Phase-Locked Loops
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Lecture—9
Small Signal Analysis of Type-1/11/111 PLLs for Phase Step, Frequency Step and Frequency
Ramp

Hello everyone. In the previous session, we talked about the type and order of PLLs and we told
that the loop filter is a block which decides between different PLL types and orders.
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So, today we will look at examples of PLL with different types and orders and the reason to choose

different type and order will become clearer as we go through our analysis. So, let me just recall
the PLL which we have been using. We had a mixer based phase error detector followed by the

loop filter which has a transfer function LF (s) followed by the VCO which has a transfer function

K:ﬁ and this feeds back. The input and output are sinusoidal voltages. In our case, we will treat

them right now as follows:

Vi, = sin(w;,t)

Vour = Cos(woutt)



We drew the small signal model of this particular PLL and the small signal model of the PLL is
shown here. You have the phase error detector with input phase and feedback phase. The gain of

the phase error detector is Kp, followed by loop filter with transfer function LF(s) which is
followed by VCO with gain K"Sﬁ This is the small signal model of the PLL. This is ¢,,;, here

you are going to get ¢,,., output of the phase error detector is voltage, we call this as V,, output of

the loop filter is control voltage which is V..

Now, where will this type and order of the PLL matter? It will matter when we apply any change
in phase or any change in frequency of the PLL and we want to find out whether this PLL will
remain in lock or it will go out of lock or what will happen. So, one standard method of a closed
loop feedback system is, let us say you have this closed loop PLL, it is closed loop in nature that
is why | am calling it as a closed loop and it is in steady state, that means, at time ¢t = 0, the rate
of change of phase error is equal to zero, that is how the PLL is in steady state and input and output

frequencies are equal. Thus, we have the following:
Att=0,%=0&ndwin = Woyt
So, you have a PLL which is in steady state.

Now, you apply change in input phase or input frequency and if the PLL still remains in lock which
means that, at t = 0%, | apply a change in the input phase which is A, = A@;,,(0)u(t). This is
just one kind of change which is applied to the PLL and then we give it enough time such that all
the transients die out and we look at the PLL in steady state which means that after enough time
we would like to find out what is the phase error in steady state. Why do we look at the phase error
in steady state? Because in steady state or as time t — oo, the phase error should not change if the
PLL is locked.

So, this is the thing which we are looking at, as t — oo, if the phase error is some fixed value, then
the PLL will be considered that it is in lock, if this value tends to infinity, then it is like the phase
error increases with respect to time, it is not locked. We would like to find out this particular phase

error for different kinds of inputs which will depend on the type of loop filter which we choose.



So, let us begin with an example. We will consider many examples. First, the loop gain of the PLL
is given by LG (s). You see that this is the loop and we are considering when you apply a change

what comes back, that is the loop gain. This loop gain is given by,

KVCO

LG(s) = Kpp LF(s) S

Now, we apply a change at the input which is known as phase step which we will call as input

phase step here.
So, we have,

Api = A (0)u(t)
In frequency domain or in Laplace domain, you have,

A(pin(o)
S

L
Apin = A (0)u(t) — Apin(s) =
This is for the step input. So, for this particular case, the error at infinity is given by,

tlim Per (t) = lim s @, (s)
—c0 s—0

ms ————@in(s)

im ger () = lims 37—

Also, you know from this particular loop that phase error in frequency domain is given by,

Ver(8) = @in(s) — Poue(s)

So, you might be seeing here that | am using ¢, (s)and Ag;, (s) interchangeably, so that is like

the small change which | am applying. So, we have,

LG
Per(5) = @in(s) — m%n(s)

So, this expression is clear from here.
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Now, we have the following:
1 A(.Din (O)

20 gy Koo vy gy s
I ) =i > A, (0)
toes VeV T R0 1 Kpp Kyco LF(s) Pin

After substituting s = 0 here, we get,
}im Per (1) =0

So, you applied a phase step input and you found that the error in steady state is going to be zero.
What does it mean? It means that if | apply A¢g;,,(0) here, after some time | will see a change in

A@,,: Which is same as Ag;,, (0), so that Ag,,- becomes zero. That is what you have.

