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The 45 Correlation Interferometer as a Means to
Measure Phase Noise of Parametric Origin

Enrico Rubiola, Vincent Giordano, and Hermann Stoll

Abstract—A radiofrequency interferometic detector is com-
bined with the correlation-and-averaging technique in a new
scheme for the measurement of the phase noise of a component.
The method relies upon the assumption that the phase noise of the
component being tested (DUT) exceeds the amplitude noise, which
is consistent with the general experience in the field of wireless
engineering. The new scheme is based on the amplification of the
DUT noise sidebands and on the simultaneous measurement of
the amplified noise by means of two mixers driven in quadrature,

45 off the carrier phase. The 45 detection has two relevant
properties, namely 1) the sensitivity is neither limited by the
thermal energy 0, nor by temperature uniformity, and 2) the
noise of the measurement amplifier is rejected, despite a single
amplifier being shared by the two channels of the correlator. The
article provides the theoretical background and experimental
results. The sensitivity of the first 100-MHz prototype, given in
terms of the ( ) floor, is some 12 dB below 0, where
0 is the carrier power. Using a dual carrier suppression scheme,

the residual flicker is as low as 168 dBrad2/Hz at = 1 Hz off
the carrier.

Index Terms—AM noise, correlation, noise measurement, phase
noise, random noise.

I. INTRODUCTION

WHEN a sinusoidal signal of frequency crosses a
two-port component, the latter contributes its internal

noise to the output signal . The usual representation of
is

(1)

where is the DUT output power and is the characteristic
impedance; and are the random variables that repre-
sent amplitude (AM) and phase (PM) noise, respectively. The
physical quantity of major interest is , i.e. the power spec-
trum density (PSD) of .

For our purposes, is best described as

(2)
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Fig. 1. Noise model of a passive DUT.

which is equivalent to (1) under the assumption of high
signal-to-noise ratio, i.e., ; often,
and are named in-phase and quadrature compo-
nents of noise. It holds that and

, which is easily seen from the vector
representation of (2).

The interferometric measurement consists of suppressing
the term in (2), and of detecting the
noise terms. Searching back through the bibliography, the
interferometric carrier suppression was used in the late sixties
to enhance the dynamic range of spectrum analyzers [1], and
to measure the phase noise of pulsed power amplifiers [2].
The amplification of the noise sidebands was introduced later
[3], while further improvements are reported in the references
[4], [5]. The 45 correlation scheme was proposed for the
measurement of the near-dc fluctuations of resistance in
thin metal films [6].

The phase noise measurement with the45 scheme re-
lies upon two assumptions on the parametric noise of the DUT,
namely 1) PM and AM noise types are independent, and 2) PM
noise is dominant as compared to the AM noise. Fig. 1 details
the DUT model, emphasizing the logic division between para-
metric and random noise; this model, chiefly inspired to passive
devices, can be adapted to the active ones. The overall thermal
noise is in the general case, or

if the DUT temperature is equal to the room temperature
. The in-phase and quadrature components of thermal noise

are independent processes with identical statistical properties.
Random noise is similar to thermal noise, to the extent that the
in-phase and quadrature components are independent and have
equal statistical properties. Conversely, the parametric noise of
actual devices consists of a set of independent processes, each
of which tends to modulate either a resistance or a capacitance,
thus to produce in-phase or quadrature noise rather than some
combination of both. Accordingly, the model contains pure AM
and PM noise sources, without a cross term. General experience
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Fig. 2. Scheme of the� 45� correlation interferometer.

indicates that in radiofrequency devices the reactance fluctua-
tions have more effect than the fluctuations of resistance, and,
therefore, the dominant noise is of the PM type, while this hy-
pothesis must be reversed at low carrier frequencies, i.e., audio
and below. Of course, the physical analysis of the specific de-
vice type is always needed.

