PRECI SE PHASE NO SE MEASUREMENTS OF OSCI LLATORS
AND OTHER DEVI CES FROM APPROXI MATELY 0.1 MHz TO 100 GH,

Fred L. Walls
Time and Frequency Division
Nati onal Bureau of Standards
Boul der, Col orado 80303

ABSTRACT

In this talk the commnly used nmeasures of phase noise are briefly defined
and their relationships explained. Techniques for naking precise
neasurenents of phase noise in oscillators, nultipliers, dividers,
amplifiers, and other conponents are discussed. Particular attention is
given to nmethods of calibration which permt accuracies of 1 dB or better
to be achieved. Common pitfalls to avoid are also covered. [t is shown
that the two oscillator approach is the nost versatile of these techniques
offering sinmultaneously both the | owest noise floor and the w dest

bandwi dt hs. Phase noi se floors (precisions) i n excess of -170 dB relative
to 1 radian® per hertz are achievable for carrier frequencies from well
below 0.1 MHz to beyond 100 GHz range. The di sadvantage for precise source
neasurenents is the need for a reference source of conparable or better

per f or mance. This limtation does not apply to the neasurenent of
amplifiers, multipliers, dividers, etc. Gt her techniques avoid this
requirenent by using a delay line or cavity to generate a pseudo reference
generally with sone sacrifice in noise floor near the carrier and bandw dth
limtations. Analogues of these techniques are used for carrier
frequencies froma few Hz to 103 Hz.

. 1 NTRODUCTI ON

The output of an oscillator can be expressed as

V(t) = [V, + e(t)] sin(2av,t + &(t)) (1
where v, is the nom nal peak output voltage, and v, is the nom na
frequency of the oscillator. The tine variations of anplitude have been
incorporated into a(t) and the tine variations of the actual frequency,
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v(t), have been incorporated into 4(t). The actual frequency can now be
witten as

- d[¢(t)
V() = v, + ST (2

The fractional frequency deviation is defined as

Wty -v, _ dfg(t)]
v T 2my,dt (3

y(t) =

o

Power spectral analysis of the output signal V(t) conbines the power in the
carrier v, with the power in ¢{(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 inmportance, we will confine the follow ng discussion

to frequency-domain measures of y(t), neglecting r(t) except in cases where
it sets limts on the neasurenent of y(t). The anplitude fluctuations,
e(t), can be reduced using limters whereas 4(t) can be reduced in sone
cases by the use of narrow band filters

Spectral (Fourier) analysis of y(t) is often expressed in terns of S§,(f),
the spectral density of phase fluctuations in units of radi ans squared per
Hz bandwi dth at Fourier frequency (f) fromthe carrier v,, or S, ,(f), the
spectral density of fractional frequency fluctuations in a 1 Hz bandwi dth
at Fourier frequency f fromthe carrier v, [1]. These are related as

2
Vs

S4(f) = & S, (f) rad/Bz O<f<w (4

84 (f) can also be intuitively understood as

2
S4(F) = Ag” (£) (5

- BW !
where A4 is nmeasured at Fourier frequency f fromthe carrier in a bandw dth
BW It should be noted that these are single-sided spectral density
measures containing the phase or frequency fluctuations from both sides of
the carrier.

O her neasures sonetines encountered are&fif), dBC/Hz, and S,,(f). These
are related by [1,2]

S, (f) = w25, (f) Hz?/Hz

L) = (08,(E)  £i<|f|<=m (6
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o
for [ S,(f)df < 1 xad?
fl

