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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 10% to —180
dBrad/Hz has been obtained &t=1 Hz off the carrier; the white noise floor is limited by the
thermal energykgT, referred to the carrier powdP, and by the noise figure of an amplifier.
Exploiting correlation and averaging in similar conditions, the sensitivity exceek5 dBrad/Hz

at f=1 Hz; the white noise floor is limited by thermal uniformity rather than by the absolute
temperature. A residual noise ef203 dBrad/Hz at f=250 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-noig&/N) ratio of 2x 10?° with a frequency spacing of 2:510 6. 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
(—171 dBrad/Hz at f=1 Hz) and of the ferrite noise of a reactive power divider 173.7
dBrad/Hz atf=1 Hz) without need of correlation. In addition, the real-time measurements can be
exploited for the dynamical noise correction of ultrastable oscillators2002 American Institute

of Physics. [DOI: 10.1063/1.1480458

I. INTRODUCTION ena. True random noise is locally flat®j aroundv,. Con-
versely, parametric noise contains flicker ¢) noise and
eventually higher slope noise processe$ @gproaches zero.
The instrument of the interferometric type, derived from
early works!? show the highest sensitivity; new applications
X(t)=Vo[1+ a(t)]cog 2mvot+ ¢(1)], (1) for them have been reportédTwo recent papers provide
insight and new design rules for general and real-time

The output signal of a two-port device under t€3UT)
driven by a sinusoidal signal of frequeney can be repre-
sented as

where ¢(t) and a(t) are the random phase and the random , i )
normalized amplitude fluctuation of the DUT, respectively.mejasu,rem?n/tsand give the full explanation of the white
Close-to-the-carrier noise is usually described in term oft©iSe limit in correlation-and-averaging measureméise
S,(f) andS,(f), namely, the power spectrum densiBSD) residual flicker of these instruments turned out to be of
of ¢(t) and a(t) as a function of the Fourier frequenéy — 150 dBrad/Hz at 1 Hz off the carrier for the real-time
o(t) and a(t) originate from both additive and parametric Version, and—155 dBrad/Hz correlating two interferom-
noise contributions, the latter of which is of great interesteters.
because it brings up the signature of some physical phenom- The scientific motivation for further progress has not
changed in the past few years. Nonetheless, we wish to stress
3Electronic mail: rubiola@esstin.uhp-nancy.fr the importance of close-to-the-carrier noise for ultrastable
YElectronic mail: giordano@Ipmo.edu oscillators. First, oscillators, inherently, turns phase noise
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Y impedance-matched null bridge; the detector can be regarded
: as a part of lock-in amplifiéf or of a phase-coherent
outer interferometer B 3.14
s — \ receivert®
inner interferometer 1.0 i .
The instruments of the first generatfanake use of con-

the dotted path, witl’’ and+y’, is absent. A carrier rejection

of some 70—80 dB can be obtained, limited by the resolution
and by the stability of/ and y; the adjustment requires
-------------- [ 2] mmmm--- analyzer patience and some skill. Experimenting on interferometers at
10 MHz, 100 MHz, and 7-10 GHz, the achievable carrier
FIG. 1. Basic scheme of the interferometric phase noise detection.  rejection turned out to be of the same order of magnitude.
The second-generation instruméentsake use of corre-

into frequency noisé which makes the phase diverge in the iation-and averlaging to rgduce t-he residual nqisg. This ap-
long run. Then, amplitude noise affects the frequenc;ProaCh results in outstanding white noise, not limited by the
through the the resonator sensitivity to power, as it occur§hermal e”,%gngT.O referred to the carrier powdP,; kg

with quartz crystals and microwave whispering gallery :.1'38X 107" J/K is the Boltzmann constant, afij=295
mode resonators.Finally, the knowledge of the instanta- Kis the room temperature. 1 .

neous value ofp(t) and«(t) in real time enables additional The third-generation instrumefits™ show improved

applications, such as the dynamical noise compensation Ofsaensitivit_y at low F(_)urier f_requenpies, where flicker is domi-
device, for which the statistical knowledge is insufficient. nant. This feature is provided bf’ and y" and the dashed

This article is the continuation of two previous ofie® ath. . o .
this field. After them, several elements of progress have beein I Improylng the Iﬁyv;‘rquency ﬁensmv!ty re(ljles.uporglthe
introduced, the main of which arél) the flicker noise oflowing Issues, which updates the previous design rules.
mechanism has been understo@@},the carrier suppression A. Amplifier noise
adjustment has begn splitinto coarse and f@)eelementary The basic phenomenon responsible for the close-to-the-
algebra has been introduced to process signals as complex

vectors, (4) the carrier suppression has been treated as carrier flicker noise of amplifiers is the up conversion of the

. : : : d’lear-dc flickering of the bias current, due to carrier-induced
complex virtual ground. This results in new design rules an

. - ! onlinearity. Interesting analyses are available for bipolar
in a completely new scheme that exhibits lower residual . 5 16 . . .
. . . : . . . ransistors>1®yet this phenomenon is general. In fact, if the
flicker and increased immunity to mechanical vibrations.

L T g . .“carrier power is reduced to zero, the noise spectrum at the
Calibration is simplified by moving some issues from radio

frequency hardware to the detector output. Finally, the carrieOUIPUt of the amplifier is the white type, and nd hibise can

o . C e present around the carrier frequengy The assumption
suppression is controlled in closed loop, which is a relevan . . . L
! . K ... Is needed that the DUT noise sidebands be insufficient to
point for at least two reasons. First, the interferometer drifts

. . . X . push the amplifier out of linearity, which is certainly true
making the continuous operation of the instrument impos- : .
: . . . with low noise DUTSs.
sible in the long run. Then, the residual carrier affects the T .
. L : . After Friis,”" it is a common practice to calculate the
instrument sensitivity through different mechanisms, and a , . . . . N
L . . . white noise of a system by adding up the noise contribution
sufficient suppression can only be obtained in closed-loop L . _
conditions of each .stage d|V|Qed by thg gain 01_‘ all the pregedmg ones,
' for the first stage is the major contributor. But flicker noise
behaves quite differently. Let us consider the design of a
low-noise small-signal amplifier based on off-the-shelf parts.
IIl. THE INTERFEROMETER REVISITED Almost unavoidably, the scheme ends up being a chain of
A digression about the interferometric noise measureMedules based on the same technology, with the same input
gnd output impedance, and with the same supply voltage.

ment instruments is needed prior to develop the complet - ‘ S
scheme. The starting point is the scheme of Fig. 1 Whicﬁl’herefore, the bias current and the nonlinear coefficients are

includes the major ideas of our previous artid&s!! plus expected to be of the same order. Consequently, flicker noise
several unpublished ideas. ’ tends to originate from the output stage, where the carrier is