II. BASICS OF THENOISEDETECTION METHOD

The scheme of the proposed instrument is shown in Fig. 2.
Setting the variable attenuationand the variable phase shift

equal to the DUT phase and attenuation, the carrier is sup-
pressed at the output of the hybrid coupler. The suppression
mechanism has no effect on the DUT noise, which is amplified
and down converted to baseband by the mixers. The interfer-
ometer is similar to an ac impedance bridge [7], [8], but it is
used to measure the noise of a device through the fluctuations
of the null signal instead of measuring a constant impedance.
The detection system is a variation of the lock-in amplifier [9],
optimized for low-noise RF measurements.

Let us first analyze the scheme of Fig. 2 in a simplified case,
accounting for the DUT noise only as the signal to be detected,
and removing all the other noise sources. The signal at the RF
input of the mixers is

(3)

where is the gain of the amplifier, is the dissipative loss of
the hybrids, supposed equal, and the factor 4 accounts for the
intrinsic loss of the two hybrids along the signal path. Owing
to the circuit topology, the mixer pump signals are of the form

. Thus, filtering out the terms, the signals
at the input of the fast Fourier transform (FFT) analyzer are

(4)

(5)

where is the SSB loss of the mixer, as usually defined in the
data sheet of actual components.

A vector representation of phase and amplitude noise, and of
their detection with the 45 scheme, is shown in Fig. 3. The
45 detection is similar to the FM stereo broadcastings, and to

Fig. 3. Vector representation of phase and amplitude noise on the complex
plane, and of the noise detection by scalar projection on theu andd axes. As
n (t) andn (t) are random variables, we can only represent the segment swept
by the corresponding vectors, which is shown as the shadowed areas.

the PAL television standard [10], where the transmitted signals
are (left right) and (chrominance luminance).

and , as well as and , can be regarded as a pair of
independent random signals whose sum and difference define
a pair of 45 axes.

As and are power-type signals, the correlation func-
tion is defined as

(6)

The symbol “ ” stands for complex conjugate and can be
omitted because and , and consequently and

, are real signals. Substituting (4) and (5) into (6), the latter
turns into

(7)

This occurs because and are independent and, there-
fore, . The cross PSD of and

, that is the Fourier transform

(8)

of , is equal to the difference

(9)
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of the two individual PSDs. Reintroducing and , under
the assumption that PM noise is dominant with respect to AM
noise, (9) becomes

(10)

(11)

Finally, we can calculate the white noise of the instru-
ment in single-arm mode, as it appears when the DUT is
bypassed. Denoting with the amplifier noise figure, the
noise at the amplifier input is . Thus, the output PSD is

, which corresponds to
a single-arm phase noise floor .

III. N OISE CANCELLATION MECHANISM

Now we carry on the complete noise analysis of Fig. 2. Noise
is assumed to be stationary an ergodic, which means that mea-
surements are repeatable, and that the time functionsand

are representative of the corresponding processes. Further-
more, all the noise sources following the amplifier are supposed
to be negligible. True random noise is not biased by the phase of
the carrier. This means that the corresponding and
are uncorrelated random functions with equal PSD, which is
known since the early studies on noise [11]. As a consequence,
this type of noise vanishes in the detection equation (9). This
applies to:

• thermal noise, that is clearly unbiased. This type of noise
derives from the DUT, from the dissipative loss of the in-
terferometer, and from the resistive termination connected
at the lower left port of the interferometer.

• the nonthermal additive random noise of the DUT, that is,
by definition, unbiased.

• the equivalent noise of the amplifier. This
noise source—not represented in Fig. 1—is equivalent to
a random generator of PSD equal to ,
referred to the DUT output. If the residual carrier power at
the amplifier input is made sufficiently small by accurate
adjustment of the interferometer, the internal noise of the
amplifier can not be biased by the phase of the carrier,
and therefore it is rejected. In fact, the parametric noise of
the amplifier derives from close-to-dc noise up converted
by carrier-driven nonlinearity, and the high linearity that
derives from small signal operation is sufficient to prevent
the up-conversion phenomenon from taking place.

