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ABSTRACT

In this talk the commonly used measures of phase noise are briefly defined
and their relationships explained. Techniques for making precise
measurements of phase noise in oscillators, multipliers, dividers,
amplifiers, and other components are discussed. Particular attention is
given to methods of calibration which permit accuracies of 1 dB or better
to be achieved. Common pitfalls to avoid are also covered. It is shown
that the two oscillator approach is the most versatile of these techniques
offering simultaneously both the lowest noise floor and the widest
bandwidths. Phase noise floors (precisions) in exce.s.s of -170 dB relative
to 1 radian2 per hertz are achievable for carrier frequencies from well
below 0.1 MHz to beyond 100 GHz range. The disadvantage for precise source
measurements is the need for a reference source of comparable or better
performance. This limitation does not apply to the measurement of
amplifiers, multipliers, dividers, etc. Other techniques avoid this
requirement by using a delay line or cavity to generate a pseudo reference
generally with some sacrifice in noise floor near the carrier and bandwidth
limitations. Analogues of these techniques are used for carrier
frequencies from a few Hz to 1Ol5 Hz.

I. INTRODUCTION

The output of an oscillator can be expressed as

v(t) = [V, + c(t)] sin(2w,t + b(t)) (1

where V, is the nominal peak output voltage, and v. is the nominal
frequency of the oscillator. The time variations of amplitude have been
incorporated into a(t) and the time variations of the actual frequency,
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v(t), have been incorporated into 4(t). The actual frequency can now be
written as

v(t) = Y0 + w
9

(2

The fractional frequency deviation is defined as

Y t) - Y_
y(t) = ( yg =g.$l

0

(3

Power spectral analysis of the output signal V(t) combines the power in the
carrier Y., with the power in e(t) and 4(t) and therefore is not a good
method to characterize e(t) or 4(t).

Since in many precision sources understanding the variations in 4(t) or
y(t) are of primary importance, we will confine the following discussion
to frequency-domain measures of y(t), neglecting r(t) except in cases where
it sets limits on the measurement of y(t). The amplitude f!_uctuations,
e(t), can be reduced using limiters whereas 4(t) can be reduced in some
cases by the use of narrow band filters.

Spectral (Fourier) analysis of y(t) is often expressed in terms of S+(f),
the spectral density of phase fluctuations in units of radians squared per
Hz bandwidth at Fourier frequency (f) from the carrier vO, or S,,(f), the
spectral density of fractional frequency fluctuations in a 1 Hz bandwidth
at Fourier frequency f from the carrier v0 [I]. These are related as 1

v:
Sm(f) = ~z S,(f) rad'/Hz O<f<m ((4

S+(f)  can also be intuitively understood as

S&(f) = * , (5

where A4 is measured at Fourier frequency f from the carrier in a bandwidth
BW. It should be noted that these BE single-sided spectral density
measures containing the phase or frequency fluctuations from both sides of
the carrier.

Other measures sometimes encountered are<(f), dBC/Hz, and S,,(f). These
are related by [1,2]

S,,(f) = v,ZSy(f) Hz2/Hz

d(f) = (b)SQ(f) f,<lfl<- (6
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for 7 Sm(f)df < 1 rad'

If’
dBC/Hz = 10 log<;, (f)

4 (f) and dBC/Hz are single sideband measures of phase noise which are not
defined for large phase excursions and are therefore measurement system
dependent. Because of this an IEEE subcommittee on frequency stability
recommended the use of So(f) which is well defined independent of the phase
excursion [l]. This distinction is becoming increasingly important as
users require the specification of phase noise near the carrier where the
phase excursions are large compared to 1 radian. Single sideband phase
noise can be specified as ('i S+(f).

Figure 1. Precision phase measurement system using a spectrum analyzer.
Calibration requires a recording device to measure the slope at the zero
crossing. The accuracy is better than 0.2 dB from dc to 0.1 Y,, Fourier
frequency offset from the carrLer v,,. Carrier frequencies from a few Hz to
lOlo Hz can be accommodated with this type of measurement system. [3]

The above measures provide the most powerful (and detailed) analysis for
evaluating types and levels of fundamental noise and spectral density
structure in precision oscillators and signal handling equipment as it
allows one to examine individual Fourier components of residual phase (or
frequency) modulation. On the other hand, this analysis is extremely
detailed and one often needs an analysis of the long-term average
performance, such as the Allan Variance [l].