The key idea of the interferometric method is that phasétronger, rather than from the first stage.
noise—as well as amplitude noise—resides entirely in the
sidebands, and that several advantages arise from removi
the carrier signal. Thus, matching the attenuafoand the
phase shiftery to the device under te$DUT), the carrier is Common sense suggests that the flicker noise of the in-
suppressed at the outpit of the right hybrid. The DUT terferometer is due the mechanical instability of the variable
noise sidebands, not affected by the above equilibrium corelements/” and y and of their contacts, rather than to the
dition, are amplified and down converted to baseband bynstability of the semirigid cables, connectors, couplers, etc.
synchronous detection. Properly setting the pha$ethe  By-step attenuators and phase shifters are more stable than
machine detects the instantaneous value@) or «(t), or  their continuously adjustable counterparts because the sur-
the desired combination. Basically, the interferometer is arface on which imperfect contacts fluctuate is nearly equipo-
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FIG. 2. Scheme of the proposed instrument.

tential; the fact that contacts flicker is such a well establishedinearity tradeoff, so that the residual carrier due to the by-

fact that Shockle¥? uses the term “contact noise” for thefl/  step adjustment is insufficient to push the amplifier out of

noise. Even higher stability is expected from fixed-value dedinearity. A residual flickerS,(1 Hz)= —160 dBrad/Hz has

vices, provided the carrier suppression be obtained. been obtained. By experimenting on both the configurations
similar residual noise has been obtairt&d:

C. Resolution of the carrier suppression circuit

An amplitude error of 0.05 dB, which is half of the mini- - Hybrid couplers and power splitters
mum step for off-the-shelf attenuators, results in a carrier  Basically, a reactive power splitter is a hybrid coupler
rejection of 45 dB; accounting for a similar contribution of internally terminated at one po(when the termination has
the phase shifter, the carrier rejection is 42 dB in the worshot a relevant role, we let it implicit using a simpler symbol
case. This is actually insufficient to prevent the amplifierThe choice between Wilkinson power splitters, 180° hybrids,

from flicker. and 90° hybrids is just a technical problem. The signal avail-
able at thex port of the interferometer should not be used to
D. Rejection of the oscillator noise pump the mixer, unless saving some amount of power is

The difference in group delay between the two arms Of\/ital; otherwise the finite2 — A isolation makes the adjust-

the interferometer acts as a discriminator, for it causes a fracfpen} of the carrier suppression interact with the calibration

tion of the oscillator phase noise to be taken in; the effect Pt V-
this can be negligible if the DUT delay is small. Conversely,
the rejection of the oscillator amplitude noise relies upon théll. THE /-Q CONTROLLED INTERFEROMETER

carrier rejection at the amplifier input. Figure 2 shows the scheme of the proposed instrument,

) _ and Fig. 3 details thé-Q modulator detector. In order to
E. Dual carrier suppression analyze the detection of the DUT noise we assume that all
A high carrier rejection is obtained with two nested in- the components but the mixers are ideal and lossless, and we

terferometers. The inner one provides a high stability coars@lso neglect the intrinsic loss of the 20 dB coupler; the cor-
adjustment of the phase and amplitude condition, while the

outer one provides the fine adjustment needed to interpolate RF - RENTF [0 I

between steps. Owing to the small weight of the interpolat- < =
ing signal, as compared to the main one, higher noise can be

tolerated. An additional advantage of the nested interferom-
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eter scheme is the increased immunity to mechanical vibra-
tions that results from having removed the continuously ad- —
i it oL S
justable elements from the critical path. S><|%
In an even more complex version of the nested interfer- LO
ometer, the amplifier is split in two stages, and the correction
signal is injected in betweetiThe game consists of the gain- FIG. 3. Scheme of theQ detector-modulator.
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rections will be introduced later. The mixers show a single _, vend ampli
) ) o - & detector —  readout R —
side band(SSB loss /,, which accounts for intrinsic and Npur, I’lm \ Fo--=----- w
b

M

dissipative losses; this is consistent with most data sheets of > :

actual components. \T) . _ortho _rotation|
Basically, the instrument works as a synchronous re- modul

ceiver that detects the DUT noise sidebands. Ngtbe the ﬂﬁ‘;&fﬁ‘ﬂy err & lag

PSD of the DUT noise around the carrier; the dimension of Pl

N, is W/Hz, thus dBm/Hz. By inspection on the scheme, the i [ _carrier contro)

noise at the mixer input igN4/8/ ,,, thusgN,/4/ ,, at each ! f‘ zZ :

output of thel-Q detectors; this occurs because the power of ! i D =

L 1
the upper and lower sidebands is added in the detection pro- j dfegrmtor, . joriho & rol
cess. The PSD ,Of the OUtqu VOltage_' elthar or l_)2’ IS FIG. 4. Information flow of the instrument. For clarity, some amplitude
S,(f)=gRoNy/4/,, whereR, is the mixer output imped- coefficients are omitted and only one channel is shown.
ance. Hence the dual side bafi@SB) gain (or noise gaii

which is defined as In the earlier insrtruments we sgtacting on a phase shifter
s, in series to the mixer pumpy( in Fig. 1), which is uncom-
Kpsg= \ [ =2 (2)  fortable. Now we prefer to le¢ be arbitrary and to process
Nit the output signals, as described in the next section.
is In the absence of the DUT, the equivalent noise at the
amplifier input isFkgT,, whereF is the amplifier noise fig-
g ure. Thus the noise PSD at the mixer output is
Kpss= 7 ()]
m _ gFkgToRg (11
kpsg is a constant of the machine, and is independent of the o /n

DUT power Py. Yet, in the calibration process it is conve- S,0 is & constant of the instrument, independen®gf Di-

nient to measure tr_'e SSB gd('@SB: l,(DSB/\/E' viding Eq. (11) by k,, or by k,, we get the phase and
Getting closer into detail, the signal at the output of an

actual DUT can be rewritten as

(P b
amplitude noise floor

4FkgTy
X(t) = Vg cog 2mvot) + Ny (t)cog 2mvot) Spo=Sa0="p - (12
0
—na(t)sin(2mwot), (4) If only one of the two radio frequency channels is used,

which is equivalent to Eq(1) in low-noise conditions; al- and the splitter in between is bypassed, the DSB (&
though Eq.(4) is used to describe the close-to-the-carrier(3)] becomeskpsg=VgRo/2/ . As kpsp is multiplied by
noise, it is not a narrow band representafidthe polar V2, alsok, andk, are; thus,=k,= V2Pokpsg. Therefore,

representatioil) is related to the Cartesian ofigq. (4)] by @S S, IS a constant, the phase and amplitude noise floor
beCOmeS(POZ SLEO: ZFkBT()/PO
ny(t) Finally, the effect of all the dissipative losses in the

a(t)= Vo ' ®) DUT-mixer path, plus the insertion loss of the 20 dB coupler
CP3(this accounts for dissipative and intrinsic losses, as in
o(t)= na(t) © the data sheet of actual compongrits to decreaséssg,
\ thusk, andk, . The effect of all the dissipative losses in the

