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Advanced interferometric phase and amplitude noise measurements
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The measurement of the close-to-the-carrier noise of two-port radio frequency and microwave
devices is a relevant issue in time and frequency metrology and in some fields of electronics,
physics, and optics. While phase noise is the main concern, amplitude noise is often of interest.
Presently the highest sensitivity is achieved with the interferometric method, that consists of the
amplification and synchronous detection of the noise sidebands after suppressing the carrier by
vector subtraction of an equal signal. A substantial progress in understanding the flicker noise
mechanism of the interferometer results in new schemes that improve by 20–30 dB the sensitivity
at low Fourier frequencies. These schemes, based on two or three nested interferometers and vector
detection of noise, also feature closed-loop carrier suppression control, simplified calibration, and
intrinsically high immunity to mechanical vibrations. This article provides the complete theory and
detailed design criteria, and reports on the implementation of a prototype working at the carrier
frequency of 100 MHz. In real-time measurements, a background noise of2175 to 2180
dBrad2/Hz has been obtained atf 51 Hz off the carrier; the white noise floor is limited by the
thermal energykBT0 referred to the carrier powerP0 and by the noise figure of an amplifier.
Exploiting correlation and averaging in similar conditions, the sensitivity exceeds2185 dBrad2/Hz
at f 51 Hz; the white noise floor is limited by thermal uniformity rather than by the absolute
temperature. A residual noise of2203 dBrad2/Hz at f 5250 Hz off the carrier has been obtained,
while the ultimate noise floor is still limited by the averaging capability of the correlator. This is
equivalent to a signal-to-noise~S/N! ratio of 231020 with a frequency spacing of 2.531026. All
these results have been obtained in a relatively unclean electromagnetic environment, and without
using a shielded chamber. Implementation and experiments at that sensitivity level require skill and
tricks, for which a great effort is spent in the article. Applications include the measurement of the
properties of materials and the observation of weak flicker-type physical phenomena, out of reach
for other instruments. As an example, we measured the flicker noise of a by-step attenuator
(2171 dBrad2/Hz at f 51 Hz! and of the ferrite noise of a reactive power divider (2173.7
dBrad2/Hz at f 51 Hz! without need of correlation. In addition, the real-time measurements can be
exploited for the dynamical noise correction of ultrastable oscillators. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1480458#
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I. INTRODUCTION

The output signal of a two-port device under test~DUT!
driven by a sinusoidal signal of frequencyn0 can be repre-
sented as

x~ t !5V0@11a~ t !#cos@2pn0t1w~ t !#, ~1!

wherew(t) anda(t) are the random phase and the rand
normalized amplitude fluctuation of the DUT, respective
Close-to-the-carrier noise is usually described in term
Sw( f ) andSa( f ), namely, the power spectrum density~PSD!
of w(t) and a(t) as a function of the Fourier frequencyf.
w(t) and a(t) originate from both additive and parametr
noise contributions, the latter of which is of great intere
because it brings up the signature of some physical phen
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ena. True random noise is locally flat (f 0) aroundn0. Con-
versely, parametric noise contains flicker (f 21) noise and
eventually higher slope noise processes asf approaches zero

The instrument of the interferometric type, derived fro
early works,1,2 show the highest sensitivity; new application
for them have been reported.3 Two recent papers provide
insight and new design rules for general and real-ti
measurements4 and give the full explanation of the whit
noise limit in correlation-and-averaging measurements.5 The
residual flicker of these instruments turned out to be
2150 dBrad2/Hz at 1 Hz off the carrier for the real-time
version, and2155 dBrad2/Hz correlating two interferom-
eters.

The scientific motivation for further progress has n
changed in the past few years. Nonetheless, we wish to s
the importance of close-to-the-carrier noise for ultrasta
oscillators. First, oscillators, inherently, turns phase no
5 © 2002 American Institute of Physics
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into frequency noise,6 which makes the phase diverge in th
long run. Then, amplitude noise affects the frequen
through the the resonator sensitivity to power, as it occ
with quartz crystals7 and microwave whispering galler
mode resonators.8 Finally, the knowledge of the instanta
neous value ofw(t) anda(t) in real time enables additiona
applications, such as the dynamical noise compensation
device, for which the statistical knowledge is insufficient.

This article is the continuation of two previous ones4,5 in
this field. After them, several elements of progress have b
introduced, the main of which are~1! the flicker noise
mechanism has been understood,~2! the carrier suppressio
adjustment has been split into coarse and fine,~3! elementary
algebra has been introduced to process signals as com
vectors, ~4! the carrier suppression has been treated a
complex virtual ground. This results in new design rules a
in a completely new scheme that exhibits lower resid
flicker and increased immunity to mechanical vibration
Calibration is simplified by moving some issues from rad
frequency hardware to the detector output. Finally, the car
suppression is controlled in closed loop, which is a relev
point for at least two reasons. First, the interferometer dri
making the continuous operation of the instrument imp
sible in the long run. Then, the residual carrier affects
instrument sensitivity through different mechanisms, an
sufficient suppression can only be obtained in closed-l
conditions.

II. THE INTERFEROMETER REVISITED

A digression about the interferometric noise measu
ment instruments is needed prior to develop the comp
scheme. The starting point is the scheme of Fig. 1, wh
includes the major ideas of our previous articles,4,9–11 plus
several unpublished ideas.

The key idea of the interferometric method is that pha
noise—as well as amplitude noise—resides entirely in
sidebands, and that several advantages arise from remo
the carrier signal. Thus, matching the attenuatorl and the
phase shifterg to the device under test~DUT!, the carrier is
suppressed at the outputD of the right hybrid. The DUT
noise sidebands, not affected by the above equilibrium c
dition, are amplified and down converted to baseband
synchronous detection. Properly setting the phaseg9, the
machine detects the instantaneous value ofw(t) or a(t), or
the desired combination. Basically, the interferometer is

FIG. 1. Basic scheme of the interferometric phase noise detection
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impedance-matched null bridge; the detector can be rega
as a part of lock-in amplifier12 or of a phase-coheren
receiver.13,14

The instruments of the first generation4 make use of con-
tinuously variable attenuators and phase shifters asl andg;
the dotted path, withl 8 andg8, is absent. A carrier rejection
of some 70–80 dB can be obtained, limited by the resolut
and by the stability ofl and g; the adjustment require
patience and some skill. Experimenting on interferometer
10 MHz, 100 MHz, and 7–10 GHz, the achievable carr
rejection turned out to be of the same order of magnitud

The second-generation instruments5 make use of corre-
lation and averaging to reduce the residual noise. This
proach results in outstanding white noise, not limited by
thermal energykBT0 referred to the carrier powerP0 ; kB

51.38310223 J/K is the Boltzmann constant, andT0.295
K is the room temperature.

The third-generation instruments9–11 show improved
sensitivity at low Fourier frequencies, where flicker is dom
nant. This feature is provided byl 8 andg8 and the dashed
path.

