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A
te measurement of phase noise is one 

the most difficult measurements in all 
electrical engineering. The biggest 

challenge is the huge dynamic range 
required in most phase noise measure

ments. There are several methods to measure phase 
noise, and the right one must be chosen to make the 

necessary measurements. To make a proper selection 
from the various methods, it is necessary to know and 
appreciate the weaknesses and strengths of each of the 
different techniques because none of these methods is 
perfect for every situation [1]-[44]. This article focuses 
on key phase noise measurement techniques for oscil
lators and reviews their advantages and disadvantages. 

OSHUTTERSTOCK.COWOISCPICTURE 

Ulrich L. Rohde (ulr@synergymwave.com) is with Synergy Microwave Corporation, New Jersey, USA, Technical University Munich (TUM), 
Germany, and Cottbus University BTU, Germany. Ajay K.Poddar(akpoddar@synergymwave.com) is with Synergy Microwave Corporation, New 

Jersey, USA and Technical University Munich (TUM), Germany. Anisha M. Apte (anisha_apte@ieee.org) is with Cot/bus University BTU, Germany. 

September/October 2013 

Digital Object Identifier 10.1109/MMM.2013.2269860 
Dateofpub/ia,tion: 6 September 2013 

1527-3342/13/$31.00©20131EEE IEEE mrrowave magazine 73 



In general, measuring phase noise is more difficult 
than measuring amplitude or frequency related prop
erties. Different signal sources, whether it is an oscilla
tor alone or within a synthesizer, have widely varying 
phase noise performances. Higher noise sources do not 
work well with phase noise measurement equipment 
optimized to measure very low noise levels. An ability 
to measure the phase noise performance of ultra-low 
phase noise oscillators drives the specifications of the 
best performing phase noise analyzers. 

Phase noise is usually expressed in units of dBc/Hz 
at some specific offset frequency f, from the carrier, the 
value of the noise level relative to the carrier level calcu
lated in 1 Hz bandwidth. Most often only single sideband 
(SSB) noise is considered. Some measurement set-ups 
measure both noise sidebands and a conversion factor is 
required to report SSB noise. 

The pioneer in phase noise measurement unques
tionably was Hewlett Packard [1]. 

Once adequate for advanced designs, a noise floor 
dictated by SSB thermal noise Gohnson noise at kT) of 
-174 dBm/Hz for zero dBm output power is not enough 
anymore for some special requirements and also mar
keting of these reference frequency sources. The noise 
correlation technique allows us to look below kT level 
(< -174 dBm/Hz). But the usefulness of the noise con
tribution below kT is debatable in the perspective of 
overall system performance. To achieve a very low 
measurement noise floor, many modern phase noise 
measurement instruments use the correlation prin
ciple, with all its pros and cons as it is described in 
subsequent sections [41]-[43]. 

Phase Noise Measurement Techniques 
The usual goal for measuring phase noise in an R&D • 
environment is to achieve the lowest measurement noise 
floor possible. As we shall see, this is not necessarily the 
best choice, depending on the signal source being mea
sured. In a production environment, the objective is fast 
throughput for product phase noise performance test
ing. Again, this is best achieved by using a method that 
is appropriate for the source being measured. 

There are some very capable general purpose 
phase noise measurement instruments available on 
the market, including the Agilent E5052B, Rhode & 
Schwarz FSU 26, Holzworth, Noise XT, and Anapico 
APPH6000-IS. With the growing demand for improved 
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Figu The direct spectrum measurement technique. 
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dynamic range and lower noise floor, equipment com
panies are introducing general purpose phase noise 
analysis software-driven tools for extracting far out 
(offset frequency > 1 .MHz) noise below the k1' floor 
even though claims of -195 dBc/Hz or lower lack the 
practical utility. 

Modern phase noise test equipment addresses these 
issues, but one must understand the limitations of mea
surement techniques so that a suitable method can be 
chosen. The direct spectrum method, phase lock loop 
(PLL) method, delay-line discriminator method, and 
cross-correlation method are frequently used to measure 
the oscillator phase noise. The first one is the simplest 
and has the biggest limitation. The last one requires the 
most complex measurement system but it is a versatile 
one that can measure oscillator phase noise performance 
better than that of its reference oscillator. 

Here we present the following primary phase noise 
measurement techniques, listed in the order of increas
ing precision: 

• direct spectrum technique 
• frequency discriminator method 

• heterodyne (digital) discriminator method 
• phase detector (PD) techniques 

• (reference source/PLL method) 
• residual method 
• two-channel cross-correlation technique. 

Direct Spectrum Technique 
This is the simplest technique for making phase noise 
measurements. Using this technique, measurements 
are valid as long as the analyzer's phase noise is sig
nificantly lower than that of the measured device. 
Figure 1 shows the basic block diagram of a direct 
spectrum measurement technique. As shown in Fig
ure 1, the signal from the device under test (DUT) is 
input into a spectrum/signal analyzer tuned to the 
OUT frequency, directly measuring the power spectral 
density of the oscillator in terms of £ (fm). Because the 
spectral density is measured with the carrier present, 
this method is limited by the spectrum/signal ana
lyzer's dynamic range. Though this method may not 
be useful for measuring very close-in phase noise to 
a drifting carrier, it is convenient for qualitative quick 
evaluation of sources with relatively high noise. For 
practical application, the measurement is valid if the 
following conditions are met: 

• The spectrum/signal analyzer's internal SSB 
phase noise at the offset of interest must be lower 
than the noise of the DUT. It is therefore essential 
to know the internal phase noise o1 the analyzer 
you are using. 

