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F R E Q U E N C Y I N S TAB I L I T Y
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Phase noise is generally 
considered the short-term 
phase/frequency instability of an 
oscillator or other RF/microwave 
component
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I D E AL V E R S U S R E AL W O R L D  S I G N AL S

where

E(t) = Random amplitude fluctuations
𝝓𝝓(t) = Random phase fluctuations

where

Ao = Nominal amplitude
ƒo = Nominal frequency 

V(t) = Aosin(2πƒot) V(t) = [Ao+E(t)]sin[2πƒot+ 𝝓𝝓(t)]
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P O W E R  S P E C T R AL D E N S I T Y O F  N O I S E  S I D E B AN D S  

• Phase fluctuations of an oscillator produced by 
different random noise sources is phase noise 

• This is just phase modulation with noise as the 
message signal 

• We concern ourselves mostly with the frequency 
domain and in this realm, phase noise is simply the 
noise sidebands/skirt around the delta function 
representing a perfect oscillator at a fixed 
frequency that we would expect from theory 

• Because phase modulation is symmetrical around 
a center frequency, we can measure a single noise 
sideband (SSB)    f0

SSB

P0
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H O W  TO  D E F I N E  P H AS E  N O I S E  M E AS U R E M E N T S

f0 fm (offset freq.)

1 Hz BW

SSB (𝓛𝓛(𝒇𝒇))

P0

Three Elements:
• Upper sideband only, offset freq. (fm) from carrier freq. 
• Power spectral density (in 1 Hz BW) 
• Relative to carrier power in dBc

dBc/Hz @ offset freq. fm
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AM P L I T U D E ,  F R E Q U E N C Y AN D  P H AS E  M O D U L AT I O N

• Phase noise is a modulation noise, so we 
will quickly review the basics of modulation

• Amplitude Modulation (AM) varies the 
envelope amplitude of the carrier frequency 
in direct proportion to the message signal

• Phase Modulation (PM) and it’s time 
derivative Frequency Modulation (FM) vary 
the phase/frequency of the carrier in direct 
proportion to the message signal 

• On the right, we see phasor diagrams of the 
amplitude, phase and single sideband 
modulation (SSB). LSB is the lower sideband 
and USB is the upper sideband. The gray 
vector indicates the resultant of the carrier

*United States National Institute for Standards and Technology (NIST)
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B E S S E L F U N CT I O N S  O F  T H E  F I R S T  K I N D  

• Since phase noise is really phase modulation (PM) 
noise, it is prescient to review PM/FM

• In the frequency domain, PM has an infinite number of 
sidebands and thus does not look like AM 

• To determine the amplitude of these sidebands, one can 
use Bessel functions, 𝑱𝑱𝒏𝒏(at bottom right)

• On the horizontal axis, is the peak phase deviation (𝝓𝝓𝒑𝒑𝒑𝒑
also called m and Beta, 𝜷𝜷) of modulating signal and the 
vertical axis is the amplitude of the sidebands

• As an example, if we let 𝝓𝝓𝒑𝒑𝒑𝒑 = 𝒎𝒎 = 𝟑𝟑 and draw a vertical 
line (in blue), the intersection of this line with all the 
Bessel functions at that point will give us the amplitudes 
of the sidebands

• On the top screen capture, we can see these sideband 
amplitudes as viewed on a spectrum analyzer 
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• We can use the Bessel functions to go the other way: 
measure the relative amplitude (power) of a 
sideband to the  power of the carrier in the 
frequency domain and obtain rms phase 
deviation

• At small 𝝓𝝓𝒑𝒑𝒑𝒑 (narrowband PM), the first sideband 
(Bessel function J1) is almost linear with slope ½ and 
the carrier (J0) has a value of 1.0 and is constant. The 
ratio of the SSB voltage to the carrier voltage is equal 
to half the peak phase deviation:

• Converting the peak phase deviation to a power 
ratio: 

𝑽𝑽𝑺𝑺𝑺𝑺𝑺𝑺
𝑽𝑽𝒄𝒄

(
𝑽𝑽
𝑽𝑽) =

𝟏𝟏
𝟐𝟐𝝓𝝓𝒑𝒑𝒑𝒑 (𝒓𝒓𝒓𝒓𝒓𝒓)