Improving the low-frequency sensitivity relies upon th
following issues, which updates the previous design rule4

A. Amplifier noise

The basic phenomenon responsible for the close-to-
carrier flicker noise of amplifiers is the up conversion of t
near-dc flickering of the bias current, due to carrier-induc
nonlinearity. Interesting analyses are available for bipo
transistors,15,16yet this phenomenon is general. In fact, if th
carrier power is reduced to zero, the noise spectrum at
output of the amplifier is the white type, and no 1/f noise can
be present around the carrier frequencyn0. The assumption
is needed that the DUT noise sidebands be insufficien
push the amplifier out of linearity, which is certainly tru
with low noise DUTs.

After Friis,17 it is a common practice to calculate th
white noise of a system by adding up the noise contribut
of each stage divided by the gain of all the preceding on
for the first stage is the major contributor. But flicker noi
behaves quite differently. Let us consider the design o
low-noise small-signal amplifier based on off-the-shelf pa
Almost unavoidably, the scheme ends up being a chain
modules based on the same technology, with the same i
and output impedance, and with the same supply volta
Therefore, the bias current and the nonlinear coefficients
expected to be of the same order. Consequently, flicker n
tends to originate from the output stage, where the carrie
stronger, rather than from the first stage.

B. Interferometer stability

Common sense suggests that the flicker noise of the
terferometer is due the mechanical instability of the varia
elementsl and g and of their contacts, rather than to th
instability of the semirigid cables, connectors, couplers, e
By-step attenuators and phase shifters are more stable
their continuously adjustable counterparts because the
face on which imperfect contacts fluctuate is nearly equi
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 2. Scheme of the proposed instrument.
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tential; the fact that contacts flicker is such a well establis
fact that Shockley18 uses the term ‘‘contact noise’’ for the 1/f
noise. Even higher stability is expected from fixed-value
vices, provided the carrier suppression be obtained.

C. Resolution of the carrier suppression circuit

An amplitude error of 0.05 dB, which is half of the min
mum step for off-the-shelf attenuators, results in a car
rejection of 45 dB; accounting for a similar contribution
the phase shifter, the carrier rejection is 42 dB in the wo
case. This is actually insufficient to prevent the amplifi
from flicker.

D. Rejection of the oscillator noise

The difference in group delay between the two arms
the interferometer acts as a discriminator, for it causes a f
tion of the oscillator phase noise to be taken in; the effec
this can be negligible if the DUT delay is small. Converse
the rejection of the oscillator amplitude noise relies upon
carrier rejection at the amplifier input.

E. Dual carrier suppression

A high carrier rejection is obtained with two nested i
terferometers. The inner one provides a high stability coa
adjustment of the phase and amplitude condition, while
outer one provides the fine adjustment needed to interpo
between steps. Owing to the small weight of the interpo
ing signal, as compared to the main one, higher noise ca
tolerated. An additional advantage of the nested interfero
eter scheme is the increased immunity to mechanical vi
tions that results from having removed the continuously
justable elements from the critical path.

In an even more complex version of the nested inter
ometer, the amplifier is split in two stages, and the correc
signal is injected in between.9 The game consists of the gain
Downloaded 22 May 2002 to 193.204.114.241. Redistribution subject to
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linearity tradeoff, so that the residual carrier due to the b
step adjustment is insufficient to push the amplifier out
linearity. A residual flickerSw(1 Hz)52160 dBrad2/Hz has
been obtained. By experimenting on both the configurati
similar residual noise has been obtained.10,11

F. Hybrid couplers and power splitters

Basically, a reactive power splitter is a hybrid coupl
internally terminated at one port~when the termination has
not a relevant role, we let it implicit using a simpler symbo!.
The choice between Wilkinson power splitters, 180° hybri
and 90° hybrids is just a technical problem. The signal av
able at theS port of the interferometer should not be used
pump the mixer, unless saving some amount of powe
vital; otherwise the finiteS2D isolation makes the adjust
ment of the carrier suppression interact with the calibrat
of g9.

III. THE I-Q CONTROLLED INTERFEROMETER

Figure 2 shows the scheme of the proposed instrum
and Fig. 3 details theI-Q modulator detector. In order to
analyze the detection of the DUT noise we assume tha
the components but the mixers are ideal and lossless, an
also neglect the intrinsic loss of the 20 dB coupler; the c

FIG. 3. Scheme of theI-Q detector-modulator.
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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rections will be introduced later. The mixers show a sin
side band~SSB! loss l m , which accounts for intrinsic and
dissipative losses; this is consistent with most data shee
actual components.

Basically, the instrument works as a synchronous
ceiver that detects the DUT noise sidebands. LetNrf be the
PSD of the DUT noise around the carrier; the dimension
Nrf is W/Hz, thus dBm/Hz. By inspection on the scheme,
noise at the mixer input isgNrf/8l m , thusgNrf/4l m at each
output of theI-Q detectors; this occurs because the power
the upper and lower sidebands is added in the detection
cess. The PSD of the output voltage, eitherv1 or v2, is
Sv( f )5gR0Nrf/4l m , whereR0 is the mixer output imped-
ance. Hence the dual side band~DSB! gain ~or noise gain!,
which is defined as

kDSB5ASv

Nrf
, ~2!

is

kDSB5AgR0

4l m
. ~3!

kDSB is a constant of the machine, and is independent of
DUT power P0. Yet, in the calibration process it is conve
nient to measure the SSB gainkSSB5kDSB/A2.

Getting closer into detail, the signal at the output of
actual DUT can be rewritten as

x~ t !5V0 cos~2pn0t !1n1~ t !cos~2pn0t !

2n2~ t !sin~2pn0t !, ~4!

which is equivalent to Eq.~1! in low-noise conditions; al-
though Eq.~4! is used to describe the close-to-the-carr
noise, it is not a narrow band representation.19 The polar
representation~1! is related to the Cartesian one@Eq. ~4!# by

a~ t !5
n1~ t !

V0
, ~5!

w~ t !5
n2~ t !

V0
. ~6!

After removing the carrier from Eq.~4!, the signals at the
detector output are

v1~ t !5A g

8l m
@n1~ t !cosc2n2~ t !sinc#, ~7!

v2~ t !5A g

8l m
@n1~ t !sinc1n2~ t !cosc#, ~8!

wherec is the arbitrary phase that derives from the phase
difference between the input and the pump signal of theI-Q
detector. Settingc50, channel 1 detects the phase no
only and channel 2 detects the amplitude noise only, t
v1(t)5kaa(t) andv2(t)5kww(t), where

ka5AP0 kDSB, ~9!

kw5AP0 kDSB. ~10!
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In the earlier insrtruments we setc acting on a phase shifte
in series to the mixer pump (g9 in Fig. 1!, which is uncom-
fortable. Now we prefer to letc be arbitrary and to proces
the output signals, as described in the next section.

