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The Effect of AM Noise on Correlation

Phase-Noise Measurements
Enrico Rubiola and Rodolphe Boudot

Abstract—We analyze the phase-noise measurement
methods in which correlation and averaging is used to re-
ject the background noise of the instrument. All the known
methods make use of a mixer, used either as a saturated-
phase detector or as a linear-synchronous detector. Unfor-
tunately, AM noise is taken in through the power-to-dc-
offset conversion mechanism that results from the mixer
asymmetry. The measurement of some mixers indicates that
the unwanted amplitude-to-voltage gain is of the order of 5—
50 mV, which is 12—-35 dB lower than the phase-to-voltage
gain of the mixer. In addition, the trick of setting the mixer
at a sweet point—off the quadrature condition—where the
sensitivity to AM nulls, works only with microwave mixers.
The HF-VHF mixers do not have this sweet point. More-
over, we prove that if the AM noise comes from the oscilla-
tor under test, it cannot be rejected by correlation. At least
not with the schemes currently used. An example shows
that at some critical frequencies the unwanted effect of AM
noise is of the same order—if not greater—than the phase
noise. Thus, experimental mistakes are around the corner.

I. INTRODUCTION

HE phase noise of oscillators and of two-port devices
Tis a relevant issue in time-and-frequency metrology, in
experimental physics, in space exploration, and in some
fields of electronics, which include at least instrumenta-
tion, telecommunications, high-speed digital circuits, and
radar systems.

Let us introduce the quasiperfect sinusoidal signal of
frequency vp:

v;(t) = Vo[l + a(t)] cos[2muot + ¢(t)], (1)

in which ¢(t) and «(t) are the random phase fluctua-
tion and the normalized, random-amplitude fluctuation,
respectively. Phase noise usually is described in term of
S,(f), namely, the power spectral density (PSD) of ¢(t)
as a function of the Fourier frequency f. Similarly, S, (f)
is the PSD of «a(t). In practice, the PSD is measured as
the average square modulus of the one-sided Fourier trans-
form normalized for the power-type signals. S, (f) is used
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to describe fast fluctuations, but time-domain measure-
ments are preferred for slow fluctuations. The boundary
generally is set at 1072 to 1 Hz. The general background
on phase noise and on frequency stability is available from
numerous references, among which we prefer [1]-[4].

Phase noise is measured by means of a phase detec-
tor followed by a low-noise dc amplifier and a fast Fourier
transform (FFT) analyzer. In most cases, the detector is
a saturated double-balanced mixer [5]!. A balanced bridge
(often referred to as interferometer) with amplification and
synchronous detection of the noise sidebands is used when
the highest sensitivity is required [6], [7]. The sensitivity is
limited by the equivalent temperature of the instrument
[8]. Improved sensitivity is obtained by correlation and
averaging, with two separate—thus independent—systems
that measure the same device under test (DUT) [9], [10].
The dual-bridge with correlation exhibits the highest re-
ported sensitivity, limited by the thermal uniformity of the
instrument instead of the absolute temperature [11].

We observed that the amplitude noise (AM noise) lim-
its the sensitivity because the AM noise is rejected only
partially by the phase detector. Hence, the hypothesis of
statistical independence is no longer true when a source of
AM noise is common to the two channels. This occurs in
all correlation schemes of practical interest. The steeper
is the spectrum slope (1/f and 1/f2), more disturbing
is the effect at low Fourier frequencies. Thus, we stress
the importance of AM noise in the emerging domain mi-
crowave photonics [12], in which the laser relative intensity
noise (RIN) has a spectrum 1/f? at low frequencies. Un-
fortunately, little information on AM noise is available?.
A careful analysis of the correlation schemes is necessary
to understand the effect of AM noise and when it can be
reduced or eliminated. After that, the measurement of the
detector parameters turns out to be surprisingly simple.