𝑷𝑷𝑺𝑺𝑺𝑺𝑺𝑺
𝑷𝑷𝒄𝒄

(
𝑾𝑾
𝑾𝑾) =

𝑽𝑽𝑺𝑺𝑺𝑺𝑺𝑺
𝑽𝑽𝒄𝒄

𝟐𝟐

= (
𝟏𝟏
𝟐𝟐𝝓𝝓𝒑𝒑𝒑𝒑)𝟐𝟐 =

𝟏𝟏
𝟒𝟒𝝓𝝓𝒑𝒑𝒑𝒑

𝟐𝟐 (𝒓𝒓𝒓𝒓𝒅𝒅𝟐𝟐)
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𝑽𝑽𝑺𝑺𝑺𝑺𝑺𝑺
𝑽𝑽𝒄𝒄

=
𝟏𝟏
𝟐𝟐
𝝓𝝓𝒑𝒑𝒑𝒑

𝝓𝝓𝒑𝒑𝒑𝒑 =
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• If 𝒎𝒎 = 𝜷𝜷 = 𝝓𝝓𝒑𝒑𝒑𝒑≤
𝟏𝟏
𝟓𝟓
𝒓𝒓𝒓𝒓𝒓𝒓, we 

actually have narrowband PM
• If we plot the Bessel functions 

that we just saw on a log-
scale, we can more easily see 
peak phase deviations 
(𝒎𝒎 = 𝜷𝜷 = 𝝓𝝓𝒑𝒑𝒑𝒑) this small  

• If we draw a vertical blue line 
at m=0.2, we see that only the 
carrier and 1st sideband with 
have appreciable amplitude –
the other sidebands are highly 
attenuated more than -50 dB 
down from the carrier

𝝓𝝓𝒑𝒑𝒑𝒑 = 𝟎𝟎.𝟐𝟐 𝒓𝒓𝒓𝒓𝒓𝒓
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𝟐𝟐𝑷𝑷𝑺𝑺𝑺𝑺𝑺𝑺
𝑷𝑷𝒄𝒄

= 𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹 (𝒓𝒓𝒓𝒓𝒓𝒓)

• From PM theory, we know the phase of the carrier will vary with amplitude of the sideband (message) signal
• Because we use a sinusoid as the sideband message (SSB) signal we can relate peak phase to rms phase:   

𝝓𝝓𝒑𝒑𝒑𝒑 = 𝟐𝟐𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹

• Now we can see that the rms phase fluctuations
can be obtained by just measuring the ratio of the 
power of the sideband to the power of the carrier (at 
right a SA with a delta power measurement):

𝑷𝑷𝑺𝑺𝑺𝑺𝑺𝑺
𝑷𝑷𝒄𝒄

= (𝟏𝟏
𝟐𝟐
𝝓𝝓𝒑𝒑𝒑𝒑)𝟐𝟐 = 𝟏𝟏

𝟒𝟒
( 𝟐𝟐𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹)𝟐𝟐 = 𝟏𝟏

𝟐𝟐
𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹
𝟐𝟐 (𝒓𝒓𝒓𝒓𝒅𝒅𝟐𝟐)

R M S  P H AS E  F L U C T U AT I O N S  &  D E V I AT I O N

• Taking the square root and thus converting the power 
ratio to an RMS phase deviation:
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• Previously the message signal (with two sidebands) was a sinusoidal tone
• If we now replace the sinusoidal tone with a noise signal (and associated noise 

BW) we get a continuous spectrum about the carrier with a spectral density in 
units of power per unit of bandwidth (dBm/Hz) 

R M S  P H AS E  F L U C T U AT I O N S  AN D  P H AS E  N O I S E

• We can convert the rms phase fluctuations into a spectral density by dividing 
by the bandwidth of the noise sidebands:

𝑺𝑺𝝓𝝓(𝒇𝒇) = 𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹
𝟐𝟐 (

𝟏𝟏
𝑩𝑩𝑩𝑩) (

𝒓𝒓𝒓𝒓𝒓𝒓𝟐𝟐

𝑯𝑯𝑯𝑯 )