-
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Figure 2. Precision phase measurement system featuring self calibration to
0.2 dB accuracy from dc to 0.1 v0 Fourier frequency offset from carrier.
This system is suitable for measuring signal handling equipment,
multipliers, dividers, frequency synthesizers, as well as passive
components. [3]

II. Methods of Measuring Phase Noise

A. Two Oscillator Method

Figure 1 shows the block diagram for a typical scheme used to measure the
phase noise of a precision source using a double balanced mixer and a
reference source. Figure 2 illustrates a similar technique for measuring
only the added phase noise of multipliers, dividers, amplifiers, and
passive components. It is very important that the substitution oscillator
be at the same drive level, impedance, and at the equivalent electrical
length from the mixer as the signal coming from the reference oscillator.
This is dramatically illustrated in Figure 3, discussed below. The output
voltage of the mixer as a function of phase deviation, A+, between the two
inputs is nominally given by

VD"t = K cos A4 (7

Near quadrature this can be approximated by

VOut = K,&$, where 64 - [A+ - +=$J n] <.l (8

where n is the integer to make 64 - 0. The phase to voltage conversion
ratio sensitivity, Kd, is dependent on the frequency, the drive level, and
impedance of both input signals, and the IF termination of the mixer [7].

J
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The combined spectral density of phase noise of both input signals
including the mixer and amplitude noise from the IF amplifiers is given by

[ “I
2

S+(f) =
V 1

G(f)K, S W

where V, is the RMS noise voltage at Fourier frequency f from the carrier
measured after IF gain G(f) in a noise bandwidth BW. Obviously BW must be
small compared to f. This is very important where S+(f)  is changing
rapidly with f, e.g., S+(f) often varies as fv3 near the carrier. In Fig.
1, the output of the second amplifier following the mixer contains
contributions from the phase noise of the oscillators, the mixers, and the
post amplifiers for Fourier frequencies much larger than the phase-lock
loop bandwidth. In Figure 2, the phase noise of the oscillator

w .J-
z
f St _ 10 l Y MlXfR DRIVE

rrrDuiwcV  (kMZ1
Figure 3. Double-balanced mixer phase sensitivity at 5 MHz as a function
of Fourier frequency for various output terminations. The curves on the
left were obtained with 10 mW drive while those on the right were obtained
with 2 mW drive. The data demonstrate a clear choice between constant, but
low sensitivity or much higher, but frequency dependent sensitivity. [3]

cancels out to a high degree (often more than 20 dB). Termination of the
mixer IF port with 50 ohms maximizes the IF bandwidth, however, termination
with reactive loads can reduce the mixer noise by - 6 dB, and increase K,
by 3 to 6 dB as shown in Fig. 3. [3] Accurate determination of K, can be
achieved by allowing the two oscillators to slowly beat and measuring the
slope of the zero crossing in volts/radian with an oscilloscope or other
recording device. For some applications the FFT often used to me&sure the
noise voltage can be made to digitize the heat frequency waveform. The
time axis is easily calibrated since one beat period equals 2~ radians.
For some applications the dinitizer in the spectrum analyzer can be used to. _
measure both the beat period-and the slope iA volts/s at
The slope in volts/radian is then easily calculated with
(0.1 dB). Estimates of K, obtained from measurements of

the zero crossing.
very high accuracy
the peak to peak
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output voltage sometimes introduce errors as large as 6 dB in S,(f) even if '-;
the amplitude of the other harmonics is measured unless the phase 1
relationship is also taken into account [3]. By comparing the level of an
IF signal (a pure tone is best), on the spectrum analyzer used to measure
V, with the level recording device used to measure K,, the accuracy of
S,(f) can be made independent of the accuracy of the spectrum analyzer
voltage reference. The noise bandwidth of the spectrum analyzer also needs
to be verified. If measurements need to be made at Fourier frequencies
near or below the phase lock loop bandwidth, a probe signal can be injected
inside the phase lock loop and the attenuation measured versus Fourier
frequency. This provides the necessary correction factor for these phase
noise measurements. Some care is necessary to assure that the spectrum
analyzer is not saturated by spurious signals such as the line frequency
and its multiples. Sometimes aliasing in the spectrum analyzer is a
problem. Typical best performance is shown in Fig. 4. This measurement
approach exceeds the performance of almost all available oscillators