• Because the spectrum/signal analyzer measures 
total noise power without differentiating ampli
tude noise from phase noise, the amplitude noise of 
the PUT must be significantly below its phase noise 
(typically 10 dB will suffice). This can be assured 
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figure The basic block diagram of frequency discriminator method (courtesy: Agilent Company). 

by first passing the OUT signal through a limiter. 
The presence of amplitude noise is suggested if the 
sidebands of the signal are not symmetrical. 

It is very important to adjust the noise measurement 
from the spectrum analyzer. All spectrum analyzers 
pass signals through a logarithmic amplifier (logamp) 
before detection and averaging. This distorts the noise 
waveform, essentially clipping it somewhat from the 
logarithmic transfer function. A 2.5 dB error on the low 
side results from this average-of-log process. See Agi
lent application note AN1303, "Spectrum and Signal 
Analyzer Measurements and Noise" [I] for more details. 

Advantages 
• Simple, frequency based measurement 
• Fast measurement, for relatively noisy sources 
• Relatively low cost. 
Suitable for measurements of oscillators that drift 

slightly (less than the resolution filter bandwidth) dur
ing measurement. 

Drawbacks 
• Not suitable for measuring oscillators with ultra 

low phase noise performance, because the noise 
floor of the instrument is comparatively high. 

• Not suitable for measuring the phase noise 
within 1 kHz carrier frequency, mostly because 
spectrum analyzers have their own noise prop
erties that can degrade the measurement results. 

• Limited measurement dynamic range. 
One of the major drawbacks of the direct spectrum 

technique is its dynamic range limitation due to the 
presence of the carrier power. All of the following 
measurement techniques eliminate this limitation by 
separating the sideband noise from the carrier power, 
using a variety of techniques. 

Frequency Discriminator Method 
In -the frequency discriminator method, the frequency 
fluctuations of the source are translated to low fre
quency voltage fluctuations that can then be measured 
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by a baseband analyzer. There are several common 
implementations of frequency discriminators including 
cavity resonators, RF bridges, and a delay line. 

Delay-Line Frequency Discriminator 
The delay-line measurement system is often chosen for 
the flexibility in measuring a free-running oscillator 
between 1 GHz and 10 GHz. The delay-line technique 
has sufficient sensitivity to measure most microwave 
oscillators with loaded Q-factors of several hundred 
and does not require a second reference oscillator. 

The expression of delay in a transmission line can 
be calculated as [31]-[32] 

£ - /i /cable delay - E,-C-, (1) 

where e, is the relative dielectric constant in a coaxial 
cable. 

The primary advantage of this method is that it can 
be used to measure noisy sources, but on the other 
hand, it does not work With low noise sources because 
the noise performance of this method is the limiting 
factor [31]. Delay-line discriminators are limited by the 
loss of the delay-line due to the power requirements for 
the mixer. Using lower power than required will lead 
to degraded performance of the system. The noise floor 
depends on the length of the cable (delay); the longer 
the delay, the lower the noise floor, but it will also mean 
higher losses and lower offset frequency. The highest 
usable offset frequency depends mostly on the length 
of the delay. There is a response null at f = 1/ tdelay off
set frequency, and the recommendation is to use offset 
frequencies up to f = 1/(4fdei.y). With a 500 ns delay, 
the usable offset frequency range is from O to 500 kHz. 

As shown in Figure 2, the signal power from the 
OUT is split into two channels. The signal in one path 
is delayed relative to the signal in the other path. The 
delay line converts the frequency fluctuation to phase 
fluctuation. The mixer requires phase quadrature at its 
two inputs at the carrier frequency, which is achieved 
by either adjusting the delay line (not likely) or using 
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~igure 3 The ideal PD sensitivity in terms of RF power 
(assuming LO power is great than RF) and PD constant 
K~. The noise floor sensitivity is 1:1 to mixer power 
input [31]. 

a small phase shifter in the through-path. As shown in 
Figure 2, the mixer (acting as PD) converts the phase dif
ference between the delayed and undelayed paths into 
a de voltage related by the phase discriminator constant 
K~. The output of this frequency discriminator is then 
read on the baseband spectrum analyzer as frequency 
noise. This frequency noise is converted to phase noise 
using the well-known relationship between FM and 
PM, and reported as phase noise measurement. 

The frequency fluctuations of the oscillator in terms 
of offset frequency j, .. are related to the PD constant 
Ke and the delay 'rd by [31]: 

Since frequency is the time rate change of phase we 
have: 

S (f, ) 
- St,J(f,,,) 

1111- fi. 
Jm 

flf(/m) 
ft, 

(3) 

The voltage output is measured as a double side
band voltage spectral density s. (f.,). 

