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A Low-Flicker Scheme for the Real-Time
Measurement of Phase Noise

Enrico Rubiola and Vincent Giordano

Abstract—This paper presents a new scheme for the
measurement of phase noise in real time, based on carrier
suppression and synchronous detection of the noise side-
bands of the device being tested. In the instruments of the
interferometric type, the carrier is suppressed by adding
an equal and opposite signal that must be adjusted with
a phase shifter and an attenuator. The proposed scheme
makes use of a dual adjustment of the carrier suppression,
coarse and fine. The former is by-step; the latter is contin-
uous. Because of the higher stability of the by-step adjust-
ment and the lower weight of the continuous adjustment
in the suppression circuit, the instrument exhibits intrinsi-
cally low residual flicker and low microphonicity. A proto-
type shows a residual flicker as low as —160 dBrad”?/Hz at
1 Hz off the 100 MHgz carrier, Applications include the noise
characterization of components and the design of innovative
ultrastable oscillators.

I. INTROBUCTION

HASE noise is generally described in terms of the power
P spectrum density S,(f) of the random phase fuctua-
tion (), as a function of the Fourier frequency f. This
refers to a nearly perfect sinusoidal signal of carrier fre-
quency v of the type s(2} = Va1 + a(8)] cos[2mvgt -+ (2)].
In the fleld of frequency metrology, the amplitude fluctu-
ation ot} is often regarded as a minor problem.

Flicker noise [S,(f) o< f~!] is probably the most dif-
ficult challenge in the design of ultrastable oscillators. In
fact, according to the well-known Leeson model [1], the os-
cillator turns the phase flicker of its internal components
into frequency flicker [S,(f) o f~%], which is a divergent
process in the time domain. This paper proposes an in-
novative scheme of phase noise measurement instrument
designed for the lowest residual flicker, intended for the
measurement. of components or for active noise removal,
and it reports on a prototype that proves the benefits of
the method.

A detailed analysis of the interferometric phase noise
measurement method is reported in [2], together with mi-
crowave and HF-VHF design rules and experimental re-
sults. In addition, another recent paper [3] reports on the
interferometric method, focusing on microwave applica-
tions. Hence, only a brief summary is given here.

With reference to Fig. 1, setting the attenuator ¢ and
the phase shifter v/ equal to the device under test (DUT)
attenuation and phase, the carrier is suppressed at the A
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port of the second 3 dB hybrid coupler. Therefore, only the
DUT noise sidebands are present at the input of the am-
plifier. These sidebands are amplified, down converted to
baseband, and measured by a fast Fourier transform (FFT)
analyzer. Properly setting the phase lag ", the output
voltage is v(t) = k,p(f), from which S,(f) = Su(F)/k2.
The phase-to-voltage gain is:

b — {BogPo
{'- b
Ehﬂm

where Hp is the characteristic impedance the mixer output

is terminated to. ¢ is the power gain of the amplifier, 7% is

the carrier power at the DUT output, £, is the dissipative

loss of the hybrid in the DUT-amplifier path, and £, is
the single sideband (SSB) loss of the mixer.

The white noise floor of the instrument, as observed

bypassing the DUT, is:

(1)

20, FkpTy

= )

Sp0=
where F is the noise figure of the amplifier, kg = 1.38 x
1023 J/K is the Boltzmann constant, and 7Tj is the room
temperature; thus kgTp ~ 4 x 10721 J, or —174 dBm/Hz.

The scheme of Fig. 1 differs from that of [2] in some
minor details. The ¥ port of the hybrid in the middle of
the scheme is terminated to a resistance, and the mixer
pump signal is derived from the main oscillator; thus, the
DUT power can be changed by inserting an attenuator at
the interferometer input without affecting the mixer pump
level. Then, the adoption of 180° hybrids instead of the
90° ones shows technical advantages at frequencies below
some 1 GHz, where lumped-parameter circuits are used,
namely: higher isolation, lower dissipative loss, and wider
bandwidth. Moreover, the hybrids can be successfully re-
placed with reactive impedance-matched power splitters.
In order to avoid confusion, it should be noted that the
power splitter, the hybrid coupler and the directional cou-
pler (used in Section II) are three variations of the same
basic 4-port device: the power splitter is a 3 dB hybrid cou-
pler internally terminated at one port, and the directional
coupler is a loosely coupled hybrid internally terminated
at one port.

