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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- : “:for]‘;‘:l ri‘g;’g‘ : Parf;g‘i'sé*M : Parggi‘gf M
bined with the correlation-and-averaging tec_hnique in a new N g en N g ) ; ~ . OUT
scheme for the measurement of the phase noise of a component. ——= e y + : + : + :
The method relies upon the assumption that the phase noise of the ; / : : :
component being tested (DUT) exceeds the amplitude noise, which o S
is consistent with the general experience in the field of wireless P Ny=kgTo
engineering. The new scheme is based on the amplification of the LooTTTTT : . :
DUT noi_sg side_bands and on the sim_ultanec_)us measurement of 3 n(e0s2mvy1) L nincosmyyn) | —nl(Dsin@mvyn) |
the amplified noise by means of two mixers driven in quadrature, : =1 (Dsin(2myg?) : : :

O H O H N . .
+ 45 c_)ff the carrier phase. Thei__4_5 c_ietect_lon ha_s two relevant : reiected © assumed | assumed |
properties, namely 1) the sensitivity is neither limited by the " by the +45° detection * tobesmall ° to be dominant

thermal energy k7o, nor by temperature uniformity, and 2) the

noise of the measurement amplifier is rejected, despite a single Fig. 1. Noise model of a passive DUT.
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 Wh'Ch IS ec_]wvale_nt J.[O %) uger the aSSl_Jmptlon of high
terms of the S, (f) floor, is some 12 dB belowksT/ P,, where signal-to-noise ratio, i.ep? + n < 2RoF; often, n.(t)

P, is the carrier power. Using a dual carrier suppression scheme, and n,(t) are namedin-phase and quadrature compo-

the residual flicker is as low as—168 dBrad®/Hz at f = 1 Hz off nents of noise. It holds thak(t) = n.(t)/v2R,P, and

the carrier. d(t) = ns(t)//2RoP,, which is easily seen from the vector
Index Terms—AM noise, correlation, noise measurement, phase representation of (2).

noise, random noise. The interferometric measurement consists of suppressing

the /2Ry P, cos(2mrpt) term in (2), and of detecting the
noise terms. Searching back through the bibliography, the
interferometric carrier suppression was used in the late sixties
HEN a sinusoidal signal of frequenay, crosses a to enhance the dynamic range of spectrum analyzers [1], and
two-port component, the latter contributes its internab measure the phase noise of pulsed power amplifiers [2].
noise to the output signal(t). The usual representation &ft) ~ The amplification of the noise sidebands was introduced later
IS [3], while further improvements are reported in the references
[4], [5]. The &+ 45° correlation scheme was proposed for the
s(t) = V2RoPo [1 + a(t)] cos [2mvot + ¢(t)] (1) measurement of the near-d¢ f fluctuations of resistance in
thin metal films [6].
WherePo is the DUT OUtpUt power anﬂio is the characteristic The phase noise measurement with thed5® scheme re-
impedance(t) and¢(t) are the random variables that reprefies upon two assumptions on the parametric noise of the DUT,
sent amplitude (AM) and phase (PM) noise, respectively. Thigmely 1) PM and AM noise types are independent, and 2) PM
physical quantity of major interesti;(f), i.e. the power spec- nojse is dominant as compared to the AM noise. Fig. 1 details

. INTRODUCTION

trum density (PSD) ob(t). the DUT model, emphasizing the logic division between para-
For our purposes;(t) is best described as metric and random noise; this model, chiefly inspired to passive
devices, can be adapted to the active ones. The overall thermal
s(t) = /2Ry PO cos(2mvpt) noise iskpTy/¢ + kpTpur({ — 1)/¢ in the general case, or
+ ne(t) cos(2mupt) — ns () sin(2rvot) ) kgTy if the DUT temperature is equal to the room temperature