𝓛𝓛(𝒇𝒇)

• Phase modulation is a symmetric process so we only need to measure either the upper or lower sideband.  
The upper noise sideband  is called  phase noise or  𝓛𝓛(𝒇𝒇): 

𝓛𝓛(𝒇𝒇) = 𝑺𝑺𝝓𝝓 𝒇𝒇
𝟐𝟐

= 𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹
𝟐𝟐

𝟐𝟐
( 𝟏𝟏
𝑩𝑩𝑩𝑩

) (𝒓𝒓𝒓𝒓𝒓𝒓
𝟐𝟐

𝑯𝑯𝑯𝑯
)

𝑺𝑺𝝓𝝓(𝒇𝒇)
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• We can integrate single sideband phase noise 𝓛𝓛 𝒇𝒇 over the measurement bandwidth 
from 𝒇𝒇𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 to 𝒇𝒇𝒔𝒔𝒕𝒕𝒕𝒕𝒕𝒕 (this is known as the single sideband integrated phase noise):

𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹
𝟐𝟐

𝟐𝟐
= �

𝒇𝒇𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝒇𝒇𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
𝓛𝓛 𝒇𝒇 𝒅𝒅𝒅𝒅 (𝒓𝒓𝒓𝒓𝒓𝒓𝟐𝟐)

• If we multiply this result by two (or integrate both phase noise skirts), we get the RMS 
phase fluctuations (𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹

𝟐𝟐 ) back (this is also known as double sideband integrated 
phase noise):

𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹
𝟐𝟐 = 𝟐𝟐�

𝒇𝒇𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝒇𝒇𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
𝓛𝓛 𝒇𝒇 𝒅𝒅𝒅𝒅 (𝒓𝒓𝒓𝒓𝒓𝒓𝟐𝟐)

We can now use the integrated single sideband phase noise to calculate the RMS 
phase deviation:

𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹 𝒓𝒓𝒓𝒓𝒓𝒓 = 𝟐𝟐�
𝒇𝒇𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝒇𝒇𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
𝓛𝓛 𝒇𝒇 𝒅𝒅𝒅𝒅

I N T E G R AT E D  P H AS E  N O I S E

𝒇𝒇𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒇𝒇𝒔𝒔𝒔𝒔𝒐𝒐𝒐𝒐
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𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋(𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔) =
𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹

𝟐𝟐𝟐𝟐
[𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑(𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔)] =

𝝓𝝓𝑹𝑹𝑹𝑹𝑹𝑹

𝟐𝟐𝟐𝟐𝒇𝒇𝒄𝒄

P H AS E  N O I S E  &  J I T T E R

• In the time domain, rms phase deviation is called jitter
• Frequently, people concerned about jitter deal with clock 
signals, and thus are more concerned about measuring 
square wave type signals as opposed to the sinusoids 
we’ve been dealing with

• To relate rms phase deviation to jitter, we can use the 
following mathematical relation:

Percentage of total angular period 
affected by rms phase noise

Carrier signal period 
(time) –same as 𝟏𝟏/𝒇𝒇𝒄𝒄

𝑻𝑻𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑

∆𝒕𝒕 = 𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋𝒋



16

P H AS E  N O I S E  O N  A S P E C T R UM  AN ALY Z E R  

• As we saw before, single sideband phase noise 𝓛𝓛 𝒇𝒇 is a 
relative power measurement –we measure the power 
density of the noise sideband relative to the power of the 
carrier:

𝑷𝑷𝑺𝑺𝑺𝑺𝑺𝑺(𝑾𝑾/𝑯𝑯𝑯𝑯)
𝑷𝑷𝒄𝒄 (𝑾𝑾)

= 𝟏𝟏
𝟐𝟐
𝝓𝝓𝒓𝒓𝒓𝒓𝒓𝒓
𝟐𝟐 𝒓𝒓𝒓𝒓𝒅𝒅𝟐𝟐

𝑯𝑯𝑯𝑯
= 𝓛𝓛 𝒇𝒇 𝒓𝒓𝒓𝒓𝒅𝒅𝟐𝟐

𝑯𝑯𝑯𝑯

• These ratios (relative power measurements) are suited 
quite well to spectrum analyzers –which measure signals 
using a log-transformed power scale

