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Input-Output Characteristics of Basic PLL Blocks
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In this session, we are going to look at the PLL blocks which we used in our simple implementation
of the PLL block diagram where we used a mixer to get the phase error, then we had a loop filter
followed by the VCO. So, first part was the phase detector, and this is something which we have

seen, we will go in a little bit more detail for this phase error detector.

So, this part is phase detector. Our input and output signals are sinusoidal, so I will just write it

here.
Vin = Ain Sin(wint + (pin(o))
Vour = Aout Cos(woutt + (pout(o))
So, from the previous exercise, we know that,

— AinAout
2
This is to begin with.

Ve

[Sin((win + wout)t + (pin(o) + (pout(o)) + Sin(((‘)in - wout)t + (per(o))]



So, this is what we have as the error voltage for the phase error detector in the locked state of the
PLL. When will we say that the PLL is locked or in steady state? When the output frequency is
equal to the input frequency and when the phase error does not change, you have a constant phase

error, if any. So, if that is the case, then,

der =0

In the locked state of PLL: w;;, = woyr = wo, "

The error voltage is given by,
A, A
Ve(t) = =52 [sin(2wot + @os1) + sin(pe,)]

So, you will have some steady state phase error, whether that is zero or not that is not something
which is important for the locking of the PLL. What is important is whatever phase error you have,
that should be constant in the locked state. So, in the locked state, you have the error voltage given

by this.

Now, if the error voltage is like this, it is having a 2w, component and it has a fixed component.
So, there are two portions, one is variable and the other which is not changing. If you have a filter
at the output of the phase error detector, then the filter will pass on the DC component of the phase
error. So, I will just plot here what all error voltage components you have. You have here, one is

you have a DC component which is sin(¢,,-) and the other component is at 2w,.

So, this is the frequency spectrum of the error voltage. So, for phase error detector, we define the
average of the error voltage in steady state. The average of the error voltage in steady state is given
by,

7 = AnAout

e 2 Sin ((per)

The average voltage for sin(2wyt + ¢,s;) term will be equal to 0. So, the component which you

infdout

. . A : . .
are going to see here is . sin(¢,,). So, if you look at the operation of the phase error detector

as we saw earlier, there are two components and the average voltage of the phase error detector

output is sin(¢,,).
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As I said, in locked state, the phase error does not change. If the phase error does not change, the
average error voltage is going to be fixed and this average error voltage as you see is having
sin(¢,,). So, this is little interesting that the average error voltage at the output of the phase
detector is not a linear function of the phase error. It is actually a non-linear function and that non-

linear function is sin wave here, like this.

This is your phase error w and this is your phase error -n. The peak amplitude is going to be W

and the peak appears at phase error w/2. So, if I would like to define the gain of this phase error



detector (Kpp). It is defined as the derivative of the average error voltage with respect to phase

€rror.

dVe — AinAout

= cos(Pqr)
d(per 2 (per

Why is this important? It is important because in case your PLL is locked and you make any
change, so, let me just pick up this case that my PLL is locked and I will use two cases. In one
case, the PLL is locked to phase error of 0. So, if I lock to a phase error 0, at this particular point,
if I make any change in the input phase of the PLL, that means that I am going to change some
phase here at the input of the PLL, the gain by which my output is going to change, that gain is

going to be close to the value which you have near phase error equal to 0.

So, what is the gain for phase error equal to 0?

A A
KPDl(per=0 _ mz out % 1

If the phase error in the locked state happens to be n/4 and I make any small change around that

phase error of /4 in steady state, the gain of the phase error detector is different.

AinAout AinAout 1
X cos(m/4) = —— X —
W=7 *%

Kpp |<per=n/4 =

So, if you think about it, in the same PLL in locked state, we can have different phase errors and
in the locked state, if you make any change in the input phase errors, then what you will see is the

gain by which your error voltage is going to change is going to be different.

So, it is not linear, that is why this happens. Whether this will have any consequence on the
operation of the loop in steady state, this is something which we will see later. Now, for this
particular phase error detector, we see how it operates. Another important part here is the case

when you have frequency error. So, I will just deal with the case with frequency error.



