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Abstract

Design of Phase Locked Loop (PLL) plays a vital role in transceiver field. Phase Locked Loop comprises of three blocks, namely Phase
and frequency detector, loop filter and voltage-controlled oscillator. The greater advancements in CMOS technology such as high fre-
quency, high speed, low noise and phase error leads to low-cost PLL This work aims to develop higher order non-linear models of gen-
eral Phase Locked Loop. The condition of stability and choice of loop filter is also determined. Based on the analysis, the transfer func-

tion for PLL is determined.
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1. Introduction

The Phase Locked Loop (PLL) based circuits are commonly used
in applications such as wireless applications, digital circuits. PLL
is a non-linear feedback system [1]. PLL is one of the important
blocks in communication applications. It is used to generate a
signal where it compares two signals (i) input reference signal (ii)
feedback signal such that both the signal phase should be matched.
The analysis of PLL can be done by two ways (i)linear, (ii) non-
linear. The drawback of linear analysis is failed to detect many
characteristics like latch-up, hysteresis jumps. This work aims to
develop the non-linear model of PLL and the condition for stabil-

ity.
2. Phase Locked Loop (PLL)

The Phase Locked Loop contains a phase detector (PD), loop filter
(LF) and voltage-controlled oscillator (VCO) as shown in fig 1.
The phase detector compares the two input signals such as input
reference signal and a feedback signal to produce the error signal
(i.e difference between two signals). The loop filter attenuates the
noise and needless phase detector outputs. The loop filter transfer
function is F(s). The voltage-controlled oscillator (VCO) give
raise to a sinusoidal signal.

The phase detector evaluates the phase and frequency of the input
reference signal s(t,¢) to the phase and frequency of the feedback

signal r(t, ¢) [2]. It produces an error signal V4(t), This Vait) is
given to the loop filter F(s) in order to attenuate the noise and
needless component of the input spectrum. This block produces

the output of f(E), The addition of ¥#(t) and an external control

voltage Ve(EJwhich controls the instantaneous VCO frequency.
The phase detector must produce the zero-output voltage to get
phase locked of two signals.

The PLL characteristics are (i) acquisition and tracking (ii) pull-in
range (iii) lock-in range.

Fig. 1: Basic Diagram of PLL
2.1. Acquisition and Tracking

The phase of the input signal has been tracked by PLL. In general,
the VCO operates at center frequency “'8 which differs from the

frequency of the input signal “i. The VCO has to be tuned to the
input frequency by the PLL called frequency pull in. Then the
VCO has to be varied accordingly to the input phase. This is
called phase lock-in.

The combination of frequency pull in & phase lock is called as
Acquisition. The acquisition is a non-linear process. After the
process of acquisition, PLL achieves the phase locked condition,
where both input reference signal and feedback signal are in phase.

2.2. Pull-in Range

Ay = |w; = el s the maximum initial frequency difference
between the input reference signal and VVCO output (or) feedback
signal. For this phase difference, PLL acquires the Phase Locked
condition [3]

2.3. Lock-in Range

Awp = lw; — wol s the frequency range over which the PLL ac-
quires the condition of phase locked [4].
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3. PLL Model

Let the phase ¢(t) of input reference signal s(t,) can be expressed
with respect to the centre frequency wg as

D=t +6; 1)

Input signal of the PLL,

S(t &) = V24 sin g @)

St &)

VZA sin (wyt + 8;) ®)

A(t) describes the modulation of the amplitude to the reference
input signal, 0;(t) is the modulation of input phase. Since the VCO
phase ¢(t) tracks the phase of the input signal ¢(t). VCO centre
frequency becomes,

P =gt + 8 4)
r(tg) = w,;'EV: oS (5)
r[t,q:u] = \,"EV:E‘DE wyt+ & (6)

Ba(t) is the phase of VCO or feedback output VO is the rms ampli-
tude of the VCO output.

3.1 Transfer Function of VCO

The instantaneous of VCO frequency referred as g By changing
the control voltage, the frequency of VCO changes from cuy,.

dlep _d

E_ CUD—E [mut_gut] _ﬂ'.:'u. (7)
degp _dby

dt “° T dr )
de

qr wy = K, v, )

K. is the vco gain in the rad/s. If the control voltage V()=0, it
equals to the center frequency.

3.2 Transfer Frequency of Phase Detector

The Phase detector produces the difference between the input
reference signal S(t®) = V24 sin (wot + 6;) and feedback

signal T(t.@) = V2¥coswet + 8y and produces the difference
signal.

vy = kgd sind, (10)
Phase error is defined as,
B () = B;(t) — 8,(1) (11)

From above equation, the output depends on the difference of two
input signals. It also depends on the A(t) i.e., on the AM of the
input signal.