• Context matters because 𝓛𝓛 𝒇𝒇 is used for both linear units 
and log-transformed phase noise (in dBc/Hz)

• The log scale (dB) allows us to replace the division  of the 
carrier with subtraction and gives us units of dBc/Hz

Ps (dBm)

Pn (dBm/Hz)

𝓛𝓛 𝒇𝒇 = Pnoise (dBm/Hz) - Pcarrier (dBm) = -121.28 dBc/Hz 

Pcarrier (dBm)

Pnoise (dBm/Hz)

1 kHz measurement bandwidth 
using noise density marker 
(generally normalized to 1 Hz)

𝓛𝓛 𝒇𝒇
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M AT H E M AT I C AL D E R I VAT I O N  O F  N AR R O W B AN D  P M

• Phase noise (𝓛𝓛(𝒇𝒇)) is a phase phenomenon –it is simply the phase modulation (PM) of a carrier signal with a 
noise message signal

• Deriving narrowband PM mathematically will show the extreme similarities between AM and PM

Recall: 𝒄𝒄𝒄𝒄𝒄𝒄 𝜶𝜶 + 𝜷𝜷 = 𝒄𝒄𝒄𝒄𝒄𝒄 𝜶𝜶)𝒄𝒄𝒄𝒄𝒄𝒄(𝜷𝜷 − 𝒔𝒔𝒔𝒔𝒔𝒔 𝜶𝜶)𝒔𝒔𝒔𝒔𝒔𝒔(𝜷𝜷

Small Angle Approximations: 𝝓𝝓 𝒕𝒕 < 𝟏𝟏
𝟓𝟓
𝒓𝒓𝒓𝒓𝒓𝒓 𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒔𝒔𝒔𝒔: 𝒄𝒄𝒄𝒄𝒄𝒄 𝝓𝝓 𝒕𝒕 ≈ 𝟏𝟏 𝒂𝒂𝒂𝒂𝒂𝒂 𝒔𝒔𝒔𝒔𝒔𝒔 𝝓𝝓 𝒕𝒕 ≈ 𝝓𝝓 𝒕𝒕

𝒄𝒄𝒄𝒄𝒄𝒄 𝝎𝝎𝒄𝒄𝒕𝒕 = 𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐
𝝓𝝓 𝒕𝒕 = 𝒂𝒂 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 & 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂

𝒄𝒄𝒄𝒄𝒄𝒄(𝝎𝝎𝒄𝒄𝒕𝒕 + 𝝓𝝓 𝒕𝒕 ) = 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 𝒐𝒐𝒐𝒐 𝒊𝒊𝒊𝒊

Result:

𝒄𝒄𝒄𝒄𝒄𝒄(𝝎𝝎𝒄𝒄𝒕𝒕 + 𝝓𝝓 𝒕𝒕 ) = 𝒄𝒄𝒄𝒄𝒄𝒄 𝝎𝝎𝒄𝒄𝒕𝒕 − 𝝓𝝓 𝒕𝒕 𝒔𝒔𝒔𝒔𝒔𝒔 𝝎𝝎𝒄𝒄𝒕𝒕

noise that modulates 
the phase of the carrier 
becomes an amplitude
modulation of the 
carrier!

where: 𝜶𝜶 = 𝝎𝝎𝒄𝒄𝒕𝒕 𝒂𝒂𝒂𝒂𝒂𝒂 𝜷𝜷 = 𝝓𝝓 𝒕𝒕
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AM  V S  N AR R O W B AN D  P M  O N  S P E C T R U M  AN ALY Z E R

• Now we compare double sideband (DSB) AM with the narrowband PM signal with 𝝓𝝓 𝒕𝒕 as the 
message/modulating signal:  