Comparison of Noise Floor
for Different Techniques

Figure 4.
Curve A. The noise floor S+(f)  (resolution) of typical double balanced

mixer systems (e.g. Fig. 1 and Fig. 2) at carrier frequencies
from 0.1 to 700 MHz. Similar performance possible to 100 GHz.

[41
Curve B. The noise floor, S,(f), for a high level mixer. [4]
curve c. The correlated component of S+(f)  between two channels using

high level mixers. [4]
Curve D. The equivalent noise floor S+(f) of a 5 to 25 MHz frequency

multiplier.
Curve E. Approximate phase noise floor of figure 8 using a 500 ns dealy

line.
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from below 0.1 MHz to over 100 GHz and is generally the technique of first
choice because of its versatility and simplicity. Figures lo-13 give some
examples. Using the above calibration procedure, phase noise measurements
on signal sources can be made with an absolute accuracy better than 1 dB
for signal sources. This accuracy is not always possible where the phase
noise of the source exceeds that of the added noise of the components under
test in Figure 2. The use of specialized mixers with multiple diodes per
leg increases the phase to voltage conversion sensitivity, Kd and therefore
reduces the contribution of IF amplifier noise [4] as shown in Fig. 4.
Phase noise measurements can generally be made at Fourier frequencies from
approximately dc to l/2 the source frequency. The major difficulty being
the mixer terminations and the difficulty of removing the source frequency
from the output signal which would generally saturate the low noise
amplifiers following the mixer.

Most double balanced mixers have a substantial non-linearity that can be
exploited to make phase comparison between the reference source and odd
multiples of the reference frequency. Some mixers even feature internal
even harmonic generation. The measurement block diagram looks identical to
that given in Figure 1, except the source under test is at an odd (even)
harmonic of the reference source. This method is relatively efficient (as
long as they fall within the bandwidth of the mixer) for multiples up to x5
although multiples as high as 25 have been observed. The noise floor is
degraded by the amount of reduction in the phase sensitivity of the mixer.
The phase noise of the reference source is also higher at the multiplied
frequency as shown in 1I.F below.

B. Enhanced Performance Using Correlation Techniques

The resolution of the many systems can be greatly enhanced (typically 20
dB) using correlation techniques to separate the phase noise from the
device under test from the noise in the mixer and IF amplifier [4].

For example consider the scheme illustrated in Figure 5. At the output of
each double balanced mixer there is a signal which is proportional to the
phase difference, Ad, between the two oscillators and a noise term, VN, due
to contributions from the mixer and amplifier. The voltages at the input
of each bandpass filter are

V,(BP filter input) = G, Ah(t) + C,V,,(t) ,

V,(BP filter input) = G, A6(t) + C2VNz(t) ,

(10

where V,,(t) and V,,(t) are substantially uncorrelated. Each bandpass
filter produces a narrow band noise function around its center frequency f:

V,(BP filter  output)  = G1[S+(f)]& Bxh cos [2aft + b(t)]

+C,[S,,,(f)]*  B,* cos [2xft + n,(t)] (11
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Figure 5. Correlation phase noise measurement system.

