
Noise and linearity analysis  
and modeling 

Chapter 9 



To develop good analog circuit design techniques, a basic understanding of noise is 
required.  Noise is especially important in OpAmps, filters and converters.  
 
In this Chapter, we focus one inherent noise  as opposed to interference noise.  The 
later is a result of unwanted interaction between the circuit and the outside world or 
different parts of the circuit. Interference noise may or may appear as random signals, 
such as power supply noise or coupling noise between wires, but usually they can be 
significantly reduced by careful wiring and layout.  
 
In contrast, inherent noise refers to random noise signals that can be reduced but never 
eliminated since this noise is due to fundamental properties of the circuits.  It is only 
moderately affect by circuit wiring and layout. However, inherent noise can significantly 
reduced through proper circuit design, such as sizes, power, circuit topology etc.  
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9.1 Time-domain analysis 
Since inherent noise is random in nature, we can use statistics to deal with random 
signals.  
 
Throughout this Chapter, we will assume that all noise signals have a mean value of 0, 
which is valid in most physical systems.  



9.1.1 RMS value 



9.1.2 SNR 



9.1.3 Units of dBm 
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9.1.4 Noise summation 
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9.1.4 Noise summation 





9.2 Frequency domain analysis 
As with deterministic signals, frequency-domain techniques are useful for dealing with 
random signals such as noise.  
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9.2.1 Noise spectral density 
Although periodic signals (such as a sinusoid) have power at distinct frequency locations, 
random signals have their power spread out over the frequency spectrum.  A noise spectral 
plot is useful to understand the power distribution of the noise signal.  
 
In the plot (a) below, the vertical axis is a measure of the normalized noise power (mean 
squared value) over a 1-Hz bandwidth at each frequency point.  For example, the 
measurement at 100Hz indicates the normalized power between 99.5Hz and 100.5Hz is  
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9.2.1 Noise spectral density 



9.2.1 Noise spectral density 
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9.2.2 White noise 

It appears that white noise has infinite power, but this is not happening in practice as a 
finite capacitance is always present to band-limit the noise.  
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9.2.3 1/f or flicker noise 
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9.2.4 Filtered noise 
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Transfer function shapes 
the root spectral density 

When multiple uncorrelated noise are filtered and summed together: 
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9.2.5 Noise bandwidth 



9.3 Noise models for circuit elements 



9.3.1 Resistors 



9.3.2 Diodes 



9.3.3 Bipolar transistors 



9.3.4 MOSFE transistors 

1/f noise constant K is smaller for pMOS than nMOS since holes are less likely to be trapped 
than electrons. So, pMOS input differential pair is desired if 1/f noise to be reduced.  



9.3.4 MOSFE transistors 
Noise analysis of MOS transistors may be simplified by transforming the current noise to an 
equivalent gate voltage noise, that is 
 
In this way, there is only one voltage noise source at the gate. However, note that this 
assumes the gate current equal to 0, which is valid at low and moderate frequencies. (At 
high frequencies, an noticeable amount of current may flow on Cgs).  
 
  



9.3.5 OpAmps 
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9.3 Noise models for circuit elements 



9.3.6 Capacitors and inductors 
Capacitors/inductors do not generate any noise, but they do accummulate noise 
generated by other noise sources.  
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So the rms noise voltage across a capacitor is independent of the resistor R, but only C.  
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9.3.7 Sampled signal noise 
For a sample and hold circuit, when the clock goes low, the transistor turns off and in 
ideal case the input voltage signal at that instance would be held on capacitance C.  
 
However, when thermal noise is present, the resistance when the transistor is switched 
on causes voltage noise on the capacitor with an rms value of                 
 
So when the switch is turned off, the noise as well as the desired signal is held on the 
capacitor, so called the sample noise.  
 
The sampled noise voltage does not depend on the sampling rate and is independent 
from sample to sample.  



9.3.8 Input referred noise 
In general, the noise voltage at a particular node will be a superposition of multiple 
filtered un-correlated noise sources. In order to quantify the impact of all these noise 
sources on SNR, it is useful to know the total input-referred noise of the circuit.  
 
The input-referred noise of a circuit, if applied to the input of a noiseless copy of the 
circuit, results in the exact same output noise as when all of the circuit’s noise sources 
were present.  
 
