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PHASE NOISE MEASUREMENT SYSTEMS

A. L. Lance, W. D. Seal and F. Labaar
TRW Electronics and Defense

Equipment Management Center
Redondo Beach, California 90278

ABSTRACT

Phase noise is the term most widely used to describe the characteristic randomness of
frequency. Automation of phase noise measurements has been developed with satisfactory
results using two techniques referred to as the two-oscillator technique and the single-
oscillator technique. Measurements are performed in the frequency domain using a
spectrum analyzer which provides a frequency window following the phase or frequency
detector.

State-of-the-art systems include system modifications for cross-spectrum measurements
and techniques used to improve the noise floor characteristics of the delay line FM
discriminator in order to measure single sources which have very low phase noise
characteristics.

INTRODUCTION

In this presentation, the Greek letter nu (<) represents frequency for carrier related
measures. Modulation related frequencies are designated (f). If the carrier is considered as
DC, the frequencies measured with respect to the carrier are referred to as baseband, offset
from the carrier, modulation, noise or Fourier frequencies.

The calibration and measurement steps are controlled by a calculator program. The
calibration sequence requires several manual operations. The software program controls
frequency selection, bandwidth settings, settling time, amplitude ranging, measurements,
calculations, graphics and data plotting. The noise bandwidth of each range used in the
spectrum analyzer is measured using automated techniques. A quasi-continuous plot of
phase noise is obtained by performing measurements at Fourier frequencies separated by
the IF bandwidth of the spectrum analyzer used during the measurement. The integrated
phase noise can be calculated for any selected range of Fourier frequencies. Measurements
can be extended through the millimeter wave frequency bands.



GENERAL THEORY AND DEFINITIONS:  SPECTRAL DENSITY OF PHASE
FLUCTUATIONS

The instantaneous output voltage, V(t), of a signal generator or oscillator may be written(l)

V(t) = [Vo + ,(t)] sin [2B<ot + N(t)] (1)

where Vo and <o are the nominal amplitude and frequency respectively and ,(t) and N(t)
are the instantaneous amplitude and phase fluctuations of the signal. Frequency
fluctuations (*<) are related to phase fluctuations (*N) by

*< / *S/2B = 1/2B d(*N)/dt    . (2)

y is defined as the fractional frequency fluctuation or normalized frequency deviation.

y / *</<o     [dimensionless] . (3)

y(t) is the instantaneous fractional frequency deviation from the nominal frequency, <o .

A representation of fluctuations in the frequency domain is a graph called spectral density.
Sy(f) is the one-sided spectral density of fractional frequency fluctuations on a “per hertz”
basis; the dimensionality is Hz-1.

Sy(f) = S*< (f)/<o
2 [Hz-1] (4)

S*<(f), in Hz2/Hz, is the one-sided spectral density of frequency fluctuations, *<. It is
calculated as (*<rms)

2/(Bandwidth used in the measurement of *<rms).

S*N(f), in rad2/Hz, is the one-sided spectral distribution of the phase fluctuations on a “per
hertz” basis. It is calculated as

(5)

The phase and fractional frequency fluctuation spectral densities are related by:

S*N (f) = (<o
2/f2) Sy, (f)    . [rad2/Hz] (6)

S*S (f), in (rad/s )2 /Hz, is the spectral density of angular frequency fluctuations, *S. The
defined spectral densities have the following interconnecting relationships.



S*< (f) = <o
2 Sy (f) = (1/2B)2 S*S (f) = f2 S*N (f)    [Hz2 /Hz] (7)

Sy (f) = S*< (f)/<o
2 (1/2B)2 (1/<o)

2 S*S (f)            [Hz-1] (8)

= f2/<o
2 S*N(f)    .

A useful measure of frequency stability relates the sideband power associated with phase
fluctuations to the carrier power level.(2 - 11)

(9)

For the condition that the phase fluctuations occuring at rates f and.faster are small
compared to one radian, a good approximation is (2)

(10)

Script         (f) is often expressed in decibels relative to the carrier per hertz (dBc/Hz)
which is calculated as

(11)

It is very important to note that the theory, definitions and equations given above relate to
the noise of a single device.