DUT-amplifier path, plus the insertion loss of CP3, is to in-

After removing the carrier from Eq4), the signals at the creaseS, o andS,, letting S, be unaffected.

detector output are

g . IV. READOUT
v(t)= Vm[nl(t)cosw— ny(t)siny], (7)

Figure 4 shows the information flow through the instru-

ment. This scheme is equivalent to that of Fig. 2, but the

V(1) = / g [ny(t)sin g+ ny(t)cosy], ®) radio frequency circuits are hi_dden,_for all the radio fre-
8/m quency signals are replaced with their baseband representa-

. . . tion in terms of Fresnel vectors. As an example, the noise of
where is the arbitrary phase that derives from the phase Ia%q. (4) takes the forrm(t) =[ny(t).no(t)]" whrt)ereT stands

difference between the input and the pump signal ofliQe for transposed. It is assumed in this section that the carrier

detector. Setting/=0, channel 1 detepts the .phase nOIsecontrol works properly without interferring with the DUT
only and channel 2 detects the amplitude noise only, thu%oise hence we account for the DUT noige) only, omit-
v1(t) =k,a(t) andv,(t)=k,e(t), where ' Y

ting the subscript DUT.

K, = PoKps, (9) The signalv(t)=[v(t),v,(t)]" at the output of the ra-
dio frequency section is transformed into the desired signal
k,=Pokpss- (10)  w(t)=[wy(t),w,(t)]T=k[a(t),e(t)]T through the transfor-
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mation w(t) =Rv(t), where R=[r;;] is the 2<2 readout W
matrix. Equationg7) and (8) turn into the relationship(t) Kssg=—=, (18)
- ; JPq
=Mn(t), i.e., s
where the subscript dfV is omitted since now it holdgV
vi(t)| My Mppf[ Ny(t) —W P !
va(t)] [Ma Mypf Na(t) In order to complete the task we still have to calculate

which also accounts for the gain error and asymmetry of théhe rotation matrixB, for we need a reference to set the
Thus, the matrixR provides the frame transformation by We insert as the DUT a phase modulator driven by a refer-

which ence sinusoid and we measure the output sighglandW,;
the method works in the same way with pseudorandom

w(t)=RMn(t). (14 noise, which is preferable because of the additional diagnos-
Of course, the appropriat® is the solution ofRM=al, tic power.Ris temporarily let equal t&, thusB=1; in this
wherel is the identity matrix ang a constant, so thay(t)  condition we measur#/; andW5,
=an@. . . W, =V cosg, (19

The direct measurement bf relies upon the availability
of two reference vectors that form a base fothe simplest W,=Vgsing, (20

H : r_ T "__ T H
of which isv’=[1,0]" andv"=[0,1] . This can be done by o \yhich we calculate the frame rotatigh. Finally, a
means of a reference AM-PM modulator at the DUT output, oi-tion of — B is needed, performed by

or by means of a referendeQ modulator that introduces a
reference signal in the DUT path; unfortunately, both these
solutions yield impractical calibration aspects. Therefore, we
split the problem into two tasks, which is accomplished by
letting R=BG; the matrix G=[g;;] makes the detection
axes orthogonal and symmetrical, whe=[b;; ] rotates the
frame.

We first find G with the well known Gram-Schmidt
process” replacing the DUT output signal with a pure sinu- v AUTOMATIC CARRIER SUPPRESSION
soid Vg cos(2rvd). To do so, the DUT, the variable attenua-
tor, and the variable phase shifter are temporarily removed The carrier suppression circuit of Fig. 2 works entierly in
from the inner interferometer, and all the unused ports aré&artesian coordinates. This is obtained by means af@n
terminated. The frequenay, is set just above,, so that the ~modulator that controls the amplitude of two orthogonal
detected signal be a tone at the frequefigy vs— v, of a  Phases of a signal added at the amplifier input, which nulls

few kHz. The driving signal is equivalent to the vector separately the real and imaginary part of the residual carrier.
This method, which is somewhat similar to the vector
ny(t) Vscos(27rfst)}

voltage-to-current-ratio measurement scheme used in a low-
n,(t) Vgsin(2rfgt) frequency impedance analyZeércan be regarded as a com-
SettingR=1, thusB=1 and G=1, we measure the output

plex virtual ground.
signalsw; andW, by means of the dual-channel fast Fouriert V¥'th reftehren_ce tto F'g‘aj4t’ t_he sytstemttoTb_etconttrolled
transform(FFT) analyzer;w,; andW, are the rms values of ransforms the input signal(t) =[u,(t),uz(t)]" into v(t)
the corresponding signais;(t) andw,(t). The result con-

cosB  —sing

: (21)

sinB  cosp

Due to the hardware, it might be necessary to sBalg
or down during the process. In our implementation, for in-
stance, there is the constrajnf|<1, Vij.

(15

=[v4(1),v2(t)]" through

sists of the squared modul@/;|2 and|W,|? and the cross v(t)=Au(t). (22
signal Wy,=|W;||W,|coso+j|W,||W,|sin 6, where 6 is the

. ) X i [ i
angle formed by the two signals. Then, setting The 2x2 matrix A models the gain and the rotation that

result from all the phase lags in the circut;also accounts
R{W, 5} for the gain asymmetry and for the quadrature error of the

912 (16)  1-Q modulator and detector. Introducing thex2 diagonal-

T w2
Wi ization matrixD, we get
the two detection channels are made orthogonal, but still _
. . L z=DAu. (23
asymmetrical. To correct this, we measlvg andW, in this
new condition, and we set The appropriatd is the solution ofDA=cl, wherec is a
W W constant, thus
1 1
912= ‘W 9f) and gp= ‘W 95, (17) C | @2 —ap
2 2 D=—— . (24
detA| —a,; ap

where the superscrigp) stands for the previous value. Now
the two channels are orthogonal and of equal gain. Therefore, the two-dimensional control is split in two inde-
Turning equations into laboratory practice, this is thependent control loops. This is a relevant point because inter-
right place for the measurement kb§sg. Letting P be the  action could result in additional noise or in a chaotic behav-
power of the sideband at the DUT output, we get ior. Actually, the quadrature error of theQ devices is
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relatively small, hence Eq24) is free from the error en- interferometer T,
hancement phenomena typical of ill-conditioned problems. isoldtion 220
A consists of the four voltage gains : DUT| _ £
8
0 | $ -2+ -
aijzu—l, (25) $ | $ $ g
- CP2
) I resistive >_'
| terminations

which is easily measured with the transfer-function capabil-

ity of the FFT spectrum analyzer. Pseudorandom noise is

preferable to a simple tone because of its diagnostic power.
A simple integralu(t)=—ag/Dv(t) dt is sufficient to

control the carrier without risk of oscillation or instability. 1 . _

This occurs because there are no fast variations to track and /<an(7) = ;'nlﬁjga(t)b (t=7)dt; @7

because, even with simple electronics, the poleB Afend a

up to be at frequencies sufficiently high not to interact withas we measure real signals, the complex conjugate symbol