From (2) and (3), phase noise S0 (!.,) is related to the 
measured s.(f,,.) by: 

(4) 

The single sideband phase noise is given by 

r (f, ) = 5• (!.,) (Sa) 
-l..11 "' 2Ku2 djm 

.Le(fm)[dBc/Hz] = Sv(/m)-3 
- 20log(Kd)-20log(f,,,). (Sb) 
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With a single calibration of the mixer as a PD, K11 
and known delay 'rd, the phase noise of an oscilla
tor can be measured using FFT (baseband) analyzer. 
The phase discriminator constant Ke is in V/rad and 
is determined by measuring the de output voltage 
change of a mixer while in quadrature (nominally 0 
V de) for a known phase change in one branch of dis
criminator. The value of Kd is dependent upon the 
RF input power of the mixer that in turn is directly 
proportional t0 the noise floor shown in Figure 3 [31]. 
Using Z-parameters the sensitivity of the delay-line 
discriminator can be determined first by introducing 
the Q-factor defined with respect to the phase of the 
open-loop transfer function ~((J)) at the resonance of 
parallelRLC circuit [31]-[33]: 

. _ 1 Imag(Z(ja>)) 
0(J(J)) = tan Real(Z(j(J))) 

Q = .1.. rr = a100 R-VC 2'5(J). 

(6) 

(7) 

A typical coaxial delay-line exhibits a linear phase 
relation with frequency across the usable bandwidth 
of the transmission line. 

The linear phase relationship in a coaxial line to the 
derivative of the phase change in a resonator results in an 
effective Q, Q e for a transmission line with time delay -rd: 

(8) 

From (8), the effective Q-factor increases linearly 
with both delay-line length and frequency of opera
tion. Using QE as the Q-factor in the Leeson's equa
tion and using an approximate mixer noise floor of 
-175 dBc. The Flicker comer is set at 10 kHz, typical for 
a silicon diode mixer. The measurement phase noise 
floor is calculated by: 

.Le(f,,,) = lOlog[( 1 + (2n;dj.,'j- )( 1 + t )] + Nmixerfloo(9) 

A plot of (9) is shown in Figure 3. 

Advantages 
• Better sensitivity than direct spectrum methods 
• Good for free running sources such as LC oscilla

tors or cavity oscillators 
• Appropriate when the DUT is a relatively noisy 

source with high-level, low rate phase noise or 
high close-in spurious sideband. 

Drawbacks 
• Significantly less sensitivity than PD methods. 
• A longer delay line will improve the sensitivity 

but the insertion loss of the delay line may exceed 
the source power available and cancel any further 
improvement. 
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Basic Theory of Operation (for a Single Channel of the E5052B) 
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figunc ... A basic block diagram of heterodyne (digital) discriminator method (courtesy: Agilent). 

• Also, longer delay lines limit the maximum off
set frequency that can be measured. This method 
is best used for free running sources such as LC 
oscillators or cavity oscillators. Although the fres 
quency discriminator method degrades the mea
surement sensitivity (at close-in offset frequency, 
in particular). 

Heterodyne (Digital) Discriminator Method 
Shown in Figure 4, the heterodyne (digital) discrimina
tor method is a modified version of the analog delay
line discriminator method and can measure the rela
tively large phase noise of unstable signal sources and 
oscillators. Unlike the analog discriminator method, 
here the input signal is downconverted to a fixed inter
mediate frequency /ii using a separate local oscillator. 
The local oscillator is frequency locked to the input 
signal. Working at a fixed frequency, the frequency 
discriminator does not need reconnection of various 
analog delay lines at any frequency. This method fea
tures wider phase noise measurement ranges than the 
PLL method and. 

This option is available in latest version of phase 
noise measurement equipment (Agilent E5052B). 

Advantages 
• Offers easy and accurate AM noise measure

ments (by setting the delay time to zero) With the 
same setup and RF port connection as the phase 
noise measurement 

• Frequency demodulation can be implemented 
digitally. 

Drawbacks 
• Dynamic range of phase noise measurement is 

further limited by the additional scaling ampli
fier and ADCs. 
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Figure S. A basic concept of PD techniques. 

Phase Detector Technique 
Figure 5 shows the basic concept for the PD technique. 
The PD method measures voltage fluctuations directly 
proportional to the combined phase fluctuations of 
the two input sources. To separate phase noise from 
amplitude noise, a PD is required. The PD converts the 
phase difference of the two input signals into a voltage 
at the output of the detector. When the phase differ
ence between the two input signals is set to 90° (e.g. at 
quadrature), the nominal output voltage is zero volts 
and sensitivity to AM noise is minimized. Any phase 
fluctuation from quadrature results in voltage fluctua
tion at the output. This method has a very low noise 
floor and therefore has a very good measurement 
dynamic range. 

Reference Source/ PLL Method 
Figure 6 shows the basic block diagram of the PD 
method using reference source/PLL techniques. The 
basis of this method is to use a PLL in conjunction 
with a double balanced mixer (DBM) used for the PD. 
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The PLL compares the phases of two input signals and 
generates a third signal which is used to steer one of 
the input signals into phase quadrature with the other. 
When the phase of the input signals are aligned, the 
loop is said to be locked and the nominal output from 
the PD is zero. This voltage varies a little due to phase 
noise on the input signals. The noise present at the out
put of the mixer includes phase noise of both signals. 
If the noise from the reference oscillator is more than 
20 dB lower than the noise from DUT, the main con
tributor for phase noise is the DUT. 