SPECTRAL DENSITY OF AMPLITUDE FLUCTUATIONS

The spectral density, S*,(f), of the amplitude fluctuations of a signal follows the same
general derivation previously shown for the spectral density of phase fluctuations. When
two signals are slightly different in frequency, a slow, almost sinusoidal beat is produced at
the mixer output and the peak-to-peak voltage swing is defined as (Vptp). If the two signals
are now tuned to co-linear phase (0 or 180E phase angle difference), the mixer output is a
fluctuating voltage centered on Vptp/2 volts. In order to obtain linearity in the
measurements of AM, and to make the measurement sensitive to the test oscillator only,
the reference signal into the balanced mixer should be at least 10 dB greater than the test
signal input to the mixer. Amplitude fluctuations, *,, produce voltage fluctuations at the
mixer output. The NBS defined spectral density of amplitude fluctuation is(1)

m(f) = 1/2Vo
2 S*, 6F (f) (12)



also

(13)

BASIC TWO-OSCILLATOR TECHNIQUE

A functional block diagram of the measurement system employing two oscillators is shown
in Figure 1. NBS has performed phase noise measurements using this basic type system
since 1967.

The double balanced mixer acts as a phase-sensitive detector so that when two signals are
identical in frequency and nominally are in phase quadrature, the mixer output is a small
fluctuating voltage, *<, centered on approximately zero volts. This small fluctuating
voltage represents the phase modulation, PM, sideband components of the signal.

If the two oscillator signals applied to the mixer of Figure 1 are slightly out of zero beat, a
slow sinusoidal voltage with a peak-to-peak voltage of Vptp can be measured at the mixer
output. The spectral density of phase is,

S*N (f) = S*v (f)/2(Vrms)
2     . [rad2/Hz] (14)

Here, S*< (f), in volts squared per hertz, is the spectral density of the voltage fluctuations at
the mixer output.

Equation (14) is sometimes expressed as(3)

S*N (f) = S*v (f)/K
2  [rad2/Hz] (15)

where K is the calibration factor in volts per radian.

For sinusoidal beat signals, the peak voltage of the signal equals the slope of the zero
crossings in volts per radian. Therefore, (Vpeak)

2 = 2(Vrms)
2.

S*N(f) can be expressed in terms of decibels relative to one square radian per hertz by
calculating 10 log S*N(f) of the previous equation.

S*N(f) in decibels relative to 1 rad2/Hz =                          [dB(rad 2/Hz)] (16)

[20 log [(*v)rms ]- 20 log(Vrms) - 10 log(B) - 3 dB]       .



        (f) can be expressed in terms of decibels relative to the carrier power per hertz
(dBc/Hz).

       (f) in decibels relative to 1 Hz-1 =                        [dBc/Hz] (17)

[20 log [(*v)rms] - 20 log(Vrms) - 10 log(B) - 6 dB]     .

(f) in decibels relative to 1 Hz-1 = [dBc/Hz] (18)

(Noise Power Level)/(Carrier Power Level) in dB - 6 dB + 2.5 dB

- 10 log(B) - 3 dB   .

• The noise power is measured relative to the carrier power level.

• The -6 dB correction occurs because the operation of the mixer, when it is driven at
quadrature, is such that the amplitudes of the two phase sidebands add(1-11) linearly
in the output of the mixer.

• The nonlinearity of the spectrum analyzer logarithmic IF amplifier results in
compression of the noise peaks which, when average detected, require the +2.5 dB
correction.

• The bandwidth correction is required because the spectrum analyzer measurements of
random noise are a function of the particular bandwidth used in the measurement.

• The -3 dB correction is required since this is a measurement of       (f) using two
oscillators, assuming that the oscillators are of a similar type and that the noise
contribution is the same for each oscillator. If one oscillator is sufficiently superior to
the other, this correction is not used. A determination of the noise of each oscillator
can be made if one has three oscillators that can be measured in all pair combinations.

THE CALIBRATION AND MEASUREMENT SEQUENCE

The mixer is driven with the maximum power that will result in a 50 ohm output
impedance of the mixer. However, most sources were measured with a reference power of
about 12 mw and a signal power level between 1 and 3 mw.

1) Measure the noise power bandwidth for each IF bandwidth setting on the Tracking
Spectrum Analyzer.



2) Obtain a carrier power reference level (referenced to the output of the mixer).

3) Adjust for phase quadrature of the two signals applied to the mixer.

4) Noise power is measured at the selected Fourier frequencies, the calculations are
performed, and the data is plotted (or stored) using calculator and program control
(fully automated).

5) Measure and plot the system noise floor characteristics if desired.

SYSTEM SENSITIVITY (NOISE FLOOR)

The sensitivity plot is obtained by repeating the automated measurements with the mixer
driven, at the same power levels, by a single source, i.e., the single source signal is split
into two channels, with no delay between the two, and the mixer input levels are adjusted
to meet the measurement conditions.