FIG. 5. Thermal-noise model of the interferometer.

the control. “*” can be omitted. S,,(f) is related to the Fourier trans-
In the normal operating mode, the cutoff frequerfgy ~ form A(f) andB(f) of the individual signals by
=ay/27 of the control loop must be lower than the lowest S.y(F)=A(f)B*(f), (28)

Fourier frequency of interest, and a margin of at least one
decade is recommended. An alternate mode is posSibte, Which is exploited by dynamic signal analyzers; the Fourier
in which the control is tight, and the DUT noise is derived transform is replaced with the FFT eft) andb(t) sampled
from the error signal. We experimented on the normal modéimultaneously, and the spectrum is averaged on a conve-
only. nient numberm of acquisitions; the rms uncertainty is

It should be stressed that the phase and amplitude of thg Al |Bl/y2m. Both averaging and Fourier transform are
DUT output signal do not appear—explicitly or linear operators, fom(t) and b(t) can be divided into a
implicity—in the equations of the control loop. As a rel- correlated and uncorrelated part, that are treated separately.
evant consequence, no change to the control paramatersWith the uncorrelated partS,,(f) approaches zero as
and a, is necessary after the first calibration, when the in-1/v2m, limited by o-. This is exploited to extend the sensi-
strument is built. tivity beyond the thermal energy limkgT,.
. The.a.utomatic carrigr suppression of this machine turng, parallel detection
into a difficult problem if not approached correctly, for we
give additional references. A fully polar control based on a  In the normal correlation mode the matridesire set for
phase and amplitude detector and on a phase and amplituéfee two channels to detect the same signal, thygt)
modulator, similar to that used to extend the dynamic rangé N1(t) andwx(t)=n(t) if only the DUT noise is present.
of spectrum analyzers by removing a “dazzling” carfér, _ Let us analy;e the instrument in the presence of the_rmal
suffers from the basic difficulty that the phase becomes unboise only, coming from the DUT and from the resistive
defined as the residual signal approaches zero. The mixdgrminations, under the assumption that the temperature is
polar-Cartesian control, based on a phase and amp"tuda_pmogeneous.As there are several resistive terminations, the
modulator as the actuator and on a mixer pair as the detectdomplete signal analysiss unnecessarily complicated, thus
is simpler than our scheme; it has been successfully used e derive the behavior from physical insight. The machine
stabilize a microwave oscillatdrYet, the mixed control is ¢an be modeled as in Fig. 5. All the oscillator power goes to
incompatible with the nested interferometer scheme becaud¥e termination—or to a set of terminations—isolated from
the residual carrier, made small by the inner interferometerthe rest of the circuit; the amplifier inputs are isolated from
spans over a wide range of relative amplitude, for the loogPne another a_md from th(_a oscnla_tor. In thermal equilibrium, a
gain of the phase channel is unpredictable and can alseoWer per unit of bandwidtkgT, is exchanged between the
change sign. In the field of telecommunications, the polarinPut of each amplifier and the instrument core. The two
loop control was proposed as a means to linearize the pOW@,ignals flowing into the amplifiers must be uncorrelated, oth-
amplifier in SSB transmitterd, but the advantages of a fully erwise the second principle of thermodynamics would be

put.

As a consequence of linearity, the nonthermal noise of
the DUT is detected, and the instrument galkaqg, or k,
andk,), as derived in Sec. Il applies. The instrument mea-
sures extra nois@ve avoid the term “excess noise” because
it tend to be as a synonymous of flicker, which would be

restrictive, even if it is lower than the thermal energy in the

Sab(f):]'—{Rab(T)}:LRab(T)qu_ZWfT)dT’ (26)  same way as the double interferométeoes. This is the

same idea of the Hanbury Brown radiotelescépef the
where F{.} is the Fourier transform operator, ait},,(7) is  Allred radiometef®?°® and of the Johnson/Nyquist
the cross correlation function thermometry’® Obviously, the interferometer fluctuation can-

VI. CORRELATION TECHNIQUES

The cross power spectrum dens8y,(f) is
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FIG. 6. Picture of the described prototype.

not be rejected because there is a single interferometéfll. IMPLEMENTATION
shared by the two channels, but it would be if the interfer-
ometer was duplicated. We constructed a prototype, shown in Fig. 6 and de-
scribed underneath, designed for the carrier frequency
=100 MHz.
In search of the highest sensitivity at low frequencies,
we decided not to use commercial hybrids or power splitters
In the +45° correlation mode only one radio frequency in the inner interferometer. In fact these devices are based on
channel is used, and the matfiis set for a frame rotation ferrite inductors and transformers, for they could flicker by

B. £45° detection

of 45°, thus Eqs(7) and(8) become modulating the carrier with the magnetic noise of the core; in
9 [ 1 1 addition, they could generate harmonics of the carrier fre-
Wi (t) =\ /7 —n,(t)+ —n2(t)l, (29 quency, noxious to the amplifier linearity. Conversely, the
m V2 V2 two couplers between the inner interferometer and the am-
r plifiers can be of the ferrite type because they are crossed by
g|1 1 . ; ;
Wo(t) = \/o—| —=n1(t) — —=n,(1) |, (30) a low residual power, or by the noise sidebands only. Thus
8/ m \2 V2 we built two Wilkinson couplers, each with a pair ®f4 75
and, therefore, ) PTFE-insulated cables and a 100metal resistor. After
trimming for best isolation at 100 MHz, the dissipative loss
g i i -
S(f) = 7[N1(f)— N,(F)]. (31) gnd the isolation turned out to be of 0.15 and 34 dB, respec
4/ tively.