.
dBC/Hz = 10 log £(£)
(e

dﬁ(f) and dBC/Hz are single sideband nmeasures of phase noise which are not
defined for |arge phase excursions and are therefore neasurenent system
dependent. Because of this an | EEE subcommittee on frequency stability
recommended the use of S¢(f) which is well defined independent of the phase
excursion [1]. This distinction is becom ng increasingly inportant as
users require the specification of phase noise near the carrier where the
phase excursions are |large conpared to 1 radian. Singl e sideband phase
noi se can be specified as (}% S,(f).
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Figure 1. Precision phase neasurenent system using a spectrum analyzer.
Calibration requires a recording device to neasure the slope at the zero
crossing. The accuracy is better than 0.2 dB fromdc to 0.1 v, Fourier
frequency offset from the carrier v,. Carrier frequencies froma few Hz to
1019 Hz can be accommpdated with this type of measurement system [3]

The above neasures provide the nmost powerful (and detailed) analysis for
eval uating types and | evels of fundanental noise and spectral density
structure in precision oscillators and signal handling equipnment as it
al l ows one to exam ne individual Fourier conponents of residual phase (or
frequency) nodulation. On the other hand, this analysis is extrenely
detail ed and one often needs an anal ysis of the |ong-term average
performance, such as the Allan Variance [1].
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Figure 2. Precision phase neasurenent system featuring self calibration to
0.2 dB accuracy fromdc to 0.1 v, Fourier frequency offset from carrier.
This system is suitable for neasuring signal handling equipnent,
multipliers, dividers, frequency synthesizers, as well as passive
components. [3]

[l. Methods of Measuring Phase Noise
A. Two Oscillator Method -

Figure 1 shows the block diagramfor a typical schene used to neasure the
phase noise of a precision source using a double balanced m xer and a
reference source. Figure 2 illustrates a simlar technique for measuring
only the added phase noise of nmultipliers, dividers, anplifiers, and
passive conponents. It is very inportant that the substitution oscillator
be at the same drive level, inpedance, and at the equivalent electrical
length fromthe mxer as the signal coming fromthe reference oscillator.
This is dramatically illustrated in Figure 3, discussed below.  The output
voltage of the mixer as a function of phase deviation, &¢, between the two
inputs is nomnally given by

Vour = K cos 4¢ (7

Near quadrature this can be approxinated by

2n-1
(2)

Vour = Ky6¢, where &¢ = [b4 - m] <.1 (8

where n is the integer to make 6¢ ~ 0. The phase to vol tage conversion
ratio sensitivity, K,;, is dependent on the frequency, the drive level, and
i npedance of both input signals, and the IF termnation of the mixer [7].
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The conbined spectral density of phase noise of both input signals
i ncluding the mixer and anplitude noise fromthe IF anplifiers is given by

2
Y 1
Sy (£) = [G(f)Kd ] S W @

where V, is the RVB noise voltage at Fourier frequency f fromthe carrier
measured after IF gain Gf) in a noise bandwidth BW  Qoviously BW nust be
smal | conpared to f. This is very inportant where S,(f) i s changing
rapidly with f, e.g., S+(f) often varies as £2 near the carrier. In Fig.
1, the output of the second anplifier follow ng the m xer contains
contributions fromthe phase noise of the oscillators, the mxers, and the
post anplifiers for Fourier frequencies nuch |arger than the phase-Iock

| oop bandwidth. In Figure 2, the phase noise of the oscillator
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Figure 3. Doubl e-bal anced m xer phase sensitivity at 5 Mz 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 denonstrate a clear choice between constant, but
| ow sensitivity or nuch higher, but frequency dependent sensitivity. [3]

cancel s out to a high degree (often more than 20 dB). Term nati on of the
mxer |F port with 50 ohns nmexim zes the |IF bandw dth, however, termnation
with reactive | oads can reduce the mxer noise by = 6 dB, and increase K,
by 3 to 6 dB as shown in Fig. 3. [3] Accurate determ nation of K; can be
achieved by allowing the two oscillators to slowy beat and neasuring the
sl ope of the zero crossing in volts/radian with an oscilloscope or other
recording device. For some applications the FFT often used to measure the
noi se voltage can be nade to digitize the heat frequency waveform  The
tine axis is easily calibrated since one beat period equals 2 radians.