II. PHASE-NOISE MEASUREMENTS

Saturated by two signals of power of 3-30 mW (5-
15 dBm) in quadrature with one another, the Schottky-
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Fig. 1. Double balanced mixer.

diode, double-balanced mixer (Fig. 1) works as a phase
detector governed by:

Uo(t) = k(). (2)

The phase-to-voltage gain k, is an experimental co-
efficient that depends on technology and on power. Ac-
tual values are of 0.1-0.5 V/rad. It turns out that the
background 1/f noise is chiefly due to the mixer (about
10~*2 rad?/Hz, i.e., —120 dBrad?/Hz, for the microwave
mixers, and about 10714 rad?/Hz, i.e., —140 dBrad?/Hz,
for the HF-UHF mixers). Conversely, the background
white noise comes from the dc preamplifier at the mixer
output. This is due to the low value of k,, in conjunc-
tion with the technical difficulty of designing a dc ampli-
fier noise matched to the low-output impedance (50 )
of the mixer output. A floor of 107!¢ rad?/Hz, i.e.,
—160 dBrad?/Hz, is common in practice.

Fig. 2 shows the basic correlation schemes for the mea-
surement of phase noise. The light shadows indicate the
sources of noise removed by correlation and averaging. The
dark shadows emphasize the points in which the effect of
AM noise enters in the cross spectrum.

The scheme A is used to measure a two-port DUT [10].
Phase adjustment is necessary to ensure the quadrature
relationship. Amplification or attenuation is needed if the
DUT power does not fit the mixer input range. Yet, the
1/f phase noise of the amplifier is generally higher than
that of the mixer. With this scheme, the DUT group delay
7 must be small enough to avoid the frequency fluctua-
tion Av of the reference oscillator to be taken in. This is
governed by ¢ = 2x7Av. In practice, it is often sufficient
that the DUT is not resonant or that it includes at most
a low-Q resonator.

The scheme B serves to measure the phase noise of an
oscillator. This scheme is routinely used at the U.S. Na-
tional Institute of Standards and Technology (NIST) for
the measurement of low-noise oscillators using commer-
cial frequency synthesizers as the references [5]. A fast-
responding loop is advantageous versus a slow loop [13]
because it overrides the stray injection-locking, sometimes
hardly avoidable, and because it relaxes the need for large
dynamic range in the digital-to-analog converter (DAC) of
the FFT analyzer. In the case of the fast-responding loop,
the oscillator noise is calculated by unapplying the loop
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Fig. 2. Dual-channel (correlation) phase-noise measurements. The
noise sources rejected by correlation are colored light grey. The AM
noise not rejected by correlation is colored in dark grey.

transfer function to the measured spectrum. Of course,
the transfer function is to be measured accurately.

The scheme C makes use of two reference resonators
that turn the oscillator frequency noise into phase noise at
the mixer inputs. The maximum frequency for the mea-
surement of phase noise is limited by the resonator band-
width. Beyond, the resonators attenuate the oscillator car-
rier, for the mixer is no longer saturated. The reference
resonator can be replaced with a delay line [14]. In this
case, the maximum frequency is limited by the inverse de-
lay. A delay longer than 10-100 ns can be obtained only
with a photonic delay line [15], [16] because the loss of a
coaxial cable is too high (~1 dB/m at 10 GHz for a 0.141-
inch semirigid cable); conversely the optical fiber exhibits
a loss of 0.2 dB/km (Corning SMF-28 at A = 1.55 um).
The single-channel version of scheme C has been used to
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stabilize an oscillator either to a resonator [17] or to an
optical-fiber delay line [18].

In scheme D, the mixer works in small-signal regime at
the RF port, in which only the amplified DUT noise is
present. The phase-to-voltage gain is k, = (9/2¢)v/Ro P,
minus dissipative losses [11]. Ry is the characteristic resis-
tance (50 ), Py is the DUT output power, g is the voltage
gain of the amplifier, and ¢ is the single side band (SSB)
voltage loss of the mixer (in our early publications, [11],
[19], [20], g and ¢ referred to power gain and loss). Thus,
if Ry = 50 Q, Py = 10 mW (10 dBm), g = 100 (40 dB),
and ¢ = 2 (the usual 6 dB loss of a mixer), the gain is
k, ~ 17.7 V/rad. At the high sensitivity of the bridge,
the 1/ f noise of the variable phase shifter and attenuator
shows up. The single bridge can also be used to measure
or to stabilize an oscillator [8].