The trick is that with true random noise, including thermal ~ The phase of the inner interferometer can be adjusted by
noise, ny(t) and n,(t) have identical statistical properties, means of a set of semirigid cables and SMA transitions. In
henceS,,(f)=0. Conversely, when a random process modu-S0me experiments we also used a type of microwave line
lates a parameter of the DUT, it tends to affect the phase oftretcher consisting of coaxial pipes with locknuts, whose
the carrier and to let the amplitude be unchangedo affect internal contacts are well protected against vibrations; the
the amplitude and to let the phase be unchanged. Obviouslpopular and easy-to-use U-shaped line stretcher adjusted by
this depends on the physical phenomena involved, th&eans of a micrometer is to be avoided. The attenuation can
knowledge of which is needed for the instrument to be usebe adjusted with commercial 0.1 dB step attenuators. Two
ful. This type of detection was originally invented for the types were tested, manufactured by Weins¢heddel 3035
measurement of electromigration in metals at lowand Texscarimodel MA-508, with almost identical results.
frequencies® which manifests itself as a random amplitude Measuring the ultimate noise of the instrument, we used only
modulation, and then is extended to the measurement dixed attenuators and cables, manually trimmed. The instru-
phase noise of radio frequency devicés. ment can still be used in this way for actual applications,
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provided the attenuator and the phase shifter be matched tmded at the output of each integrator, which is necessary for
the specific DUT. the manual adjustment of the outer interferometer to be pos-
The 100 MHz amplifiers consist of three cascaded modsible in open loop conditions. The loop time constant is 5 s,
ules in bipolar technology with low® LC filters in between. hence the cutoff frequency is 32 mHz.
The first filter is a capacitive-coupled double resonator, while  Each circuit module is enclosed in a separate 4-mm-
the second one islaCL T network. The use of two different thick aluminum box with 3 mm caps that provide mechanical
topologies warrants a reasonable stopband attenuation at astability and shielding. The boxes also filter the fluctuations
frequency of interest because the stray pass frequencies @bthe environmental temperature. Microwave UT-141 semi-
not coincide. For best linearity, we used for the second andigid cables(3.5 mm, PTFE-insulatedand SMA-type con-
for the third stage a type of amplifier that shows a third ordemectors are used in the whole radio frequency section, while
intercept point of 35 dBm aha 1 dBcompression power of high quality coaxial cables and SMA connectors are used in
17 dBm, while the total output power never exceeds soméhe baseband circuits. All the parts of the instrument are
—50 dBm. The complete amplifier shows a gagin4l dB  screwed on a standard X®.9 n? breadboard withM6
and a noise figur&=1.5 dB. holes on a 25 mm pitch grid, of the type commonly used for
The I-Q modulator and thé-Q detector are two equal optics. The breadboard is rested on a 500 kg antivibration
devices built for this purpos@-ig. 3). The dissipative losses table that shows a cutoff frequency of 4 Hz. The circuit is
of the power splitter and of the 90° hybrid are of 0.5 and 1power-supplied by car-type lead-acid batteries with a charger
dB, respectively, while the SSB loss of the mixers/is,  connected in parallel; in some cases the charger was re-
=6 dB. A 10.7 MHz low pass filter is inserted at the inter- moved.
mediate frequencyiF) port of each mixer to block thei Finally, we implemented a second prototype for the car-
image frequency and the, crosstalk. The quadrature adjust- rier frequencyv.=5 MHz. This instrument is a close copy
ment, present in the earlier releases, is no longer useful bef the 100 MHz one, and shares with it the readout system
cause the quadrature error is compensated byRtlaed D and the carrier control. Due to the long wavelengii4(
matrices. The harmonics of theQ modulator must be =15 m), the Wilkinson couplers are impractical. Provision-
checked; in our case none of them excee@5 dBm, which  ally, we use a pair of 180° ferrite hybrids for the inner inter-
is still insufficient for the amplifier to flicked-Qs of similar ~ ferometer.
performances and smaller size, are available off-the-shelf at
a lower cost. To duplicate the instrument this is the right
choice; we opted for the realization of our own circuit for
better insight, which was useful in the very first experiments.
Finally, self-interference from the mixer pump signal to theVIll. ADJUSTMENT AND CALIBRATION
amplifier can be a serious problem, which caused some care-
fully designed layouts not to work properly. For proper operation, the instrument first needs to be
The master source is a high stability 100 MHz quartztuned and calibrated. First, the dc offset due to the diode
oscillator followed by a power amplifier and by a seven-poleasymmetry of thd-Q detectors is compensated for, which is
LC filter that removes the harmonics. The output power is sebest done disconnecting the interferometer and terminating
to 21 dBm, some 8 dB below the 1 dB compression pointthe input of the amplifiers to a 50 resistor. Second, the
The source exhibits a frequency flicker f127 dBrad/Hz ~ readout system is set, as detailed in Sec. IV, which also in-
at f=100 Hz and a white phase noise ©fL55 dBrad/Hz. cludes the measurement of the SSB gain. Third, the control
The preamplifiers at the detector output are a modifiedoop must be adjusted according to the procedure given in
version of the “super low noise amplifief® consisting of ~Sec. V, and a suitable time constant must be chosen. This
three PNP matched differential transistor pairs connected iturns out to be easier if the inner interferometer is discon-
parallel and followed by a low noise operational amplifier. nected and the unused ports are terminated. Finally, the in-
The preamplifier, that shows a gain of 52 dB, is still notterferometer must be set for the highest carrier rejection.
optimized for the input impedance of 8D. Terminating the The inner interferometer is first inspected alone with a
input to 504}, the overall nois€preamplifier and termina- network analyzer; as the phase of the transfer function is not
tion) is 1 nV/\Hz (white), and 1.5 nVA/Hz at 1 Hz(flicker ~ used, a spectrum analyzer with tracking oscillator is also
plus white. The dc offset necessary to compensate for thesuitable. Even at the first attempt, a slight notch, of at least a
asymmetry of the detector diodes is added at the preamplifidraction of a dB, appears at some unpredictable frequency.
output. Hence, the interferometer is tuned by iteratively “digging”
The matrices consist of four 10-turns high quality poten-the notch and moving it to the desired frequencyacts on
tiometers, buffered at both input and output, and of two sumthe carrier rejection, while acts on the frequency. The inner
ming amplifiers in inverting configuration. The coefficients, interferometer is then restored in the machine and the carrier
whose sign is set by a switch for best accuracy around zeragjection is refined by adjusting the fine carrier control and
can be set in thez1 range. inspecting with a spectrum analyzer on the monitor output of
The control consists of two separate integrators based otihe amplifier. A rejection of some 80—90 dB should be easily
a field-effect transistor operational amplifier in inverting con-obtained. At this stage the machine is ready to use, and a
figuration with a pure capacitance in the feedback path; thearrier rejection of 110-120 dB should be obtained in nor-
capacitors can be discharged manually. A dc offset can bmal operation.
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most entirely in the radio frequency section, while the uncer- -17o.s & “705 - st Lo ol i :f;gl;z,,}cgl
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tainty of the instruments used to measure the low-frequency Cavnn| o ubl AR
detected signals is a minor concern. In addition, the reference ! " .'-7" M 00 IRRIRAE.1 AR LL#_'.E!!
| 1 [ N el YT e
angles are only a second1 ordezr problem because andfror 1502 1 comel it REHH !
results in relative error-3()“ in the measurement af il il L L k7 rpy = -188.1 dBlrad? VHz i
and «, which is negligible in most cases. The quadrature ! g o | ok |l o ek 1 = 1

condition is even simpler because it is based on a null mea- =
surement at the output of the low-frequency section. !