In the absence of the DUT, the equivalent noise at
amplifier input isFkBT0, whereF is the amplifier noise fig-
ure. Thus the noise PSD at the mixer output is

Sv05
gFkBT0R0

l m
. ~11!

Sv0 is a constant of the instrument, independent ofP0. Di-
viding Eq. ~11! by kw , or by ka , we get the phase an
amplitude noise floor

Sw05Sa05
4FkBT0

P0
. ~12!

If only one of the two radio frequency channels is use
and the splitter in between is bypassed, the DSB gain@Eq.
~3!# becomeskDSB5AgR0/2l m. As kDSB is multiplied by
A2, alsoka andkw are; thuska5kw5A2P0kDSB. Therefore,
as Sv0 is a constant, the phase and amplitude noise fl
becomeSw05Sa052FkBT0 /P0.

Finally, the effect of all the dissipative losses in th
DUT-mixer path, plus the insertion loss of the 20 dB coup
CP3 ~this accounts for dissipative and intrinsic losses, as
the data sheet of actual components! is to decreasekSSB,
thuska andkw . The effect of all the dissipative losses in th
DUT-amplifier path, plus the insertion loss of CP3, is to i
creaseSw0 andSa0, letting Sv0 be unaffected.

IV. READOUT

Figure 4 shows the information flow through the instr
ment. This scheme is equivalent to that of Fig. 2, but
radio frequency circuits are hidden, for all the radio fr
quency signals are replaced with their baseband represe
tion in terms of Fresnel vectors. As an example, the noise
Eq. ~4! takes the formn(t)5@n1(t),n2(t)#T, whereT stands
for transposed. It is assumed in this section that the car
control works properly without interferring with the DUT
noise, hence we account for the DUT noisen(t) only, omit-
ting the subscript DUT.

The signalv(t)5@v1(t),v2(t)#T at the output of the ra-
dio frequency section is transformed into the desired sig
w(t)5@w1(t),w2(t)#T5k @a(t),w(t)#T through the transfor-

FIG. 4. Information flow of the instrument. For clarity, some amplitu
coefficients are omitted and only one channel is shown.
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2449Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 Interferometric phase and amplitude noise measurements
mation w(t)5Rv(t), where R5@r i j # is the 232 readout
matrix. Equations~7! and ~8! turn into the relationshipv(t)
5Mn(t), i.e.,

Fv1~ t !

v2~ t !
G5Fm11 m12

m21 m22
GFn1~ t !

n2~ t !
G , ~13!

which also accounts for the gain error and asymmetry of
two channels and for the quadrature error of theI-Q detector.
Thus, the matrixR provides the frame transformation b
which

w~ t !5RMn~ t !. ~14!

Of course, the appropriateR is the solution ofRM5aI,
whereI is the identity matrix anda a constant, so thatw(t)
5an(t).

The direct measurement ofM relies upon the availability
of two reference vectors that form a base forn, the simplest
of which isv 85@1,0#T andv 95@0,1#T. This can be done by
means of a reference AM-PM modulator at the DUT outp
or by means of a referenceI-Q modulator that introduces
reference signal in the DUT path; unfortunately, both the
solutions yield impractical calibration aspects. Therefore,
split the problem into two tasks, which is accomplished
letting R5BG; the matrix G5@gi j # makes the detection
axes orthogonal and symmetrical, whileB5@bi j # rotates the
frame.

We first find G with the well known Gram-Schmid
process,20 replacing the DUT output signal with a pure sin
soid Vs cos(2pnst). To do so, the DUT, the variable attenu
tor, and the variable phase shifter are temporarily remo
from the inner interferometer, and all the unused ports
terminated. The frequencyns is set just aboven0, so that the
detected signal be a tone at the frequencyf s5ns2n0 of a
few kHz. The driving signal is equivalent to the vector

Fn1~ t !

n2~ t !
G5FVs cos~2p f st !

Vs sin~2p f st !
G . ~15!

SettingR5I , thus B5I and G5I , we measure the outpu
signalsW1 andW2 by means of the dual-channel fast Four
transform~FFT! analyzer;W1 andW2 are the rms values o
the corresponding signalsw1(t) and w2(t). The result con-
sists of the squared modulesuW1u2 and uW2u2 and the cross
signal W125uW1uuW2ucosu1juW1uuW2usinu, where u is the
angle formed by the two signals. Then, setting

g125
R$W12%

uW1u2
~16!

the two detection channels are made orthogonal, but
asymmetrical. To correct this, we measureW1 andW2 in this
new condition, and we set

g125UW1

W2
Ug12

~p! and g225UW1

W2
Ug22

~p! , ~17!

where the superscript~p! stands for the previous value. No
the two channels are orthogonal and of equal gain.

Turning equations into laboratory practice, this is t
right place for the measurement ofkSSB. Letting Ps be the
power of the sideband at the DUT output, we get
Downloaded 22 May 2002 to 193.204.114.241. Redistribution subject to
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, ~18!

where the subscript ofW is omitted since now it holdsW1

5W2.
In order to complete the task we still have to calcula

the rotation matrixB, for we need a reference to set th
origin of angles. After reassembling the inner interferome
we insert as the DUT a phase modulator driven by a re
ence sinusoid and we measure the output signalsW1 andW2;
the method works in the same way with pseudorand
noise, which is preferable because of the additional diagn
tic power.R is temporarily let equal toG, thusB5I ; in this
condition we measureW1 andW2,

W15Vs cosb, ~19!

W25Vs sinb, ~20!

from which we calculate the frame rotationb. Finally, a
rotation of2b is needed, performed by

B5Fcosb 2sinb

sinb cosb G . ~21!

Due to the hardware, it might be necessary to scaleR up
or down during the process. In our implementation, for
stance, there is the constraintur i j u<1, ; i j .

V. AUTOMATIC CARRIER SUPPRESSION

The carrier suppression circuit of Fig. 2 works entierly
Cartesian coordinates. This is obtained by means of anI-Q
modulator that controls the amplitude of two orthogon
phases of a signal added at the amplifier input, which n
separately the real and imaginary part of the residual car
This method, which is somewhat similar to the vect
voltage-to-current-ratio measurement scheme used in a
frequency impedance analyzer,21 can be regarded as a com
plex virtual ground.