As shown in Figure 6, two sources, one from the 
DUT and the other from the reference source, pro-
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F ire . The response of DBM as a PD varies as 
cos(60 + n), (VIF) is reasonably linear in the region 
(60 = n/2 + 80) [31]. 
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vide inputs to the mixer. Again the reference source 
is controlled such that it follows the OUT at the same 
carrier frequency (Jc) and in phase quadrature (90° 
out of phase) to null out the carrier power. The mixer 
sum frequency (2/c) is filtered out by the low-pass filter 
(LPF), and the mixer difference frequency is O Hz (de) 
with an average voltage output of O V when locked. The 
de voltage fluctuations are directly proportional to the 
combined phase noise of the two sources. The noise sig
nal is amplified using a low noise amplifier (LNA) and 
measured using a spectrum analyzer. 

The advantage of this method is broadband mea
surement capability for both fixed frequency and tun
able oscillators. With only a few different double bal
anced mixers and suitable reference oscillators, noise 
on signals from 1 MHz to several tens of GHz can be 
measured. If the OUT is a tunable oscillator, the ref
erence oscillator will then be a free running one and 
the DUT would be controlled with the PLL, and need 
a suitable PLL amplifier after the LPF. The limitation 
with this method is that it is not possible to know pre
cisely which part of the noise comes from the reference 
and which from the OUT. Nevertheless, this problem 
is true for most measurement systems. 

Usually, if the phase noise levels of the two signals 
are not that far from each other, a correction factor 
(Pcorrection) from O to 3 dB is subtracted from the mea
sured result, where the highest number is used when 
the noise levels are equal [24]. The expression of the 
correction factor is given by [32] 

Pcorrectlon = lOlog10( 1 + 10 1~), (10) 

where l:!,.P is the difference between the noises of the 
reference and the DUT in dB. 

Table 1 shows the correction factors for different 
noise level differences. 
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ity is related to the system) . 
mixer input levels; 
therefore high power level mixers are preferred. But 
care must be taken to match mixer drive to available 
source power. 

Choice of DBM as Phase Detector 
Figure 7 exhibits typical DBM PD response curve, 
where VIF varies as the cosine of the phase differ
ence 60 between LO and RF signals [31]. As shown 
in Figure 7, PD response (VIP) is reasonably linear in 
the region 60 where PD sensitivity (aVJF/a0) is maxi
mum, represented by 

(11) 

The PD output VIP ( t) is given by [5] 

VIP(t) =± Vcos[(euR-COL)t+A0(t)+n]. (12) 

For the case where the mixer's two input signals are at the 
same frequency, WR= WL and 90° out of phase, VIP( t} is 

!!,.VIP ( t) =± V sinc50(t ), (13) 

where V is the peak amplitude ( at M = 0 or n ), I:!,. VIP (t) 
is the instantaneous voltage fluctuations around de, and 
80( t} is the instantaneous phase fluctuation. 

For 80( t )<: 1 rad, sin(c50( t )):::. 80( t ), which describes 
a linear response region, the PD sensitivity varies linearly 
with maximum output voltage as 

(14) 

where K0 is the PD gain constant (volts/radian), equal 
to the slope of the mixer sine wave output at the zero 
crossing. 

Choice of Reference Sources 
The other critical component of the PD method is the 
reference source. As discussed in the "Direct Spectrum 
Technique" section, a spectrum analyzer measures the 
sum of noise from both sources. Therefore, the refer
ence source must have lower phase noise than device 
under test, OUT. For practical purposes 10 dB margin 
is sufficient enough to ensure correct measurements 
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within reasonable degree of accuracy. When a refer
ence source with lower phase noise is unavailable then 
it is appropriate to use a source with comparable phase 
noise to the DUT. In this case, each source contributes 
equally to the total noise and 3 dB is subtracted from 
the measured value. 

Advantages 
• Excellent sensitivity for measuring low phase 

noise levels 
• Wide signal frequency range 
• Wide offset frequency range (0.01 Hz to 100 MHz) 
• Rejects AM noise 
• Frequency tracks slowly drifting sources. 

Drawbacks 
• Requires a very clean reference source that is 

electronically tunable, 
• Measurement frequency bandwidth matched to 

the tuning range of the reference sources. 
• Locking PLL bandwidth is very narrow, < 10% of 

the minimum offset frequency used in the mea
surement. 

• Narrow PLL bandwidth cannot track a noisy source. 
• Expensive and complex. 
In conclusion, the PD method has excellent system 

sensitivity, but on the other hand its complexity (PLL 
and two oscillators are required) must be handled 
with care. 

Residual Method 
The methods shown thus far can be used to measure 
only oscillators. There are some methods for measur
ing two-port devices, and the residual method is one 
of them, It can be used for example to measure ampli
fiers, mixers, cables, and filters. 

As shown in Figure 8, the output of a reference source 
is split with a power splitter. One branch is connected 
through the OUT to the mixer and the other branch 
through a phase shifter to the mixer. The phase shifter is 
adjusted until the phases are in quadrature, and the out
put of the mixer is measured with a spectrum analyzer. 
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Figut 9. An automatic system to measure residual phase noise of two 8662A synthesizers (courtesy of Hewlett-Packard 
Company). 