III. THE EFFECT OF AM NOISE ON CORRELATION
SYSTEMS

Correlation works as shown in Fig. 3, in which the mix-
ers are represented as Y nodes because they take the
phase difference. Let us denote with E{} the statistical
expectation, and with (), the average on m realizations.
The expectation operator prevails over the average, thus
E{(),,} = E{}. The power spectral densities are mea-
sured as (Sz¢),, = (XX*),, and (S,,), = (YY*)  for the
single-channel spectral density, and as (Sy,), = (Y X™)
for the cross-spectral density. The uppercase X and Y are
the one-sided Fourier transform of the lowercase variables,
and the superscript “*’ stands for complex conjugate.

We first assume that a and b of Fig. 3 are
the statistically-independent, single-channel background
noises, and that ¢ is the DUT noise. There follows that:

E {<Sy:c>m} = Sees (3)

because E{Sp,} = 0, E{Sce} =0, and E{Scp} = 0. The
DUT noise is measured in this way.

Then we set ¢ = 0, for E {(Sy,), } = 0 holds. This gives
the background noise of the instrument as the variance:

VAR {(Sy.), } = E{[(Sya),, —E{S,.}["} (@)
= E{|(Sya) |} (5)

which is proportional to 1/m.

Owing to the asymmetry of the diodes and of the baluns
(transformers), the mixer (Fig. 1) is not perfectly bal-
anced. Hence, the signal power affects the dc offset at the
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Fig. 4. Measurement of the mixer sensitivity to AM noise.

mixer output. Consequently, the AM noise turns into a
random signal, which is mistaken for phase modulation
(PM) noise. Of course, if the AM noise taken in in this
way originates from a source shared by the two channels,
it cannot be rejected by correlation. Nulling the sensitivity
to AM noise is an issue, which can be tackled by playing
on power and on the quadrature relationship. This was re-
ported a long time ago with old HF mixers [21]. It also was
suggested that the mixer can be set to a sweet point, off
the quadrature condition, in which the sensitivity to AM
noise nulls, and the mixer is still a valuable phase detector.
A similar approach was followed in [22], with microwave
mixers. Yet, nothing is said about the generality of the
method versus the mixer type, and versus the measure-
ment scheme.

Our work starts with the experimental observation that
the effect of a continuous wave (CW) power fluctuation
on the dc offset depends on the instrument topology. We
identified four cases, labeled with A-D. Labels also corre-
spond to Fig. 2 (measurement of phase noise) and to Fig. 4
(characterization of the mixer). In A, the power fluctua-
tion is present at both inputs, which are saturated and
in quadrature. In B-C, both inputs are saturated and in
quadrature, but the power fluctuation is present at only
one input, either local oscillator (LO) or RF. In D, the
power fluctuation is present only at the LO input, and the
RF input receives a small signal. In D, the static phase
relationship is not important. That said, the mixer can be
modeled as

Uo(t) = ki @(t) + Kip au(t)
voll) = koo pl8) + Ry u(t) + iy (1)

(scheme A), (6)
(schemes B and C),

(7)
Vo(t) = ko 0(t) + ks u(t) (scheme D), (8)
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Linearization of (6)—(8) holds for low noise, which is cer-
tainly our case. The subscripts [ and r refer to LO and to
RF, and sd to synchronous detection.

The scheme A is a simple case. As the AM noise is
described by:

z(t) = (kir)a a(t), (9)
y(t) = (ki )o (t), (10)

the two variable phases can be adjusted separately for the
corresponding mixer to operate at the sweet point, if it
exists.

The scheme B is ruled by:

l‘(t) = (kl)a aa(t) + (kr)a aDUT(t)v
y(t) = (ki)p aw(t) + (kr)p apuT(t).

In this case, the AM noise of the reference oscillators is
rejected by correlation because the two oscillators are in-
dependent. Therefore, it is sufficient to null the two k,.. Of
course, the sweet point, if it exists, is not the same as for
the scheme A. The off-quadrature phase is set by adding a
dc term at the input of the phase-lock circuit. A sharp null
is found by inspecting on the mixer output with a lock-in
amplifier, after modulating the DUT output. The ampli-
tude modulator must have no residual phase modulation.