(Refer Slide Time: 12:00)

I'E

3 09 Ce= i 254 -
EENEEEEN EEEE B % (44 ..
NPTEL
PO with Liequenyy evtor ak input. Win® Wy, Kogr -8
Ups Mot [ Aln( T80 8) 4 A!nLu.n-v)J ‘
- [ R
Lesp Fitet
£ || = & & W
w_{ﬂ_.vm) Ve "'“'TU‘ ; =
‘-I H = by 7 Wy
Ly -l . — T =
Ll LHaRC g SDite
4
Baggg ¥ T
.:.. '.,hﬂym' |;|') Cruse | Jof @ 34F- Wl
EENEEEEE ESEE H % 044 ..
Vin | U= Vi ¥ TR A e
f.]— S Vot = et 85 (Wt + ) NPTEL
- [____J|

Ver &1&' [m(m‘mw,unm‘) + un(‘@ﬁ..mw..m_]

ln locked giwde of Pl | Wed = Winsks, %‘;_-f 0
(]

Gt = Ao b (o 2ute dy) 4 ain () ¥
— [ Ml 4. el ) e
Ve = ’n‘n ﬂ:ﬂ ) U’"W")

™ L.rT



Y TRl Ll A AT 5T 1D 5
[ TTPTT] | Em n T
== VE— 1 2

L

o |, e ki gt b L
% Z 2

Chs ]

|’-.|,|"“Au =

Po with Lequenyy evroi b topek Win® W, Mads e b

Vpr M bk [ Al Ty 82 4) 1 4l (80 n):l ¢
- 2 e —

Lﬂfiiu
] - -
v‘m"‘ﬂ—y‘“) Ve _5\,—1—\& : b e
CI . A B - by P weagg

PD with frequency error at the input:

So, let us say when you start your PLL, you have frequency error at the input. So, I will just write
here that w;;,, = wg, and w,,; = wy — Aw so that our expressions simplify. So, in this case, the
error voltage is given by,

— AinAout

Ve
¢ 2

[ sin((2wg — Aw)t) + sin(Awt)]

So, even when you do not have phase error to begin with, you have only frequency error, we have
seen earlier you get a component which is proportional to Aw. So, for small frequency errors Aw,
the error voltage is going to be proportional to that frequency error. This is important when we are
considering the loop filter. That is why I brought this up here that the output of the phase error
detector does not have information only about the phase error, but it has information about the

frequency error also.

So, when we consider the loop filter which we have seen earlier as a simple RC filter, you can
have any kind of filter there, but to begin with, we used a simple RC filter. So, this is V¢(s) and
V.(s) in our case. The example which we took earlier was this R and C, this is our Ve, this is our

V.. The loop filter transfer function in this case is going to be,

W) 1
V,(s) 1+ sRC

LF(s) =



The bandwidth of this filter (w_34p) in radians per second is given by,

1
W_3qp = ﬁ

So, for this particular loop filter, I will write this as |LF(w)| here and what we have is this filter

transfer function and we can take this as -3 dB bandwidth.

Now, when we considered the phase error detector with only phase error with no frequency error,
we had a constant term which is DC term. So, a loop filter with any bandwidth will be able to
process that phase error information with no frequency error like the phase error in steady state or
the phase offset. But if you have this frequency error Aw, it very much depends whether you are

having this Aw component here or you are having the Aw component here.

We take two cases, Aw; and Aw,. In the first case, Aw; < w_3z45. S0, when you start your PLL,
you have frequency error and if the frequency error is lesser than the bandwidth of the filter, the
information about the frequency error is present in this variable, sin(Awt). It is not going to be
filtered by the loop filter and the output frequency of the VCO will change in the desired manner.
In the other case, where Aw, > w_34p, even when you have the frequency error information in
the error voltage, that is going to be filtered by the loop filter because that is coming beyond your
filter bandwidth. So, if you are rejecting the frequency error information by the loop filter, the

VCO will not be able to correct for that frequency error.