Because the noise from the reference source is coherent 
at the mixer input and the signals are in quadrature, it 
will be subject to some degree of cancellation. 

The degree of cancellation improves as the signal 
path delay in the two arms of the bridge is minimized. 
The remaining phase noise at the mixer output is thus 
added by the DUT. When the DUT is relatively broad
band (i.e. low delay) device having equal input and 
output frequencies, the need for a second device in 
the other bridge arm is eliminated. When the device 
is either narrowband, or is one with unequal input 
and output frequencies (a mixer frequency multiplier 
or divider etc.) identical devices must be used in both 
arms of the phase bridge. 

The noise floor of a system utilizing this single 
ch,mnel measurement technique is highly dependent 
on and limited by the noise floors of the mixer, filters 
and low noise amplifier. This type of system can have a 
residual phase noise floor in the region of -180 dBc/Hz 
at high offset frequencies [2]. 

In residual measurement system phase, the noise 
of the common source might be insufficiently can
celed due to improperly high delay-time differences 
between the two branches. It is therefore vitally impor
tant to match the delay times very closely. 

A Residual Phase Noise 
Measurement System 
Figure 9 shows a system that automaticaBy measures 
the residual phase noise of the 8662A synthesizer [4]. It 
is a residual test, since both instruments use one com
mon 10 MHz referenced oscillator. Quadrature setting 
is conveniently controlled by first offsetting the tuning 
of one synthesizer by a small amount, usually 0.1 Hz. 
The beat signal is then probed with a digital voltmeter 
and when the beat signal voltage is sufficiently close to 
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zero, matching the synthesizer tuning commands to 
stop the phase slide between the synthesizers. 

Two-Channel Cross-Correlation Technique 
Figure 10 shows the diagram of the two-channel 
cross-correlation technique from Agilent [l), built 
around a similar measurement set-up as the PLL 
method except that there are three oscillators and the 
measurement involves performing cross-correlation 
operations among the outputs from each channel. It 
can be seen that there are two reference oscillators, 
one power splitter, two mixer/amplifier/PLL circuits 
and a cross-correlation FFT analyzer. The cross-cor
relation technique is used to minimize the noise con
tribution from mixer, filter and LNA from the mea
su rement results. 

This works because the noise from the DUT is 
common between both paths, but the noise con
tributed from each internal reference oscillator is 
i ndependent. Thus over time, the noise contribu
tions from the independent sources will show a zero 
cross-correlation. But the noise from the DUT will 
correlate, and ultimately dominate the output mea
surement (as desired). 

The noise from the first reference feeds into the 
first phase noise detector and ends up on channel 1 
of the cross-correlation FFT analyzer. The noise from 
the second reference passes through in the second 
phase noise detector and appears on channel 2 of the 
cross-correlation FFT analyzer. The output of the DUT 
is connected through a high isolation inductive power 
splitter to two mixer circuits where it is mixed with 
the signal from these two reference oscillators. The 
outputs of the mixer circuits are used for PLL circuits 
to lock the internal references in phase quadrature to 
the DUT input signal, as in the PLL method. The mixer 
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Figure 10. The basic block diagram of a two-channel cross-correlation technique (courtesy: Agilent). 

output signals are then amplified, the de is filtered 
away, and finally the signals are fed to two channels of 
the FFT analyzer to perform a cross-correlation mea
surement between the two output signals. 

The noise from output of each mixer can be mod
eled using two noisy signals [36)-[39] 

x( t) = a( t ) + c( t) ffl X(f) = A(f) + C(f) (15) 
y( t) = b( t) + c( t) Nif Y(f) = B(f) + C (f), (16) 

where a( t ) and b( t) are uncorrelated equipment noise 
present in each channel and c( t ) represents the corre
lated DUT noise. The cross-spectrum of these two sig
nals after averaging over M samples is described by 

,.-- 1 "'"'~M[X y· l v XY = M "-'n, ~l m X . M , (17) 

where m represents the sample index and (") implies 
the conjugate function. 

From (15), (16) and (17} into (18) and (19), 

(18) 

Sxy = ~ I::::~[(A,,,B;,)+(AmC;,,) +(C.,,B;,) + (C,,,C,)]. 
(19) 

Considering that there is no correlation between the 
noisy signals a( t ), b( t) or c( t ), then as the number of 
averages increases the uncorrelated terms in the cross 
spectrum (AB, AC and CB) will tend toward zero. The 
only remaining term CC represents the power spectral 
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density of the correlated DUT noise. When the ana
lyzer is set to average, the common noise is kept, and 
the noise not common to both channels is attenuated 
and averaged away. 

From (19) the DUT noise through each chan
nel is coherent and is therefore not affected by the 
cross-correlation, whereas, the internal noises gen
erated by each channel are incoherent and diminish 
through the cross-correlation operation at the rate of 
/M (M = number of correlations) 

[Noise] meas = [Noise]oUT 
+ ( [Noise] chanel#l + [Noise]chanel#2 ) 

/M ' 
(20) 

where [Noise]mea.s is the total measured noise at the 
display; [Noise)oUT the DUT noise; [Noise]chaneJ#1 and 
[Noise]chane1,2 are the internal noise from channels 1 
and 2, respectively; <Uld M the number of correlations. 