DSB AM:
𝟏𝟏 + 𝝓𝝓 𝒕𝒕 𝒄𝒄𝒄𝒄𝒄𝒄(𝝎𝝎𝒄𝒄𝒕𝒕) = 𝒄𝒄𝒄𝒄𝒄𝒄 𝝎𝝎𝒄𝒄𝒕𝒕 + 𝝓𝝓 𝒕𝒕 𝒄𝒄𝒄𝒄𝒄𝒄(𝝎𝝎𝒄𝒄𝒕𝒕)

Narrowband PM:
𝒄𝒄𝒄𝒄𝒄𝒄(𝝎𝝎𝒄𝒄𝒕𝒕 + 𝝓𝝓 𝒕𝒕 ) = 𝒄𝒄𝒄𝒄𝒄𝒄 𝝎𝝎𝒄𝒄𝒕𝒕 − 𝝓𝝓 𝒕𝒕 𝒔𝒔𝒔𝒔𝒔𝒔 𝝎𝝎𝒄𝒄𝒕𝒕

The difference 
between the two is 
just a phase shift!

*DSB AM signal with 0.8% modulation index, AM Rate=10 kHz *Narrowband PM signal with ∆𝝓𝝓𝒑𝒑𝒑𝒑= 𝟏𝟏
𝟓𝟓
𝒓𝒓𝒓𝒓𝒓𝒓 index, PM Rate=10 kHz

• Because a spectrum analyzer shows magnitude spectrum, AM and narrowband PM look identical –therefore 
we need to remove the AM component to accurately measure only the phase noise component of total noise
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T H E R M AL N O I S E  ( J O H N S O N - N Y Q U I S T  N O I S E )

Np = kTBk = Boltzman’s constant T = Temperature (K) B = Bandwidth (Hz)

For T = 290K:
Hz

dBm
Hz
WattsdBNp 174)(204 −=−=
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Ideal Thermal Noise Power Density @ Room Temperature (290K)

Thermal noise is “white” –the same magnitude (-174 dBm/Hz)- at all frequencies Displayed Average Noise Level (DANL) of a signal analyzer is thermal noise 
plus the signal analyzer’s own internal noise

-174 dBm/Hz
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AM  AN D  P M  C O N T R I B U T E  E Q U AL LY TO  N O I S E  P O W E R

Phas
e 0 

deg

Phase and amplitude components 
of noise vector together constitute 
two degrees of freedom

• If we look at a signal in the complex 
domain, we see that there are two 
degrees of freedom: one for phase and 
one for amplitude

• Equipartition of power tells us that both of 
these degrees of freedom will contribute 
equally to our total noise power

• This means that although total thermal 
noise is commonly known to be -174 
dBm/Hz, if we subtract out the amplitude 
noise component, the phase noise 
component of thermal noise is 3 dB lower 
at -177 dBm/Hz 
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I N P U T  S I G N AL L E V E L D I C TAT E S  D Y N AM I C  R AN G E  

Total Noise Power (kTB) = Pnoise (kTB) = -174 dBm/Hz
Phase Noise and AM noise equally contribute 
Phase Noise Power (kTB)  = -177 dBm/Hz  

Theoretical kTB limits to phase 
noise measurements for various 
input (carrier) signal levels

Pcarrier (dBm) 𝓛𝓛 𝒇𝒇 dBc/Hz

+30 -207

+20 -197

+10 -187

0 -177

-10 -167

-20 -157

𝓛𝓛 𝒇𝒇 = Pnoise (dBm/Hz) - Pcarrier (dBm) 

• As we can see above, phase noise is a 
relative measurement: a noise-to-
carrier ratio in dBc/Hz

• This means that our sensitity is actually 
dictated by the input power level of the 
carrier (or input) signal

• For example, as we can see on the right, 
with a 30 dBm input signal, we can 
actually achieve a -207 dBc/Hz 
measurement until we are constrained by 
the absolute level of the thermal phase 
noise floor dictated by kTB (-177 
dBm/Hz)
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1 / F  &  T H E R M AL N O I S E

• In addition to a thermal noise floor that has an 
approximately constant magnitude as a function 
of frequency, nearly all electronic devices exhibit 
a type of noise is inversely proportional to 
frequency (1/f)

• In oscillators, 1/f is a “modulation” noise that 
wouldn’t exist in absence of device electronics 
(unlike thermal noise)