For some applications the digitizer in the spectrum anal yzer can be used to
nmeasure both the beat period-and the slope in volts/s at the zero crossing.
The slope in volts/radian is then easily calculated with very high accuracy
(0.1 dB). Estinmates of Ky obtained from nmeasurenents of the peak to peak
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out put voltage sometines introduce errors as large as 6 dBin S, (f) even if
the anplitude of the other harnonics is nmeasured unless the phase
relationship is also taken into account [3]. By conparing the |evel of an
IF signal (a pure tone is best), on the spectrum analyzer used to neasure
V, Wth the level recording device used to neasure X;, the accuracy of

S, (f) can be made i ndependent of the accuracy of the spectrum anal yzer

vol tage reference. The noi se bandwi dth of the spectrum anal yzer al so needs
to be verified. |f neasurenents need to be nade at Fourier frequencies
near or bel ow the phase | ock | oop bandwi dth, a probe signal can be injected
i nside the phase lock |oop and the attenuation neasured versus Fourier
frequency. This provides the necessary correction factor for these phase
noi se measurenents. Sone care i s necessary to assure that the spectrum
anal yzer is not saturated by spurious signals such as the |ine frequency
and its multiples. Sonetinmes aliasing in the spectrum analyzer is a

probl em Typical best performance is shown in Fig. 4. This neasurenent
approach exceeds the perfornmance of al npbst all available oscillators
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Figure 4.

Curve A The noise floor S,(f) (resolution) of typical double balanced
m xer systens (e.g. Fig. 1 and Fig. 2) at carrier frequencies
from0.1 to 700 MHz. Sinmilar performance possible to 100 GHz,
[4]

Curve B. The noise floor, S, (f), for a high level mxer. [&]

curve c. The correl ated conponent of S4(f) between two channels using
high level mxers. [4]

Curve D The equival ent noise floor S+(f) of a 5 to 25 Mz frequency
multiplier.

Curve E Approxi mat e phase noise floor of figure 8 using a 500 ns dealy
l'ine.
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frombelow 0.1 MHz to over 100 GHz and is generally the technique of first
choice because of its versatility and sinplicity. Figures 10-13 give sone
exanpl es. Using the above calibration procedure, phase noise neasurenents
on signal sources can be made with an absol ute accuracy better than 1 dB
for signal sources. This accuracy is not always possible where the phase
noi se of the source exceeds that of the added noise of the conponents under
test in Figure 2. The use of specialized mxers with multiple diodes per

|l eg increases the phase to voltage conversion sensitivity, K; and therefore
reduces the contribution of IF amplifier noise [4] as shown in Fig. 4.
Phase noi se neasurenents can generally be made at Fourier frequencies from
approximately dc to 172 the source frequency. The najor difficulty being
the mixer termnations and the difficulty of remving the source frequency
fromthe output signal which would generally saturate the | ow noi se
amplifiers following the mxer

Most doubl e bal anced mi xers have a substantial non-linearity that can be
exploited to make phase conparison between the reference source and odd
multiples of the reference frequency. Sonme mixers even feature internal
even harnonic generation. The neasurenent bl ock diagram|looks identical to
that given in Figure 1, except the source under test is at an odd (even)
harnonic of the reference source. This nethod is relatively efficient (as
long as they fall within the bandwi dth of the mixer) for nultiples up to x5
although multiples as high as 25 have been observed. The noise floor is
degraded by the anpunt of reduction in the phase sensitivity of the m xer
The phase noise of the reference source is also higher at the multiplied
frequency as shown in II.F bel ow.

B. Enhanced Perfornmance Using Correl ati on Techni ques

The resolution of the many systens can be greatly enhanced (typically 20
dB) using correlation techniques to separate the phase noise fromthe
device under test fromthe noise in temxrand IF anplifier [4].