The scheme of Fig. 1 derives from [4] and [5]. Correlast-
ing and averaging the outputs of two interferometers that
simultaneously measure a shared DUT results in improved
sensitivity [6]. It has been demonstrated that, in this case,
the residual noise derives from the difference between noise
sources, and that thermal and nonthermal noise can be

0885-3010/$10.00 © 2002 IEEE
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Fig. 1. Block diagram of the interferometric set-up for the measurement of phase noise.
strongly rejected if the noise sources are properly matched i continuous attenuator
[7). Yet averaged measures cannot be used for real-time [/
applicati —0Q
pplications.
VI- noise ;
I1. THE DuAL CARRIER SUPPRESSION SCHEME
The close-to-the-carrier flicker of an amplifier comes =~
from the near-dc flicker up-converted by nenlinearity. The — X
nonlinear behavior of an amplifier stage can be represented - —
in the time domain as the polynomial: mechanical cursor position
fluctuations

Uo(t) = ap + a1vilt) + agvi(t) + aavd () + . ..

(3)

truncated at the fourth order that describes the output
voltage u,(t) as a function of the input signal #;(t). In our
case, the input signal takes the form:

vi{t) = Vj cos(2mgt) + n(t), (4)
where Wy cos(2mugt) is the carrier signal, and n(t) is the
equivalent input noise of the amplifier, that consists of
near-de flicker plus full-bandwidth white noise. Combining
(3) and (4), the quadratic term turns out to be the major
cause of the close-to-the-carrier flicker noise:

Up,2{t) = 2a2Vp cos(2mugt) n(t). (5)

Commercial amplifiers are designed for telecommunication
applications, in which the highest third order intercept
point (i.e., the lowest a3) is one of the most critical pa-
rameters; unfortunately, ap can be inferred in some cases
only, and information related to the flicker component of
n(t) is never delivered.

Let us now consider a low-noise small-signal ampli-
fier chain. Designing with commercial modules, the final
scheme will (almost) necessarily be a chain of modules
based on the same technology and having the same input
and output impedance Ry and the same supply voltage
Vee. Thus, the nonlinear coefficients are expected to be
of the same order of magnitude. In this condition, flicker
noise tends to arise from the output stage of the amplifier,
where the residual carrier is stronger, rather than from the
front-end. This noise mechanism has two consequences.

A by-step attenuator

=ls

= ]low noise ¢

)
_ X_
mechanical cursor position
fluctuations

Fig. 2. Mechanical fluctuations of contacts turn into noise. A by-step
attenuator compares favorably to a continuous one because contacts
fluctuate on nearly equipotential surfaces.

The first one is that flicker noise cannot be predicted by
the well-known Friis formula [8], that consists of evaluat-
ing the noise figure of a chain as the sum of the equiva-
lent input noise of each amplifier divided by the gain of
all the preceding stages. The second consequence is that
the flicker of the amplifier can be minimized by keeping
the residual carrier at the amplifier output stage as low as
possible; thus the carrier suppression of the interferometer
shotild be as accurate as possible. Therefore, the presence
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of a fine adjustment path in addition to the main path £+
is a desirable feature.

The flicker noise of the interferometer still remains, re-
gardless of how low the residual carrier is. This is mainly
due to the mechanical instability of the variable devices
£ and +', that induce random modulation. No advan-
tage results from replacing these devices with electrically
controlled attenuators and phase shifters, generally more
noisy than the mechanically tunable ones. In some cases,
the phase noise taken in by direct conversion of the fluc-
tuation of the de control voltage exceeds the device noise.

