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Hello everyone. Welcome to this session. In the previous session, we looked at how to calculate 

the noise at the output of the PLL. So, today, in this session, we will look at the noise 

optimization with respect to bandwidth of the PLL. So, before I start with the noise 

optimization, let us just have a quick recap of the noise in the PLL. So, I will just draw the 

small signal block diagram for the different noise sources which we have seen earlier. 

So, here you have 𝜑𝑅𝐸𝐹, then the noise gets added up for the reference and you have feedback 

at the input, then you have PFD plus charge-pump. So, I have treated PFD noise separate and 

charge-pump noise separate. You can take it together also. So, this is 𝑆𝑃𝐹𝐷 and then you have 

charge-pump whose output is current. So, the noise which is added at the output of the charge-

pump is current noise actually, so this is 𝑆𝐶𝑃. Here, 𝑆 is referring to the noise spectral density.   

Then you have the resistor with a noise source 𝑉𝑛
𝑅 and noise spectral density 𝑆𝑅. So, let me just 

write noise spectral density as 𝑆𝑅 followed by a capacitor C1 and then you have capacitor C2, 

this is R followed by VCO with gain 
𝐾𝑉𝐶𝑂

𝑠
. The noise added by the VCO is in terms of phase 

which is 𝜑𝑉𝐶𝑂 and this is 𝑉𝑐𝑡𝑟𝑙 voltage node and you feed this signal back to the frequency 

divider.   



So, you have the ÷ 𝑁 here, you add the noise, the output of the divider in terms of phase and 

this feeds back. So, this was the small signal model of the noise in the PLL and we were 

analyzing this noise with the noise transfer functions for the PLL. So, let us just bring the plot 

where we were looking at the output noise spectral density with respect to the input noise 

spectral density.   

So, this is the noise plot which we were looking at the output of the PLL. So, what we are 

plotting here is just to recall, we have, 

𝑆𝑅
𝜑𝑂𝑈𝑇 = 𝑆𝑅 × |𝑁𝑇𝐹𝑅|2 

where, 𝑁𝑇𝐹𝑅 =
𝜑𝑂𝑈𝑇

𝑉𝑛
𝑅  and this 𝑉𝑛

𝑅 is the equivalent noise voltage for the resistor. So, we are 

plotting the output noise spectral densities. The important thing which we would like to 

highlight is the following that your 𝑆𝑅𝐸𝐹
𝜑𝑂𝑈𝑇and 𝑆𝐶𝑃

𝜑𝑂𝑈𝑇  are actually low pass filtered. So, 

reference noise and charge-pump noise are low pass filtered. Why do I say low pass filtered? 

Well, you see the transfer function which we are having is flat from dc and then it drops, so 

this is low pass filtered. 

Second, you look at the VCO noise. So, the VCO noise is actually high pass filtered and if you 

look at it, it is like this and what you are seeing at the higher frequencies is because of the noise 

profile itself. So, VCO noise is high pass filtered and then you have resistance noise. The input 

noise for the resistance is actually flat and the output noise what you see is low value at lower 

frequency and low value at the higher frequency and in between it peaks. So, the resistor noise 

is a bandpass filtered.   

So, now you think about it that if I have multiple noise sources in the system and all the noise 

sources are not filtered by the same filter. It is like if all the noise sources were getting filtered 

by a low pass filter, then we can very well say that it is better to choose a lower bandwidth for 

the low pass filter to minimize the output noise.   

Similarly, if all the noise sources in the PLL block were filtered by high pass filter, then it 

would be better that we choose a larger bandwidth for the high pass filter, so that we filter out 

the output noise. Now, here there are some noise sources which are low pass filtered, some 

noise sources which are high pass filtered. So, without calculating or without finding either by 

simulation or by calculation the noise for a given bandwidth, you cannot say whether that 

particular bandwidth which you are choosing is optimizing the noise or not.   
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So, for that particular reason, what you need to do is the following. So, the noise optimization 

procedure starts like this. So, let me just write it, this is noise optimization procedure. So, to 

begin with, you choose some bandwidth, choose unity gain bandwidth which you would like 

for the PLL, 𝜔𝑢, and let us say that phase margin which you want is decided by transient settling 

so that is already a number which you have picked up. You need to find which is the optimum 

𝜔𝑢, phase margin is decided by transient settling and that is already given, you can assume 

that, either given or you have already chosen. So, phase margin is fixed during the optimization. 