Also, every PLL we know is Type-l PLL. So, here LF(s) you can see, it will only be a problem
when LF(s) is LF(0) is equal to zero. Then you have a zero by zero which is not defined, which
is not the case also. So, for Type-1 PLL, I can write,

Pm @er (t) = 0, for phase input for Type-I PLL
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Now, after this phase step, let us see if | apply another change which is frequency step. When we

apply a frequency step to the PLL, so here | am going to apply a frequency step at time instant

t = 0 which is given by,
Awy = Awi, (0) u(t)

We know that,



t

Aq)in(t) = j-Awin dt
0

Now, in Laplace domain, this frequency step relates to phase ramp as given by,

t
L Aw;, (0)
Apin(t) = wain dt — A (s) = ;T;

0

We would like to find out the phase error as t — oo for the frequency step. This is given by,

. . . A(pin(s)
im e, (¢) = lims e, (s) = lims = TG
Aw;, (0) s

lim t) =lims
L Per (1) $50 52 S+ KppKycoLF(s)

lim (t) =lim Awin(0)
e P N T S+ Kpp Kyco LF (5)

A(‘)in (O)
KppKycoLF(0)

1,11—>nc;lo Per (t) =
This is the steady state error in the PLL. So far | have not discussed what is LF (0) but you can see
very well here that,

1
1+s741

For Type-I PLL: LF(0) = 1, where LF(s) =

For the Type-1l PLL with two integrators, the loop filter transfer function is given by,

1+srp

For Type-Il PLL: LF(0) = oo, where LF(s) =

ST

What is LF(0)? LF(0) is actually equal to infinity. If this is the case, then for frequency step, the

steady state phase error is given by,

Per;s = gl_)rg Per (t)



For Type-1 PLL, the steady state error is given by,

Awin(o)
KPD KVCO' 1

Per,s =

For Type-1l PLL, the steady state error is given by,

Per,s = 0

For Type-11 PLL, what you see is that the steady state phase error is zero because LF(0) goes to
infinity. So, this is interesting that for the same PLL, you have input and output frequencies locked
and when you apply a simple phase step, you see that in both Type-1 and Type-Il PLL, the error
will be equal to zero, but when you apply frequency step, for Type-I PLL there is a steady state
error, but for Type-Il PLL, the steady state error is equal to zero. But keep one thing in mind that
this particular value, the steady state phase error which you see here does not take into account the
large signal or you can say the actual voltage signal at each of these nodes. It is only for small
signal modeling.

So, why is this important? Well, we have seen earlier that in the model for Type-1 PLL which we

are using, the error voltage is given by,
Type-1 model: V,,. = Kpp @er

But, actually if you remember, the error voltage is given by,

1

Actually: V,, = ESin((Per)

We have seen this before. | am just repeating it because we are discussing with respect to types

and orders.

So, in this model, there is no restriction at all on ¢,,- but if you look at it, no matter what ¢,, you
are going to have, there is a restriction on V.. Here if you see, if Aw;,,(0) is large, ¢,, will also
be large. If I increase Aw;,,(0), ¢., Will increase and it appears that the PLL will always remain

in lock, whereas actually what you see is even if ¢,, increases, V,,. is bounded.



So, if I,,- does not increase, the control voltage will not increase and you will not be able to get the
desired frequency change but for small changes which are limited by your modeling here, @, s
will be valid. In case of Type-Il PLL, it does not matter because in steady state you are going to
have the phase error of zero. You will acquire all the frequency with the help of the other integrator

in the loop.
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Well, this is interesting that for Type-1 and Type-Il PLL, we are able to get that. Now comes
another question. We applied frequency step, now what happens if | apply frequency ramp. So,
what do you mean by frequency ramp? It means that Aw;,, (t) is increasing at a fixed rate as given

below.

Awin(t) = Awm(O) t= JA(J)ln(O) dt

So, for frequency ramp, the transfer function in Laplace domain for the change in the frequency is
going to be,
Awin(o)

Awin(s) = SZ
For the corresponding change in the frequency, the change in the phase is going to be,

Aw;, (0)
Apin(s) = ;+
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Now, for the desired frequency change of frequency ramp, the change in phase is given by this. |
need to find out whether the PLL will remain in lock which means I need to find out what is the

steady state error value. Well, the same principle, nothing changes here, so the steady state phase

error is given by,
Per,s = }l_)l’g Per(t) = £1_r)%5 Per(s)

_ l. Awin(o) x 1
Pers = B 53 1+1G




li Aa)in(o) % S
=1ams
Gers = 0% T 53 5+ KppKycoLF (5)

. Awin(o)
lim
V) 52 +s KPDKVCOLF(S)

Per,s =

So, | have to substitute s = 0, so I will just rewrite it with the remaining terms as follows:

= lim Awin(o)
(pET,S s—0 S KPDKVCOLF(S)

For LF(s), I will not substitute because the evaluation depends on the loop filter. So, for the
frequency ramp, what you see is that it depends on what is the value of the loop filter at s = 0.