For exanple consider the scheme illustrated in Figure 5. At the output of
each doubl e bal anced nmixer there is a signal which is proportional to the
phase difference, A¢, between the two oscillators and a noise term Vg, due
to contributions from the mxer and anplifier. The voltages at the input
of each bandpass filter are

Gy Ag(t)Y + C Vy, (1), (10

V,(BP filter input)
V,(BP filter input) = G; a¢(t) + C,Vy,(t),
where Vy,(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) = GI[S¢(f)]" B, ¥ cos [2nft + ¢(t)]

+C; [Synq (£)1% B, ¥ cos [2nft + n, (1)] (11
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Figure 6. Hgh-Q resonance used as a frequency discrimnator. Note that

the peak response is displaced fromthe center of the resonance by about
the half bandwi dth.
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V,(BP filter output) = G,[S4(£)]¥ B,% cos [2nft + $(t)]
+ Gy [Syyz (E)]¥ B,¥ cos [2rft + n, ()]

where B, and B, are the equivalent noise bandwidths of filters 1 and 2
respectively. Both channels are bandpass filtered in order to help
elimnate aliasing and dynamc range problems. The phases #(t), n,(t) and
n,(t) take on all values between 0 and 2x with equal |ikelihood. They very
slowy conpared to I/f and are substantially uncorrelated. When these two
voltages are nultiplied together and | ow pass filtered, only one term has
finite average value. The output voltage is

VZ

out

=k G,G6,8,(f) B, %B,* + D,<cos[7(t)]>
(12

+ Dycos[$(t) - ny(t)]> + Dy<cos[m (t)-ny (£)]> so that §,(f) is
given by

_ (2)v2
s, (f) = GTGJBLl%Z— . (13)

For tines long conpared to B, ¥B,"¥ the noise terns D,, D, and D3 tend
towards zero as Jt. Linits in the reduction of these terns are usually
associ ated with harmonics of 60 Hz pickup, dc offset drifts, and
nonlinearities in the multiplier. Also if the isolation anplifiers have
input current noise, they will punp current through the source resistance.
The resulting noise voltage will appear coherently on both channels and
can't be distinguished fromreal phase noise between the two oscillators.
One half of the noise power appears in anplitude and one half in phase
modul at i on.

Qobviously the sinmple single frequency correlator used in this illustration
can be replaced by a fast digital system which sinmultaneously conmputes the
correl ated phase noise for a |large band of Fourier frequencies. Typica
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
bal anced mixers. The primary limtations come from the bandw dth and
nonlinearities in the cross correlator

C. Reference Phase Mdul ati on Mt hod

Anot her nethod of determining S, (f) uses phase nodul ation of the reference
oscillator by a known anmount. The ratio of the reference phase nodul ation
to the rest of the spectrumthen can be used for a relative calibration
Thi s approach can be very useful for nmeasurenents which are repeated a
great nmany tines
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D. Frequency Discrimnator Methods

It is sometimes convenient to use a high-Q resonance directly as a
frequency discrimnator as shown in Fig. 6. The oscillator can be tuned
172 linew dth (v, /2Q) away fromline center yielding a detected signal of
the form

Vout = G(E)kyQdy(£) [V +e(t)] . (14

Note that this approach mixes frequency fluctuations between the oscillator
and reference resonance with the anplitude noise of the transmtted signal
By using anplitude control (e.g. by processing to normalize the data), one
can reduce the effect of anplitude noise. [5] The neasured noise at the

detector is then related to the phase fluctuation of the reference
resonance by

2
v,V 1 vy
S (£) = [kadG(f) ] BW < 29 (15

Thi s approach has the limtations that Ay nust be snall conpared to the
[inewidth of the cavity, and renoving the effect of residual anplitude
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 formvV,,, = 2QK; dy(f). The phase noise spectrum
of the resonators is then obtained using equation 4.