Figure 6. High-Q resonance used as a frequency discriminator. Note that
the peak response is displaced from the center of the resonance by about
the half bandwidth.
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V,(BP filter output) = G,[S,(f)]# B,% cos [2nft + d(t)]

+ C,[S,,,(f)]* B,% cos [2nft + n,(t)]

where B, and B, are the equivalent noise bandwidths of filters 1 and 2
respectively. Both channels are bandpass filtered in order to help
eliminate aliasing and dynamic range problems. The phases $(t),  n,(t) and
n,(t) take on all values between 0 and 2x with equal likelihood. They very
slowly compared to l/f and are substantially uncorrelated. When these two
voltages are multiplied together and low pass filtered, only one term has
finite average value. The output voltage is

V&t = k G,G,S+(f) B, tiB,' + D,<cos[7(t)]>
(12

+ Dzcos[$(t) - nz(t)]> + D,<cos[n,(t)-n,(t)]> so that Sb(f) is
given by

S,(f) = (13)

For times long compared to B,-'B,-' the noise terms D,, D, and D, tend
towards zero as Jt. Limits in the reduction of these terms are usually
associated with harmonics of 60 Hz pickup, dc offset drifts, and

_ nonlinearities in the multiplier. Also if the isolation amplifiers have
input current noise, they will pump current through the source resistance.
The resulting noise voltage will appear coherently on both channels Andy
can't be distinguished from real phase noise between the two oscillators.
One half of the noise power appears in amplitude and one half in phase
modulation.

Obviously the simple single frequency correlator used in this illustration
can be replaced by a fast digital system which simultaneously computes the
correlated phase noise for a large band of Fourier frequencies. Typical
results show a reduction in noise floor of order 20 dB over the noise floor
of a single channel (See Fig. 4). The greet power of this technique is
that it can be applied at any carrier frequency where one can obtain double
balanced mixers. The primary limitations come from the bandwidth and
nonlinearities in the cross correlator.

C. Reference Phase Modulation Method

Another method of determining S,(f) usee phase modulation of the reference
oscillator by a known amount. The ratio of the reference phase modulation
to the rest of the spectrum then can be used for a relative calibration.
This approach can be very useful for measurements which are repeated a
great many times.

-
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D. Frequency Discriminator Methods *

It is sometimes convenient to use a high-Q resonance directly as a
frequency discriminator as shown in Fig. 6. The oscillator can be tuned
l/2 linewidth (v,/2Q)  away from line center yielding a detected signal of
the form

VO"t = G(f)k,Qdy(f) P’ +c(t)l  . (14

Note that this approach mixes frequency fluctuations between the oscillator
and reference resonance with the amplitude noise of the transmitted signal.
By using amplitude control (e.g. by processing to normalize the data), one
can reduce the effect of amplitude noise. [S] The measured noise at the
detector is then related to the phase fluctuation of the reference
resonance by

S,(f) = (15

This approach has the limitations that Au must be small compared to the
linewidth of the cavity, and removing the effect of residual amplitude
noise is difficult; however, no reference source is needed.

Differential techniques can be used to measure the inherent frequency
(phase) fluctuations of two high-Q resonators as shown in Fig. 7 [6]. The
output voltage is of the form V,,t = 2QK, dy(f). The phase noise spectrum
of the resonators is then obtained using equation 4.

a

f<Z .

The phase noise in the source can cancel out by 20 to 40 dB depending on
the similarity of resonate frequencies Q's and the transmission properties
of the two resonators. This approach was first used to demonstrate that the
inherent frequency stability of precision quartz resonators exceeds the
performance of most quartz crystal controlled oscillators [6].

If only one resonance is used, the output includes the phase fluctuations
of both the source and the resonator. The calibration is accomplished by
stepping the frequency of the source and measuring the output voltage, le
AV = G(f)K'(f) Avl. From this measurement the phase spectrum can be
calculated as

Sb(f)  =
V;

Kl(f) f=
(17)
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Figure 7. Differential frequency discriminator using a pair of high-Q
resonators. In this approach the phase noise of the source tends to cancel
out.

Figure 8A shows one method of implementing this approach at X-hand. The
cavity has a loaded quality factor of order 25,000. Figure 8B shows the
measured frequency discriminator curve. Note that Kl(f) is constant for
f<v/(2Q) and decreases at values of f larger than the half bandwidth or the
resonance as

Kl(f) -
$$@..

(18)

E. Delay Line Method

A still different approach uses a delay line to make a pseudo reference
which is retarded relative to the incoming signal [7-lo] as shown in
Fig. 9.