The scheme C is unfortunate because the AM noise is
governed by:

x(t) = (kr)a a(t) * ha(t) + (ki)a a(t),
y(t) = (k) a(t) * ho(t) + (ki)o a(t).

The convolution (*) with the resonator low-pass trans-
fer function h decorrelates the DUT AM noise at inputs
of the mixer by introducing the resonator group delay in
one branch. This decorrelation effect is inevitable because
it is the same mechanism exploited to measure the DUT
PM noise. Of course, there is no way to null both &, and
k; of the same mixer by playing with the phase around the
quadrature. Unless this occurs unexpectedly, out of good
luck.

In the scheme D, the effect of the AM noise is:

JS(t) = (ksd)a Oé(t),
y(t) = (ksa)o a(t).

The need for AM noise rejection may depend on the mi-
crowave gain that precedes the mixer because this param-
eter influences the ratio k,/ksq. Yet, even if there is only
one parameter, it cannot be nulled by offsetting the phase.
This occurs first, because the RF power is very small—the
amplified DUT noise sidebands—hence i does not affect
the offset. And because the synchronous detection detects
the DUT noise according to:

(11)
(12)

(13)
(14)

x(t) o< af(t)siny + (t) cos~, (17)

where 7 is the phase of the mixer LO signal. Consequently,
~ # 0 results in the DUT AM noise to be mistaken for PM
noise. The solution, if any, comes from quite a different
approach. We are exploring a chopper technique, similar
to the Dicke radiometer [23].
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IV. MIiXER MEASUREMENT

We validate our analysis with the experiments of Fig. 4,
which also provide the actual parameters of some mix-
ers. The mixers are selected among those routinely used
in our laboratory and tested in the same conditions as in
the measurement of phase noise. These mixers are not spe-
cial devices for phase-noise measurement. Instead, they are
general-purpose devices for microwave and radio engineer-
ing. In fact, experience indicates that “good” mixers—that
is mixers exhibiting low noise, high third-harmonics inter-
cept power, etc.—also are good phase detectors.

A. Microwave Mizers

Out of experimental selection, we found an amplitude
modulator that shows a null of residual phase modulation
at a given dc bias, in which the device also shows a suf-
ficiently small attenuation (1.5 dB). This loss is compen-
sated by changing the source power in Fig. 4(A) and (D),
and with an attenuator in Fig. 4(B) and (C). The mod-
ulator gain is a/vi, = 7.2 x 1072 V=1 (0.625 dB/V). In
order to avoid any nonlinear effect, we set the microwave
modulation to a low value, apms = 7.2 X 1073, so that the
mixer output never exceeds 350 'V ms. The bandwidth of
the modulation channel, from the ac input of the sum node
to the output of the dc amplifier, is large (1 MHz, limited
by the dc amplifier) as compared to the measurement fre-
quency (10 kHz). Thus, there is no phase lag. The lock-in
amplifier is set for the measurement of the real part, so
it keeps the sign. In actual phase-noise measurements, it
is vital to understand that this setting detects the sweet
point as a smooth zero crossing. Conversely, the measure-
ment of the modulus shows a sharp cusp, hard to identify
properly. The lock-in can be replaced with a dual-channel
FFT analyzer, used to measure the real part of the voltage
ratio.

We measured a few microwave mixers in saturated con-
ditions, modulating the amplitude at one input, as in
Fig. 4(B)—(C). An example of results is reported in Fig. 5.

With the Narda mixer, k; and k, show similar slope
at different frequencies and power. The curves are shifted
toward the right as frequency increases. This makes one
think to a systematic phase shift in the baluns. In fact,
the inside of a microwave mixer differs from Fig. 1 in that
the transformers are replaced with microstrip networks.
In all the reported conditions, the null of AM sensitivity
is clearly visible. Yet it occurs at a phase up to 20° off
the quadrature, which may be too large. A lower k, at
this large phase offset is only a minor problem. The main
problem is that the dc output voltage (100 mV) is too
large for the precision dc amplifier that follows. In fact, a
gain of 40 dB or more often is needed to override the input
noise of commercial FFTs.

