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Noise in RF Design
What is Noise?
Noise is a random process. Since the instantaneous noise amplitude is

not known, we resort to “statistical” models, i.e., some properties that
can be predicted.
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Statistical Characterization

¢ Frequency-Domain Behavior

For random signals, the concept of Fourier transform cannot be directly
applied. But we still know that men carry less high-frequency
components in their voice than women do.
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We define the “power spectral density” (PSD) (also called the
“spectrum”) as:

Band-Pass
Filter
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The PSD thus indicates how
much power the signal carries
in a small bandwidth around
each frequency.

Example: Thermal Noise Voltage of a
Resistor
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3
A flat spectrum is called “white.”
¢ Is the total noise power infinite?
o What is the total noise power in 1 Hz?
o What is the unit of S(f)?
Important Theorem
s, (f) Mk s, (f)
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For mathematical convenience, we may “fold” the spectrum as shown

here:
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Example
Calculate the total rms noise at the output of this circuit.
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e The PDF and PSD generally bear no relationship:
Thermal Noise: Gaussian, white
“Flicker” Noise: Gaussian, not white
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Correlated and Uncorrelated Sources

Can we use superposition for noise components?
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Types of Noise
1. Thermal Noise

Random movement of charge carriers in a resistor causes fluctuations
in the current. The PDF is Gaussian because there are so many carriers.
The PSD is given by:
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Noiseless
Resistor f

Note that the polarity of the voltage source is arbitrary.

o Example: A 50-Q resistor at room temperature exhibits an RMS noise
voltage of

If this resistor is used in a system with 1-MHz bandwidth, then it
contributes a total rms voltage of .

The ohmic resistances in transistors 1
contribute thermal noise: _II: >
In=4KTVg,,
Example:
Voo
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The ohmic sections also contribute thermal nR1 R,
noise: ° _O+ W—1
Rs
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In a well-designed layout, only the channel thermal (and flicker) noise
may be dominant:
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2. Shot Noise

If carriers cross a potential barrier, then the overall current actually
consists of a large number of random current pulses. . The random
component of the current is called “shot noise” and given by:

Note that shot noise does not depend on the temperature.
Shot noise occurs in pn-junction diodes, bipolar transistors, and
MOSFETSs operating in subthreshold region.

3. Flicker (1/f) Noise

Polysilicon
S0,
In MOSFETSs, the extra Dangling :
energy states at the Bonds —™ i/
interface between silicon Silicon
and oxide trap and release Crystal

carriers randomly and at
different rates. The noise in
spectrum referred to the gate is given by:

Where k is a constant and its value heavily 20l0g V2
depends on how “clean” the process is. We often
characterize the seriousness of 1/f noise by

considering the 1/f “corner” frequency.
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Representation of Noise in Circuits

Ve
V,
o— n l—o
— l+ -
Vin | v2 * -3 Vout
n3h Inz
o— ——o

¢ Input-Referred Noise

Input-referred noise is the noise voltage or current that, when applied to
the input of the noiseless circuit, generates the same output noise as the
actual circuit does.

In general, we need both a voltage V,fin
source and a current source at the s B g e roTT—
input to model the circuit noise: *sz_

n,in

Circuit

If the source impedance is high with respect to the input impedance of
the circuit, then both must be considered.

- How do we calculate the input-referred noise?
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Important Note: These two components may be correlated in many

cases.
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¢ Noise Figure

At high frequencies, it becomes difficult to measure the input-referred
noise voltage and current and their correlation. We therefore seek a
single metric that represents the noise behavior:

Noise Fi SNR;,
olse rigure =
© TN T SN R
Rs
Vin i R, Vout
- -
Notes:

- NF measures how much the SNR degrades as the signal passes thru
the system.

- If the input has no noise, NF is meaningless.
Calculation of NF:
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Typical LNAs achieve a noise figure of about 2dB.
o NF of Cascaded Stages
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The total voltage gain is equal to:

Thus,

T Rs + (Lulls + Vi P (Loltown + Vio)? 1 l
AT | Az, T 23T Rs
Rs + Ri

Not much intuition here. In traditional microwave design, all interfaces
are matched to 50 ohms, and
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More generally, the NF can be expressed in terms of the “available
power gain,” Ap, defined as the available power at the output divided by
the available source power:
i 22 NI —1 _ NF, —1
Nb=1+(NF = )+ —— e ————
-'1}\1 .'ip| e ‘-'i}:{r}l—l]

This is called Friis’ Equation. Note that each NF must be calculated with
respect to the output impedance of the preceding stage.

But how do we do this for this cascade:
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If the available power loss L is defined as the available source power
divided by the available output power, then NF =L.

Rg
For a cascade:
Vin 3 Filter LNA
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Sensitivity and Dynamic Range

- Sensitivity is defined as the minimum signal level that can be detected
with “acceptable” quality. With digital modulation schemes, the quality
is measured by the “bit error rate” (BER).

NF = SN L, Psw = Prs- NF - SNR,u
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P,w',g/PRS Ps@'g,tm.‘ = Pps- NI SJVRout - B
SN Rt

The available noise power for a resistor is given by:

Thus,
Cininin = —174dBm + NI+ 10log B+ SN R,

Note that the sensitivity is a function of bandwidth and hence the bit
rate. For example,
GSM:
11a:

- Spurious-free dynamic range (SFDR) in RF design is defined as the
maximum level in a two-tone test that produces an IM3 product equal to
the noise floor divided by the sensitivity.
Since P P Pin — Pra,in
2
3B — Prain
5 "

we have

For example, NF =9 dB, IP3=-15 dBm, B= 200 kHz, SNRnin=12 dB
- SFDR=53 dB.
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