Experience and common sense suggest that a by-step
attenuator more stable than a continuously variable one
because nonperfect contacts fluctuate on a nearly equipo-
tential surface, as heuristically shown in Fig. 2. Similarly,
a by-step phase shifter is expected to be more stable than
a continuous one. However, some difficulties are forecasted
due to the insufficient resolution. In fact, letting &¢ and
Aa the phase and the amplitude imbalance, and neglecting
losses, the carrier rejection at the interferometer output is
AP/Py = (Aa)?+(Ag)?. Searching through many techni-
cal catalogs, it seems that high quality 0.1 dB step attenu-
ators are available from a few manufacturers, and a higher
resolution is hard or impossible to find off the shelf. 'Thus,
we take the carrier rejection of 45 dB as the [imit that de-
rives from the attenuator, assuming that the attenuation
imbalance does not exceed half the 0.1 dB step. As for the
phase shifter, a step of 11.6 mrad (i.e., 0.66°) is needed
for a carrier rejection of 45 dB, still assuming that the
imbalance never exceeds half the step. This corresponds
to a step of 5.5 mm in length at the carrier frequency of
100 MHz, or to 4.4 mm in cable length if the signal prop-
agates along cables at the velocity of 0.8 ¢. Although such
a phase shifter is not available off the shelf, it can be im-
plemented by switching—or by manually replacing—a set
of semirigid cables. Consequently, the combined effect of
the attenuator and phase shifter resolution yields a carrier
rejection of some 42 dB in the worst case.

According to the design rules given in [2], a carrier re-
jection of 42-45 dB is generally insufficient to prevent the
amplifier from flickering. The direct replacement of £ and
+" of Fig. 1 with actual by-step devices, therefore, is im-
possible. Yet, this difficulty is overcome with the scheme
of Fig. 3, derived from [9]. The carrier is first attenuated
by some 45 dB in the inner interferometer. This involves
the by-step attenuator £, the by-step phase shifter ", and
the two hybrids, The DUT noise sidebands, together with
the residual carrier, are amplified by the first stage. Then,
the carrier is almosi completely suppressed in the outer
interferometer by injecting a suitable signal at the output
of the first amplifier; this involves the continuous attenu-
ator £, the phase shifter 4., and the directional coupler.
Then, the DUT noise is further amplified and detected as
in the previous scheme.

In summary:

« The first amplifier is prevented {rom flickering by en-

suring its fully linear operation despite the carrier is
suppressed only partially; this is done by selecting a
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device that exhibits a wide dynamic range and a rela-
tively low gain. ‘

¢ The output noise of the continuous attemuator and
phase shifter, referred at the DUT output, is divided
by 2¢ng' (k. — 1), where k. is the coupling parame-
ter of the directional coupler, i.e., the inverse of the
transmission coefficient. For the sake of simplicity, the
dissipative loss of the coupler is not considered.

o The second amplifier is prevented from flickering by
strongly reducing the residual carrier.

An alternate scheme is possible, in which the directional
coupler through which the fine correction is injected is
moved from the output to the input of the first ampli-
fier; needless to say, the weight of the fine tune signal is
preserved by changing k.. Of course, this approach simpli-
fies the choice of the first amplifier because it is no longer
necessary to ensure the fully linear operation in the pres-
ence of the residual carrier that resuits from the coarse
correction. However, the insertion loss of the directional
coupler makes the equivalent noise figure of the amplifier
increase by some 0.5-1 dB. Moreover, breaking the signal
path at the amplifier input, where the signal level is the
lowest, might result in increased sensitivity to mechanical
vibrations and to electromagnetic pollution.

The dual-path carrier suppression scheme is more ap-
pealing than the simpler scheme in which £ and ' are split
into coarse and fine tune, cascaded along the signal path.
In the latter case, the whole carrier power would cross
the nonperfect contacts of the fine tune devices, and half
of the resulting noise would be present at the amplifier
input; thus, the benefit of dividing the contact noise by
28ng' (k. — 1) would be lost.

The phase-to-voltage gain is:

o= ROQIQ”PO
N 20,8 6ty

independent of the choice of the fine correction point. £, is
the dissipative loss of the hybrid at the amplifier output;
£., is the insertion loss of the directional coupler, which
accounts for both intrinsic attenuation and dissipative loss.
The noise floor 8¢ is still given by (2), provided the loss
£Lcp of the directional coupler be properly accounted in the
noise figure F of the amplifier.

The presence of two detectors driven in gquadrature
makes the adjustment procedure simpler. Because of the
dual detection, it is no longer necessary to calibrate the
phase lag of critical cables by means of a network analyzer.
A dual channel FFT analyzer is not actually necessary, un-
less the simultaneous measurement of S, (f) and S,(f) is
needed for other reasons.