It can be found by dividing the observed output noise by the Mid-band gain of the circuit 
using simulation or analysis as shown in the figure:  
 
 
 
 
In the general, the output noise Von(rms) depends on the source and load impedance Zs and 
ZL as well, so they should be taken into account.  

For voltage amplifier 

For trans-impedance amplifier 
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Example 9.9 (page 385) 

So, larger gain in the first 
stage renders the later 
stage noise negligible.  
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9.3.8 Input referred noise: general case 



Chapter 9 Figure 18 

9.4 Noise analysis example 
Current noise sources are used for R1 and Rf, whereas a voltage noise source is used for 
R2. This way simplifies the analysis.  
 
Assuming all noise sources are un-correlated, find the output voltage noise,  
                                                    These current sources add together and go through the 
parallel of Rf and Cf.  
 
 
Using superposition principle, the output oise due to three noise sources at the positive 
OpAmp terminal (converting In+ to a voltage source by multiplying R2).  

If output voltage 1V and 
rms noise of 77uV 
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9.4 Noise analysis example (MOS diff. pair) 
As seen before, if the input stage has a good gain, then its noise will dominate the overall 
noise of a two-stage OpAmp.  
 
Each transistor has been modeled using an equivalent voltage noise source. We need to 
find the gain from each noise source to the output node.  
 
 
 
Vn3 and Vn4 generates noise current that goes to the output, so 
 
Finally, the noise gain from Vn5 to output can be found by  

Neglecting Vn5 (gain is small), output noise is 
 
Input-referred noise is   
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9.4 Noise analysis example (MOS diff. pair) 

So, gm1 should be made large to minimize thermal noise and gm3 small. For fixed DC 
current ID5, this means small Veff1 and large Veff3. 

1. When L1=L3, , nMOS loads dominate the 
noise as               and 

2. Taking L3 longer helps.  
3. Noise independent of W3 (but thermal 

noise is increased). 
4. Taking W1 wider helps both 1/f and thermal 

noise. 
5. Taking L1 longer increase the noise of from 

the second term which may be dominant.   



9.5 Dynamic range performance 
Whereas noise limits the value of the smallest useful signals, linearity limits the value of 
the largest useful signals that can be processed by a circuit. 
 
Thus, noise and linearity together determine the useful dynamic range of the circuit.  
 
Harmonic distortion and total harmonic distortion are useful measurements of the 
linearity of a circuit.  



9.5.1 Total harmonic distortion 
If a sinusoidal signal is applied to a nonlinear system, the output signal will have frequency 
components at harmonics of the same input.  



9.5.1 Total harmonic distortion 

Note that THD is always a function of the input signal amplitude, so a THD with the 
corresponding input amplitude needs to be reported. Second, in most cases only up to 5th 
harmonics needs to be considered.  
 
The THD of a circuit deteriorates as the input signal amplitude is increased, as clearly 
shown from equation 9.130. 
 



9.5.1 Total harmonic distortion 
One difficulty with THD in reporting circuit performance is that often harmonic 
components falls outside the circuit usable bandwidth, thus the THD value is falsely 
improved.  
 
For example, the harmonics of a 20MHz signal is already outside the passband of a 21MHz 
lowpass filter. In this case, the THD value will indicate much better linearity than would 
occur for a practical application.  
 
Therefore, a THD measurement is straight-forward to perform, but does not work well in 
the important test of high-frequency signals near the upper passband limit of the circuit 
(at upper passband limit, the circuit linearity is usually worst).  
 
One way to solve this is to use inter-modulation test. 



9.5.2 Third order intercept point (IIP3) 
We can use an intermodulation test to move the distortion term back near the frequency 
of the input signals.  
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9.5.2 Third order intercept point (IIP3) 
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9.5.3 Spurious free dynamic range 
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9.5.4 Signal-to-Noise Ratio 
The SNDR is defined as the ratio of the signal power to the total power in all noise and 
distortion components.  
 
Unlike SFDR, SNDR is a function of the signal amplitude. For small amplitude, noise 
dominates over harmonics power, therefore we see an increasing SNDR typically.  For large 
amplitude, harmonics power kick in and dominates over noise power. So a maximum SNDR 
is achieved at a certain input amplitude. As harmonics power increases faster than si9gnal 
power, SNDR will decrease eventually with larger inputs.  

For small signals  

For large signals  