With reference to Fig. 4, the system to be controll
transforms the input signalu(t)5@u1(t),u2(t)#T into v(t)
5@v1(1),v2(t)#T through

v~ t !5Au~ t !. ~22!

The 232 matrix A models the gain and the rotation th
result from all the phase lags in the circuit;A also accounts
for the gain asymmetry and for the quadrature error of
I-Q modulator and detector. Introducing the 232 diagonal-
ization matrixD, we get

z5DAu. ~23!

The appropriateD is the solution ofDA5cI, wherec is a
constant, thus

D5
c

detA F a22 2a12

2a21 a11
G . ~24!

Therefore, the two-dimensional control is split in two ind
pendent control loops. This is a relevant point because in
action could result in additional noise or in a chaotic beh
ior. Actually, the quadrature error of theI-Q devices is
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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relatively small, hence Eq.~24! is free from the error en-
hancement phenomena typical of ill-conditioned problem

A consists of the four voltage gains

ai j 5
v i

uj
, ~25!

which is easily measured with the transfer-function capa
ity of the FFT spectrum analyzer. Pseudorandom nois
preferable to a simple tone because of its diagnostic pow

A simple integralu(t)52a0*Dv(t) dt is sufficient to
control the carrier without risk of oscillation or instability
This occurs because there are no fast variations to track
because, even with simple electronics, the poles ofDA end
up to be at frequencies sufficiently high not to interact w
the control.

In the normal operating mode, the cutoff frequencyf 0

5a0/2p of the control loop must be lower than the lowe
Fourier frequency of interest, and a margin of at least o
decade is recommended. An alternate mode is possible22,23

in which the control is tight, and the DUT noise is derive
from the error signal. We experimented on the normal mo
only.

It should be stressed that the phase and amplitude o
DUT output signal do not appear—explicitly o
implicitly—in the equations of the control loop. As a re
evant consequence, no change to the control parameteA
and a0 is necessary after the first calibration, when the
strument is built.

The automatic carrier suppression of this machine tu
into a difficult problem if not approached correctly, for w
give additional references. A fully polar control based on
phase and amplitude detector and on a phase and ampl
modulator, similar to that used to extend the dynamic ra
of spectrum analyzers by removing a ‘‘dazzling’’ carrier24

suffers from the basic difficulty that the phase becomes
defined as the residual signal approaches zero. The m
polar-Cartesian control, based on a phase and ampli
modulator as the actuator and on a mixer pair as the dete
is simpler than our scheme; it has been successfully use
stabilize a microwave oscillator.3 Yet, the mixed control is
incompatible with the nested interferometer scheme beca
the residual carrier, made small by the inner interferome
spans over a wide range of relative amplitude, for the lo
gain of the phase channel is unpredictable and can
change sign. In the field of telecommunications, the po
loop control was proposed as a means to linearize the po
amplifier in SSB transmitters,25 but the advantages of a full
Cartesian-frame control were soon recognized.26

VI. CORRELATION TECHNIQUES

The cross power spectrum densitySab( f ) is

Sab~ f !5F$Rab~t!%5 È Rab~t!exp~22p f t!dt, ~26!

whereF$.% is the Fourier transform operator, andRab(t) is
the cross correlation function
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Rab~t!5 lim
u→`

1

uEu
a~ t !b* ~ t2t!dt; ~27!

as we measure real signals, the complex conjugate sym
‘‘*’’ can be omitted. Sab( f ) is related to the Fourier trans
form A( f ) andB( f ) of the individual signals by

Sab~ f !5A~ f !B* ~ f !, ~28!

which is exploited by dynamic signal analyzers; the Four
transform is replaced with the FFT ofa(t) andb(t) sampled
simultaneously, and the spectrum is averaged on a co
nient numberm of acquisitions; the rms uncertainty iss
5uAu uBu/A2m. Both averaging and Fourier transform a
linear operators, fora(t) and b(t) can be divided into a
correlated and uncorrelated part, that are treated separa
With the uncorrelated part,Sab( f ) approaches zero a
1/A2m, limited by s. This is exploited to extend the sens
tivity beyond the thermal energy limitkBT0.

A. Parallel detection

In the normal correlation mode the matricesR are set for
the two channels to detect the same signal, thusw1(t)
}n1(t) andw2(t)}n2(t) if only the DUT noise is present.

Let us analyze the instrument in the presence of ther
noise only, coming from the DUT and from the resistiv
terminations, under the assumption that the temperatur
homogeneous. As there are several resistive terminations
complete signal analysis5 is unnecessarily complicated, thu
we derive the behavior from physical insight. The mach
can be modeled as in Fig. 5. All the oscillator power goes
one termination—or to a set of terminations—isolated fro
the rest of the circuit; the amplifier inputs are isolated fro
one another and from the oscillator. In thermal equilibrium
power per unit of bandwidthkBT0 is exchanged between th
input of each amplifier and the instrument core. The t
signals flowing into the amplifiers must be uncorrelated, o
erwise the second principle of thermodynamics would
violated. Consequently, the thermal noise yields a zero o
put.

As a consequence of linearity, the nonthermal noise
the DUT is detected, and the instrument gain (kSSB, or ka

andkw), as derived in Sec. III applies. The instrument me
sures extra noise~we avoid the term ‘‘excess noise’’ becaus
it tend to be as a synonymous of flicker, which would
restrictive!, even if it is lower than the thermal energy in th
same way as the double interferometer5 does. This is the
same idea of the Hanbury Brown radiotelescope,27 of the
Allred radiometer,28,29 and of the Johnson/Nyquis
thermometry.30 Obviously, the interferometer fluctuation can

FIG. 5. Thermal-noise model of the interferometer.
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 6. Picture of the described prototype.
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not be rejected because there is a single interferom
shared by the two channels, but it would be if the interf
ometer was duplicated.

B. Á45° detection

In the 645° correlation mode only one radio frequen
channel is used, and the matrixR is set for a frame rotation
of 45°, thus Eqs.~7! and ~8! become

w1~ t !5A g

8l m
F 1

A2
n1~ t !1

1

A2
n2~ t !G , ~29!

w2~ t !5A g

8l m
F 1

A2
n1~ t !2

1

A2
n2~ t !G , ~30!

and, therefore,

S12~ f !5
g

4l m
@N1~ f !2N2~ f !#. ~31!