• On a Bode plot (log scaled power and frequency 
axis), it has the easy to use property of 
decreasing by 10 dB/decade

• 1/f noise meets the thermal noise floor at the 1/f 
corner frequency, beyond which point thermal 
noise dominates (called broadband noise)

• Noise sources that are a higher order negative 
power of frequency dominate closer to the carrier
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AL L P O W E R - L AW  N O I S E  P R O C E S S ES  I N  AN  O S C I L L ATO R  

*Dr. Sam Palermo, Texas A&M

𝓛𝓛 𝒇𝒇
(𝐝𝐝𝐝𝐝)

Frequency Offset from Carrier (Hz)

Theoretical Noise Processes Real Noise Processes in VCO
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Better PN  lower skirt

Better chance to find 
Doppler reflection signals

V target FasterSlower

Highest performance radar transceiver 
designs demand the best phase noise to 

find moving targets, fast or slow
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Q P S K  E X AM P L E  

RF LO
90o

Ideal QPSK constellation Degraded phase noise 
QPSK constellation

I

Q

I

Q

I

Q
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6 4 Q AM  E X AM P L E  

I

Q

Symbols far from 
the origin on IQ 
constellation are 
spread more for 
a given amount 
of phase noise 
on the LO

I

Q
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S I G N AL S O U R C E  AS  L O C AL O S C I L L ATO R   

N5173B - EXGE8257D - PSG

N5183B - MXG

*All sources have the best phase noise option (UNY) (applies to PSG & MXG)
**Scale is 15 dB / div

• 3 Keysight signal generators’ phase 
noise performance is shown at right

• Phase noise comparison done at a 
center frequency of 10 GHz

• We will see that using these signal 
generators (sources) as LOs for a 
larger system has a definite impact on 
EVM performance



29

S I G N AL S O U R C E  AS  L O C AL O S C I L L ATO R   

N5173B - EXGE8257D - PSG

N5183B - MXG

N5173B EXGE8257D PSG

N5183B MXG

This area is important for wideband single carrier

• For multicarrier modulation systems 
(OFDM), close-in phase noise 
matters most 

• Close-in and far-out phase noise 
performance is one of the main 
performance metrics that 
differentiates high-end signal 
generators from lower end signal 
generators

• The far out phase noise of a device is 
also known as broadband noise 

• For extremely wideband single carrier 
modulation (e.g. 1 GHz BW for 
satellite applications) this far out 
phase noise performance can affect 
the EVM of the signal generator 

*All sources have the best phase noise option (UNY) (applies to PSG & MXG)
**Scale is 15 dB / div
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S I G N AL S O U R C E  AS  L O C AL O S C I L L ATO R   

PSG is LO MXG is LO EXG is LO

EVM = ~1.8% EVM = ~2.1% EVM = ~2.1%

Baseband
M8190A

x6

Up converter

WARNING: Exit 89600 VSA Software 
before changing instrument setup

IF
E8267D PSG

Scope
Infiniium

LO
PSG/MXG/EXG

5 GHz 60 GHz

10 GHz

Test configuration

Test Signal
QPSK
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O F D M  E X AM P L E  

Frequency

Power

Frequency

Power

OFDM sub-
carriers

Local oscillator 
with phase noise

Phase noise

Frequency

Power

Down-converted 
OFDM sub-carriers 

with LO phase noise 
added

• LTE uses OFDM with many 
subcarriers –each spaced at 15 kHz

• Lower (better) phase noise of the LO 
in a receiver or transmitter improves 
each sub-carrier’s resolution and 
thus EVM performance

• Unlike our previous use case with 
wideband single carrier modulation, 
OFDM requires extremely good 
close-in phase noise performance
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• Increased sensitivity is obtained by nulling the carrier 
and then measuring the phase noise of the resulting 
baseband signal

• Both the frequency discriminator and the 
PLL/Reference Source methods discussed next use 
carrier removal with phase detectors

• By sampling the carrier, the direct spectrum method 
(as employed in signal analyzers and some phase 
noise systems) is able to immediately get amplitude 
and phase information

• This method is far less sensitive (lower 
performance) than the carrier removal method 