In order to understand calibration, one must remember _05 :  Fourier frequency, Hz |
that (1) @ and ¢ are voltage ratios, an¢R) the instrument 16y 10 102 103 10* 10°
circuits are linear over a wide dynamic range. As a relevant _ . . .

h kofandk . relies upon the FIG. 7. Ultimate residual noise, measured in the absence of the DUT and
consequence, the mea}suremen o ¢ 2 p with fixed-value devices in the interferometer.
measurement of a radio frequency power ratio instead of on
absolute measurements. Actually, the phase-to-voltage gain ) _
(as well as thea-to-voltage gaih is calculated ask, phase modulator method we did not spend much effort in
=\/2Pykssg, Which requires the measurement @f. But calibrating the detection angle. Thus, the detected noise is
the SSB gain is measured with the sideband method and EHl€ scalar projection oN; on two orthogonal axes that in

I
| S () |
I [ B [ i

|

i | i
i T
[ 1
[ )
Lo 1

(18). Consequently, most cases we leave arbitrary. On the other hand, it would be
misleading to give the results in terms Bf; because the
K — /2P0W (32 parametric noise is affected by the carrier power, and be-
¢ P, cause the ratidN,;/P, is needed to determing,(f) and

e . S.(f). Therefore, we give the results in terms of the normal-
A difficulty arises from the fact tha®s must be a low power, ized noiseS,(f) = Ny /Po. Of courseSy(f) becomesS, ()

701080 dBm in our case, whil® can be higher than or S,(f) if B operates the appropriate rotation. The unit of

10 dBm. Commercial power meters exhibit accuracy of som . L
0.1 dB, provided the input power is not less than somees‘(f) is [rad}/Hz, hence dfrad}Hz, where[rad] implies

~ 30 dBm; this is related to the large bandwidg+20 GH2 that the unit of angle appears in the appropriate conditions.

over which the equivalent input noise is integrated. ThereAnyway’ the presence or absence of the unit’rads no

: effect on numerical values. As in real applications the mea-
fore, a reference attenuator is needed to compgréo Pg PP

with a watt meter. Actually, we use a synthesizer followed bysured quantities will be *true” phase and amplitude noise, all

a bandpass filter and by a 50 dB calibrated attenuator tE)he plots are labeled &(f) andS,(f), given in dBrad/Hz

generate the sideband, and we measure the sideband powe ij dB/Hz. Yet, in order to avoid any ambiguity, the radio

the filter output, before the attenuator; the filter is necessar requency sp_e_ctrurhl,f is also reportedin dBWHZ) _and Itis
. : : Ilways specified whether or not the angle is calibrated.
to stop the synthesizer spurious signals. In our cage . . . )
= s Finally, the laboratory in which all the experiments are
=100 MHz is in the frequency range of the two prolfe§- . L . : .
. . made is not climatized; a shielded chamber is not available,
UHF and microwavesof the available watt meter, and we

observed that in appropriate conditions the discrepancy nevé?sgifo'&e’l égeh/fg?t?;rzg]rigE(ta:rcneert]\\//vlgr)E T;enrt_e'sseﬁla\;'/ﬁg tl;]r;'
exceeds 0.05 dB; thus a value of 0.1 dB is a conservativ j P P '

estimate of the watt meter uncertainty in the measurement %E?rggnadg?:t; Ilr?;do?c;e'r:,\gf blrg gdcfgft'ggznmwgﬁgegso;rlozg
Po/Ps. Ascribing an uncertainty of 0.1 dB to the network . . ' ’ .
equipment is located over the top of a clean room for Si

analyzer with which the 50 dB attenuator is calibrated, thet hnol h | dreadfio hi h
estimated accuracy of the instrument is 0.2 dB. echnology where severa drea f o us) mac INes such as
like vacuum pumps, an elecron microscope, etching and ion
sputtering systems, etc., are operated regularly, and we also
X. EXPERIMENTAL RESULTS share the power-line transformer with the clean room. No
attempt has been made to hide stray signals by postprocess-
Our main interest is the sensitivity of the instrument, thating, consequently all the reported spectra are true hardware
is, the background noise measured in the absence of thesults.
DUT. Obviously, great attention is spent on the low-
frequency part of the spectrum, where the multiple carrie
suppression method is expected to improve the sensitivity. The first set of experiments is intended to assess the
On several occasions we have observed that the residualtimate sensitivity of the instrument. Therefore, the inner
S.(f) and S,(f) are almost equal, as well as the residualinterferometer is balanced with semirigid coaxial cables only.
noise spectrum of any combinatiax+be in which a2 In these conditions an asymmetry of a fraction of a degree in
+b%=1. Rotating the detection frame with the matBxthe  phase, and of several hundredth of dB in amplitude results,
variation of the residual flicker can be 1 dB peak or less. Thisvhich is corrected by inserting a parallel capacitance and a
means that the residual noidg; has no or little preference parallel resistance in the appropriate points, determined after
for any angle versus the carrier. Hence, after putting right thsome attempts. The actual correction is so small—some 0.5

rA. Lowest-noise configuration
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FIG. 8. Residual noise of the radio frequency electronic circuits, measured 196 | 10 102 103 10% 10°

in the absence of the interferometer.