From (20), the two-channel cross-correlation tech
nique achieves superior phase noise measurement 
capability but the measurement speed suffers when 
increasing the number of correlations. This method 
offers 15-20 dB improved phase noise measurement 
sensitivity when compared to the reference source/PLL 
method described above, so it can be used to measure 
oscillators with ultra-low phase noise. It is even possible 
to measure oscillators with better noise performance 
than the reference oscillators because phase noises from 
the reference oscillators are suppressed considerably. 

The improved dynamic range and noise floor of the 
cross-correlation phase noise measurement technique 
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comes at price. Usually many samples are needed in 
order to average out the uncorrelated noise. The mea
suring yardstick of the confidence interval of a phase 
noise detector is expressed by [26]: 

s,(f)= s;·(n(1± In) 
==H0%(for n = 100) - For single-channel (21) 

S[lf) = S;'(J)( 1 ± ~) 

=+10%(for n = 20,000) - For dual-channel, 
(22) 

where x = cross-correlation, m = measured (noise), s = 
single channel, and n = number of samples. 

Equation (21) shows that for a single channel the 
confidence interval is ± 10% for 100 samples. Equa
tion (22) shows that to obtain the same confidence 
interval for a phase noise measurement 10 dB below 
the single channel noise floor 20,000 samples are 
required. Indeed, the dual channel or cross-correla
tion method of phase noise results in a lower floor 
than the standard single channel method but there is 
a cost of measurement speed. From (21) and (22), more 
averages are required to achieve the same level of 
confidence in a measurement for dual-channel cross
correlation method. The advantage of lower noise 
floor using the cross-correlation method provides a 
level of characterization of extremely low noise crys
tal oscillators, which was not possible using the sin
gle channel method. The practical value of the noise 
floor is given by 

[L(/)ssB] ;:::;-177 + N.-P;, (23) 

where N. is the noise figure and A is the power avail
able. 

Today, the cross-correlation process is the only 
technique that allows close to thermal noise floor 

Source 
Under Test 

measurements below -177 dBc/Hz at far offset from 
the carrier, and with 20 dB of DUT output power can 
provide a noise floor better than -195 dBc/Hz pro
vided the DUT output buffer stage is low noise ampli
fier and can handle the 20 dBm power. However, this 
improvement of 20 dB is based on 100,000 correlations 
which results in a long measurement time. 

Advantages 
• Best sensitivity for measuring low phase noise 

levels. 
• Wide signal frequency range. 
• Wide offset frequency range (0.01 Hz to 100 MHz). 
• Frequency tracks slowly drifting sources. 
• Rejects AM noise. 

Disadvantages 
• Complexity: Requires two very clean reference 

sources that are electronically tunable. 
• Long measurement times when very low noise is 

being measured. 
• Measurewent frequency bandwidth matched to 

the tuning range of the reference sources. 

Conventional Phase Noise Measurement 
System (Hewlett-Packard) 
This section is based on published Hewlett-Packard 
material [1], described here to give brief insights about 
the working principle of the early, very low phase 
noise measurement equipment (during the 1980s) and 
subsequently the development of modern automated 
test systems [4]. Here we present more mathematical 
details of this measurement technique. 

The most sensitive method to measure the spec
tral density of phase noise SM (f,.,) requires two 
sources-one or both of them may be the device(s) 
under test-and a double balanced mixer used as 
a PD. The RF and LO input to the mixer must be in 
phase quadrature, indicated by O Vdc at the mixer 

Scope 

I Narrow Band _____ _ _______ _ _ • _ . 1 

Loop 

Wave Analyzer 
Spectrum Analyzer 

D1g1tal Analyzer 

figure 1 A phase noise system with two sources maintaining phase quadrature. 
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IF port. Good phase quadrature assures maximum 
phase sensitivity Ke and minimum AM sensitivity. 
With a linearly operating mixer, Ke equals the peak 
voltage of the sinusoidal beat signal produced when 
both sources are frequency offset (Figure 11). When 
both signals are set in quadrature, the voltage AV at 
the IF port is proportional to the fluctuating phase 
difference between the two signals. 

t:i.erms = K VI ' 
6 nns 

SM(/,n) = (AV~)2(1Hz) 1 (AV..,.)2(1Hz), 
VB peak 2 ~rms 

.£(!, )-1.s (f, )-1 (AVrm,)2(1Hz) 
m - 2 A8 m - 4 ~nns , 

(24} 

(25) 

(26) 

where Ka is PD constant and Va pe•k for sinusoidal beat 
signal 

Calibrations required of the wave analyzer or spec
trum analyzer can be read from the equations above .. 
For a plot of £(/m) the 0-dB reference level is to be set 
6 dB above the level of the beat signal. The -6-dB offset 
has to be corrected by +1.0 dB for a wave analyzer and 
by +2.5 dB for a spectrum analyzer with log amplifier 
followed by an averaging detector. 1n addition, noise 
bandwidth corrections likely have to be applied to nor
malize to 1 Hz bandwidth. 

Since the phase noise of both sources is summed 
together in this system, the phase noise performance of 
one of them needs to be known for definite data on the 
other source. Frequently, it is sufficient to know that 
the actual phase noise of the dominant source cannot 
deviate from the measured data by more than 3 dB. If 
three unknown sources are available, three measure
ments with three different source combinations yield 
sufficient data to calculate accurately each individual 
performance. 

