] G. Leonov, “Phase synchronization. Theory and applications,” Autom.
Remote Control, vol. 67, no. 10, pp. 1573–1609, 2006.
[12] J. Kudrewicz and S. Wasowicz, Equations of Phase-Locked Loops.
Dynamics on Circle, Torus and Cylinder. World Scientific Publ. Co.,
2007.
[13] A. J. Viterbi, “Acquisition and tracking behavior of phase-locked
loops,” Jet Propulsion Lab., California Inst. of Tech., Pasadena, CA,
United States, Tech. Rep. 20150021167, 1958.
[14] T. J. Rey, “Automatic phase control: Theory and design,” Proceedings
of the IRE, vol. 48, no. 10, pp. 1760–1771, 1960.
[15] L. Belyustina, V. Bykov, K. Kiveleva, and V. Shalfeev, “On the
magnitude of the locking band of a phase-shift automatic frequency
control system with a proportionally integrating filter,” Radiophys.
Quantum Electronics, vol. 13, no. 4, pp. 437–440, 1970.
[16] B. Harb and J. Stensby, “The half-plane pull-in range of a secondorder phase-locked loop,” J. Franklin Institute, vol. 333, no. 2, pp.
191–199, 1996.
[17] J. R. C. Piqueira, “Using bifurcations in the determination of lock-in
ranges for third-order phase-locked loops,” Commun. Nonlinear Sci.
Numer. Simulat., vol. 14, pp. 2328–2335, 2009.
[18] L. Greenstein, “Phase-locked loop pull-in frequency,” IEEE Transactions on Communications, vol. 22, no. 8, pp. 1005–1013, 1974.
[19] M. Govindarajan and B. Rao, “On a closed form expression for phaselocked loop pull-in range,” IEEE Transactions on Communications,
vol. 24, no. 8, pp. 910–913, 1976.
[20] B. N. Biswas, P. Banerjee, and A. K. Bhattaharia, “Heterodyne phase
locked loops-revisited,” IEEE Trans. on Commun., vol. 25, no. 10, pp.
1164–1179, 1977.
[21] T. Endo and K. Tada, “Analysis of the pull-in range of phase-locked
loops by the Galerkin procedure,” Electronics and Communications in
Japan, Part 1, vol. 69, no. 5, pp. 90–98, 1986.
[22] U. Mengali, “Acquisition behavior of generalized tracking systems in
the absence of noise,” IEEE Transactions on Communications, vol. 21,
no. 7, pp. 820–826, 1973.
[23] L. Perko, Differential Equations and Dynamical Systems. New York:
Springer, 1991.
[24] G. Leonov, N. Kuznetsov, M. Yuldashev, and R. Yuldashev, “Nonlinear
dynamical model of Costas loop and an approach to the analysis of its
stability in the large,” Signal Process., vol. 108, pp. 124–135, 2015.
[25] W. Wischert, M. Olivier, and J. Groslambert, “Frequency instabilities
in phase-locked synthesizers induced by time delays,” in Proc. of IEEE
Frequency Control Symposium, 1992, pp. 201–206.
[26] J. Bergmans, “Effect of loop delay on stability of discrete-time PLL,”
IEEE Trans. Circuits Syst. I, vol. 42, no. 4, pp. 229–231, 1995.
[27] J. Buckwalter and R. York, “Time delay considerations in highfrequency phase-locked loops,” in IEEE Radio Frequency Integrated
Circuits Symposium, 2002, pp. 181–184.
[28] B. Harb, “Effect of time delay on the pull-in range of phase locked
loops,” J. Vibroengineering, vol. 16, no. 1, pp. 369–377, 2014.

[29] L. Wetzel, D. J. Jörg, A. Pollakis, W. Rave, G. Fettweis, and F. Jülicher,
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