The trick is that with true random noise, including therm
noise,n1(t) and n2(t) have identical statistical propertie
henceS12( f )50. Conversely, when a random process mo
lates a parameter of the DUT, it tends to affect the phas
the carrier and to let the amplitude be unchanged,or to affect
the amplitude and to let the phase be unchanged. Obvio
this depends on the physical phenomena involved,
knowledge of which is needed for the instrument to be u
ful. This type of detection was originally invented for th
measurement of electromigration in metals at lo
frequencies,31 which manifests itself as a random amplitu
modulation, and then is extended to the measuremen
phase noise of radio frequency devices.32
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VII. IMPLEMENTATION

We constructed a prototype, shown in Fig. 6 and d
scribed underneath, designed for the carrier frequencync

5100 MHz.
In search of the highest sensitivity at low frequencie

we decided not to use commercial hybrids or power splitt
in the inner interferometer. In fact these devices are base
ferrite inductors and transformers, for they could flicker
modulating the carrier with the magnetic noise of the core
addition, they could generate harmonics of the carrier f
quency, noxious to the amplifier linearity. Conversely, t
two couplers between the inner interferometer and the
plifiers can be of the ferrite type because they are crosse
a low residual power, or by the noise sidebands only. T
we built two Wilkinson couplers, each with a pair ofl/4 75
V PTFE-insulated cables and a 100V metal resistor. After
trimming for best isolation at 100 MHz, the dissipative lo
and the isolation turned out to be of 0.15 and 34 dB, resp
tively.

The phase of the inner interferometer can be adjusted
means of a set of semirigid cables and SMA transitions
some experiments we also used a type of microwave
stretcher consisting of coaxial pipes with locknuts, who
internal contacts are well protected against vibrations;
popular and easy-to-use U-shaped line stretcher adjuste
means of a micrometer is to be avoided. The attenuation
be adjusted with commercial 0.1 dB step attenuators. T
types were tested, manufactured by Weinschel~model 3035!
and Texscan~model MA-508!, with almost identical results
Measuring the ultimate noise of the instrument, we used o
fixed attenuators and cables, manually trimmed. The ins
ment can still be used in this way for actual application
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



d

od

il
t
t a
s
an
de
f
m

l
s

1

r-

t-
b

lf
h

or
ts

he
a

rtz
ole
s
in

e

d
er
o

-

th
lifi

n
m

ts,
er

d
n
th
b

for
os-
s,

m-
cal
ns
i-

hile
in

are

for
tion
is
ger
re-

ar-
y
em

n-
r-

be
de
is
ting

in-
trol

in
This
on-

in-

a
not
lso
st a
ncy.
’’

r
rrier
nd
t of
ily
d a
or-

2452 Rev. Sci. Instrum., Vol. 73, No. 6, June 2002 E. Rubiola and V. Giordano
provided the attenuator and the phase shifter be matche
the specific DUT.

The 100 MHz amplifiers consist of three cascaded m
ules in bipolar technology with low-Q LC filters in between.
The first filter is a capacitive-coupled double resonator, wh
the second one is aLCL T network. The use of two differen
topologies warrants a reasonable stopband attenuation a
frequency of interest because the stray pass frequencie
not coincide. For best linearity, we used for the second
for the third stage a type of amplifier that shows a third or
intercept point of 35 dBm and a 1 dBcompression power o
17 dBm, while the total output power never exceeds so
250 dBm. The complete amplifier shows a gaing541 dB
and a noise figureF51.5 dB.

The I-Q modulator and theI-Q detector are two equa
devices built for this purpose~Fig. 3!. The dissipative losse
of the power splitter and of the 90° hybrid are of 0.5 and
dB, respectively, while the SSB loss of the mixers isl m

56 dB. A 10.7 MHz low pass filter is inserted at the inte
mediate frequency~IF! port of each mixer to block the 2n0

image frequency and then0 crosstalk. The quadrature adjus
ment, present in the earlier releases, is no longer useful
cause the quadrature error is compensated by theR and D
matrices. The harmonics of theI-Q modulator must be
checked; in our case none of them exceed265 dBm, which
is still insufficient for the amplifier to flicker.I-Qs of similar
performances and smaller size, are available off-the-she
a lower cost. To duplicate the instrument this is the rig
choice; we opted for the realization of our own circuit f
better insight, which was useful in the very first experimen
Finally, self-interference from the mixer pump signal to t
amplifier can be a serious problem, which caused some c
fully designed layouts not to work properly.

The master source is a high stability 100 MHz qua
oscillator followed by a power amplifier and by a seven-p
LC filter that removes the harmonics. The output power is
to 21 dBm, some 8 dB below the 1 dB compression po
The source exhibits a frequency flicker of2127 dBrad2/Hz
at f 5100 Hz and a white phase noise of2155 dBrad2/Hz.

The preamplifiers at the detector output are a modifi
version of the ‘‘super low noise amplifier,’’33 consisting of
three PNP matched differential transistor pairs connecte
parallel and followed by a low noise operational amplifi
The preamplifier, that shows a gain of 52 dB, is still n
optimized for the input impedance of 50V. Terminating the
input to 50V, the overall noise~preamplifier and termina
tion! is 1 nV/AHz ~white!, and 1.5 nV/AHz at 1 Hz~flicker
plus white!. The dc offset necessary to compensate for
asymmetry of the detector diodes is added at the preamp
output.

The matrices consist of four 10-turns high quality pote
tiometers, buffered at both input and output, and of two su
ming amplifiers in inverting configuration. The coefficien
whose sign is set by a switch for best accuracy around z
can be set in the61 range.

The control consists of two separate integrators base
a field-effect transistor operational amplifier in inverting co
figuration with a pure capacitance in the feedback path;
capacitors can be discharged manually. A dc offset can
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added at the output of each integrator, which is necessary
the manual adjustment of the outer interferometer to be p
sible in open loop conditions. The loop time constant is 5
hence the cutoff frequency is 32 mHz.

Each circuit module is enclosed in a separate 4-m
thick aluminum box with 3 mm caps that provide mechani
stability and shielding. The boxes also filter the fluctuatio
of the environmental temperature. Microwave UT-141 sem
rigid cables~3.5 mm, PTFE-insulated! and SMA-type con-
nectors are used in the whole radio frequency section, w
high quality coaxial cables and SMA connectors are used
the baseband circuits. All the parts of the instrument
screwed on a standard 0.630.9 m2 breadboard withM6
holes on a 25 mm pitch grid, of the type commonly used
optics. The breadboard is rested on a 500 kg antivibra
table that shows a cutoff frequency of 4 Hz. The circuit
power-supplied by car-type lead-acid batteries with a char
connected in parallel; in some cases the charger was
moved.

Finally, we implemented a second prototype for the c
rier frequencync55 MHz. This instrument is a close cop
of the 100 MHz one, and shares with it the readout syst
and the carrier control. Due to the long wavelength (l/4
515 m!, the Wilkinson couplers are impractical. Provisio
ally, we use a pair of 180° ferrite hybrids for the inner inte
ferometer.