Ty. The in-phase and quadrature components of thermal noise
are independent processes with identical statistical properties.
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Fig. 2. Scheme of the- 45° correlation interferometer.
indicates that in radiofrequency devices the reactance fluctu: ~ in—phase noise quadrature noise
tions have more effect than the fluctuations of resistance, an detection detection
therefore, the dominant noise is of the PM type, while this hy- A Im u 4Im
pothesis must be reversed at low carrier frequencies, i.e., aud - ns()sin{2wvor)
and below. Of course, the physical analysis of the specific de \ h
vice type is always needed. ne(r)cos(2avot) .
______ p “. Re Re
Il. BAsICS OF THENOISE DETECTION METHOD
The scheme of the proposed instrument is shown in Fig. z d d
Setting the variable attenuatidgnand the variable phase shift

~" equal to the DUT phase and attenuation, the carrier is sup

pressed at th&, output of the hyb”d coupler. The SUppreSSIOEi 3. \ector representation of phase and amplitude noise on the complex

mechanism has no effect on the DUT noise, which is amP"ﬁQﬁgﬁe, and of the noise detection by scalar projection omthadd axes. As
and down converted to baseband by the mixers. The interfer¢t) andn(¢) are random variables, we can only represent the segment swept

ometer is similar to an ac impedance bridge [7], [8], but it igy the corresponding vectors, which is shown as the shadowed areas.

used to measure the noise of a device through the fluctuations o ] ]

of the null signal instead of measuring a constant impedandae PAL television standard [10], where the transmitted signals

The detection system is a variation of the lock-in amplifier [9fr€L = £ (left£right) andY’ £ ' (chrominancetluminance).

optimized for low-noise RF measurements. L and R, as well asY and C, can be regarded as a pair of
Let us first analyze the scheme of Fig. 2 in a simplified casidependent random signals whose sum and difference define

accounting for the DUT noise only as the signal to be detectéyPair of+ 45° axes. _ _

and removing all the other noise sources. The signal at the RS u(?) andd(t) are power-type signals, the correlation func-

input of the mixers is tion is defined as

.1 .
TRF = é [nc(t) cos(2mugt) — ns(t) sin(27vot)]  (3) Rua(r) = lim - / u(t)d* (t—7)dt. (6)
h

whereg is the gain of the amplifie), is the dissipative loss of The symbol %" stands for complex conjugate and can be
the hybrids, supposed equal, and the factor 4 accounts for figitted because.(¢) andn,(t), and consequently(t) and
intrinsic loss of the two hybrids along the signal path. Owing(?), are real signals. Substituting (4) and (5) into (6), the latter
to the circuit topology, the mixer pump signals are of the forf¥fns into
cos(2mot £ w/4). Thus, filtering out thewv, terms, the signals

g
at the input of the fast Fourier transform (FFT) analyzer are Rua(7) [Rno(7) = R, (7] (7)

=121,

_ g This occurs because.(t) andn,(t) are independent and, there-
u(t) = \ 1224, [re(t) + no ()] @ fore, R, () = R%, (r) = 0. The cross PSD oi(t) and
g d(t), that is the Fourier transform
(1) = [ 73— Ine(t) = na(0)] (5)
h™m

Sud(f) - /Rud(T) eXp(_Z’/ijT)dT (8)
wherel,,, is the SSB loss of the mixer, as usually defined in the Z
data sheet of actual components. . i
A vector representation of phase and amplitude noise, and®f«a(7), is equal to the difference
their detection with the: 45° scheme, is shown in Fig. 3. The g
45’ detection is similar to the FM stereo broadcastings, and to Sua(f) = 40240, [Sn. (f) = Sn. ()] ©)
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of the two individual PSDs. Reintroducing¢) and¢(t), under problem is absent in the proposed circuit that has only one am-
the assumption that PM noise is dominant with respect to AMifier. The second advantage is that the residual noise of the ra-

noise, (9) becomes diometer and of the double interferometer derives from a tem-
perature difference, and, therefore, the thermal noise compen-
_ RoPog sation relies upon temperature uniformity; conversely, the noise
Sualf) = 4024, [Sa(f) = So(H)] (10) rejection of the proposed scheme derives from the intrinsic prop-
RoPog erties of thex 45° detection scheme, and it is independent of
A, So(f). (11) temperature distribution.