So, when I pick up 𝜔𝑢, so for given 𝜔𝑢 and 𝜑𝑚, find loop components with the same procedure 

which we saw earlier that the phase plot at the unity gain frequency should be maximally flat, 

that is derivative of phase is equal to zero. So, using that, we will find the loop components.   



Now, when we find the loop components, few things we have assumed or we chose and few 

things will be given for the design. So, what will be given for the design? 𝐾𝑉𝐶𝑂 for the oscillator 

is fixed. So, this whole optimization procedure is at system level and circuit level iteratively. 

So, we design an oscillator, we find the oscillator phase noise, independent oscillator phase 

noise and the 𝐾𝑉𝐶𝑂 for the oscillator is fixed, you have to choose R in these calculations because 

we have seen that for the loop gain and the phase margin we want, you have to make a choice 

on R. Only when you choose R and 𝐾𝑉𝐶𝑂 is given, then only you will find C1, C2 and 𝐼𝐶𝑃 such 

that you get the chosen 𝜔𝑢 and phase margin for the loop components and you know that the 

resistor is a noisy block. So, once you make a choice on R and you find that the overall noise 

does not meet your requirements, then you have to go back and change for R. 

So, let us say we chose R here, we calculate C1, C2 and 𝐼𝐶𝑃. Once your C1, C2 and 𝐼𝐶𝑃 are found 

out, then what are you going to do? Calculate noise transfer functions for all the noise sources. 

And you find noise of all sources independently, there are two options either you calculate or 

you simulate. So, you can do both the things. We will see what we are going to do but 

whichever way it is, you calculate or simulate noise of all sources independently.    

So, what are we doing? When we are saying we calculate or simulate noise of all sources 

independently, we are actually calculating or we are finding 𝑆𝑅, 𝑆𝜑𝑉𝐶𝑂
, 𝑆𝑃𝐹𝐷, 𝑆𝐶𝑃, 𝑆𝐷𝑖𝑣 and so 

on. These have to be found out.   

Once you know the noise and the NTFs, you know that you can calculate the total output noise 

which is given by, 

𝑆𝑇𝑜𝑡𝑎𝑙
𝜑𝑂𝑈𝑇 = ∑ 𝑆𝑖 × |𝑁𝑇𝐹𝑖|

2 

where, 𝑖 denotes the 𝑖th source. 

So, whatever the noise components, you find this out and you then calculate the jitter which is 

given by, 

𝜎𝑡𝑜𝑡𝑎𝑙 =
𝑇

2𝜋
√

∫ 𝑆𝑡𝑜𝑡𝑎𝑙
𝜑𝑂𝑈𝑇𝑑𝑓

𝑓𝑟𝑒𝑓

2

0

 

 



where, 𝑇 is the output clock period. The integration goes from 0 to 
𝑓𝑟𝑒𝑓

2
 in our calculations 

because it is a sampled system, so most of the time our simulations are going to be valid till 

𝑓𝑟𝑒𝑓

2
 or our modeling is going to be valid till 

𝑓𝑟𝑒𝑓

2
.   

So, now you started with one particular 𝜔𝑢 and phase margin and what you got is the jitter 

value. So, you pick up that jitter and you plot it. So, I am going to plot jitter versus 𝜔𝑢. So, I 

picked up one particular frequency 𝜔𝑢 and I got a certain value of jitter, you need to repeat this 

exercise, repeat steps 2 to 5 for different 𝜔𝑢.   