In this condition, the residualrandomnoise is only limited by
the single-arm noise divided by , where is the number
of averaged spectra. Of course, theparametricnoise remains,
which is what we want to measure. Under the assumption that
AM noise is negligible with respect to PM noise, (11) holds, and
the machine measures the phase noise of the DUT.

The 45 detection scheme shows two relevant advantages
as compared to the traditional correlation detection, like that of
the Allred radiometer [12] and the double interferometer [13].
The first one is that isolation between the two low-noise am-
plifiers is a critical issue in the other instruments, while this

problem is absent in the proposed circuit that has only one am-
plifier. The second advantage is that the residual noise of the ra-
diometer and of the double interferometer derives from a tem-
perature difference, and, therefore, the thermal noise compen-
sation relies upon temperature uniformity; conversely, the noise
rejection of the proposed scheme derives from the intrinsic prop-
erties of the 45 detection scheme, and it is independent of
temperature distribution.

Actually, the instrument noise is limited by the noise of the in-
terferometer, which is due to the variable attenuator and phase
shifter responsible for the carrier suppression, and by the ac-
curacy of the quadrature condition between the two detectors.
Furthermore, the interferometer acts as a discriminator whose
correlation time is the group delay difference between the two
arms, which causes a fraction of the oscillator noise to be taken
in. While the case of small delay DUTs can often be considered
ideal, measuring high resonators the phase fluctuations of the
DUT can not be divided from the oscillator noise, for the mea-
surement of a single resonator relies upon the oscillator stability.
Often, it is a good practice to insert two equal resonators in the
interferometer, one in each arm, for the correlation time derives
from the mismatch instead of the factor of a single res-
onator. Obviously, both resonators contribute the detected noise.

IV. I MPLEMENTATION AND RESULTS

The prototype we experimented on works at the carrier fre-
quency MHz. The amplifier shows a gain dB
and a noise figure dB. The hybrid losses are dB
at the DUT output and dB at the amplifier output, and
the SSB loss of the mixers is dB. All the design fol-
lows the rules given in [5].

The reported experiments are made with a carrier power
dBm at the DUT output. In this condition, the residual carrier

never exceeds 20 dBm at the amplifier output, which is some
35 dB below the 1-dB saturation level.

The adjustment and calibration procedure is straightforward.
The interferometer is first removed, and the amplifier is driven
by a synthesizer set to a frequencyof some kilohertz off the
carrier frequency , and to a low output power (of the order
of 80 dBm in our case). This results in a beat note of frequency

and rms voltage
at the two outputs. In this condition, the output amplitudes are
independent of the phase relationship between the two detec-
tors; thus, measuring and we are able to evaluate the SSB
gain of the instrument. The
quadrature condition of the two outputs is set acting onand
observing the output cross PSD with the amplifier driven by the
synthesizer. As is imaginary when the two detectors are
in quadrature, must be adjusted for , which
takes the high accuracy benefit of a null method. Alternatively,
the quadrature condition can be adjusted with higher accuracy
by means of a lock-in amplifier, which also turns into easier
manual operation; this is due to the faster response and to the
analog readout of this type of instrument. Then, the synthesizer
is removed and the interferometer restored. A phase modulator,
calibrated by means of a network analyzer, is inserted as the
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Fig. 4. Low-noise phase modulator.

DUT. Subsequently, the common phasemust be set for the
two detectors to be at 45 off the carrier phase. This is ac-
complished by provisionally setting the machine for armto
detect PM and arm AM, which is observed as a null of in
the presence of a phase modulation, and then by replacing the
cable in series to with a calibrated one 45longer. Finally,
the phase-to-voltage gain is measured
by injecting a phase modulation and by measuring the
corresponding output PSD. It should be observed that the SSB
gain and give the same information, and, hence, one
measurement could be omitted; nevertheless, we recommend to
make both the measurements and to check the result consis-
tency. The gain of our prototype, taken with dBm, is
of 60.4 dBV/rad, with an asymmetry of some0.2 dB between
the two arms. This includes two 40-dB low-noise amplifiers, not
shown in Fig. 2, inserted between the mixers and the FFT ana-
lyzer.