In the case of the pulsar mixer, we observe that k; and
k, can change unexpectedly the slope sign with frequency,
and that power has a minor effect. However, the nulls are
well clustered in a region of £5° around the quadrature,
in which the output voltage is within 30 mV.
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TABLE 1
AM SENSITIVITY OF SOME MICROWAVE MIXERS.!

Mixer ke ki kr k; ksq
Narda 4805 s.no. 0972 272 16 7.9 37 6.5
Narda 4805 s.no. 0973 274 18.3 17.1 44 9.8
NEL 20814 no. 1 279 51.5 121 379 2.7
NEL 20814 no. 2 305 41 1.9 30.2 3.73
unit mV/rad mV mV mV mV

ITest parameters: g = 10 GHz, P = 6.3 mW (8 dBm).

Table I shows all the k coefficients for four mixers mea-
sured at 10 GHz. The variable phase was set for the output
to be 0 V dc. We observe that kg is significantly different
from k;. This is related to the fact that k; is measured with
the RF port saturated, and kg4 is measured with the RF
port terminated. Additionally, we notice that k. differs
significantly from k; + k,.. This is a further consequence of
saturation.

Fig. 6 shows the effect of power and frequency on two
mixers. The AM sensitivity is chiefly dependent on fre-
quency. The same fact, observed on other devices not re-
ported here, reinforces the idea of systematic phase errors
in the baluns. Understanding this effect is difficult because
the literature is old (see for example [24], [25]), and the ac-
tual design is confidential. Nonetheless, there is a simple,
physical interpretation. We assume that the baluns are de-
signed for the lowest power change in the desired frequency
range. In practice, this is close to the condition of maxi-
mally flat amplitude as a function of frequency. The ampli-
tude versus phase relationship is governed by the Cauchy-
Riemann condition for the uniqueness of the derivative in
analytic functions. Accordingly, the phase versus frequency
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function has the steepest slope where the amplitude versus
frequency function is flat.

B. HF-VHF Mixers

The selected mixers are suitable to the frequency range
of 1-500 MHz, limited by the toroidal transformers. This
range is typical for such devices. Driven at some 5—
6 mW (7-8 dBm), the phase-to-voltage gain k., is of about
220 mV /rad, some 20% lower than that of microwave mix-
ers. The general behavior is rather uniform over the band-
width, for there is no point in sweeping the frequency in
small steps. Thus, we choose two frequencies, 6 MHz and
200 MHz, determined by a specific application [26], and
close enough to the frequencies of general interest (5, 10,
100 MHz). The measurement system differs slightly from
Fig. 4(B) and (C). We used two synthesizers driven by
the same frequency standard, one adjusted in phase and
the other modulated in amplitude with a = 1072 by a
1 kHz signal from the lock-in amplifier. We focused on the
schemes (B)—(C). The results are shown in Fig. 7. Sur-
prisingly, in most cases there is no sweet point of zero
sensitivity to AM. The sweet point is present only in some
specific conditions of power and frequency. Yet, it appears
at a large phase shift, up to 40°, where k, drops and the
mixer is no longer usable as a phase detector. Besides, the
large dc offset (up to 150 mV) makes the dc amplifier prob-
lematic. This seems related to the fact that at HF-VHF
frequencies baluns and diode rings are more symmetrical
than at microwave frequencies, for the equilibrium condi-
tion needed for zero-dc output is far less affected by fre-
quency and power. Anyway, qualitative inspection on some
other mixers confirms that the described behavior is rather
general.

V. CONCLUSIONS

In the measurement of an oscillator, the rejection of
AM noise relies only on the mixer. The AM noise of the
reference can be rejected by correlation if two independent
references are used [Fig. 2(C)]. Yet, correlation provides no
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rejection of the AM noise of the oscillator under test. The
effect can be surprisingly high. Fig. 8 shows phase and
amplitude noise of an ultra-stable quartz oscillator. Phase
noise comes from the manufacturer specifications, and the
1/ f amplitude noise (taken from 3) is the lowest measured.
If the mixer’'s AM rejection (ky/ki, ko /kr, or ky/kiy) is
lower than some 20 dB, an experimental error shows up in
the region of 3 kHz. Of course, the mixer rejection can be
significantly lower than 20 dB.