Actually, the instrument noise is limited by the noise of the in-

Finally, we can calculate the white noise of the instruerferometer, which is due to the variable attenuator and phase
ment in single-arm mode, as it appears when the DUT s$§ifter responsible for the carrier suppression, and by the ac-
bypassed. Denoting witlF’ the amplifier noise figure, the curacy of the quadrature condition between the two detectors.
noise at the amplifier input i8'k5T,. Thus, the output PSD is Furthermore, the interferometer acts as a discriminator whose
Suo(f) = Sao(f) = gFksToRo/lhlm, which corresponds to correlation time is the group delay difference between the two
a single-arm phase noise floSy(f) = 4, FkgTy/Po. arms, which causes a fraction of the oscillator noise to be taken
in. While the case of small delay DUTSs can often be considered
ideal, measuring hig resonators the phase fluctuations of the
DUT can not be divided from the oscillator noise, for the mea-

Now we carry on the complete noise analysis of Fig. 2. Noisgrement of a single resonator relies upon the oscillator stability.
is assumed to be stationary an ergodic, which means that m@gen, it is a good practice to insert two equal resonators in the
surements are repeatable, and that the time functi¢fisand  interferometer, one in each arm, for the correlation time derives
¢(t) are representative of the corresponding processes. Furthgim the Q mismatch instead of th@ factor of a single res-

more, all the noise sources following the amplifier are supposgfator. Obviously, both resonators contribute the detected noise.
to be negligible. True random noise is not biased by the phase of

the carrier. This means that the correspondin@) andn(t)
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). ThisThe prototype we experimented on works at the carrier fre-
applies to: quencyvy, = 100 MHz. The amplifier shows a gain= 41.5dB

« thermal noise, that is clearly unbiased. This type of noigghd a noise figuré’ ~ 1.5 dB. The hybrid losses afg; = 1dB

derives from the DUT, from the dissipative loss of the inat the DUT output and,» = 0.4 dB at the amplifier output, and
terferometer, and from the resistive termination connectgte SSB loss of the mixers &, = 5.5 dB. All the design fol-

I1l. N oISE CANCELLATION MECHANISM

IV. | MPLEMENTATION AND RESULTS

at the lower left port of the interferometer. lows the rules given in [5].
* the nonthermal additive random noise of the DUT, that is, The reported experiments are made with a carrier pdyet
by definition, unbiased. 4 dBm at the DUT output. In this condition, the residual carrier