FIG. 10. Residual noise, measured in the absence of the DUT, detecting at

. . . +45° f it f le.
pF and a few R in parallel to a 5@ line—that the resulting 5° from an arbitrary reference angle

impedance mismatch has no effect on the noise measurement

accuracy. In the reported experiment the carrier rejection iéchannel b), which corresponds to a normalized noise
88 dB in A’. While the automatic carrier control is opera- Sn(1 Hz) of —175.5 dBracf)/Hz and—175.1 dBrad)/Hz.
tional, the fine control, which is no longer needed, is disconAfter correcting for the white noise contribution, the true
nected. With a DUT poweP,=14.1 dBm, the gain is flicker is —178.0 dBrac’}/Hz and—177.3 dBrac’]/Hz, for

JPokpsg=80.5 dB\[/rad]. the two channels.
In a second experiment, the interferometer is removed,
1. Single-arm mode, for real-time operation and the common input of the two radio frequency channels

Fi 7 sh h idual noi h (the input of CP4is terminated. The automatic carrier con-
igure 7 shows the residual noise spectrum at the OUtplﬂoI, still operational, compensates only for leakage. This ex-

1 of the two radio frequency channels and the cross Spe(ﬁeriment is intended to divide the noise of the amplifier and

trum. The detection direc_tion, I_eft arbitrary, is the same foryqactor from that of the interferometer. Figure 8 shows the
the twg_c::a_nnel(sj. ThE Wh|te;]n0|rs]e roo||N§0= _16_5 dBm/ residual noise of the two arms of the same radio frequency
gz, ‘;" Ic t']s 9 IB_a Iovr?' the tl ermad energﬁTor; _hll74 (channel, accurately set in quadrature with one another. Ob-

Bm/Hz. This relatively high value is due to the high loss of i,y onlyN,; can be measured because there is no carrier

the DUT-amplifier path, which is 7.5 dB; this includes the 6 lize to. A f ds. (f | ted
dB intrinsic loss of the couplers CP2 and CP4 and the inser0 normalize to. Anyways,(f) ands,(f) are also reporte

. o ) T >~'for comparison, taking a fictive carrier power of the same
tion loss of CP3. The amplifier contributes with its noise

value.
figure F=1.5 dB. The noise floor corresponds &,=

. . Comparing Fig. 8 to Fig. 7 the noise flod;q is un-
N 17.9'1 dBra’JHz. Of course, if one radio frequen_cy chan- changed, which means that the white noise of the interferom-
nel is removed and the coupler in betwe@@P4 is by-

. . . . eter is negligible. Without an interferometeM,; is —162
passed, the gaikpgg increases by 3.5 dB while the white dBm/Hz atf=1 Hz, which is some 1 dB lower than the

hoise voltage at the output is still the same. Consequently th5revious value. This indicates that most of the flicker of Fig.

noise floor becomes; o= —182.1 dBrac’J/Hz. 7 comes from the amplifier and detector, and that the inter-

. Oq the left-hand side of Fig. 7 dt=1 Hz, the residual ferometer noise is some 6—7 dB lower than what appears in
noise is—161.4 dBm/Hz(channela) and —161.0 dBm/Hz Fig. 7, say— 182 dHradJ/Hz atf=1 Hz

~170.5 T T T T

ssa | | So(f) dBractz | | g‘)'si}lg'lé;;m 'Py=14.1dBm 2. Correlation and averaging
S(P(f) dB/Hz g avg 32k spectra ; H
0 2 SR RN AT R Back to Fig. 7 the low-frequency correlation between the
1805 [N, dBm/Hz] ————ttttb L S two channels is—168.2 dBm/Hz atf=1 Hz, hence
e TR Su(1 Hz)= —182.3 dBracf)/Hz. This is the stability of th
L o188 dBey—) A1 ] _ab( z)= .3 dBrad’]/Hz. This is the stability of the
==l e = = == R = = = = interferometer, shared between the two channels. In fact, a
I [ 1 LIS I W | I b . . .
rtr I 1:: R R noise reduction of/2m=11.3 dB would be expected if the
s St RS L L two channels were independent, while the actual noise reduc-
005 Mle I/ | NIREEE IR tion is only some 6.5 dB. In addition, this confirms the sen-
russal {1 VAN ) YR | YT sitivity inferred in Sec. XA 1, when the interferometer is
i 1Lk N IR § ' y removed. Smoothing the plot of Fig. 7, the correlated noise is
-210.5 | . |1 1 Fourier frequency, Hz lower thankgT, /P, at a Fourier frequency as low as 3 Hz.
2642 10° 10* 10° As explained in Sec. VIA, the white noise floor, due to

FIG. 9. Residual noise, measured in the absence of the DUT and averagiige re_3|st|ve_term|nat|0ns ‘?‘”d to the ampllflers, IS expected_to
on a large number of spectra, measured in the same condition of Fig. 7. THE rejected in the correlation between the two channels. Fig-
speed up the experiment, the frequency spans from 100 Hz. ure 9 reports the cross spectrum averaged over32 767
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FIG. 11. Residual noise, measured in the absence of the DUT. Two by-step _;s0.1 —rrrTTT——T
attenuators and two microwave coaxial phase shifters are present in the E1392 Solf) dB/Hz
inner interferometer.

T
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one 1if chann. |}
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angle calibrated };
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-160.1 |——
H H : HH [-149.2] o
measurements, that is the maximum averaging capability of ‘\'\g

the available FFT analyzer. The observed noise reduction is
close to the value of 24 dB, that ig2m. Therefore, there is 701
no evidence of correlated noise, and the sensitivity is ex- h
pected to further increase by increasimg In the reported
conditions the background noise $§,= — 203 drad]/Hz hea .
at f=2500 Hz, which is 15 dB lower thakgTo/Py. !
Figure 10 shows the residual noise spectrum measured_,q; i} Fourier frequency,
with the two arms of a single radio frequency channel care- ™%, 102 10% 10* 10°
fully set in quadrature with one another, but still referred to ) ) S ) ] )
an arbitary detection ditection. This simulates the detectofo 2. e<al ol fthe srvlfied ntumert, wihut e e crer
of phase noise with the-45° method. In the same condi- trye amplitude and phase noise.
tions of the previous experiments the gain is 77.8 §igad],
which is 3 dB lower. This is inherent in the 45° detection
scheme. As measurements spanning from 1 Hz take a lo
time, the experiment was stoppednat 635, well before the
cross spectrum could reach its final value, fofrm=15.5
dB. The residual noise is limited by for f>10 Hz, but not
in the 1-10 Hz decade. Fitting this decade to thie slope
results in a correlated flicker noise of some 186
dB[racf]/Hz atf=1 Hz, which is the lowest value we have
ever observed.
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nfrequency sensitivity. Second, we checked upon the phase
Shifters with the methods of Sec. XA, and observed a noise
contribution negligible at that level. The relevant conclusion

is that the flicker noise of Fig. 11 is due to the by-step at-
tenuators. Assuming that the attenuators are equal, each one
shows a flicker noise of- 171 dHracd?]/Hz atf=1 Hz. As

only one attenuator is needed to measure an actual DUT, this
is also the sensitivity of the instrument.