(6)

III. PROTOTYPE IMPLEMENTATION

The prototype we experimented on is designed to op-
erate at the carrier frequency 19 = 100 MHz. The inner
interferometer is based on a 0.1 d13 step attenuator and on
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Fig. 3. Block diagram of the new interferometric set-up, based on dual carrier suppression.

a set of semirigid cables that plays the role of /. The hy-
brid loss is £, = 1 dB, and the gain of the first amplifier is
g = 11.8 dB. The 100 MHz amplifier chain shows an over-
all gain of 40 dB and a noise figure ' = 2 dB. The coupling
of the fine correction is k. = 11.4 dB. Consequently, the
rejection of the continuous attenuator and phase shifter
noise is 28,9’ (k; — 1) = 26.9 dB. The dissipative loss of
the hybrid at the amplifier output is £, = 0.5 dB, and the
SSB loss of the mixer is £, = 6 dB. The low pass filters
that remove the 2iy component show a cutoff frequency
of 10 MHz and negligible loss up to 100 kHz, which is the
maximum frequency of our FFT analyzer. A 40 dB low
noise preamplifier (not shown), derived from the “super
low noise amplifier” reported in [10], is inserted between
each filter and the analyzer input. The 100 MHz source is
a high stability oven controlled quartz oscillator followed
by a power amplifier.

The adjustment and calibration procedure is straight-
forward. After removing the interferometer, the amplifier
(¢'} is driven by a synthesizer that delivers a low-power
sideband at a frequency v, close to vp; the fine tune signal
is removed, and all unused ports are terminated. Hence,
a beat note at the frequency f, = |vp — v/ of a few kilo-
hertz is present at the two outputs. In this condition, ¥,
must be adjusted for the two outputs to be in quadrature
by inspecting with the dual channel FFT analyzer. When
the two outputs are in quadrature, the cross spectrum is
imaginary, which can be best observed as a null of the real
part. If a dual channel FFT is not available, the quadra-
ture condition can be detected by means of a phase-meter,
ot by a lock-in amplifier that measures one output when it
is synchronized to the other one. Then, the interferometer
must be adjusted for the highest carrier rejection. This is
accomplished first by inspecting the inner interferometer
alone and acting on £ and 4/, and then by restoring the final
configuration and adjusting £, and +, for the lowest carrier
power at the amplifier output. Subsequently, ~ is set by
observing the null of v (£) when a reference phase modula-
tor is inserted as the DUT. Thus, »1(t) is proportional to

a(t) and v2(t) to @(t). Of course, the same phase modula-
tion also is used for the direct mecasurement of k,. Then,
the k,/k, asymmetry—due to the imperfection of actual
components—can be measured as the difference between
the two output tone levels of the sideband measurement.

A carrier rejection of 80-90 dB can be obtained with
our prototype, stable for about one hour. Operating with
a DUT power Fy = 7.8 dBm, the instrument shows a gain
k, = 64.6 dBV /rad.

It is worthwhile to analyze how the phase and amplitude
difference between the DUT and the phase modulator can
affect the calibration. As long as the DUT and the phase
modulator output are inserted at the same point and the
phase ¥ is constant, the phase difference has no effect on
the calibration; of course, the carrier suppression must be
readjusted. A change in Fy due to the attenuation differ-
ence affects k,; this can be corrected numerically with (6),
or in hardware by inserting an attenuator. An alternate
approach consists of the design of a low-loss modulator
with an internal switch to select between the varactor and
a fixed capacitor, i.e., calibration facility or lowest noise;
that modulator can he let permanently as a part of the
instrument.

IV. EXPERIMENTAL RESULTS

Owr main interest is the residual flicker noise of the
instrument. Thus, we measured the noise spectrum S, (f)
in the absence of a DUT, that is bypassed.

The first experiment is intended to prove the validity
of the basic assumption that the replacement of the con-
tinuous attennator with a by-step one results in improved
stability and lower flicker. Thus, the by-step attenuator is
temporarily replaced with a continuous one. Fig. 4 com-
pares the residual noisc of the instrument. When the con-
tinuous attenuator is present (Fig. 4, left), the residual
flicker is S,,(1 Hz) &~ —149 dBrad?/Hz, which is close to
the result previously reported in [2], with a different in-
strument. That the 1/f amplitude noise is higher than its
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Fig. 4. Residual noise of the instrument, as observed changing the main attenuator € from a continuously adjustable device to a by-step

attenuator. Spectra are averaged over 13 acquisitions.
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Fig. 5. Residual noise of the instrument, as observed changing the injection point of the fine carrier suppression signal. Averaging size: 25

acquisitions (left) and 52 acquisitions (right).