Figure 11 indicates a narrowband phase-locked 
loop that maintains phase quadrature for sources that 
are not sufficiently phase stable over the period of the 
measurement. The. two isolation amplifiers are to pre
vent injection locking of the sources to each other. The 
noise floor of the system is established by the equiva
lent noise voltage t:,. V., at the mixer output. It repre
sents mixer noise as well as the equivalent noise volt
age of the following amplifier: 

..[, (f, )- 1 (AYnrms)2(1Hz) 
system m - 4 ~ rms (27) 

Wideband noise floors close to -180 dBc can be 
achieved with a high-level mixer and a low-noise port 
amplifier. The noise floor increases with J;,1 due to 
the flicker characteristic oft:,. V •. System noise floors of 
-166 dBc/Hz at 1 kHz have been realized. 

To get this excellent performance, the PD/ PLL 
method is complex and requires significant calibra
tion. In measuring low-phase-noise sources, a number 
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In a production environment, the 
objective is fast throughput for 
product phase noise performance 
testing. 

of potential problems have to be understood to avoid 
erroneous data. These include: 

• When two sources are phase locked to maintain 
phase quadrature, it has to be ensured that the 
lock bandwidth is significantly lower than the 
lowest Fourier frequency f,,, of interest, unless 
the test set takes into account (as many do) the 
loop suppression response. 

• Even with no apparent phase feedback, two 
sources can be phase locked through injection 
locking, resulting in suppressed close-in phase 
noise and causing a measurement error. This can 
normally be avoided with the use of high isola
tion buffer amplifiers or frequency multipliers. 

• AM noise of the RF signal can come through if the 
quadrature setting is not maintained accurately. 

• Deviation from the quadrature setting also low
ers the effective PD constant. 

• Nonlinear operation of the mixer results in a cali
bration error. 

• Need for low harmonic content: A nonsinusoidal 
RF signal causes Ka to deviate from VB peaJc . 

• The amplifier or spectrum analyzer input can be 
saturated during calibration or by high spurious 
signals such as line frequency multiples. 

• Closely spaced spurious signals such as multiples 
of 60 Hz may give the appearance of continuous 
phase noise when insufficient resolution band
width and averaging are used on the spectrum 
analyzer. 

• Impedance interfaces must remain unchanged when 
transitioning from calibration to measurement. 

- 20r-----;==,;.==;;==;;.;===;==,=====-=;i 
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r J • Phase noise plots and noise floor for three 
techniques (PLL, delay line, and cross-correlation) [31]. 
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Noise in Circuits and Semicondudors [9], [10], and [22] 
In general, phase noise describes how the frequency 
of an oscillator varies in a short time scale. The long 
term frequency stability is called drift, and it must 
also be considered during the measurement process. 
The output frequency of an oscillator takes finite time 
to stabilize after the oscillator has been started, and 
this drift can be significant. The output frequency 
also usually drifts noticeably during measurements, 
especially in the case of free running oscillators. 
This drift is a real problem because during the 
measurements the system must be able to lock to 
the carrier or carrier must be stable enough; therefore 
without the carrier tracking mechanism, measurement 
is a nightmare. Microwave applications generally 
use bipolar transistors, and following are their noise 
contributions. 

Johnson Noise 
• The Johnson noise (thermal noise) is due to the 

movement of molecules in solid devices called 
Brown's molecular movements. 

• This noise voltage is expressed as v~ = 4kTo 
RB( emf)(volt2

). 

• The power of thermal noise can thus be written 
as 

1 

Noise Power= ~R = kToB(W). 

• It is most common to do noise evaluations using 
a noise power density, in watts per hertz. We get 
this by setting 8 = 1 Hz. Then we get 

For 8 = 1 Hz, Noise Power = kTo 

T = 290 K and k - Boltzmann's constant 
= 1.38 X 10- 23)/K 

by Thevinin, Noise Power= 1.38 x 10- 23 x 290 
= 4 X 10-23 w. 

• Noise floor below the carrier for zero dBm output 
is given by 

L(m) = 101og( ;¾~) 
=-173.97 dBm or about - 174 dBm. 

• In order to reduce this noise, the only option is 
to lower the temperature since noise power is 
directly proportional to temperature. 

• The Johnson noise sets the theoretical noise floor. 

Planck's Radiation Noise 
• The available noise power does not depend 

on the value of resistor but it is a function of 
temperature T. The noise temperature can thus 
be used as a quantity to describe the noise 
behavior of a general lossy one-port network. 
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For high frequencies and/or low temperature, 
a quantum mechanical correction factor has to 
be incorporated for the validation of equation. 
This correction term results from Planck's 
radiation law, which applies to blackbody 
radiation. 

P.., = kT.M 

P • ., =kT.M•p(f,T), 

with 

pU. n = [ :; ;(e(frl - 1}], 

where h = 6.626. l o-34J - s, Planck's constant. 

