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Abstract

where uy(7) istheAllan
deviation, S,,(f) is the
spectral density of fractional frequency fluctuations,
and P*,,+l is the Fourier coefficient of rank 2n 1 in
the response of the resonance. For most systems the
largest contribution is due to the noise at & 2f, from
the carrier (n = 1). This first term can be rewritten
as

+

We report on the experimental test of a new concept
for reducing limitation on short-term frequency
stability of passive frequency standards due to local
oscillator phase noise. Systemsthatusesinewave
modulation to interrogate a stable resonance are
limited in short-term frequency stability byphase
noise at the second harmonic of the modulation, f,.
This effect limits the fractional frequency stability to
approximately uy(7) = 0.9 fm/vo (S,(2f,))2, where
uo is the carrier frequency and S,(2f,)
is the phase
noise at twicethemodulation frequency. Thisnew
concept uses notch filters at If: 2f, from the carrier
to reduce this effect. Tests on a modified passive
rubidium standard demonstrateanimprovementof
approximately 18 in ay(7). Thedualnotch
filters
proved to be feasible were
and
obtained
commercially.Measurementssuggestthat
ultimate
performancesofapproximately2
x 10-l4i%are
possible if the atomic resonance hassufficient quality.
Additionalrefinements may reduce this limitation
even further.

where S,(f) is the spectral density ofphase noise.
For example, consider a system with fm = 137 Hz
and S,(274 Hz) = 10-15.2
at a carrier frequency of 5
MHz. The limit to uY(7) due to S,(274)
is
approximately a,(7) = 6.2 x
7-l'.
This
effect
is a very serious problem for proposed diode-laserpumped, passive rubidium standards since a
frequency stability of approximately cry(?) =
1x
'
T
hasbeen projected, basedon signal-tonoiseand linewidth [5,6]. A local oscillator with
phasenoiseat2f,
lowenoughnot to significantly
compromise this performance
can
presently be
achieved only with cryogenic techniques [7-91.

INTRODUCTION
The short-term frequency stability of passive
standards using sine wave modulation is often limited
by phase noise at the secondharmonic
of the
modulationfrequency f, [ 1-41.Whenexaminedin
detail the limit on short-term frequency capability
depends on the modulation index, linewidth, and all
even harmonics of f, [4].

In this paper we present details on a new approach
that significantly reduces the effect of phase noise in
the local oscillator on the frequency stability of
passivefrequency
standards such as diode-laserpumped rubidium [4,6]. This new room temperature
approach makes use ofa special filter with a notch at
both the upper
and
lower
2fm
sidebands. To
minimize the limitation on aY(7), f,,, should be small,
the carrier frequency at which the filters are applied
shouldbe high, and the contribution of the phase
noise ofthe
filter andfollowing
synthesis chain
should be low. As a first choice we have chosen f,
= 37.5 Hz and .v = 10 MHz, to avoid power line
frequencies, to be consistent with available Q-factors
in SC-cut quartz resonators, and to be approximately
compatible with the expected linewidths in the new
passive rubidium standards. This choice also reduces
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Theinsertion loss throughthefilter at 10 MHz is
about 1 dB while the insertion loss at the bottom of
thenotchapproaches
30 dB.Since
the 10 MHz
carrier signal is far away from the frequency of the
notches,
the
crystal
resonators
carry
very
little
power, basically only the noise
power. This means
that
approximately
30 dB more
power
can be
transmitted through the dual notch filter than could
be
transmitted through a band-pass filter made from 10
MHzresonatorsofsimilar
quality. Highoutput
poweriscriticalinminimizingthenoiseinthe
multiplierchainfollowingthe
filter. The phase
variationwithfrequency
at 10 MHz isatleast
a
factor of 30 lower than the phase slope at the center
of the notches. This means that the phase of the 10
MHz carrier is much less affected by the frequency
variations of the resonators than if a band-pass filter
had been used. Some temperature control is needed
but not the same thermal regulation that would have
been required for a traditional band-pass filter.

the contribution from the multiplier chain by 6 dB as
compared to filtering at 5 MHz. Weshowthatthe
availableattenuationofthenoisearound
f 2fm
approaches 30 dB. From the theory developed by the
Laboratoire de 1’Horloge Atomique group at Orsay
[4], weexpectthatthelimitstotheshort-term
frequency stability due to local oscillator phase noise
can be improved by approximately a factor of 15-30
over traditional
approaches.
Experimental
measurements confirm thisviewandindicatethat
short-term frequency stabilities of better than
2 x
can be expected if the
atomic
signal
havesufficient quality. Further improvementsseem
likely.

DUAL NOTCH FILTERS
The special dual notch filters proved to be feasible
and
were
obtained
commercially.
They
were
assembled using two pairs of third overtone 10 MHz
SC-cut resonators with nominalQ factors of lo6 [ 101.
The resonators
were
selected
to
have
matched
temperature turnover points at approximately 60°C.
Figure 1 shows the insertion loss and the phase shift
across the resonator as measured on a 50 0 network
analyzer.