B. By-step attenuator configuration C. Simplified configuration

In an easier-to-use version of the instrument, we inserted A simplified version of the instrument is possible, in
a by-step attenuataiVeinschel, model 303%and a micro-  \hich the inner interferometer can be adjusted by step and
wave coaxial phase shifter in each arm of the inner interferthe fine carrier control is absent. Of course, the dynamic
ometer, and restored the fine carrier control. The phasgsnge of the closed-loop control must be increased for the
shifters were set for the best carrier suppression, while one Qfontrol to be able to recover a half-step error of the inner
the attenuators was set 0.1 dB off the optimum value, so thahterferometer. This results in higher noise from the control
the carrier rejection of the inner interferometer was 39 dB.and in additional difficulty to obtain a slow response. Actu-

This is slightly worse than the “true” worst case, in which a gly, this configuration is the first one we experimented on.
half-step attenuation error of 0.05 dB and a similar error of

the phase shifter resulted in a carrier rejection of 42 dB. The

residual flicker noise of the instrument, shown in the left- $ (03 lLilﬁ i3 %
hand side of Fig. 11, is- 168 dHracf]/Hz atf=1 Hz. ><§ — S
Then, we made two additional experiments. First, we set Ay Ay
the attenuators for the best carrier rejection, and observed ¢ ¢
that the flicker noise does not change. This means that the B
. . . £=53dB
0.1 dB error of the attenuator is recovered by the fine carrier L

control without adding nOisev_ and that the small S_ignal_deliV'FIG. 13. Measurement of the noise of a pair of HH-109 hybrid couplers,
ered by the closed-loop carrier control does not impair low-nserting the hybrid pair as the inner interferometer.
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-157.3 T T T T B R s _ . . A
riwa| So(f) dBrad2/mz) [}l 1Pl LT P=177 dBm. andS,(1 Hz)= —_161.4 dBrad/Hz, which is ascribed to the
- Sof) dBmz  HrHAH—HHHE— AL ave 18 spectra g closed-loop carrier control.
N dimfin (|| |8 21000 | 1)) eedchan, |
_1673 [Nye i B T I amllla,ll;_l J
EEO] R N S e XI. MEASUREMENT EXAMPLES
(stnglearm)l il L -
W, 'I:l': E i i Ei:i i i iggi;i i E Ei”‘;i ; i ;i;i%i The main conclusion of Sec. X B, that the flicker noise
-177.3 T 11 [ I [ [ [ 1 — H
S of a by-step atteuator is 171 dHrad?)/Hz atf=1 Hz, is a
TN il B ] first e>)</amprl)e of a measuremen%that]is out of reach for other
\yﬁuiﬁ -E-EH:*I LRIAL T 1 :II:HI T | IIIIH Instruments
-187.3 — -t T i — — '
e I I T IR R B A B BT As a second example of application, we measured a pair
instrument ] HIEEI i i El‘im T IHHE of 180° hybrid coupler§HH-109 Anzac, now Macoiwith
[ Lorrrnn 1 . ° . . . .
gyl 4 lbm L aiigd b o) dn Moudecieouency, He ) the scheme of Fig. 18op) inserted as the inner interferom-
Ea 10 102 10? 10* 10° eter. The difference between the two samples turned out to be

FIG. 14. Noise of a pair of HH-109 hybrid couplers, measuredyat 100 so small .that a carrler' rejec.tlon of 53 d.B could be aChleve.d
MHz. Assuming that the devices are equal, the noise of each is 3 dB lowePY exploring the combinatorial permutations of the geometri-
than shown. cal configuration. Hence, the background noise of the instru-
ment was tested by replacing the hybrid pair with a 53 dB
attenuator(Fig. 13 botton). As the device noise detected on
The prototype makes use of two 180° hybrid couplerstwo orthogonal axes was almost the same, we did not cali-
based on ferrite transformers in the inner interferometer, antirate the detection angle. Neglecting losses, the power cross-
has only one radio frequency channel. OperatingPgt ing the two hybrids is the same because all the input power,
=10.9 dBm, the gain is 80.1 dB¥ad]. The direction of 17.7 dBm in our case, reaches the @0termination of the
detection was calibrated carefully, therefore, in this case, theecond hybrid. Although we did not use the correlation fea-
residual noise consists of true phase noise and of true ampliure, we did not disconnect the unused channel. The result is
tude noise. In order to simulate the worst case, we firsshown in Fig. 14. The noise of the pairis171 dHrad’]/Hz
trimmed the inner interferometer for a relatively deep mini-at f=1 Hz, while the background noise is-180.5
mum of the residual carrier, and then we set the attenuatatB[rac?]/Hz. After subtracting the latter, the flicker noise of
0.1 dB off that point. The residual noise spectra are shown ithe pair is —171.5 dBrad’)/Hz, and, therefore—174.5
Fig. 12. The white noise iS,o=—179.6 dB/Hz andS,, dB[rac?)/Hz for each hybrid.
=—179.6 dBradHz. This is equal to the expected value The same HH-109 hybrids, that are designed for the fre-
2FkgTo /Py, where/'=0.8 dB accounts for the dissipative quency range of 5—200 MHz, were tested at the input power
loss in the DUT-amplifier path and for the insertion loss ofof 14.9 dBm with the 5 MHz instrument. In this case we
the 20 dB coupler; the noise figure of the amplifierFs used only one radio frequency channel, and we disconnected
=1.5 dB. The residual flicker i§,(1 Hz)=—161.5 dB/Hz the other one bypassing the coupler in betwéeR4); this
results in a sensitivity enhancement of some 3.3 dB, that
compensates for the reduced driving power. The measured

Se(f) dBrad?/Hiz or  So(f) dB/Hz noise is—171.9 dBracf]/Hz at f=1 Hz, thus the flicker
10 A ref, power Fy=14 dBm noise of the pair is—172.3 dBrac’]/Hz, corrected for the
y the instrument noise. Accordingly, the flicker noise of each
160 hybrid is —175.3 dBrad]/Hz atf=1 Hz.
The above results confirm the usefulness of the coaxial
-170 power dividers to obtain the highest sensitivity. As the hybrid
e is a transformer network, there are good reasons to ascribe
the observed flickering to the ferrite core.
-190
200 XIl. MORE ABOUT STABILITY AND RESIDUAL NOISE
Figure 15 shows a summary of the factors limiting the
210 instrument sensitivity, most of which is taken from Sec. IX.
558 ] For comparison, the dotted lines report the residual noise of
previous instruments: plot a is the double balanced mixer in
230 average-favorable conditions, while plots b and ¢ come from
our previous worké:®
240 The limits of the radio frequency electronics are taken
from Sec. XA 1. Plot j refers to white noise, while plot f
250 : . T | T . . . . .
1 10 102 10 10* 105 refers to flickering corrected for white noise. The correlation

Fourier frequency, Hz limit (plot k) is the white noise lowered by {2m. The noise

FIG. 15. Residual noise of the instrument, for different configurations, andof the baseband electronigsiot ) is measured by terminat-

noise contribution of the most relevant parts. For comparison, the dotted'd the preamplifier input to 50, and r_eferring the output
lines refer to previous instruments. noise voltageS,, to the DUT. Plots f, j, k, and (dashed
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