VIII. ADJUSTMENT AND CALIBRATION

For proper operation, the instrument first needs to
tuned and calibrated. First, the dc offset due to the dio
asymmetry of theI-Q detectors is compensated for, which
best done disconnecting the interferometer and termina
the input of the amplifiers to a 50V resistor. Second, the
readout system is set, as detailed in Sec. IV, which also
cludes the measurement of the SSB gain. Third, the con
loop must be adjusted according to the procedure given
Sec. V, and a suitable time constant must be chosen.
turns out to be easier if the inner interferometer is disc
nected and the unused ports are terminated. Finally, the
terferometer must be set for the highest carrier rejection.

The inner interferometer is first inspected alone with
network analyzer; as the phase of the transfer function is
used, a spectrum analyzer with tracking oscillator is a
suitable. Even at the first attempt, a slight notch, of at lea
fraction of a dB, appears at some unpredictable freque
Hence, the interferometer is tuned by iteratively ‘‘digging
the notch and moving it to the desired frequency;l acts on
the carrier rejection, whileg acts on the frequency. The inne
interferometer is then restored in the machine and the ca
rejection is refined by adjusting the fine carrier control a
inspecting with a spectrum analyzer on the monitor outpu
the amplifier. A rejection of some 80–90 dB should be eas
obtained. At this stage the machine is ready to use, an
carrier rejection of 110–120 dB should be obtained in n
mal operation.
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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IX. ACCURACY

Experience suggests that calibration difficulty resides
most entirely in the radio frequency section, while the unc
tainty of the instruments used to measure the low-freque
detected signals is a minor concern. In addition, the refere
angles are only a second order problem because an errodc
results in relative error2 1

2(dc)2 in the measurement ofw
and a, which is negligible in most cases. The quadratu
condition is even simpler because it is based on a null m
surement at the output of the low-frequency section.

In order to understand calibration, one must remem
that ~1! a and w are voltage ratios, and~2! the instrument
circuits are linear over a wide dynamic range. As a relev
consequence, the measurement ofka andkw relies upon the
measurement of a radio frequency power ratio instead o
absolute measurements. Actually, the phase-to-voltage
~as well as thea-to-voltage gain! is calculated askw

5A2P0 kSSB, which requires the measurement ofP0. But
the SSB gain is measured with the sideband method and
~18!. Consequently,

kw5A2P0

Ps
W. ~32!

A difficulty arises from the fact thatPs must be a low power,
270 to 280 dBm in our case, whileP0 can be higher than
10 dBm. Commercial power meters exhibit accuracy of so
0.1 dB, provided the input power is not less than so
230 dBm; this is related to the large bandwidth~2–20 GHz!
over which the equivalent input noise is integrated. The
fore, a reference attenuator is needed to compareP0 to Ps

with a watt meter. Actually, we use a synthesizer followed
a bandpass filter and by a 50 dB calibrated attenuato
generate the sideband, and we measure the sideband pow
the filter output, before the attenuator; the filter is necess
to stop the synthesizer spurious signals. In our casen0

5100 MHz is in the frequency range of the two probes~HF-
UHF and microwaves! of the available watt meter, and w
observed that in appropriate conditions the discrepancy n
exceeds 0.05 dB; thus a value of 0.1 dB is a conserva
estimate of the watt meter uncertainty in the measuremen
P0 /Ps . Ascribing an uncertainty of 0.1 dB to the netwo
analyzer with which the 50 dB attenuator is calibrated,
estimated accuracy of the instrument is 0.2 dB.

X. EXPERIMENTAL RESULTS

Our main interest is the sensitivity of the instrument, th
is, the background noise measured in the absence of
DUT. Obviously, great attention is spent on the lo
frequency part of the spectrum, where the multiple car
suppression method is expected to improve the sensitivi

On several occasions we have observed that the res
Sa( f ) and Sw( f ) are almost equal, as well as the residu
noise spectrum of any combinationaa1bw in which a2

1b251. Rotating the detection frame with the matrixB, the
variation of the residual flicker can be 1 dB peak or less. T
means that the residual noiseNrf has no or little preference
for any angle versus the carrier. Hence, after putting right
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phase modulator method we did not spend much effor
calibrating the detection angle. Thus, the detected nois
the scalar projection ofNrf on two orthogonal axes that in
most cases we leave arbitrary. On the other hand, it would
misleading to give the results in terms ofNrf because the
parametric noise is affected by the carrier power, and
cause the ratioNrf /P0 is needed to determineSw( f ) and
Sa( f ). Therefore, we give the results in terms of the norm
ized noiseSn( f )5Nrf /P0. Of course,Sn( f ) becomesSw( f )
or Sa( f ) if B operates the appropriate rotation. The unit
Sn( f ) is @rad2#/Hz, hence dB@rad2#/Hz, where@rad2# implies
that the unit of angle appears in the appropriate conditio
Anyway, the presence or absence of the unit rad2 has no
effect on numerical values. As in real applications the m
sured quantities will be ‘‘true’’ phase and amplitude noise,
the plots are labeled asSw( f ) andSa( f ), given in dBrad2/Hz
and dB/Hz. Yet, in order to avoid any ambiguity, the rad
frequency spectrumNrf is also reported~in dBm/Hz! and it is
always specified whether or not the angle is calibrated.

Finally, the laboratory in which all the experiments a
made is not climatized; a shielded chamber is not availa
therefore, the electromagnetic environment is relatively
clean. A 100 Mbit/s computer network is present, while t
electromagnetic field of FM broadcastings in the 88–1
MHz band is of the order of 100 dBmV. Even worse, our
equipment is located over the top of a clean room for
technology where several dreadful~for us! machines such as
like vacuum pumps, an elecron microscope, etching and
sputtering systems, etc., are operated regularly, and we
share the power-line transformer with the clean room.
attempt has been made to hide stray signals by postproc
ing, consequently all the reported spectra are true hardw
results.

A. Lowest-noise configuration

The first set of experiments is intended to assess
ultimate sensitivity of the instrument. Therefore, the inn
interferometer is balanced with semirigid coaxial cables on
In these conditions an asymmetry of a fraction of a degre
phase, and of several hundredth of dB in amplitude resu
which is corrected by inserting a parallel capacitance an
parallel resistance in the appropriate points, determined a
some attempts. The actual correction is so small—some

FIG. 7. Ultimate residual noise, measured in the absence of the DUT
with fixed-value devices in the interferometer.
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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pF and a few kV in parallel to a 50V line—that the resulting
impedance mismatch has no effect on the noise measure
accuracy. In the reported experiment the carrier rejectio
88 dB in D8. While the automatic carrier control is oper
tional, the fine control, which is no longer needed, is disc
nected. With a DUT powerP0514.1 dBm, the gain is
AP0kDSB580.5 dBV@/rad#.