3.3 Transfer Function of Loop Filter

The addition of loop filter output vt} and external control volt-
age v.(t) gives VCO control voltage v.it].
velt) = ve(t) + veit) (12)
To write the differential equation in simple form, the d/dt in the
time domain will be expressed as multiplication of Headviside
operator P.

v () = Fpiva(t) +v(t) (13)

If a PLL operates in steady state (t=w), the PLL is operating in the
Quiescent point.

f, =08; — (14)
LFim) K.
B, =6; — KFp) Asin 8, — - Ve
- (15)
P, = pd;— r"fF':'P:'-‘lS'f” B — rl".'r"llF (16)

Under steady state condition, all signals are constant but phase
error may present.

B (t) = Bss 17
velt) = veo (18)
8i(t) = (w; — wplt + Gy (19)
Bit) = Aot + By (20)
Deriving &;,

8 = Aw; — KEF(8)Asing,, — kv 0 (1)
Quiescent point #,,0f PLL is obtained as,

oy = 3:’?:*% 22)

F(0) is the dc gain of loop filter. To get the excellent performance
of PLL, the Q value of phase error has to be zero, #,,=0. To
achieve #.,=0, by making the dc gain of loop filter F(0) tends to .
This can be achieved by using loop filter. To make the non-linear
model to linear model, Taylor series approximation has been used.

) ale) + L 98 1 dg"(8)
V= | = |+ = — oy
. Jiw) = glbg) 1! d8 R n! da" (B B-8"
(23)
For small signal model, the only linear term is considered,
o+ L dg(8)
Ay=y—glbg) =— -
YEYTEE) T T s eme (24)
dg (&)
Ay = y— gl6g,) =2 8
dﬂ |E“| (25)
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dgi8) . . . ) L Kk
Where a8 |E“|1S the tangent of the non linear function f(0) at @ols) = H{s)g(s) + [L— H(j‘}]%v?('gj @7

the g point #,,. Ay and Ay are called perturbations. If &, =0,
9(0)=0,

dg(e)
V=
Tde gy (26)
f; 4 i, iy ¥
_"O—" a4 = Fp) —
[

Figure 2: Linear baseband model of PLL

4. Linearization of Non-Linear Baseband
Model

The phase detector is the only non-linear component
vg = kgd sinfe . Since 8,,=0, 14(0) = 0, Avg = vy, A6, = 6,.
The phase detector can be linearized,

Vg = kgd sinf, = kzA6, (27)
kF(p) Ky
B, = L) yg [ Tv
P P (28)

8y = L [F(p)k g4, + v
o o [FlplrgAd, el 29)

The last equation defines the linearized PLL equation in time do-
main. The next step is to convert the signal to s domain by help of
Laplace transform.

@;(s) = Let) (30)
b (5] = kﬂ.gjﬂ. b5+ LI
Pplsl = 5 Egl s T Ve(5) (31)
vls) =0
Gal51 = @;(5) — @pls) (32)
. (5] (AKF(s])) b (5) — e (S)
| = ————— b5 —
PplEl 5 [@ils)— ggis)] (33)
AkF(=) ) AkFis) )
l + Q ?D(gj = Q;’;f(gj
5 5 (34)
B (5] AkF(s) )
(0,9) _ BHE) _ ) 6106
(@:i(s)) S+ AKF(s) (35)
H(s) is called closed loop transfer function.
. RN
dals1 = [1— H(s)][g;(s) . LA (36)

[1-H(s)] is the error function. The transfer function of PLL is giv-
en as

AKF(s)

Hs) =G avre) 39)

The error function of PLL is given as

. 5
1-H(s) =3 + AKF(s) (39)

5. Implementation of PLL with Active Loop

Filter
li.- o i’
-
L

iy

o

Figure 3: Active Loop Filter

In the loop filter, if the ideal operational amplifier used, then the
transfer function of loop filter is,

B b s )
Fig)=———

Tn (40)
Where, T1 = R1C .72 = (R; +R2)C . The DC gain of ideal op
amp is infinite, consequently the steady state phase error is #,,=0.
The closed loop transfer function of PLL is

2EW LT + )
1 n

Hls) = (5% + 2E0nS + Wp-) (41)

Where w,, is the natural frequency, ¢ is the damping factor. The
error function of PLL with active loop filter is

P
(5% + 280n8 + tipn-) (42)

1—-Hiz)l =

A system is called stable when the all poles of transfer function
lies in the left side of the S plane. From equation number 41, The
characteristic equation is

(5% + 2Ew,s + u.lﬂ:j =0 (43)
From the equation number 43, the two poles of PLL with active

filter is lies on the left half plane. Si it leads to the circuit becomes
more stable.

6. Conclusion

This paper presented the Non-linear mathematical modelling of
Phase Locked Loop, Findings of the modelling are: (i) From the
Characteristic equation, the two poles of PLL with active filter is
lies on the left half plane. So, it leads to the circuit becomes more
stable. (ii) Even though the amplitude of input reference signal
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varies continuously and changes the variables of closed loop, PLL
is stable.
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