A phase modulator, shown in Fig. 4, has been developed for
this type of application. This scheme turned out to be a fortu-
nate choice because of its low internal noise and its suitability to
the generation of small-angle modulation, well below .
The ripple of the low-pass transfer function is exploited to op-
erate the circuit as a loose bandpass filter at the fre-
quency of the right peak, that is made equal to. The C C C
network is a sort of electrostatic lever, in which a change
of the varactor capacitance contributes with some
to C , and, therefore, with to the resonant
frequency. Amplitude is unaffected because the module of the
transfer function is locally even around, while a small phase
change rad takes place. The reactance
noise of the varactor is attenuated in the same way, or elim-
inated by switching the modulation off. Our prototype shows
a voltage-to-phase gain of46 dBrad/V, including the
function of the varactor, and a loss of 0.5 dB.

The measurement uncertainty is chiefly the uncertainty of the
network analyzer with which the phase modulator is calibrated;
it can be of the order of 0.3–0.5 dB, depending on the available
instrument. The measurement of with the transfer function
capability of the FFT analyzer, or with a lock-in amplifier, yields
a small additional uncertainty, negligible as compared to that of
the network analyzer. The quadrature condition between the
and axes causes negligible uncertainty because it relies upon
a null measurement. An error (rad) in the 45rotation of the

frame causes a relative error in the measurement of
, which is a second-order effect. Additional uncertainty derives

from data smoothing, which depends on the number of averaged
spectra, and ultimately upon the measurement time.

Fig. 5. Residual noise of the instrument, in the absence of the DUT.

Fig. 5 shows the residual noise of the instrument, measured
in the absence of the DUT. The upper part of that figure refers
to the first part of the experiment, in which the interferometer is
removed and the amplifier input is terminated to a resistor. The
left vertical scale gives the bare reading of the FFT analyzer, in
dBV Hz, while the right scale reports the noise PSD referred
to the DUT output. Of course, the difference between the two
scales is the DSB gain of the instrument. The single-arm noise
is of some 172.5 dBm/Hz, which is consistent with the am-
plifier noise figure dB. The absence of flicker, evident
in the left part of the figure, is due to the absence of a carrier
signal. The cross PSD reveals a noise reduction of 22 dB, which
is of the same order of the limit imposed by the averaging ca-
pability of the FFT analyzer. The noise floor is
of some 20 dB below the thermal energy at the ampli-
fier input, and it is expected to further decrease if the number
of averages is increased. The lower part of Fig. 5 reports the
results of the second part of the experiment, in which the in-
terferometer is restored and the DUT is replaced with a short
cable. The residual noise of the instrument can be read
on the right scale. For comparison, the left scale reports the PSD
of the output voltage, which is consistent with the upper part of
the figure. The single-arm noise reveals the presence of flicker
around Hz, and some asymmetry between the two
arms. The single-arm white noise is the same as observed in
the absence of the interferometer. The cross PSD reveals the
presence of flicker dBrad Hz at Hz,
which is thought to be due to the interferometer. A stray signal
of unknown origin is present in the 15 to 40 kHz region. For

kHz, and depending on frequency, the residual noise of
the instrument is of some188 to dBrad Hz, which is
10 to 12 dB lower than .
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Fig. 6. Injection of phase noise in the DUT path.

A more conclusive experiment consists of the direct measure-
ment of the floor in the presence of a small-angle phase
modulation inserted in the DUT path, as shown in Fig. 6; the
reported values are averaged around the Fourier frequency of
50 kHz. The phase modulator is driven by the internal noise
source of the FFT analyzer, attenuated by a factor. As
increases (leftwards in the figure), the injected noise de-
creases proportionally to . In the left part of the figure, for

dBrad Hz, the single-arm measures are limited
by the amplifier noise. On the other hand, the correlation mea-
sures are well aligned on the straight line even on the
left part of the plot, where the injected signal is lower than the
thermal floor dBrad Hz.