A dual-channel Fourier analyzer can be used to measure phase noise, as illustrated in
Figure 2.

Signal processing is performed with the Hewlett-Packard 5420A Digital Signal Analyzer.
The cross-spectrum is formed by taking the product of the Fourier transform of one signal
and the complex conjugate of the Fourier transform of the second signal. Signal-to-noise
enhancement is achieved by performing this product.

Figure 3 illustrates the type of measurement data obtained with the automated system.
Measurements have been performed to 1 millihertz of the carrier with this system.
However, most special requests are for measurements to within 1 Hz and sometimes
0.1 Hz of the carrier.

SINGLE-OSCILLATOR MEASUREMENT SYSTEM USING THE DELAY LINE
FM DISCRIMINATOR

Frequency fluctuations are measured directly using FM discriminator techniques (5-12). One
of the important advantages of this type of system is that the phase noise characteristics of
a single oscillator can be measured without the requirement of a similar or better source as
a reference.



GENERAL THEORY

The measurement system is shown in Figure 4. The signals experience the one-way delay
of the delay line.

The calculator program performs the same functions as outlined for the measurement
system of Figure 1. The system calibration and measurement procedures are outlined as
follows(8-11).

DISCRIMINATOR CALIBRATION

The calibration factor is obtained using intentional modulation of the source or a
modulateable source in place of the unit to be measured. In our system, the modulation
signal of 20 kHz is applied to obtain the first Bessel null of the carrier. The calibration
factor is calculated as(7-11)

(19)

since 2.405 is the modulation index (m) for the first Bessel carrier null, as used in this
technique. The modulation frequency is fm .

MEASUREMENT AND DATA PLOTTING

Connect the unit under test, readjust quadrature and set Attenuator No. 4 to its zero dB
indication. The measurements, calculations and data plotting are completely automated.

Each Fourier frequency noise power reading, Pn (dBm), is converted to the corresponding
rms voltage, designated as *<1rms.

(20)

the rms frequency fluctuations are calculated as,

*<rms = *v1rms x CF        . [Hz] (21)

The spectral density of frequency fluctuations is calculated as,

S*<(f) = (*<rms )
2/B  [Hz2 /Hz] (22)



where B is the measured IF noise power bandwidth of the spectrum analyzer. The spectral
density of phase fluctuations is calculated as,

S*N (f) = S*< (f)/f
2         . [rad 2/Hz] (23)

The normalized phase noise sideband power spectral density is calculated as,

(f) = (1/2 rad2) S*N (f) [Hz-1] (24)

Script         (f), expressed in decibels relative to 1 Hz-1, is plotted in real time in our
program.

SYSTEM SENSITIVITY (NOISE FLOOR)

The system noise floor is measured by making the differential delay zero (or near zero)
between the two paths to the LO and signal ports of the mixer. This requires that the delay
line be replaced with a length of line equal to the path length of the LO path.

The phase quadrature setting is maintained while another calibration plot is made. A
comparison of noise floor characteristics of the two-oscillator technique and the delay line
FM discriminator system is shown in Figure 5.

IMPROVING SYSTEM SENSITIVITY (NOISE FLOOR)

Two techniques have been established at TRW for improving the sensitivity of the delay
line FM discriminator systems. The first technique consists of cross-spectrum
measurements using the dual delay line system(10) shown in Figure 6. This system was
developed in 1978 based on a suggestion by Dr. Don Halford of NBS(5). Signal-to-noise
enhancement was achieved using this technique (10).

The second technique was developed by F. Labaar. Carrier suppression is obtained using
the RF bridge illustrated in Figure 7. One can easily improve sensitivity more than 40 dB.
At 2.0 and 3.0 GHz we have realized 70 dB carrier suppression. In general, the
improvement in sensitivity will depend upon the availability of an amplifier and/or
adequate input power and the mechanical stability of the measurement system.

Figure 8 shows plots of phase noise as measured at two frequencies using delay lines of
different lengths. The delay line used to measure at 600 MHz was about 500 nanoseconds
long, as noted by the first null, i.e., the reciprocal of the Fourier frequency of 2 MHz is the
approximate differential time delay(8,9,10).



Note that a shorter delay line (approximately 250 nanoseconds differential time delay) is
used to measure the higher frequency. Also, the delay line discriminator calibration is valid
only to a Fourier frequency at approximately 35 percent of the Fourier frequency at which
the first null occurs.(8,9,10) 

This particular data was selected to illustrate the characteristics of the system. Recall that
one can easily make the noise floor 40 dB lower using the RF bridge shown in Figure 7.