Now, this depends on what 𝜔𝑢 you prefer or which is going to give you noise optimization, 

𝜔𝑢. So, you keep, normally you can vary from, this is just an example, you can vary from 
𝜔𝑟𝑒𝑓

10
 

because till that point our modeling is valid and maybe you can go upto 
𝜔𝑟𝑒𝑓

100
 or 

𝜔𝑟𝑒𝑓

1000
, that just 

depends. So, we are doing all these things at system level. So, you keep on doing this, 
𝜔𝑟𝑒𝑓

10
 to 

𝜔𝑟𝑒𝑓

100
. So, let us say, I pick up one value, this is 

𝜔𝑟𝑒𝑓

100
. 

So, when I am going to find and I am repeating this exercise, each of these unity gain 

frequencies is going to give me some amount of jitter. What you are going to find that this 

particular plot may look like this, it can be anything. So, the only thing is, it may have some 

peak point or it may not have that optimum point. So, the way I have shown you the plot, you 

see that there exists a point where the noise is optimum.   

So, in this particular case, as soon as we chose 𝐾𝑉𝐶𝑂 and the phase noise of the oscillator, the 

power consumption in the oscillator is fixed. We got a certain 𝐼𝐶𝑃, the power consumption in 

the charge-pump is also fixed and you are designing it for a PLL where your reference 

frequency and output frequencies are fixed, so the power consumption in all other blocks is 

also fixed.   

The only thing is that when we vary 𝜔𝑢, when we vary 𝜔𝑢 without making any changes to the 

reference or the output frequency, the only other block in which the power consumption will 

vary is 𝐼𝐶𝑃 varies and which in turn actually varies the power consumption in the charge-pump. 

So, only that power consumption will vary, rest all will remain same. 



So, when we do this, we find certain 𝜔𝑜𝑝𝑡. Now the question arises whether the value of the 

jitter which you have, let us say, 𝜎𝑜𝑝𝑡1, whether this 𝜎𝑜𝑝𝑡1 is lesser than your jitter requirements 

or it is larger than the jitter requirements. 

So, depending on what we have.  So, let us say, case one where 𝜎𝑜𝑝𝑡1 > 𝜎𝑑𝑒𝑠𝑖𝑟𝑒𝑑 from the PLL, 

it can happen because without calculating everything, you do not know what jitter value you 

are going to have. So, if 𝜎𝑜𝑝𝑡1 > 𝜎𝑑𝑒𝑠𝑖𝑟𝑒𝑑, then for the desired jitter value, you have to reduce 

the noise of components. 

Now, if let us say, 𝜎𝑜𝑝𝑡1 = 𝜎𝑑𝑒𝑠𝑖𝑟𝑒𝑑, then you can say equal or within the range very close that 

you can say that this is fine within the tolerable limits, you can go ahead and just confirm the 

values of C1, C2 and 𝐼𝐶𝑃 at 𝜎𝑜𝑝𝑡 and your PLL design at system level is over. You can just plug 

in the components now and your PLL should work. But in case when 𝜎𝑜𝑝𝑡1 > 𝜎𝑑𝑒𝑠𝑖𝑟𝑒𝑑, it is 

beyond the margin of error which you can tolerate for the desired output frequency, then what 

you have to do is, you have to go back and reduce the noise of the sources. If this happens, you 

have to reduce noise of the different sources.   

Now, how will you reduce the noise of different sources? That is the question. Now, this PFD, 

charge-pump, PFD is working at the fixed reference rate. One thing is the noise contribution 

by the PFD is normally very less but it works at the fixed reference rate, you will not change 

the noise by designing it again. The only way it can be that you increase the sizes of transistors, 

you consume more current there but before we take a call that which particular component or 

which particular noise is dominating, do one thing here, find noise contributions of each source 

to the output.   