1. Single-arm mode, for real-time operation

Figure 7 shows the residual noise spectrum at the ou
1 of the two radio frequency channels and the cross sp
trum. The detection direction, left arbitrary, is the same
the two channels. The white noise floor isNrf 052165 dBm/
Hz, which is 9 dB above the thermal energykBT052174
dBm/Hz. This relatively high value is due to the high loss
the DUT-amplifier path, which is 7.5 dB; this includes the
dB intrinsic loss of the couplers CP2 and CP4 and the in
tion loss of CP3. The amplifier contributes with its noi
figure F51.5 dB. The noise floor corresponds toSn05
2179.1 dB@rad2#/Hz. Of course, if one radio frequency cha
nel is removed and the coupler in between~CP4! is by-
passed, the gainkDSB increases by 3.5 dB while the whit
noise voltage at the output is still the same. Consequently
noise floor becomesSn052182.1 dB@rad2#/Hz.

On the left-hand side of Fig. 7 atf 51 Hz, the residual
noise is2161.4 dBm/Hz~channela) and2161.0 dBm/Hz

FIG. 8. Residual noise of the radio frequency electronic circuits, meas
in the absence of the interferometer.

FIG. 9. Residual noise, measured in the absence of the DUT and aver
on a large number of spectra, measured in the same condition of Fig.
speed up the experiment, the frequency spans from 100 Hz.
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~channel b), which corresponds to a normalized noi
Sn(1 Hz) of 2175.5 dB@rad2#/Hz and2175.1 dB@rad2#/Hz.
After correcting for the white noise contribution, the tru
flicker is 2178.0 dB@rad2#/Hz and2177.3 dB@rad2#/Hz, for
the two channels.

In a second experiment, the interferometer is remov
and the common input of the two radio frequency chann
~the input of CP4! is terminated. The automatic carrier co
trol, still operational, compensates only for leakage. This
periment is intended to divide the noise of the amplifier a
detector from that of the interferometer. Figure 8 shows
residual noise of the two arms of the same radio freque
channel, accurately set in quadrature with one another.
viously, onlyNrf can be measured because there is no car
to normalize to. Anyway,Sw( f ) andSa( f ) are also reported
for comparison, taking a fictive carrier power of the sam
value.

Comparing Fig. 8 to Fig. 7 the noise floorNrf 0 is un-
changed, which means that the white noise of the interfero
eter is negligible. Without an interferometer,Nrf is 2162
dBm/Hz at f 51 Hz, which is some 1 dB lower than th
previous value. This indicates that most of the flicker of F
7 comes from the amplifier and detector, and that the in
ferometer noise is some 6–7 dB lower than what appear
Fig. 7, say2182 dB@rad2#/Hz at f 51 Hz.

2. Correlation and averaging

Back to Fig. 7 the low-frequency correlation between t
two channels is2168.2 dBm/Hz at f 51 Hz, hence
Sab(1 Hz)52182.3 dB@rad2#/Hz. This is the stability of the
interferometer, shared between the two channels. In fac
noise reduction ofA2m511.3 dB would be expected if the
two channels were independent, while the actual noise red
tion is only some 6.5 dB. In addition, this confirms the se
sitivity inferred in Sec. X A 1, when the interferometer
removed. Smoothing the plot of Fig. 7, the correlated nois
lower thankBT0 /P0 at a Fourier frequency as low as 3 H

As explained in Sec. VI A, the white noise floor, due
the resistive terminations and to the amplifiers, is expecte
be rejected in the correlation between the two channels.
ure 9 reports the cross spectrum averaged overm532 767

d

ing
To

FIG. 10. Residual noise, measured in the absence of the DUT, detecti
645° from an arbitrary reference angle.
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measurements, that is the maximum averaging capabilit
the available FFT analyzer. The observed noise reductio
close to the value of 24 dB, that is,A2m. Therefore, there is
no evidence of correlated noise, and the sensitivity is
pected to further increase by increasingm. In the reported
conditions the background noise isSn052203 dB@rad2#/Hz
at f >2500 Hz, which is 15 dB lower thankBT0 /P0.

Figure 10 shows the residual noise spectrum meas
with the two arms of a single radio frequency channel ca
fully set in quadrature with one another, but still referred
an arbitrary detection direction. This simulates the detec
of phase noise with the645° method. In the same cond
tions of the previous experiments the gain is 77.8 dBV@/rad#,
which is 3 dB lower. This is inherent in the645° detection
scheme. As measurements spanning from 1 Hz take a
time, the experiment was stopped atm5635, well before the
cross spectrum could reach its final value, for 1/A2m515.5
dB. The residual noise is limited bym for f .10 Hz, but not
in the 1–10 Hz decade. Fitting this decade to the 1/f slope
results in a correlated flicker noise of some2186
dB@rad2#/Hz at f 51 Hz, which is the lowest value we hav
ever observed.

B. By-step attenuator configuration

In an easier-to-use version of the instrument, we inse
a by-step attenuator~Weinschel, model 3055! and a micro-
wave coaxial phase shifter in each arm of the inner inter
ometer, and restored the fine carrier control. The ph
shifters were set for the best carrier suppression, while on
the attenuators was set 0.1 dB off the optimum value, so
the carrier rejection of the inner interferometer was 39 d
This is slightly worse than the ‘‘true’’ worst case, in which
half-step attenuation error of 0.05 dB and a similar error
the phase shifter resulted in a carrier rejection of 42 dB. T
residual flicker noise of the instrument, shown in the le
hand side of Fig. 11, is2168 dB@rad2#/Hz at f 51 Hz.

Then, we made two additional experiments. First, we
the attenuators for the best carrier rejection, and obse
that the flicker noise does not change. This means that
0.1 dB error of the attenuator is recovered by the fine car
control without adding noise, and that the small signal de
ered by the closed-loop carrier control does not impair lo

FIG. 11. Residual noise, measured in the absence of the DUT. Two by
attenuators and two microwave coaxial phase shifters are present in
inner interferometer.
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frequency sensitivity. Second, we checked upon the ph
shifters with the methods of Sec. X A, and observed a no
contribution negligible at that level. The relevant conclusi
is that the flicker noise of Fig. 11 is due to the by-step
tenuators. Assuming that the attenuators are equal, each
shows a flicker noise of2171 dB@rad2#/Hz at f 51 Hz. As
only one attenuator is needed to measure an actual DUT,
is also the sensitivity of the instrument.