The mixer output is of the form

Vout = 2st,Kdv,dy

and the input phase noise is given by

S+(f) = [2nf&f)Kj' & ’ f< 2.

(19

(20
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This approach is often used at microwave frequencies when only one
oscillator is available. However the ability to resolve phase noise close
to the carrier depends on the delay time.
500 ns, then, (2nfr,)z -

For example if f = 1 Hz and 7d =
10el'.  For this example the noise floor is 110 dB

higher at f = 1 Hz than that of the two oscillator method decreasing as
l/f'. Recent advances make it possible to encode the rf signal on an
optical signal which then can be transmitted down an optical fiber to
achieve delays up to the order of 10e3s  with some increase in the noise
floor. The noise floor can be reduced by approximately 20 to 40 dB using
the correlation techniques described above. 110) Note that the bandwidth
is limited to less than - l/Td.

F. Multiplication/Division

The use of perfect frequency multipliers (or dividers) between the signal
source and the double balanced mixer increases (decreases) the phase noise
level [ll] as

(21

This can be used to either increase or decrease the phase sensitivity of
the mixer system. Figure 4 shows the noise of a specialized 5 to 25 MHz
multiplier referred to the 5 MHz input. A potential problem with the use
of the multiplier approach comes from,exceeding the dynamic range of the
mixer. Once the phase excursion, A4. exceeds about 0.1 radian,
nonlinearities  start to become important and at A4 - 1 radian, the
measurement is no longer valid [ll]. *

ACKNOWLEDGEMENTS

The author is grateful to many colleagues, especially David W. Allan, James
C. Bergquist, Andrea DeMarchi, David J. Glaze, James E. Gray, David A.
Howe, Samuel R. Stein and Charles Stone for many fruitful discussions on
this topic and to the Calibration Coordination Group for the funding to
improve the accuracy and bandwidth of phase noise metrology.

32



10.6 GHz OSC
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Frequency

Figure 8. A. block diagram of a high Q resonator used as a frequency
discriminator. B. Frequency discriminator curve for the scheme shown in A
used at X-band with a cavity having a loaded quality factor of
approximately 25,000.
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Figure 9. Delay line frequency discriminator.

Figure 10.

Phase Noise of Quartz Oscillators
4OT I I I

q LN 5 MHz
.LNlOOMHz -
xLD5MHz
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Log Fourier Frequency (Hz)

Phase noise performance of selected quartz oscillators.
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Phase Noise at X Band
of Multiplied Quartz Oscillators
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Figure 11. Phase noise of the oscillators of figure 10 if multiplied to X-
band in a perfect frequency multiplier.

Added Phase Noise by Amplifiers

I
I

A MESFET 10.6 GHr

L ! I

P I
kHz 100 kHz 1 MHz10 Hz 100 HZ 1 kHz 10

Figure 12. Curves A and B show the phase noise added by selected GaAs
MESFET amplifiers. Curve C shows the phase noise added by a typical common
emitter silicon bipolar transistor with a "good" rf bypass on the emitter
lead. Curve D shows the typical performance of the sane  amplifier with a
small unbypassed impedance (approximately l/transconductance) in the
emitter lead. The added phase noise is generally independent of frequency
over a very large range.
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Two Oscillator Calibration Test @ 5MHz

I I I ! I I,Ill,
I

I
10 Hz

I
100 Hz

f (Hz)

I I
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Figure 13. Demonstration of calibration accuracy for two oscillator
concept of Fig. 1. The curve labeled System A shows the measured phase
noise of a pair of 5 MHz oscillators using the test set shown in Fig. 1.
The curve labeled System B shows the measured phase noise of the same pair
of 5 MHz oscillators using a totally separate measurement system with the
oscillators held in phase quadrature with the measurement test set of A.

4

The curve labeled System B + X/4 shows the phase noise of the same pair of
oscillators using the test set of B with X/4 cables between the oscillators
and the measurement test set. The slope of the zero crossing of the beat
was measured using the digitizer in the two different FFT spectrum
Xlaly2ers. This measures KdG(F) to about 1%. The agreement between the
three curves is in the worse case f 0.15 dB.
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