For the noise contribution, I am looking for 𝜎 which particular component contributes more to 

the output. So, what we have found earlier is 𝜎𝑡𝑜𝑡𝑎𝑙 , what I am asking you to do is the following: 

you find 𝜎𝑜𝑢𝑡 due to resistor. So, if I just call this as 𝜎𝑅
𝑜𝑢𝑡, this is going to be,  

𝜎𝑅
𝑜𝑢𝑡 =

𝑇

2𝜋
√

∫ 𝑆𝑅 . |𝑁𝑇𝐹𝑅|2𝑑𝑓

𝑓𝑟𝑒𝑓

2

0

 

So, this is the jitter contribution by the resistor to the output. Similarly, I am going to find for 

all the components 𝜎𝑉𝐶𝑂
𝑜𝑢𝑡 , 𝜎𝑅

𝑜𝑢𝑡already there, 𝜎𝐶𝑃
𝑜𝑢𝑡, 𝜎𝑃𝐹𝐷

𝑜𝑢𝑡 , 𝜎𝑅𝐸𝐹
𝑜𝑢𝑡  and 𝜎𝐷𝑖𝑣

𝑜𝑢𝑡. And where I am going 



to find for what 𝜔𝑢? All these contributions I am going to find for 𝜔𝑜𝑝𝑡 because that is the 

minimum jitter which I have in the system after choosing the noise from independent sources. 

So, I need to find out which of these components actually is contributing the most.   

See, if you want to reduce the noise of any component, then you should know whether that 

noise is dominant or not. If it turns out that let us say the resistor noise is dominating because 

we chose the value of resistor randomly to begin with, just start designing, so, 1k 2k whatever 

you like, you can choose that and if it happens that the resistor noise is dominating, if you 

choose a large value of the resistor, resistor noise is going to dominate. If resistor noise 

dominates, then there is no point in addressing the noise in the VCO. So, we are going to find 

all these jitter contributions independently at 𝜔𝑢 = 𝜔𝑜𝑝𝑡1.   
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So, what we are going to do is once we find that, then we should look for these. If 

𝜎𝑅
𝑜𝑢𝑡  dominates other noise sources, then reduce R and repeat steps 2 to 5 in the above 

procedure. So, what it is going to do is if your resistor noise is dominating the output noise and 

you go ahead and you choose a different value of R, that means you are going to get different 

value of C1 and C2 and 𝐼𝐶𝑃, you again go and plot the curve, it may happen that because you 

reduced the value of the resistor, so, resistor noise reduces. 

So, maybe you get something kind of this, quite possible. What bandwidth? It again depends, 

so you get another value, which is 𝜎𝑜𝑝𝑡2, I can call this. 𝜎𝑜𝑝𝑡2 and at different frequency which 

is 𝜔𝑜𝑝𝑡2. So, the coordinates will be (𝜔𝑜𝑝𝑡2, 𝜎𝑜𝑝𝑡2). If it meets your requirement, well and good. 

It is like this, if it meets your requirement and it is below what you require, then you can think 

you can increase the resistor value and you may still be able to meet the requirements. If it is 

above, if 𝜎𝑜𝑝𝑡2 > 𝜎𝑑𝑒𝑠𝑖𝑟𝑒𝑑, then you go ahead again and reduce the value of the resistor more 

and find the output noise. So, this is with respect to the resistor. 

Now, the question you can always ask is that if the resistor noise is so important, it can dominate 

at any point of time, then why don’t I use a low value of the resistor itself so that I make it 

noiseless. There is a trade-off between the value of the resistor and the area for the capacitor 

C1. So, we have seen earlier that in the loop gain expression, 𝜔𝑧 =
1

𝑅𝐶1
 and 𝜔𝑢

2 = 𝜔𝑧 . 𝜔𝑝3. We 

calculated all these values and it turns out to be that if for the desired phase margin, you have 

a fixed 
𝐶1

𝐶2
 and you have a relationship between 𝜔𝑢 and 𝜔𝑧 in terms of 

𝐶1

𝐶2
 which is independent 

of R. 