phase counterpart seems to confirm that the 1/f atten-
uator noise is of mechanical origin; as the phase change
is a small stray effect of the cursor position—thus of the
desired attenuation—on a macroscopic scale, on a micro-
scopic scale mechanical fluctuations affect the insertion
loss rather than the phase. After restoring the by-step at-
tenuator (Fig. 4, right), the residual flicker S,,(1 Hz) turns
out to be some 9-10 dB lower. When the by-step atten-
uator is nserted, the amplitude noise S,(1 Hz} is almost
equal to the phase noise.

In a second experiment, we compared the residual noise
that results from the two choices of the fine carrier sup-
pression point, at the input of the amplifier chain (Fig. 5,
left) and between the first and the second stage (Fig. 5,
right). The infection point at the output of the first stage
yields a S_(1 Hz) some 2 dB lower, and a white noisc floor

some (.5 dB lower, as compared with the injection between
the two amplifiers. The difference in white noise is con-
sistent with the increase in the amplifier noise figure that
derives from the directional coupler. Injecting the compen-
sation signal between the two stages results in a cleaner
spectrutn: stray signals (e.g., 50 Hz) arc lower, and the
mechanical resonance at f = 4 Hz vanishes. Nonetheless,
the overall resuits arc quite similar. '

After improving some technical details—layout, ground
path, ctc.—we obtained the residual noise of Fig. 6. The
white noise is —175.3 dBrad?/He, which is close to the
predicted value of —175.8 dBrad?/Hz. The flicker noise
is Sa(1 Hz) = ~161.2 dB(V?/V?)/Hz and S,(1 Hz) =
~160.3 dBrad?/Hg, in the same conditions.
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Fig. 6. Residual phase noise of the instrument, after optimization.
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V. FINAL REMARKS

The residual flicker of this instrument improves some
10 dB upon the previous interferometer [2], and some 5 dB
upon the double interferometer [G], [7]. This is a remark-
able performance because the double interferometer makes
use of two independent amplifiers and two independent in-
terferometers to remove the instrument noise by correla-
tion, and makes the noise spectrum available only after a
long averaging time.

A residnal flicker of some —160 dBrad?/Hz at 1 Hz off
the carrier represents the highest sensitivity ever reported
for an instrument that measures phase noise in real time
in the radiofrequency and microwave bands.

‘We wish to stress that no attempt has been made to ex-
ploit data processing techniques to hide the spectral lines
due to mechanical vibrations and to the interferences from
the mains, and that a moderate averaging has no effect on
them. All the experiments were done in a laboratory room
not shielded, and without environmental parameter con-
trol. Although lead-acid batteries were present in parallel
to the power supply for backup purpose, we did not discon-
nect the ac power supply during the final measurements.
The low level of the stray signals that appears in Fig. 6 is
due to:

« a good mechanical assembly,

« the intrinsic immunity to the low frequency magnetic
fields that derives from the amplification of the noise
sidebands before detecting,

« the increased mechanical stability that results from
having removed the continuously variable attenuator
and phase shifter from the critical path.

For comparison, Fig. 7 reports the residual noise of some
instruments for the measurement of phase noise. The sat-
urated mixer refers to general experience, in a favorable
case; the interferometer refers to [2], at vy = 100 MHz;
the dual saturated mixer refers to [11] at vy = 5 MHz; the
double interferometer refers to [6}, [7], at v = 100 MHa.

The described instrument measures the instant value
of (t) in real time, which can be exploited for the dy-
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Fig. 7. Comparison hetween the residual noise of known instruments
and methods.

namic correction of the noise of oscillators and amplifiers,
as suggested in [3] for microwave applications.

Similar results are expected in a wide frequency range,
from 1 MHz or less to a few hundreds of megahertz, where
the same technology is available and a reasonable resolu-
tion of 4" is feasible.

Considering a microwave implementation, an obvigus
difficulty arises from the resolution of the phase shifter +'.
A fixed phase shifter, machine- or laser-trimmed, seems the
most appealing solution. Of course, this fixes v/, which lim-
its the application to single-DUT instruments, as it occurs
in the the dynamical noise correction circnits.
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