C. Simplified configuration

A simplified version of the instrument is possible,
which the inner interferometer can be adjusted by step
the fine carrier control is absent. Of course, the dynam
range of the closed-loop control must be increased for
control to be able to recover a half-step error of the inn
interferometer. This results in higher noise from the cont
and in additional difficulty to obtain a slow response. Act
ally, this configuration is the first one we experimented o

ep
the

FIG. 12. Residual noise of the simplified instrument, without the fine car
control. The detection angle is carefully calibrated, for the plots repres
true amplitude and phase noise.

FIG. 13. Measurement of the noise of a pair of HH-109 hybrid couple
inserting the hybrid pair as the inner interferometer.
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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The prototype makes use of two 180° hybrid coupl
based on ferrite transformers in the inner interferometer,
has only one radio frequency channel. Operating atP0

510.9 dBm, the gain is 80.1 dBV@/rad#. The direction of
detection was calibrated carefully, therefore, in this case,
residual noise consists of true phase noise and of true am
tude noise. In order to simulate the worst case, we fi
trimmed the inner interferometer for a relatively deep mi
mum of the residual carrier, and then we set the attenu
0.1 dB off that point. The residual noise spectra are show
Fig. 12. The white noise isSa052179.6 dB/Hz andSw0

52179.6 dBrad2/Hz. This is equal to the expected valu
2FkBT0 /P0l , wherel 50.8 dB accounts for the dissipativ
loss in the DUT-amplifier path and for the insertion loss
the 20 dB coupler; the noise figure of the amplifier isF
51.5 dB. The residual flicker isSa(1 Hz)52161.5 dB/Hz

FIG. 14. Noise of a pair of HH-109 hybrid couplers, measured atn05100
MHz. Assuming that the devices are equal, the noise of each is 3 dB lo
than shown.

FIG. 15. Residual noise of the instrument, for different configurations,
noise contribution of the most relevant parts. For comparison, the do
lines refer to previous instruments.
Downloaded 22 May 2002 to 193.204.114.241. Redistribution subject to
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andSw(1 Hz)52161.4 dBrad2/Hz, which is ascribed to the
closed-loop carrier control.

XI. MEASUREMENT EXAMPLES

The main conclusion of Sec. X B, that the flicker noi
of a by-step atteuator is2171 dB@rad2#/Hz at f 51 Hz, is a
first example of a measurement that is out of reach for ot
instruments.

As a second example of application, we measured a
of 180° hybrid couplers~HH-109 Anzac, now Macom! with
the scheme of Fig. 13~top! inserted as the inner interferom
eter. The difference between the two samples turned out t
so small that a carrier rejection of 53 dB could be achiev
by exploring the combinatorial permutations of the geome
cal configuration. Hence, the background noise of the ins
ment was tested by replacing the hybrid pair with a 53
attenuator~Fig. 13 bottom!. As the device noise detected o
two orthogonal axes was almost the same, we did not c
brate the detection angle. Neglecting losses, the power cr
ing the two hybrids is the same because all the input pow
17.7 dBm in our case, reaches the 50V termination of the
second hybrid. Although we did not use the correlation fe
ture, we did not disconnect the unused channel. The resu
shown in Fig. 14. The noise of the pair is2171 dB@rad2#/Hz
at f 51 Hz, while the background noise is2180.5
dB@rad2#/Hz. After subtracting the latter, the flicker noise
the pair is 2171.5 dB@rad2#/Hz, and, therefore,2174.5
dB@rad2#/Hz for each hybrid.

The same HH-109 hybrids, that are designed for the
quency range of 5–200 MHz, were tested at the input po
of 14.9 dBm with the 5 MHz instrument. In this case w
used only one radio frequency channel, and we disconne
the other one bypassing the coupler in between~CP4!; this
results in a sensitivity enhancement of some 3.3 dB, t
compensates for the reduced driving power. The measu
noise is2171.9 dB@rad2#/Hz at f 51 Hz, thus the flicker
noise of the pair is2172.3 dB@rad2#/Hz, corrected for the
the instrument noise. Accordingly, the flicker noise of ea
hybrid is 2175.3 dB@rad2#/Hz at f 51 Hz.

The above results confirm the usefulness of the coa
power dividers to obtain the highest sensitivity. As the hyb
is a transformer network, there are good reasons to asc
the observed flickering to the ferrite core.

XII. MORE ABOUT STABILITY AND RESIDUAL NOISE

Figure 15 shows a summary of the factors limiting t
instrument sensitivity, most of which is taken from Sec. I
For comparison, the dotted lines report the residual noise
previous instruments: plot a is the double balanced mixe
average-favorable conditions, while plots b and c come fr
our previous works.4,5

The limits of the radio frequency electronics are tak
from Sec. X A 1. Plot j refers to white noise, while plot
refers to flickering corrected for white noise. The correlati
limit ~plot k! is the white noise lowered by 1/A2m. The noise
of the baseband electronics~plot l! is measured by terminat
ing the preamplifier input to 50V, and referring the outpu
noise voltageSv0 to the DUT. Plots f, j, k, and l~dashed
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d
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lines! are related toNrf levels independent ofP0, for the
correspondingSw( f ) andSa( f ) decrease asP0 increases. A
conventional powerP0514 dBm is assumed.

Noise from the master oscillator~plot i! is measured
with a phase modulator between the oscillator and the po
amplifier, scaling the result down according to the act
oscillator noise. The modulation needed is some 80–100
higher than the oscillator noise, for this only proves that
oscillator phase noise is negligible, without providing a p
cise result. Unfortunately, we have no information about
amplitude noise of the oscillator.

The ‘‘could-be mechanical stability’’~plot h! is a refer-
ence value inferred from the residual flicker of2162 dB at
f 510 Hz that we measured measured at 9.1 GHz on our
interferometer,4 under the obvious assumption that the m
chanical fluctuations could not be worse than the ove
noise we measured. We guess that the above result ca
scaled down by 39 dB, which is the ratio~9.1 GHz!/
~100 MHz!, assuming a similar fluctuation in length. A pha
fluctuation w(t) is equivalent to a length fluctuationl (t)
5(lc/2p)w(t), wherelc.2.4 m is the wavelength insid
cables. Hence, the value of2182 dBrad2/Hz, taken as a
conservative estimate of the interferometer flicker~Secs.
X A 1 and X A 2!, is equivalent toSl(1 Hz)59.2310220

m2/Hz. In the case of flicker noise, the appropriate formula
convert the PSDSy( f ) of the quantityy into the Allan vari-
ance sy

2(t) is sy
2(t)52 ln 2Sy(1 Hz), independent of the

measurement timet, as well known in the domain of time
and frequency metrology.34 In our case the Allan deviation
that is the stability of the interferometer, iss l53.6 Å. The
latter is far from the stability achieved by other scienti
instruments, such as the scanning microscope, for we be
that there is room for progress.
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