In both the cases, if the frequency error is small, most of the time your other frequency component
which 1s 2wy — Aw will lie much beyond the filter bandwidth, that will be rejected most of the
time unless you choose a very wide filter where even the 2w, — Aw component will come in, that
is not a practical case. So, while you are choosing the filter bandwidth, it is very important to keep
in mind what kind of frequency error you are targeting to compensate or trying to recover in the

PLL. So, this is a very basic implementation and basic requirement of the loop filter.
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The next important block which we have been using is the voltage controlled oscillator. We need

to know how this output frequency changes. So, here we have seen earlier that,
Woyt = Wsr + KycoVe

This is what we have seen earlier. Now, in this particular case, if you make any change in the
control voltage, you are going to change wgy¢. - 1s the free running frequency which you have

as w,, when the control voltage is 0.

Woyt = Wsr, WwhenV, =0

Here, we are considering that our control voltage is greater than 0.

Pout = f Woye dt = fwfr dt + Kyco f Ve dt

Pout = Wpr t + Kyco f Ve dt

So, what you see here is that you have an integral with respect to control voltage.

Now, given this relationship where wy, is always there, most of the time we are interested in the

change in output phase with respect to the change in the control voltage as given by,



Apout = wer t + Kyco f Ve dt — [a)fr t+ Kyco f(Vc — AV) dt]

So, the change in the output phase with respect to the change in the control voltage is given by,

A@out = Kyco [ AV, dt,  In time domain

Why are we interested in this? Because in locked state, if you make any change in the phase error
by changing either the input phase or output phase, that is going to change the error voltage which
will change the control voltage. So, we would like to see how we change the output phase and the
relationship is shown here. Now, an interesting part is the expression which you are seeing is in

time domain. If we convert this expression into frequency domain, what is it going to be?

A@ oyt (s) _ Kyco
AV.(s) s

This is an integrator. This is the transfer function of the VCO. So, interestingly, if you look at it,
for the phase error, we found the time domain waveforms and most of the time we use Kpp which
is proportional to the phase error, a constant gain, most of the time that is what we are going to
use, that gain may vary depending on the phase error which you have in the locked state. With
respect to the loop filter, we have a fixed voltage transfer function and with respect to the VCO,

our transfer function is from the control voltage to the output phase.

So, quite often what we do is that we become lazy in writing A all the time. So, we say,

Pout(s) _ Kyco
V.(s) s

This is the transfer function of the VCO. Well, it may or may not be necessary that these things
are mentioned explicitly, but when we are writing the transfer functions for the PLL block where
you see all kinds of non-linearities, you have a mixer, you have a voltage to frequency change and
so on, most of the time we are interested only in small changes in the PLL block while writing the

transfer functions of the PLL.

So, let me just write it down that in actual PLL, you have PD, you have loop filter and you have
VCO. When I represent all these blocks by their respective gains, what I am interested in is for the

small changes in the input and the output. So, absolute terms are @, @out»> Ve, V.. When I define



the gain of different blocks, the interesting thing to me is when I change my input phase by A@;,,,
it is going to change the error voltage by AV, which will change the control voltage by AV, which
will change the output phase by A@,,;.

So, these are all the small changes in steady state error, phase and frequency variables and the
voltages. So, when we write the gain of all these blocks, what we are analyzing actually is, we
have phase detector, loop filter and VCO, and the interesting parts to us are A@;,, AV,, AV,, and
A@,,¢- For a small change in the phase error, we have seen for the phase error detector what kind

of gain do we have, Kpp. So, this is operating on the phase error.

So, the small signal block diagram or you can say the analysis block diagram for the PLL, you
have phase error which comes at the output of the PD. So, I have Ag;,,, and A@,,: to be coming
from the feedback, this is positive, this is negative. This is A¢@,,- and this error gets multiplied by
the gain Kpp. It gives you error voltage AV, which gets multiplied by the loop filter transfer
function. By the way, the loop filter is passive here with R and C, it does not change whether the

input is small or large. You have AV, here and then you have VCO whose transfer function we

found is KVS&.

So, this is the block diagram, or you can say the small signal diagram which we are going to use
in our analysis for small changes in the input and output. And because we have to draw this
diagram time and again, what are we going to do? We are going to drop this A everywhere and we

say, we are having @;,, @.,, and so on. So, actually, we have,

AV, K
Aper 7
But, mostly we will write,
Ve
= K,
Por

This is just to drop the A from our analysis, but we are dealing with small changes only. Thank

you.