Figure 2 shows the block diagram of the system used
tomeasurethephasenoise
of theresonator.The
sensitivity of the mixer and gain of the amplifier were
calibrated using the PMCAL approach [ 1 l]. The
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Figure 1 . Transmission loss and phase shift across dual notch filter at
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Figure 2 . Block diagram of system used to measure phase noise of reference source and dual notch filter.
filter to improve the short-term frequency stability of
f0.5 dB.
accuracyofthecalibrationistypically
passive standards. An external noise source with
Two notch filters were used in the measurement to
white noise from approximately 1 Hz to 100 Hz can
be used to drive a dc-coupled phase modulator. This
equalize the delays on both sides of the phase bridge.
is used to artificiallyincreasethenoise
of the 10
This significantly improves the rejection of the phase
MHz local oscillator. The output from the oscillator
noiseofthesourceoscillatorresultingin
a lower
noise floor for the measurements. The phase noise of
canbetakenbefore
or afterthedualnotch
filter.
Figure 4 shows the phase noise after the filter with
a singlefilter(assumingequalcontributions)was
noise on.
measured to be flicker phase at a level of S,(f) =
IO-l4/f (-143 dBc/Hz at 1 Hz) and S,(75 Hz) =
Thefrequencystabilityofthediode-laser-pumped
10-'6.4 (-167.4 dBc/Hz)atthecenterofthenotch.
passive rubidium standard without noise and without
These results for the phase noise near the carrier are
notchfilter is shownascurve A in Figure 5 . The
extraordinarily
low
and
further
proof
the
of
advantages of notch filters over bandpass filters.
frequency stability with noise added to the oscillator
andno notchfilterisshownin
curve B, whilethe
frequency stability with noise and with
filter is shown
EXPERIMENTAL TEST OF SHORT-TERM
in curve C. The frequency stability achieved with the
FREQUENCY STABILITY
filterandnoiseonisvirtuallyidenticalwiththat
achieved with no noise, demonstrating that the dual
To testtheconceptofusing
a dualnotchfilter for
notch filter is very effective in reducing the effect of
improving
the
short-term
frequency
stability
of
thenoiseat
+_ 2fmonthe
short-term frequency
passive standards, we modified the electronics of a
stability. The frequencystabilityachievedwiththe
small
commercial
rubidium
standard
to
use
an
dual notch filter and noise on is not limited by the
external 10 MHz localoscillatorand a modulation
notch performance but by other details in the small
frequencyof
37.5 Hz. Thedischargelampwas
commercial physics package.
removed and the cell was optically pumped using
a
diode laserthatwasbothfrequencyandamplitude
The phase noise at 2fm was measured to be S+(2fm)
stabilized [12].
The system was adjusted
to
=
rad2/Hz withnoisemodulationand
no filter.
accommodate
the
different
noise
levels
in the
electronics.
Usingthisvaluein
Eq. (2) yields a frequency
stability of uYy(7)= 5 x 10-"7-', which agrees well
with the measured value of uY(7) = 7.5 x 1 0 - " ~ - ' ~ .
Figure 3 showstheblockdiagram
10 MHz source
used for testing the effectiveness of the dual notch
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Moduhted 10 MIIZ Source for passive Rb tests
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Figure 3. Block diagram of the external 10 MHz source used to drive the modified commercial passive rubidium
frequency standard.
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Figure 4. Phase noise of the local oscillator with noise on measured after the dual notch filter.
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Figure 5. Short-term frequency stability of modified commercial passive rubidium frequency standard. Curve A
shows the'performance with no noise and no filter. Curve B shows the performance with noise on and no filter.
Curve C shows the performance with noise on and filter on.
Demonstrating a full electronics systemcapableof
1 x 10-'4i1hwill have to wait further work
on a rubidium physics package designed to take full
advantageofthe
diode-laser pumping.Wehave
made several 10 MHz to 100 MHz multiplier chains
that do not significantly degrade the measured noise
floor at the bottomof the notch filter. Usingthe
presently measuredperformanceof
the dual notch
filter and Eq. (2), we project a lower limit to the
short-term frequency stability due solely to the
electronics of 2 x 10-'4i'h. The actual limitation is
probably considerably less. Additional measurements
should
confirm
this.
If necessary, additional
reductions in the phase noise at the bottomofthe
notches may also be obtained by selection of lower
noise resonators and/or passive components.

is substantially correct. Further, we have shown that
appropriate notch filters for passive
rubidium
standards canbe constructed from available quartz
resonators.
Such filters have
many
practical
advantages such as less effect on the phase noise of
the carrier and higher power handling capability than
traditional band-pass style filters. Measurements on
prototype filters and multiplier chains indicate that
this approach
could
support
diode-laser-pumped
passive
rubidium
standards
operating
at
approximately 5 ( 7 ) = 2 x 10-147-1h.

gY(7) =
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CONCLUSION
work
This
confirms
concept
using
the
that
of
a dual
notch filter at +2fm from the carrier to substantially
improve the short-term frequency stability some
of
passive standards and
that
the theory advanced
in
[4]
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