MILLIMETER WAVE MEASUREMENT SYSTEM

The millimeter wave system shown in Figure 9 is used to measure phase noise and AM
noise. (11) If the source cannot be modulated, the modulation index can be obtained by
setting the carrier-to-sideband ratio using amplitude modulation. This technique is also
necessary when there is considerable instability of millimeter wave sources.

For this technique, a carrier to single sideband ratio of 20 dB at the power meter
corresponds to 17 dB relationship of the unmodulated carrier to the first sidebands, and
this corresponds to a modulation index (m) of 0.285.

In the system shown in Figure 9, the attenuator in front of the amplifier is used to avoid
overloading the spectrum analyzer during the calibration process.

The AM noise measurements are performed according to the following: (11)

• A known AM modulation (carrier/sideband ratio) must be established in order to
calibrate this detector in terms of total power output at the IF port.

• The modulation must be low enough so that the sidebands are at least 20 dB below
the carrier. This is to keep the total added power due to the modulation small
enough to cause an insignificant change in the detector characteristics.

• The RF power levels are adjusted for levels of approximately +10 dBm at the
reference port and 0 dBm at the test port of the mixer.

• Approximately 40 dB is set in the precision IF attenuator. The system is adjusted for
an out-of-phase quadrature condition.

• The modulation frequency and power level are measured by the automatic baseband
spectrum analyzer. The total carrier power reference level is the measured power,
plus the carrier/sideband modulation ration, plus the IF attenuator setting.



• The AM modulation is removed, the IF attenuator set to 0 dB, and the system re-
checked to verify the out-of-phase quadrature (maximum DC output from the mixer
IF port). Noise (Vnoise) is measured at the selected Fourier frequencies. A direct
calculation of Script m(f) is:

Script m(f) = [(Modulation power (dBm) [dBc/Hz] (25)
+ carrier/sideband ratio (dB)
+ IF attenuation)
- noise power (dBm) + 2.5 dB
- 10 log (BW)]

Figure 10 illustrates the measurements of AM and phase noise of two GUNN oscillators
which were offset in frequency by 1 GHz and the measurements were performed using the
coaxial delay line system.

The phase noise measurement system, using a cavity disrciminator(12) is shown in
Figure 11. Ashley uses circulator, tuner and delay line, as shown in the dotted rectangle in
Figure 11.(7) The laser amplifier phase noise measurement is illustrated in Figure 12.
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FIGURE 1. FUNCTIONAL BLOCK DIAGRAM OF THE TWO -
OSCILLATOR PHASE NOISE MEASUREMENT SYSTEM.



FIGURE 2.  ILLUSTRATION OF CROSS - SPECTRUM PHASE
NOISE MEASUREMENTS USING THE TWO - OSCILLATOR

MEASUREMENT SYSTEM.

FIGURE 3.  TYPICAL OUTPUT PLOTS OBTAINED WITH THE AUTOMATED
PHASE NOISE MEASUREMENT SYSTEM.



FIGURE 4.  SINGLE - OSCILLATOR PHASE NOISE MEASUREMENT
SYSTEM USING A DELAY LINE AS AN FM DISCRIMINATOR.

FIGURE 5.  NOISE FLOOR (RELATIVE SENSITIVITY OF PHASE NOISE
MEASUREMENT SYSTEMS.



FIGURE 6.  DUAL DELAY LINE PHASE NOISE MEASUREMENT SYSTEM.

FIGURE 7.  RF BRIDGE USED TO SUPPRESS THE CARRIER.



FIGURE 8.  PHASE NOISE PLOTS OBTAINED USING THE DELAY LINE AS
AN FM DISCRIMINATOR. SINGLE - OSCILLATOR TECHNIQUE USING

TWO DIFFERENT DELAY LINES).

FIGURE 9.  MILLIMETER WAVE PHASE NOISE MEASUREMENT SYSTEM
(DELAY LINE/ FM DISCRIMINATOR)



FIGURE 10.  PHASE NOISE AND AM NOISE OF GUNN OSCILLATORS.

FIGURE 11.  BASIC MEASUREMENT SYSTEM USING THE CAVITY
DISCRIMINATOR OR THE “REFLECTIVE TYPE” DELAY LINE.



FIGURE 12.  LASER AMPLIFIER PHASE NOISE MEASUREMENT SYSTEM.