1
1+sT1

For Type-1 PLL: LF(s) =

For Type-11 PLL: LF(s) = ——

sT;

So, you can substitute s = 0 for both the cases. What you are going to see is the following:
For Type-1 PLL,ass —» 0, LF(0) =1

For Type-1 PLL, the steady state phase error is given by,

Awin(o)

s—-0 S KPD cho. 1

Pers =
So, if you have a Type-1 PLL, Type-I, Order-1, that is what we have been using, then when you
apply a frequency ramp to the PLL, the steady state phase error goes to infinity which means that
the phase error does not settle. The PLL loses lock, it is not locked anymore. For Type-I1 PLL, the
phase error in steady state is given by,

. Awin(o)
Per,s = lim

50 KoK 1+ STy
S Kpp Ryco
ST;

As s — 0, we get,



_ Awin(o)

Kpp Kvco
T;

(pBT,S

This is interesting that when you have a frequency ramp or the change in the input frequency is
given as a frequency ramp, Type-1 PLL will lose lock but Type-11 PLL will have a fixed phase
error at the output of the phase error detector given by the above equation. So, this will be the fixed

value which you have.

So, we can just look at it here. For Type-I PLL, for phase step, you had zero phase error and Type-
I1 PLL also has zero phase error. For frequency step, Type-1 PLL has a fixed phase error and Type-
Il PLL has zero phase error. For frequency ramp, Type-I PLL loses lock as the phase error tends
to infinity, whereas Type-I1 PLL has a fixed steady state phase error. So, looking at this trend, you
may be tempted to think that if | want to make this steady state error equal to zero, then Type-Il1I
PLL may be a solution, you can increase one order of integrator.

(Refer Slide Time: 26:01)

B L o s - Wt ‘,v,‘
A3Hw P 09 Cmm Jr7-@-S%F-

EEEEEEE BN By JR%
/T g ) fis SO0
TS 0 M o)
A0 L4 4 Ky Kaco LF) Type-M Lt LE(s) = (4ACe) (144C4,)
) A LT
.M Awinlo;
e 7 y Auial
B0 4. Kpp Ky LFIR) Ouiyss M L L —
530 / Kppkvo (14aTp) (144 5p3)
Type-B AL LF(sYe —Lo 225 flo) o Gy
(144 = 4 Awio)

A
Toed tL: Uy < 449 ookve
AT,




L —

AdHOPF AN e ) /- 1-0-S -

AEEEEER an LARVASS

A% TKpanLm) 74 [ ). —
i / Kppkva (144 Tp) (1145p3)
Tope-20U: e Lo 222 1 f(0) - | Gy
(44 =y Awi) ok
e S SRR
Tl L LB = 4G Kpokva (1435) (L4457
AT ED)

\

So, let us just take that example. Let us say for Type-Ill PLL, we have the loop filter transfer

function as given by,

(14 s7p1)(1 + 5752)

LF =
() ST Tip

Right now, all these parameters 7 are just constant, so do not worry about it. What values they will
pick, we will see that during the implementation, if required. So, for this particular loop filter, for

frequency ramp, let us calculate the steady state phase error.

Awin(o)

(1 + srpl)(l + srpz)
S%Ti1Tip

Per,s = lim
s—0

S Kpp Kyco

Qers = lim Awin(0) X s
s 50 Kpp cho(l + srpl)(l + S‘Epz)

Pers = 0

So, for Type-IIl PLL also, what you see is that even in the case of frequency ramp, the error is

equal to zero.
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So, I will just summarize it. So what you have is, we are going to write the steady state phase error
for Type-I, Type-Il and Type-I11 PLLs when you apply phase step, frequency step and frequency
ramp. So, when you have phase step, Type-I, Type-I11, Type-I11 PLL, all will give zero. When you

have frequency step, Type-1 will give you %. Type-11 PLL will give you zero, Type-111 will
PD Rvco

also give you zero.



When you have frequency ramp, Type-I PLL will give you steady state phase error as infinity, that

means the PLL is not locked. Type-11 PLL is going to give you KPDA%.

T

And for frequency ramp, Type-111 PLL will still give you zero. So, based on what you would like
to do with the PLL, whether you would like to apply phase step, frequency step or frequency ramp,
you can choose the type of the PLL. And type and order of the PLL will depend on what kind of
tracking do you want, so based on that you make a choice. Then, you may ask that why | did not
have only s2, why I needed to have st7,,; and st,,. Similarly, for the case of Type-11 PLL, why |
had st,,? Well, all these things are required to stabilize the loop. We will see the stabilization in

the upcoming sessions. Thank you.