* the equivalent nois¢F" — 1)kpT, of the amplifier. This never exceeds 20 dBm at the amplifier output, which is some
noise source—not represented in Fig. 1—is equivalent 3% dB below the 1-dB saturation level.
a random generator of PSD equal2,(F' — 1)kgTo, The adjustment and calibration procedure is straightforward.
referred to the DUT output. If the residual carrier power athe interferometer is first removed, and the amplifier is driven
the amplifier input is made sufficiently small by accuratgy a synthesizer set to a frequencyof some kilohertz off the
adjustment of the interferometer, the internal noise of theyrrier frequency, and to a low output powe?, (of the order
amplifier can not be biased by the phase of the carrieff —80 dBm in our case). This results in a beat note of frequency
and therefore it is rejected. In fact, the parametric noise ¢f — . — 1, and rms voltagd/, = V,; = /9P, Ro /20,0,
the amplifier derives from close-to-dc noise up convertegt the two outputs. In this condition, the output amplitudes are
by carrier-driven nonlinearity, and the high linearity thajndependent of the phase relationship between the two detec-
derives from small signal operation is sufficient to prevenpyrs; thus, measuring, andV;, we are able to evaluate the SSB
the up-conversion phenomenon from taking place. gainV?/P, = V,V,/P, = gRo/2{s{,, of the instrument. The
In this condition, the residuabndomnoise is only limited by quadrature condition of the two outputs is set actingypand
the single-arm noise divided by?2 m, wherem is the number observing the output cross PSD with the amplifier driven by the
of averaged spectra. Of course, ferametricnoise remains, synthesizer. A§,,,( fs) isimaginary when the two detectors are
which is what we want to measure. Under the assumption tliaiguadraturey, must be adjusted faR{S,.q(fs)} = 0, which
AM noise is negligible with respect to PM noise, (11) holds, antdkes the high accuracy benefit of a null method. Alternatively,
the machine measures the phase n6iggf) of the DUT. the quadrature condition can be adjusted with higher accuracy
The + 45° detection scheme shows two relevant advantagleg means of a lock-in amplifier, which also turns into easier
as compared to the traditional correlation detection, like that ofanual operation; this is due to the faster response and to the
the Allred radiometer [12] and the double interferometer [13&nalog readout of this type of instrument. Then, the synthesizer
The first one is that isolation between the two low-noise anis removed and the interferometer restored. A phase modulator,
plifiers is a critical issue in the other instruments, while thisalibrated by means of a network analyzer, is inserted as the
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make both the measurements and to check the result cons
tency. The gain of our prototype, taken witly = 4 dBm, is
of 60.4 dBV/rad, with an asymmetry of som.2 dB between Fig. 5. Residual noise of the instrument, in the absence of the DUT.
the two arms. This includes two 40-dB low-noise amplifiers, not
shown in Fig. 2, inserted between the mixers and the FFT anafig. 5 shows the residual noise of the instrument, measured
lyzer. in the absence of the DUT. The upper part of that figure refers
A phase modulator, shown in Fig. 4, has been developed forthe first part of the experiment, in which the interferometer is
this type of application. This scheme turned out to be a forttemoved and the amplifier input is terminated to a resistor. The
nate choice because of its low internal noise and its suitability left vertical scale gives the bare reading of the FFT analyzer, in
the generation of small-angle modulation, well belgwl, / Py.  dBV? /Hz, while the right scale reports the noise PSD referred
The ripple of the low-pass transfer function is exploited to opge the DUT output. Of course, the difference between the two
erate the circuit as a loose bandpass fi{@r~ 3) at the fre- scales is the DSB gain of the instrument. The single-arm noise
guency of the right peak, that is made equaldoThe GCyC3 is of some—172.5 dBm/Hz, which is consistent with the am-
network is a sort of electrostatic lever, in which a change/C  plifier noise figureF’ ~ 1.5 dB. The absence of flicker, evident
of the varactor capacitance contributes with saie>AC/C  in the left part of the figure, is due to the absence of a carrier
to C;, and, therefore, with-5 x 10~2AC/C to the resonant signal. The cross PSD reveals a noise reduction of 22 dB, which
frequency. Amplitude is unaffected because the module of thseof the same order of the limit imposed by the averaging ca-
transfer function is locally even aroumg, while a small phase pability (m = 32767) of the FFT analyzer. The noise floor is
change2QAC/C x 5 x 1073 rad takes place. The reactancef some 20 dB below the thermal energyT, at the ampli-
noise of the varactor is attenuated in the same way, or elifier input, and it is expected to further decrease if the number
inated by switching the modulation off. Our prototype showsf averages is increased. The lower part of Fig. 5 reports the
a voltage-to-phase gain ef46 dBrad/V, including the” (V) results of the second part of the experiment, in which the in-
function of the varactor, and a loss of 0.5 dB. terferometer is restored and the DUT is replaced with a short
The measurement uncertainty is chiefly the uncertainty of tikable. The residual nois&, (f) of the instrument can be read
network analyzer with which the phase modulator is calibratedn the right scale. For comparison, the left scale reports the PSD
it can be of the order of 0.3-0.5 dB, depending on the availaldéthe output voltage, which is consistent with the upper part of
instrument. The measurement/of with the transfer function the figure. The single-arm noise reveals the presence of flicker
capability of the FFT analyzer, or with a lock-in amplifier, yieldsaround f = 100 Hz, and some asymmetry between the two
a small additional uncertainty, negligible as compared to thatafms. The single-arm white noise is the same as observed in
the network analyzer. The quadrature condition between.théhe absence of the interferometer. The cross PSD reveals the
andd axes causes negligible uncertainty because it relies ugmesence of flickelS, ~ —174 dBrad’/Hz at f = 100 Hz,
a null measurement. An erréty. (rad) in the 48 rotation of the which is thought to be due to the interferometer. A stray signal
ud frame causes a relative err(id+..)? in the measurement of of unknown origin is present in the 15 to 40 kHz region. For
¢, which is a second-order effect. Additional uncertainty derives > 7 kHz, and depending on frequency, the residual noise of
from data smoothing, which depends on the number of averagbd instrument is of some 188 to—190 dBradZ/Hz, which is
spectra, and ultimately upon the measurement time. 10 to 12 dB lower thakp T/ P,.