V. REDUCTION OF THERESIDUAL FLICKER NOISE

The scheme of Fig. 2 and the prototype described in the pre-
vious Section are not optimized for the low Fourier frequencies.
Yet, it was only at the end of the experiments that the impor-
tance of high sensitivity at the lowest Fourier frequencies was
recognized clearly, as the most interesting parametric noise phe-
nomena tend to be of the flicker type.

Provided the carrier suppression is sufficient to prevent the
amplifier from flickering, the residual flicker of the machine is
chiefly the noise of the interferometer, which originates in the
variable devices and . Replacing them with by-step ones re-
sults in improved stability of the interferometer, and, therefore,
lower residual flicker. Of course, the carrier suppression is im-
paired. This is corrected in the scheme of Fig. 7 by injecting a
fine tuning signal at the output of the first stage of the amplifier.
The game consists of preventing the first stage from flickering
by choosing a high linearity amplifier with a small gain, while
a certain amount of noise in the injection point can be tolerated.
The scheme of Fig. 7 derives from a different study, focused
on real-time measurements [14], in which correlation could not
be used. The instrument, designed for the carrier frequency of
100 MHz, is a modified version of that described in the previous
Section. The stability of the carrier nulling is improved, and a

80–90 dB rejection can be obtained for about one hour. In our
circuit, the noise at the output is attenuated by 26.9 dB,
referred to the DUT output.

Fig. 8 shows the residual noise of the instrument,
measured with dBm and with set for
the detection of AM and PM noise. The low-frequency
flicker is Hz dB V V Hz and

Hz dBrad Hz . The improvement in
Hz and Hz upon the previous version is of some

10 dB, which is observed by temporarily replacing the by-step
attenuator ( in Fig. 7) with a continuous one. Fig. 8 also shows
the cross spectrum density of the residual noise. The
white noise reduction is of some 12 dB, which is consistent
with the value of 11.9 dB expected from the average in the
absence of correlated noise; thus, the noise floor is expected
to further decrease, increasing the measurement time. At low
frequencies, correlation is still effective, and a noise reduction
of some 8 dB is achieved at Hz. While the first experi-
ment was made detecting AM and PM noise, we observed that
the residual flicker is almost unaffected by changing, which
indicates that the 8-dB improvement is also achieved with the

45 detection. Hence, the residual flicker of the instrument is
Hz dBrad Hz.

Finally, we wish to stress that no attempt has been made to
post-process the measured spectra in order to hide the spectral
lines due to the 50 Hz mains and to mechanical vibrations. The
low level of these stray signals is due to the RF amplification
prior to detecting and to the increased mechanical stability that
derives from having removed all the continuously variable ele-
ments from the critical path.

VI. FURTHER DEVELOPMENTS

A. Measurement of Quartz Resonators

The 45 detection has a relevant potential of usefulness for
the measurement of the frequency flicker of quartz resonators,
which is the parameter that limits the short-term frequency sta-
bility in oscillator applications. The frequency fluctuation of
the resonator can be derived from the phase fluctuationmea-
sured at low Fourier frequencies, below the cutoff frequency

, where it holds that . A pre-
vious experience with high-stability HF resonators [15] proves
that a sensitivity up to (Allan deviation) can be achieved
with a simple interferometer in favorable conditions. One of
the major difficulties encountered at that time was to divide
the flicker noise—clearly of parametric origin—from the back-
ground noise. The latter includes the instrument noise and the
thermal noise inherent in the dissipative loss of the resonator.
This difficulty can be solved with the 45 detection. The fea-
ture of rejecting the thermal noise without relying upon tem-
perature uniformity is a further relevant point. In fact, the tem-
perature of the resonator must be set at the turning point of its
frequency-to-temperature function. The turning point is usually
in the 45–85 C range, for it would be impractical to stabilize
the whole interferometer at that temperature. In addition, it is
often necessary to insert two resonators in the interferometer in
order to get rid of the oscillator noise. Interestingly, the differ-
ence in the turning point may be of 3–4 K for a pair of devices
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Fig. 7. Improved carrier suppression scheme.