Direct Spectrum Method Carrier Removal
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• Both the frequency discriminator and 
reference source/PLL method use a 
phase detector as the heart of the 
measurement system

• A phase detector takes two input signals 
and compares their phase

• The output of the phase detector is just a 
voltage that is proportional to the phase 
difference of the two signals (delta phase) 

• The constant of proportionality, called K is 
in units of volts per radian (V/rad) and 
must be measured

∆𝝓𝝓 𝒕𝒕𝒕𝒕 𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽
𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 ("𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫)
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• Double balanced mixers produce 
sinusoids at the sum and 
difference frequencies of two 
input signals 𝑥𝑥 𝑡𝑡 and y 𝑡𝑡

• If both signals are at the same 
frequency, we get 0 Hz (DC) and 
a high frequency term that goes 
away via low pass filtering (LPF)

• After the LPF, we get only a DC 
term that varies in amplitude as a 
cosine function of the delta phase 
of the two signals –this is a delta 
phase to voltage converter or 
phase detector

𝑥𝑥 𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴[𝜔𝜔0𝑡𝑡 + 𝝓𝝓𝑥𝑥 𝑡𝑡 ]

𝑦𝑦 𝑡𝑡 = 𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠[𝜔𝜔0𝑡𝑡 + 𝝓𝝓𝑦𝑦 𝑡𝑡 ]

1
2
𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵[𝝓𝝓𝑥𝑥 𝑡𝑡 − 𝝓𝝓𝑦𝑦 𝑡𝑡 ] −

1
2
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴[2𝜔𝜔0 + 𝝓𝝓𝑥𝑥 𝑡𝑡 + 𝝓𝝓𝑦𝑦 𝑡𝑡 ]×

LPFProduct to Sum Identity:

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 ∝
1
2
𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵[𝝓𝝓𝑥𝑥 𝑡𝑡 − 𝝓𝝓𝑦𝑦 𝑡𝑡 ]

∆𝝓𝝓 𝒕𝒕𝒕𝒕 𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽
𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 ("𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫)

∆𝝓𝝓

T H E  M AT H E M AT I C S  
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• The phase detector’s cosine output voltage 
(cos ∆𝝓𝝓 ) is non-linear and we would like to 
linearize it so that we can get a linearly 
proportional relationship between delta phase 
and output voltage

• We notice that if both input signals to the phase 
detector are 90 degrees offset, the output 
voltage is 0V 

• As we increase or decrease the delta phase 
about 90 degrees (quadrature point), the output 
voltage is approximately linear 

• We have now created a phase detector! After 
characterizing the proportionality constant, K, we 
now get a an output voltage that linearly varies 
with the delta phase 

𝟗𝟗𝟗𝟗°180°

Slope here is K 

Phase Detector Output Voltage vs. Delta Phase

𝑷𝑷𝒊𝒊𝒆𝒆𝒄𝒄𝒆𝒆𝒘𝒘𝒊𝒊𝒔𝒔𝒆𝒆 𝑳𝑳𝒊𝒊𝒏𝒏𝒆𝒆𝒂𝒂𝒓𝒓 𝑹𝑹𝒆𝒆𝒈𝒈𝒊𝒊𝒐𝒐𝒏𝒏 𝒂𝒂𝒃𝒃𝒐𝒐𝒖𝒖𝒕𝒕 𝒒𝒒𝒖𝒖𝒂𝒂
𝒅𝒅𝒓𝒓𝒂𝒂𝒕𝒕𝒖𝒖𝒓𝒓𝒆𝒆 (𝟗𝟗𝟎𝟎°)
where 𝑽𝑽=𝑲𝑲∆𝝓𝝓

I M P O R TAN C E  O F  Q U AD R AT U R E
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• An absolute phase noise measurement 
means that we are measuring the DUT 
(oscillator usually) phase noise 
performance directly –inclusive of the 
reference source used 

• This is a 1-port measurement 
• The Reference Source/PLL method is a 

phase detector technique tha uses a 
Phase Locked Loop System (PLL) to set 
and keep both our DUT and reference 
sources in phase lock at 90 degrees offset 
(quadrature) so that we keep the phase 
detector in the linear region