So, as soon as we get 𝜔𝑧 and we need to find the exact value of C1, the value of R matters. So, 

here, 𝐶1 =
1

𝜔𝑧.𝑅
. So, what I am trying to tell you here is that for given 𝜔𝑢 and phase margin, 

your 𝜔𝑧 is fixed. So, if 𝜔𝑧 is fixed and you reduce the value of R, the value of C1 will go up 

and if the value of C1 goes up, then what happens is, if R reduces, C1 will increase and area 

occupied by C1 will increase which is a problem, problem in the sense how much area you are 

going to occupy on chip.   

So, well, an IC is like a real estate, you keep on increasing the area, your cost will keep on 

increasing. So, there is a limit. We cannot just always start with the lower value of resistor to 

make it noise non-dominant or it is like should be always not noticeable. Well, there is a limit 

because of the area which we can afford for C1. So, if your resistor noise dominates, you can 



keep on changing the resistor value to a lower value iteratively such that you meet your 

requirements and you do not sacrifice the area more than required for the capacitor value, 

capacitor C1. So, this is one case. 

Now, the case which we have discussed is only with respect to R. Now, if you find that let us 

say other options because you can have multiple options here. If 𝜎𝑉𝐶𝑂
𝑜𝑢𝑡  dominates, what to do? 

If 𝜎𝑉𝐶𝑂
𝑜𝑢𝑡  dominates output noise and you still do not meet the requirements. In that case, well, 

the plot which I showed you earlier in this case actually, VCO noise dominates. 

So, if VCO noise dominates, then the only option which you have is because you cannot change 

the reference frequency because that is fixed, and you cannot change the output frequency 

because the output frequency is something which you want and at 𝜔𝑜𝑝𝑡 and 𝜎𝑜𝑝𝑡, it does not 

meet your requirement, then the only way is if this happens, increase power consumption in 

VCO and reduce its output noise. That is the only way. This is, well, given that the oscillator 

which you are using is one of the best designed oscillators. It is not a lousy oscillator for which 

you still have margin for improvement of noise. 

So, to begin with, we designed an oscillator which is good and the only way to reduce the 

output noise of the oscillator what you will see is, the only way is you have to increase the 

power consumption and reduce the noise. So, you do that and you get the phase noise of the 

oscillator again, you go back again to your jitter versus 𝜎 plot, again do it, you may find that 

you meet your requirements. If you meet your requirements, well and good. If you do not meet 

your requirements, then you have to again increase the power consumption in the oscillator and 

reduce the output noise. So, that is something which we need to do when VCO noise dominates. 

Now, in this case, I will tell you one trick which is often used. So, let us say, you have a VCO 

block and it gives you some output noise, phase noise which is something which we have been 

talking about. So, if I want to reduce the VCO noise, one of the easiest ways is that you take 

two copies of such oscillator and connect them node to node. Connect them node to node means 

each component of the original design and the oscillator is doubled.   

So, if you do that, then what happens is you can think that each of these oscillators were 

oscillating independently earlier at the desired frequency and they will have the same noise. 

So, if I club them together, the oscillation frequency will not change, the power consumption 

will double and the phase noise will reduce by 3 dB. We will see the noise in the oscillator, the 



relationship between the noise in the oscillator and the power consumption later but this is in 

general true that when you double the power consumption, your phase noise improves by 3 dB.   

So, this will help in reducing VCO phase noise. So, I will do this if VCO noise dominates and 

then I can again calculate the jitter versus 𝜎 plot and if it is within the limits, good, if it is not, 

then I have to redo it. Then the next case is, let us say, if your charge-pump output noise 

dominates. What to do? If charge-pump output noise dominates, then the only option which 

you have before you is that you increase the charge-pump current, but if you increase the 

charge-pump current itself, then your unity gain bandwidth and everything will be different.   

So, in that case, what you do is if charge-pump noise dominates, then you first reduce R. This 

will increase charge-pump current, this will increase 𝐼𝐶𝑃 and if it increases 𝐼𝐶𝑃, charge-pump 

noise will reduce. So, well, as you reduce R, you have to recalculate all C1, C2 and everything. 

The charge-pump current is surely going to be larger and the charge-pump noise will be lesser. 