Fig. 8. Residual noise of the dual carrier suppression instrument, in the
absence of the DUT.

nominally equal, but it can be of 30–40 K for a pair of resonators
cut at different angles and otherwise similar.

B. Low-Frequency Applications to Solid-State Physics

The initial hypothesis on the AM and PM noise is reversed at
audio frequencies and below. The AM noise is dominant at those
frequencies, while too large capacitance fluctuations would oth-
erwise be necessary to modulate the DUT phase. The45 de-
tection was first used to measure the resistance fluctuations
in thin metal films [6]; in this case, the signal to be detected
is smaller than at Fourier frequencies even lower than 1
Hz. A capacitive bridge was used to null the 2-kHz carrier, while
the low film impedance had to be increased with a transformer;
then, a commercial lock-in amplifier could be used as the45
detector, exploiting the internal phase offset facility.

Resistivity fluctuations caused by temperature-activated
motion of lattice defects contribute the noise in thin metal
films. Experiments were made aimed to identify some defect
types, namely vacancies, self-interstitials, dislocations, and
grain-boundaries [16], [17]. A review of these experiments
is available in [18]. Studying the defects through their
signature as a function of temperature, it is possible to calculate
the distribution of the activation energies according to the
Dutta-Dimon-Horn model [19].

Flicker noise also serves as an early indicator of electromi-
gration damage in thin metal films, as it was studied on poly-
crystalline Aluminum and AlSi Cu samples [20]. For
example, in the AlSi Cu alloy the peak of the activa-
tion energy distribution of the atomic motion occurs at 0.7 eV

TABLE I
COMPARISONBETWEENPHASE NOISEMEASUREMENTMETHODS

in the undamaged sample, which is due to the self-diffusion of
Al atoms in strongly disordered grain-boundaries. The peak en-
ergy becomes 1.0 eV in the damaged sample, consistent with the
Cu diffusivity along the Al grain-boundaries, which reveals that
electromigration causes Cu atoms to drift and to be trapped at
the grain-boundaries. Finally, we wish to stress that the flicker
noise approach to study electromigration is preferable to the
commonly used median time to failure (MTF) method because
it makes use of one progressively damaged sample instead of
requiring numerous destructive tests.

VII. CONCLUSION

The reader may be interested in extending the proposed
experiments to other frequencies. No particular difficulty is
expected in the range from less than 1 MHz to some 2 GHz,
where almost all the building blocks we need are available
and based on the same technology. Working in the microwave
bands (2–40 GHz) requires some minor changes in technology,
as Wilkinson power splitter and 90hybrids are to be preferred.
Our previous experiences indicate that a microwave implemen-
tation tends to be more straightforward than the corresponding
HF-VHF one [5], while a sensitivity higher than has
been attained at 7.3 GHz [21].

Table I compares some methods for the measurement of phase
noise and reports the residual noise in the HF-VHF applications.
The saturated mixer instruments are easy to design and use,
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and work in a wide frequency range; commercial implementa-
tions are available. The interferometer works properly even at
low power ( 30 dBm), out of reach for the saturated mixer; on
the other hand, it generally needs to be designed for a specific
frequency. Transforming an interferometer into the45 in-
terferometer is a relatively simple task, as no change is needed
in the low-noise part of the circuit; nonetheless, a dual-channel
FFT analyzer becomes necessary. The dual carrier suppression
schemes exhibit outstanding sensitivity at low Fourier frequen-
cies, at the expense of increased complexity; some patience and
skill may be needed to adjust the carrier rejection. The45
detection is expected to be particularly useful when parametric
noise must be measured in the presence of a background of
random noise, and when the temperature of the DUT can not
be set arbitrarily.
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