• We are limited by the noise floor of the 
phase detector itself if we have a perfect 
reference 
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• This method is an absolute (1-port) 
measurement that also uses a phase 
detector 

• Signal from the DUT is split into two 
paths

• The signal in one path is delayed 
relative to the other path

• The delay line converts frequency 
fluctuations into phase fluctuations

• The delay line or phase shifter is 
adjusted to put the inputs to the mixer 
in quadrature

• The phase detector converts phase 
fluctuations into voltage fluctuations 
which are analyzed on the baseband 
analyzer
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• With two phase detectors 
and two references (2 
channels), we can further 
improve our phase noise 
floor 

• There are now 2 channels 
that are uncorrelated, so we 
can remove the noise added 
by the references given 
enough time (we’ll quantify 
this next)

• The DUT signal is common 
to both channels and is thus 
perfectly correlated and kept 
as our measurement result
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T I M E  V E R S U S P ER F O R M AN C E  I M P R O V E M E N T

MNNNN TUSmeas /)( 21... ++=

M (number of correlation) 10 100 1,000 10,000

Noise reduction on (N1+N2) -5dB -10dB -15dB -20dB

Signal-source 
Under Test

DSP
Cross-correlation
(Correlation#=M) 

Splitter

Measured noise : Nmeas

CH1

CH2

internal system noise N1 

internal system noise N2 

Source 
noise :
NS.U.T.

Assuming N1 and N2 are uncorrelated.
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R E S I D U AL M E AS U R E M E N T S  U S I N G  A P H AS E  D E T E C TO R  

• Can think of it as a completely 
different class of measurement from 
absolute phase noise measurements 

• Is the “additive” or residual noise added 
to an electronic signal and so is often 
performed on a two port device like an 
amplifier

• Reference source doesn’t make a 
difference to residual measurements 
because it is perfectly correlated at 
both ports of the phase detector and 
will cancel –leaving only the additional 
phase noise added to the signal by the 
DUT
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P H AS E  N O I S E  AP P O N  X - S E R I E S  AN ALY Z E R S

Pros:
• Easy to configure and use 
• Quick phase noise check
• Log plot 
• Spot frequency (PN change vs. time)
• rms PN, rms jitter, residual FM 
• X-Series phase noise application automates PN 

measurements    

Cons:
• Uses less sensitive direct spectrum method
• Limited by SA internal PN floor
• Caution: On vintage spectrum analyzers, AM noise 

cannot be separated from PM noise. In today’s 
modern signal analyzers, the AM component is 
removed

N9068C X-Series Phase Noise Application

DUT
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C R O S S  C O R R E L AT I O N  S Y S T E M  W /  B U I LT  I N  R E F E R E N C ES

• The Keysight E5052B incorporates
• A two-channel cross-correlation measurement system to 

reduce measurement noise
• Can be configured as:

• Two-channel normal phase noise (phase detector) PLL system
• Two-channel heterodyne digital discriminator system 

• Provides excellent phase noise measurement 
performance for many classes of sources and oscillators

• Well suited for free running oscillators
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G O L D  S TAN D AR D  P H AS E  D E T E C TO R  B AS E D  S Y S T E M

• The E5500 system can be configured as:
• A reference source/PLL system
• A frequency discriminator system
• For absolute and residual phase noise 
measurements

• For pulsed phase noise measurements
• System is complex, but allows the most 
measurement flexibility and best overall 
system performance

• Can use any reference sources for the best 
possible absolute phase noise 
measurements
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• With the increased data requirements of today’s digital radios in Satellite and 5G as well as 
increased sensitivity requirements of modern radar systems, phase noise has taken on added 
importance to RF/microwave and systems engineers 

• Understanding phase noise and its sources can be complicated and is a full-time profession for 
some engineers

• Determining the best method of phase noise measurement can be bewildering, but all common 
test solutions are well documented and Keysight applications experts are available to assist and 
answer your questions

• In general, one solution does not fit all applications or all users

• Keysight provides a great breadth of phase noise measurement equipment that is tailored to 
today’s demanding measurement requirements
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Thank you!
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