Schottky/ Shot Noise 
The Schottky noise occurs in conducting PN junctions 
(semiconductor devices) where electrons are freely 
moving. The root mean square (RMS) noise current 
is given by 

~ = 2XqX/d,: 

p = i~xz, 

where q is the charge of the electron, P is the noise 
power, and Ide is the de bias current; and Z is the 
termination load (can be complex). 

Since this noise process is totally different from 
other noise processes, this noise is independent from 
all others. 

Flicker Noise 
• The electrical properties of surfaces or boundary 

layers are influenced energetically by states, 
which are subject to statistical fluctuations and 
therefore, lead to the flicker noise or 1 /f noise 
for the current flow. 

• l /f-noise is observable at low frequencies and 
generally decreases with increasing frequency f 
according to the l // -law until it will be covered 
by frequency independent mechanism, like 
thermal noise or shot noise. 

• Example: The noise for a conducting diode is bias 
dependent and is expressed in terms of AF and KF 

(ib,,)Ac = 2qldcB + KF1f B. 

• The AF term is a dimensionless quantity and a 
bias dependent curve fitting parameter. This term 
has a value generally within the range of one to 
three and a typical value of two. 

• The KF value ranges from 1 E-12 to l E-6 and 
defines the flicker corner frequency. 

September/October 2013 

Transit Time and Recombination Noise 
• When the transit time of the carriers crossing the 

potential barrier is comparable to the periodic 
signal, some carriers diffuse back and this causes 
noise. This is really seen in the collector area of 
NPN transistor at high frequencies. 

• The electron and hole movements are 
responsible for this noise. The physics for this 
noise has not been fully established. 

Avalanche Noise 
• This process begins when the applied reverse 

bias approaches the breakdown voltage and 
does not happen for any reverse bias. 

• Noise from power supplies for 
devices under test can be a domi
nant contributor of error in the mea
sured phase noise. 

• Peripheral instrumentation such as 
an oscilloscope, analyzer, counter, 
or DVM can inject noise. 

• Microphonic effects may excite sig
nificant phase noise in devices. 

When the high reverse bias is applied to 
semiconductor junction, the normally small 
depletion region expands rapidly. 

• The free holes and electrons then collide with 
the atoms in depletion region, thus ionizing them 
and produce spiked current called the avalanche 
current. The spectral density of avalanche noise 
is mostly flat. At higher frequencies the junction 
capacitor with lead inductance acts as a low-pass 
filter. 

• Zener diodes are based on Zener effect used 
as voltage reference sources. The avalanche 
noise associated with Zener diodes needs to be 
reduced by big bypass capacitors! 

Despite all these hazards, automatic 
test systems now exist and operate suc
cessfully [8]. Oscillator manufacturers and 
users who frequently need to evaluate the 
performance of ultra low phase noise oscil
lators, at some point, recognize that their 
phase noise test systems could be primar
ily improved in the following aspects: 

1) accuracy 

Figure b, Ultra-low phase noise setup in Faraday cage: phase noise measurement 
of 100-MHz OCXO using Agilent E5052B, Rohde & Schwarz FSUP 26, and 
Holzworth for understanding the speed and dynamic ranges of the equipment. 

2) speed of test 
3) large dynamic range and lower noise floor 
4) reliability and repeatability of test data 
5) range, ease of use and data retrieval 
6) cost (though high performance test systems will 

never be cheap). 

General Discussion 
Characterizing the phase noise of a system or component 
is not necessarily very easy. Many different approaches 
are possible, but the key is to find the best approach for 
the measurement requirements at hand. Practically, it is 
advisable to use the cross-correlation approach for the 
best sources so that keeping them locked is easy dur
ing measurement cycle. In principle, each reference is 
locked to track the Dur, therefore PLL bandwidth needs 
to be monitored for reliable and accurate measurement. 
Usually, corrections for PLL bandwidth works to some 
degree, but corrections beyond certain limit have more 
errors, leading to inaccurate phase noise measurement of 
the Dur. One of the weaknesses, with the cross-correla-
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tion method is that, many measurements must be made 
and the average calculated between them. Thus the mea
surement takes longer, and the Dur must be kept locked 
for a longer time. Usually, one sweep takes approximately 
10 s, and the required. amount of sweep is 2 m where m > 2 
but for a noisy source this may not be easy. Hence, this 
method is most suitable for measuring low noise oscilla
tors having a small frequency drift. 

A survey of some of the more common topologies 
along with some possible trouble spots helps one to 
review and keep in mind the advantages and limita
tions of each approach. Figure 12 Shows phase noise 
plots and noise floor for three-phase noise measure
ment techniques (delay line, PLL and cross correlation). 

Conclusion 
There are many areas in which design engineers can be 
tricked into false readings or frustrated with the pro
cess of trying to achieve a good phase noise measure
ment. Characterizing the phase noise of a system or 
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component is generally very difficult. Many different 
approaches are possible, but the key is to find the best 
approach for the measurement requirements at hand. 

It is especially pertinent in a production environ
ment, where measurement time and accuracy of each 
measurement becomes critical. Several test methods 
and test instruments are investigated as shown in 
Figure 13. There's no "one size fits all" solution, for 
e.g., measuring a phase noise value of -130 dBc/Hz at 
1 Hz offset from the ca.rrier, and/or achieving a mea
surement noise floor better than -190 dBc/Hz is chal
lenge, using existing test equipment and methods. 
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