2
v, Vy 1 Vo
Se (£) = [ZQEKdG(f)] BW AT I (16)

The phase noise in the source can cancel out by 20 to 40 dB depending on
the simlarity of resonate frequencies @ s and the transm ssion properties
of the two resonators. This approach was first used to denonstrate that the
i nherent frequency stability of precision quartz resonators exceeds the
performance of nost 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 acconplished by
stepping the frequency of the source and neasuring the output voltage, le
AV = G(E)R!(f) Av,. Fromthis neasurenment the phase spectrum can be

cal cul ated as

V2 1 '
84 (£) = RI(f) £2 [BW ] ' (17)
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Figure 7. Differential frequency discrimnator using a pair of high-Q
resonat ors. In this approach the phase noise of the source tends to cance

out .

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

kip) -  —2la g (18)
1+ (=)

E. Delay Line Method

A still different approach uses a delay line to nake a pseudo reference
which is retarded relative to the incomng signal [7-10] as shown in
Fig. 9.
The m xer output is of the form

Vout = 27tyKav,dy (19

and the input phase noise is given by

2
v, 1 1
84 (£) = [wardG(f)Kd] Bw ¢ 7, (20
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This approach is often used at microwave frequenci es when only one
oscillator is available. However the ability to resolve phase noise close
to the carrier depends on the delay tine. For example if f =1 Hz and r, =
500 ns, then, (2xfr;)? ~ 10711, For this exanple the noise floor is 110 dB
higher at f = 1 Hz than that of the two oscillator nethod decreasing as
1/£%. Recent advances make it possible to encode the rf signal on an
optical signal which then can be transmtted down an optical fiber to

achi eve delays up to the order of 1073%s with some increase in the noise
floor. The noise floor can be reduced by approximtely 20 to 40 dB using
the correlation techniques described above. [10] Note that the bandw dth
is limted to less than ~ 1/rd.

F. Miltiplication/Division

The use of perfect frequency multipliers (or dividers) between the signal
source and the doubl e bal anced mi xer increases (decreases) the phase noise
level [11] as

2
Syt = [52-] Sevy (£) . (21

L

This can be used to either increase or decrease the phase sensitivity of
the mxer system Figure 4 shows the noise of a specialized 5to 25 M&
multiplier referred to the 5 MHz input. A potential problemwth the use
of the nultiplier approach comes from exceeding the dynam c range of the
m xer. Once the phase excursion, A¢, exceeds about 0.1 radian,
nonlinearitieg start to beconme inportant and at A4 = 1 radian, the
nmeasurenent is no longer valid [11].
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MEASUREMENT OF S (f) USING A DELAY LINE
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Figure 9. Delay line frequency discrininator.

80 Phase Noise of Quartz Oscillators
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Figure 10. 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
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Figure 12. Curves A and B show t he phase noi se added by sel ected GaAs
MESFET amplifiers. Curve C shows the phase noi se added by a typical comon
emtter silicon bipolar transistor with a "good" rf bypass on the emtter
lead. Curve D shows the typical performance of the same anplifier with a
smal | unbypassed inpedance (approxinmately 1/transconductance) in the
emtter 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
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Figure 13. Denpnstration of calibration accuracy for two oscillator
concept of Fig. 1. The curve labeled System A shows the measured phase

noi se of a pair of 5 MHz oscillators using the test set shown in Fig. 1.
The curve | abel ed System B shows the neasured phase noise of the same pair
of 5 MHz oscillators using a totally separate neasurenent systemwth the -
oscillators held in phase quadrature with the neasurenment test set of A
The curve | abel ed System B + X/ 4 shows the phase noise of the same pair of
oscillators using the test set of Bwith X4 cables between the oscillators
and the neasurenent test set. The slope of the zero crossing of the beat
was neasured using the digitizer in the two different FFT spectrum
analyzers. This measures K ;G(F) to about 1% The agreenent between the
three curves is in the worse case * 0.15 dB.
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