Log Hz
Fourier Frequency, Hz
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RF IN phase RF OUT 80-90 dB rejection can be obtained for about one hour. In our
modulator circuit, the noise at thé. — . output is attenuated by 26.9 dB,
S‘(‘)‘zl'rscee referred to the DUT output.

MOD IN Fig. 8 shows the residual noise of the instrument,
measured withPy = 7.8 dBm and with 4" set for
= the detection of AM and PM noise. The low-frequency
flicker is S,(1 Hz) = -161.2 dB(V?/V?)/(Hz) and
S,(1 Hz) = —160.3 (dBrad’)/(Hz). The improvement in
-160 S«(1 Hz) and S, (1 Hz) upon the previous version is of some
single—arm . 10 dB, which is observed by temporarily replacing the by-step
-170 attenuator{ in Fig. 7) with a continuous one. Fig. 8 also shows
Pl ksTo /Ry the cross spectrum densisy,,(f) of the residual noise. The
white noise reduction is of some 12 dB, which is consistent
190 (/‘ correlation with the value of 11.9 dB expected from the average in the
] absence of correlated noise; thus, the noise floor is expected
-200 to further decrease, increasing the measurement time. At low
~200 ~195 ~190 ~185 ~180 175 ~170 ~165 ~160 155 ~150 ~145 140 fraquencies, correlation is still effective, and a noise reduction
Injected So’(f)  dBrad%Hz of some 8 dB is achieved dt = 1 Hz. While the first experi-
ment was made detecting AM and PM noise, we observed that
Fig. 6. Injection of phase noise in the DUT path. the residual flicker is almost unaffected by changitig which
) ] ) . indicates that the 8-dB improvement is also achieved with the

A more conclusive experiment consists of the direct measute45° detection. Hence, the residual flicker of the instrument is
ment of theS, floor in the presence of a small-angle phasg¢(1 Hz) = —168 dBrad’/Hz.
modulation inserted in the DUT path, as shown in Fig. 6; the Finally, we wish to stress that no attempt has been made to
reported values are averaged around the Fourier frequency,gkt process the measured spectra in order to hide the spectral
50 kHz. The phase modulator is driven by the internal noiges due to the 50 Hz mains and to mechanical vibrations. The
source of the FFT analyzer, attenuated by a fa¢forAs £, |oy |evel of these stray signals is due to the RF amplification
increases (leftwards in the figure), the injected ndige de-  prior to detecting and to the increased mechanical stability that

creases proportionally to/¢,. In the left part of the figure, for gerives from having removed all the continuously variable ele-
S < —160 _dBra&_/Hz, the single-arm measures are limiteghents from the critical path.