So, based on which noise is dominating your output noise, if you are not meeting the 

requirements, you can target that and you get the new jitter versus bandwidth plot such that 

you meet all the requirements. 

So, finally, you may have, for example, if I do all such stuff, it may turn out that I get a plot 

something like this and this is the optimum bandwidth which I can pick, whichever is the 

optimum bandwidth for the desired jitter, you go and pick that particular value and then you 

will find all components C1, C2, 𝐼𝐶𝑃, you plug in these components in your circuit design and 

hopefully the magic will happen and it will work.   

Now, the case which we have listed here is when your jitter is more than the desired. Now, case 

2 is when 𝜎𝑜𝑝𝑡1 < 𝜎𝑑𝑒𝑠𝑖𝑟𝑒𝑑. So, what would you like to do? Would you like to just say I need 

let us say 2 picosecond of RMS jitter, I am getting 500 femtosecond of RMS jitter, well, it is 

within the margin, so, I would not do anything. Well, that will not be a good option because it 

is a trade-off in the design. If your jitter is lower, then by default you can think about it that 

your power consumption in the design is larger.   

So, it is like I need 2 picoseconds, I am getting 500 femtoseconds. So, I am spending power 

for 500 femtoseconds but my requirement is not 500 femtoseconds, it is only 2 picoseconds. 

So, if I try to get 2 picoseconds of jitter, then I can reduce my power consumption. So, in that 

way, you can go ahead and find out, the way we have find out 𝜎𝑉𝐶𝑂 and all those things, you 

find here that which of these noise sources is least dominant.   



So, reference is coming from outside, you have divider, you have PFD, charge-pump and so 

on. So, once you find which is least dominant, mostly it will be either R or VCO or charge-

pump plus PFD. So, you find which one is least dominant and based on that you reduce the 

power consumption in the design.   

So, let us say, if resistor noise is least dominant, if R noise is least dominant, then in that 

particular case, what do you do is you increase R. If you increase R, what will happen is 𝐼𝐶𝑃 will 

reduce. Since 𝐼𝐶𝑃will reduce, C1 will also reduce and if by reducing 𝐼𝐶𝑃, your power 

consumption will actually reduce in the PLL and you can approach the 𝜎𝑑𝑒𝑠𝑖𝑟𝑒𝑑. You are 

actually increasing noise at the expense of lesser power consumption.   

So, for a power optimized design for the desired jitter value, you have to do this iteratively till 

the time you meet your jitter requirements with minimum amount of power consumption. So, 

when it is lesser, you do this. When it is greater, we have discussed the steps. Finally, before 

you decide on the unity gain bandwidth and the jitter, you should check with these plots such 

that you get the best possible design for the PLL.   

Now, an important part here is regarding the phase margin. I told that comes from the transient 

simulations. If you do not have any requirement from the transient simulation, it is better to 

keep the phase margin above 60° across process corners, then you will see I will start with 

phase margin of let us say 70°. 

So, if you start with phase margin of 70°, your C1 will be quite large. So, it depends on the 

application, I will just write, if there is no requirement on phase margin from the application 

side, choose phase margin typically, this is just a rule of thumb which I am applying here, phase 

margin greater than 60° and then design your PLL. 

Now, greater than 60°, you can say between 60° to 90°, there is a lot of range. Well, 60° to 90°, 

there is a lot of range but there will be some variation in phase margin across process corner. 

So, make sure that it is greater than 60° across process corner and then you will also see that 

based on the phase margin, the noise contribution also changes a bit. The ratio of 
𝐶1

𝐶2
 will vary 

based on the phase margin which will change the noise transfer functions. So, you can calculate 

that.   

So, once I know the other noise sources, I can make phase margin also as a variable if there is 

no requirements, maybe between 60° to 70°, 75° and see which is giving me a better output 



noise. So, there will always be a trade-off, if you want a larger phase margin, your capacitor 

area will be large. So, that is something which you need to always keep in mind. Thank you.  