REFERENCES

[1] Chronos Group, Frequency Measurement and Control. London:
Chapman and Hall, 1994.

[2] V.F. Kroupa, Ed. Frequency Stability: Fundamentals and Mea-
surement. New York: IEEE Press, 1983.

[3] IEEE Standard Definitions of Physical Quantities for Funda-
mental Frequency and Time Metrology-Random Instabilities,
IEEE Standard 1139-1999, 1999.

[4] CCIR Study Group VII, “Characterization of frequency and
phase Noise,” in Standard Frequencies and Time Signals, Rec-
ommendations and Reports of the CCIR. vol. VII, Report no.
580-3., Geneva, Switzerland: International Telecommunication
Union, 1990.

[5] C. W. Nelson, “PM and AM noise measurements,” in Proc. Ul-
trasonic. Ferroelect. Freq. Contr. Joint Conf. Short Courses,
Aug. 23-26, 2004.

[6] K. H. Sann, “The measurement of near-carrier noise in mi-
crowave amplifiers,” IEEE Trans. Microwave Theory Tech., vol.
9, pp. 761-766, Sep. 1968.

[7] F. Labaar, “New discriminator boosts phase noise testing,” M-
crowaves, vol. 21, pp. 65-69, Mar. 1982.

[8] E. N. Ivanov, M. E. Tobar, and R. A. Woode, “Microwave in-
terferometry: Application to precision measurements and noise
reduction techniques,” IEEE Trans. Ultrason., Ferroelect., Freq.
Contr., vol. 45, pp. 1526—-1535, Nov. 1998.

9] R. F. C. Vessot, R. F. Mueller, and J. Vanier, “A cross-
correlation technique for measuring the short-term properties
of stable oscillators,” in Proc. IEEE-NASA Symp. Short Term
Freq. Stability, Nov. 23-24, 1964, pp. 111-118.

[10] F. L. Walls, S. R. Stain, J. E. Gray, and D. J. Glaze, “Design con-
siderations in state-of-the-art signal processing and phase noise
measurement systems,” in Proc. Freq. Contr. Symp., 1976, pp.
269-274.

[11] E. Rubiola and V. Giordano, “Correlation-based phase noise
measurements,” Rev. Sci. Instrum., vol. 71, pp. 3085-3091,
Aug. 2000.

[12] W. S. C. Chang, Ed. RF Photonic Technology in Optical Fiber
Links. Cambridge, UK: Cambridge Univ. Press, 2000.

[13] C. Audoin, “Frequency metrology,” in Metrology and Funda-
mental Constants. A. Ferro Milone and P. Giacomo, Eds. Ams-
terdam: North Holland, 1980, pp. 169-222.

[14] A. L. Lance, W. D. Seal, and F. Labaar, “Phase noise and AM
noise measurements in the frequency domain,” in Infrared and
Millimeter Waves. vol. 11, K. J. Button, Ed. New York: Aca-
demic, 1984, pp. 239-284.

[15] E. Rubiola, E. Salik, S. Huang, and L. Maleki, “Photonic de-
lay technique for phase noise measurement of microwave oscil-



932

lators,” J. Opt. Soc. Amer. B-Opt. Phys., vol. 22, pp. 987-997,

May 2005.

E. Salik, N. Yu, L. Maleki, and E. Rubiola, “Dual photonic-

delay-line cross correlation method for the measurement of mi-

crowave oscillator phase noise,” in Proc. Eur. Freq. Time Forum

Freq. Control. Symp. Joint Meeting, Aug. 23-27, 2004, pp. 303—

306.

[17] Z. Galani, M. J. Bianchini, R. C. Waterman, Jr., R. Dibi-
ase, R. W. Laton, and J. B. Cole, “Analysis and design of
a single-resonator GaAs FET oscillator with noise degenera-
tion,” IEEE Trans. Microwave Theory Tech., vol. 32, pp. 1556—
1565, Dec. 1984.