by the amplifier noise. On the other hand, the correlation mea-

sures are well aligned on the straight lisie = S;* even on the
left part of the plot, where the injected signal is lower than the

thermal floorkpT /Py ~ —178 dBrad’ /Hz. A. Measurement of Quartz Resonators

-140

-150

dBrad%/Hz

-180

Measured S¢(f)

VI. FURTHER DEVELOPMENTS

The+ 45 detection has a relevant potential of usefulness for
the measurement of the frequency flicker of quartz resonators,

The scheme of Fig. 2 and the prototype described in the prhich is the parameter that limits the short-term frequency sta-
vious Section are not optimized for the low Fourier frequenciesility in oscillator applications. The frequency fluctuatidmw of
Yet, it was only at the end of the experiments that the impothe resonator can be derived from the phase fluctuatiorea-
tance of high sensitivity at the lowest Fourier frequencies wasred at low Fourier frequencies, below the cutoff frequency
recognized clearly, as the most interesting parametric noise plig- = v/2Q, where it holds thaty = Av/2Qu,. A pre-
nomena tend to be of the flicker type. vious experience with high-stability HF resonators [15] proves

Provided the carrier suppression is sufficient to prevent tiigat a sensitivity up ta0—'# (Allan deviation) can be achieved
amplifier from flickering, the residual flicker of the machine iswith a simple interferometer in favorable conditions. One of
chiefly the noise of the interferometer, which originates in thilne major difficulties encountered at that time was to divide
variable deviceg and+’. Replacing them with by-step ones rethe flicker noise—clearly of parametric origin—from the back-
sults in improved stability of the interferometer, and, thereforground noise. The latter includes the instrument noise and the
lower residual flicker. Of course, the carrier suppression is irthermal noise inherent in the dissipative loss of the resonator.
paired. This is corrected in the scheme of Fig. 7 by injectingThis difficulty can be solved with the: 45° detection. The fea-
fine tuning signal at the output of the first stage of the amplifieture of rejecting the thermal noise without relying upon tem-
The game consists of preventing the first stage from flickerirgerature uniformity is a further relevant point. In fact, the tem-
by choosing a high linearity amplifier with a small gain, whileperature of the resonator must be set at the turning point of its
a certain amount of noise in the injection point can be toleratddequency-to-temperature function. The turning point is usually
The scheme of Fig. 7 derives from a different study, focuséd the 45-85°C range, for it would be impractical to stabilize
on real-time measurements [14], in which correlation could ntite whole interferometer at that temperature. In addition, it is
be used. The instrument, designed for the carrier frequencyaffen necessary to insert two resonators in the interferometer in
100 MHz, is a modified version of that described in the previousder to get rid of the oscillator noise. Interestingly, the differ-
Section. The stability of the carrier nulling is improved, and ance in the turning point may be of 3—4 K for a pair of devices

V. REDUCTION OF THERESIDUAL FLICKER NOISE
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Fig. 7. Improved carrier suppression scheme.
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Fig. 8. Residual noise of the dual carrier suppression instrument, in the £45° CA see —-154 190 | Sec. IV
absence of the DUT. interferom. Sec. 1
improv. £45° | CA see —168 —1I90 | Sec. V
interferom. Sec. 1

i i . ; RT =real-time, CA = correlation-and-averaging
nomlna!ly equal, but it can be of 30_ 40 I_(fprapalr of resonators 1/f, refers to the 1 Hz coefficient
cut at different angles and otherwise similar.

B. Low-Frequency Applications to Solid-State Physics in the undamaged sample, which is due to the self-diffusion of
The initial hypothesis on the AM and PM noise is reversed étl atoms in strongly d!sordered grain-boundaries. 'I_'he pea_k en-
ergy becomes 1.0 eV inthe damaged sample, consistent with the

audio frequencies and below. The AM noise is dominant at tho e : . ;
X ; : . U diffusivity along the Al grain-boundaries, which reveals that
frequencies, while too large capacitance fluctuations would oth-

electromigration causes Cu atoms to drift and to be trapped at
the grain-boundaries. Finally, we wish to stress that the flicker
in thin metal films [6]; in this case, the/ f signal to be detected noise approach to st_udy_electromigration is preferable to the
is smaller tharkg T at Fourier frequencies even lower than ommonly used median time t.o failure (MTF) method .because
Hz. A capacitive bridge was used to null the 2-kHz carrier, whilg m"’?".es use of one progres;wely damaged sample instead of
L . . requiring numerous destructive tests.
the low film impedance had to be increased with a transformer;
then, a commercial lock-in amplifier could be used as#hs’
detector, exploiting the internal phase offset facility.
Resistivity fluctuations caused by temperature-activatedThe reader may be interested in extending the proposed
motion of lattice defects contribute th¢ f noise in thin metal experiments to other frequencies. No particular difficulty is
films. Experiments were made aimed to identify some defeekpected in the range from less than 1 MHz to some 2 GHz,
types, namely vacancies, self-interstitials, dislocations, amdhere almost all the building blocks we need are available
grain-boundaries [16], [17]. A review of these experimentsnd based on the same technology. Working in the microwave
is available in [18]. Studying the defects through thejtif bands (2—-40 GHz) requires some minor changes in technology,
signature as a function of temperature, it is possible to calcula® Wilkinson power splitter and 9@ybrids are to be preferred.
the distribution of the activation energies according to theur previous experiences indicate that a microwave implemen-
Dutta-Dimon-Horn model [19]. tation tends to be more straightforward than the corresponding
Flicker noise also serves as an early indicator of electronti=-VHF one [5], while a sensitivity higher thans Ty / Py has
gration damage in thin metal films, as it was studied on polyeen attained at 7.3 GHz [21].
crystalline Aluminum and AlSip; Cuygo2 Samples [20]. For  Table | compares some methods for the measurement of phase
example, in the AlSig: Cuy.go2 alloy the peak of the activa- noise and reports the residual noise in the HF-VHF applications.
tion energy distribution of the atomic motion occurs at 0.7 eVhe saturated mixer instruments are easy to design and use,

erwise be necessary to modulate the DUT phase 48 de-
tection was first used to measure thef resistance fluctuations

VIlI. CONCLUSION
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and work in a wide frequency range; commercial implementaf20] C. A. Kruelle, E. Ochs, H. Stoll, A. Seeger, and I. Bloom, “Electro-
tions are available. The interferometer works properly even at ~ migration damage in aluminum alloys studied byf noise,” inProc.

low power (—30 dBm), out of reach for the saturated mixer; on

Mater. Reliability Microelectron. VIII Sympvol. 516, Matrial Research
Society Proceedings, J. C. Bravman, T. N. Marieb, J. R. Lloyd, M. A.

the other hand, it generally needs to be designed for a specific  Korhonen, and P. A. Warrendale, Eds., San Francisco, CA, Apr. 13-16th,
frequency. Transforming an interferometer into the45’ in- 1998, pp. 3-8.

terferometer is a relatively simple task, as no change is needé%ll]

E. Rubiola, V. Giordano, and J. Groslambert, “Improved interferometric
method to measure near-carrier AM and PM noidBEE Trans. In-

in the low-noise part of the circuit; nonetheless, a dual-channel  strum. Meas.vol. 48, pp. 642-646, Apr. 1999.
FFT analyzer becomes necessary. The dual carrier suppressi@fl Chronos grouprequency Measurement and Control.ondon, U.K.:

schemes exhibit outstanding sensitivity at low Fourier frequenm]
cies,

Chapman & Hall, 1994.
: . . W. F. Walls, “Cross-correlation phase noise measurementsPtae.
at the expense of increased complexity; some patience and 46th Freq. Contr. SympNew York, May 27—29, 1992, pp. 257—261.

skill may be needed to adjust the carrier rejection. hé5’
detection is expected to be particularly useful when parametric

noise must be measured in the presence of a backgrounc
random noise, and when the temperature of the DUT can 1
be set arbitrarily.
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