(18] R. T. Logan, Jr., L. Maleki, and M. Shadaram, “Stabilization
of oscillator phase using a fiber-optic delay-line,” in Proc. Freq.
Contr. Symp., May 29-31, 1991, pp. 508-512.

[19] E. Rubiola, V. Giordano, and J. Groslambert, “Very high fre-
quency and microwave interferometric PM and AM noise mea-
surements,” Rev. Sci. Intrum., vol. 70, Jan. 1999.

[20] E. Rubiola and V. Giordano, “Advanced interferometric phase
and amplitude noise measurements,” Rev. Sci. Intrum., vol. 73,
Jun. 2002.

[21] R. Brendel, M. Olivier, and G. Marianneau, “Analysis of the in-
ternal noise of quartz-crystal oscillators,” IEEE Trans. Instrum.
Meas., vol. 22, pp. 160-170, Jun. 1975.

[22] G. Cibiel, M. Régis, E. Tournier, and O. Llopis, “AM noise
impact on low level phase noise measurements,” IEEE Trans.
Ultrason., Ferroelect., Freq. Contr., vol. 49, pp. T784-788,
Jun. 2002.

[23] R. H. Dicke, “The measurement of thermal radiation at mi-
crowave frequencies,” Rev. Sci. Instrum., vol. 17, pp. 268-275,
Jul. 1946.

[24] E. L. Kollberg, Ed. Microwave and Millimeter-Wave Mizers.
New York: IEEE, 1984.

[25] S. A. Maas, Microwave Mizers. Norwood, MA: Artech House,
1993.

[26] R. Boudot, Y. Gruson, N. Bazin, E. Rubiola, and V. Giordano,
“Design and measurement of a low phase-noise X-band oscilla-
tor,” Electron. Lett., vol. 42, pp. 929-931, Aug. 18, 2006.

[16

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 54, NO. 5, MAY 2007

Enrico Rubiola (M’04) received the M.S.
degree in electronic engineering from the Po-
litecnico di Torino, Turin, Italy, in 1983, the
Ph.D. degree in metrology from the Italian
Ministry of Scientific Research, Rome, Italy,
in 1989, and the Sc.D. degree from the Uni-
verité de Franche Comté (UFC), Besancon,
France, in 1999.

He is a currently a Professor with the UFC
and a Scientist with the Franche Comté Elec-
tronique, Mécanique Thermique et Optique-
Sciences et Technologies (FEMTO-ST) Insti-
tute, Besangon. Prior to joining the UFC, he was a Researcher with
the Politecnico di Torino, a Professor with the University of Parma,
Parma, Italy, and a Professor with the Université Henri Poincaré,
Nancy, France. He has been involved with various topics of electronics
and metrology, namely, navigation systems, time and frequency com-
parisons, atomic frequency standards, and gravity. His main fields of
interest are precision electronics, phase-noise metrology, frequency
synthesis, and low-noise microwave and photonic oscillators.

Rodolphe Boudot was born in Dijon,
France, on December 5, 1980. He received the
M.S. degree in Electronics in 2003 and the
Ph.D. degree in Physical Sciences in 2006,
both from the University of Franche-Comté,
Besancon, France. The subject of his thesis
is the high spectrally pure microwave oscilla~
tors, and the metrology of phase noise. After
receiving his Ph.D., he spent one semester as
an assistant professor at the Ecole Nationale
Supérieure de Mécanique et des Microtech-
niques (ENSMM, the technical university of
Besangon), and as a researcher with the Time and Frequency group
of the ‘Franche-Comté Electronique, Mécanique et Optique - Sciences
et Technologies’ Institute (FEMTO-ST Institute, Besangon, France).
Dr. Boudot is currently spending a 1-year postdoc at the Systemes de
Référence Temps-Espace laboratory (SYRTE, Paris, France) working
on miniature atomic clocks based on coherent population trapping.
He received the 2006 Student Paper Award (Oscillators Group) from
IEEE Frequency Control Symposium.



