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Abstract

This paper addresses the characterization of precision frequency standard phase noise and spurious
outputs using the two-oscillator coherent downconversion technique. This paper focuses on technigques for
making accurate measurements of phase noise and spurious outputs within 100 KHz of a carrier. Signif-
icant sources of measurement error related to hardware design problems and inadequate measurement
procedures are discussed, such as: measurement errors resulting from system noise sources, phaye-locked
loop effects, and system bandwidth limitations. In addition, methods and design considerations for min-
imizing the effects of such errors are presented. Analytic discussions and results ure supplemented with
actual test data and measurements made using measurement hardware developed at Ball Corporation,
Efratom Division.

THEORY OF OPERATION

Two-oscillator coherent downconversion is a process by which the noise fluctuations and spurious
outputs of a test oscillator are converted to equivalent baseband voltage fluctuations. As shown
in Figure la, the basic ideal system consists of a test oscillator, a noiseless reference oscillator,
an ideal mixer, a noiseless amplifier, and a spectrum analyzer. The spectrum analyzer is used
to measure the power of the voltage fluctuations at the output of the coherent downconverter.
Although this technique is commonly used at Efratom to make phase noisc and spurious outputs
measurements on precision frequency standards having output frequencies of 5 MHz or 10 Mz,
coherent downconversion is a suitable technique for making noise measurements at any test oscillator
frequency.

Random voltage fluctuations, at the output of the coherent downconverter, are produced by test
oscillator phase noise and are expressed in terms of spectral density (dBc/lz or dBV/1Iz). However,
making noise power measurements in a 1 Hlz bandwidth can be inconvenieni. For this reason,
random noise power is typically measured in some known bandwidth and is then converted to an
equivalent spectral density under the assumption that the voltage [uctuations approximate white
noise within the measurement bandwidth. The conversion from noise power to noise spectral density
can be realized by adding a correction factor equal to 10log(1/BW) to the measured noise power.

189




Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
DEC 1991 2. REPORT TYPE 00-00-1991 to 00-00-1991
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

M easurement of Precision Oscillator Phase Noise Using the
Two-Oscillator Coherent Down-Conversion Technique

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Ball Corporation,Efratom Division,Irvine,CA,92612 REPORT NUMBER
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES
See also ADA255837. 23rd Annual Precise Time and Time Interval (PTTI) Applications and Planning
Meeting, Pasadena, CA, 3-5 Dec 1991

14. ABSTRACT
seereport
15. SUBJECT TERMS
16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF
ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 19
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



The term BW is noise bandwidth and is approximately equal to the resolution bandwidth of the
spectrum analyzer used during the measurement. Most modern low frequency, digital spectrum
analyzers can be configured to display measurements as spectral densities. Voltage-relative spectral
densities, in units of dBV/Hz, can be converted to carrier power-relative spectral densities, in units
of dBe/Hz, by taking into account the carrier power of the test oscillator,

Deterministic voltage fluctuations, at the output of the coherent downconverter, are produced
by test oscillator spurious outputs. Deterministic voltage fluctuations are narrowband and are,
therefore, expressed in terms of spectral power (dBc or dBV). Spurious outputs are generally
measured in units of dBV and are then converted to more meaningful carrier power-relative units
of dBc by taking into account the carrier power of the test oscillator.

Since, in the ideal case, the reference oscillator has no phase noise, its output v,(¢) can be repre-
sented by a pure sinusoid;

v (t) = Ay sin[27( f, )t]. (1)

The output of the test oscillator differs from a pure sinusoid in that it is modulated in amplitude,
frequency, and/or phase by random and deterministic noise. Although all these modulation com-
ponents contribute to the overall spectral density of the test oscillator output, treatment of each is
beyond the scope of this paper. Therefore, for simplicity the effects of frequency modulation and
amplitude modulation will be ignored. The resulting output of the test oscillator, vo(t), is given by

vo(t) = Aosin[27(fo)t] = ®(1). (2)

The term ®(¢) accounts for both random and deterministic phase fluctuations, which are typically
referred to as phase noise. The output, m(t), of the ideal mixer is the product of the reference and
test oscillator outputs and is given by

m(t) = [(Ar/2) Ko Ad{sin[27(fr — fo)t + ®(8)] + sin[2x(fr + fo)t — @(1)]}. (3)

The term K, is the low noise amplifier gain and the term A./2 can be thought of as the conversion
gain/loss of the ideal mixer. Assuming that the reference oscillator and test oscillator are stable
enough that they can be set to the same output frequency (i.e. f, = fo) and can be maintained in
a quadrature phase relationship, then the output of the ideal mixer is given by

m(t) = [(Ar/2) K Ao]{sin[®(t)] + sin[27(2fp)t — ®(¢)]}. (4)

The sum term is filtered away via a discrete filter, or via the bandwidth limitations of the low noise
amplifier and/or spectrum analyzer, leaving only the difference frequency term. If a small signal
approximation is made for ®(t), then

sinf ()] ~ (1) (5)
and the filtered output, my(t), of the ideal coherent downconverter is approximately given by

my(t) = [(Ar/2) K4 Ao)O(2). (6)

As equation 6 indicates, the output of the ideal coherent downconverter is a baseband signal having
voltage fluctuations which are proportional to the phase noise fluctuations of the test oscillator.
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Practical implementations of the coherent downconverter usually differ from the ideal implementa-
tion in several respects. One difference is that the ideal mixer is generally implemented as a double-
balanced diode mixer to provide inherent input/output isolation, and to provide AM rejection and
rejection of some spurious outputs applied to the non-linear (LO) port. Modern double-balanced
mixers use schottky diodes which have an exponential voltage versus current response. The output
of the double-balanced schottky diode mixer is, therefore, a highly nonlinear function containing
many high-order terms. In addition to sum and difference frequency products, the mixer generates
harmonic intermodulation products at frequencies equal to [+ M f, + N fo], where M and N arc
integers. Although double balancing serves to suppress products formed by even values of M and
N, even products are nonetheless present.

In addition to producing harmonic intermodulation products, a double-balanced diode mixer has
only one linear input port (the RF port) and its conversion gain/loss is a nonlinear function of
the drive level applied to the nonlinear port (the LO port). Ignoring all but the first-order mixer
products, and assuming that the reference oscillator output drives the nonlinear mixer port, then
the filtered coherent downconverter output for a double-balanced mixer takes the form

mf(t) = [(_;m(Ar,-).[\’g,AO] Sin[QTr(f,,- — fo)t]. (7)

In equation 7, the nonlinear function G,, (A,) replaces the term A, /2 in equation 6 as the conversion
loss of the of the double-balanced mixer.

Although Gilbert cell mixers, such as modern active FET mixers, are a better approximation of
the ideal mixer (having a square law relationship of voltage versus current response), the noise
performance of such mixers has in the past been inferior to that of schottky diode mixers. It is also
more difficult to implement double-balanced mixers with FETs than with schottky diodes, which is
probably why the schottky diode mixers are used more frequently despite their lack of conversion
gain. References 3 and 4 are useful sources of more information on the subject of mixers.

A second difference between the ideal and non-ideal system is that the frequency coherence and
quadrature relationship between the reference and test oscillators is difficult to maintain manually.
For this reason, servo electronics are typically employed. Since the double-balanced mixer acts as a
phase detector, it includes an implicit integration (converting the oscillator frequency into phase).
Therefore, a second integrator is usually the only additional circuitry required to implement a phase-
locked servo loop. This is conveniently realized using an active lag-lead filter as shown in Figure
1b. If the frequency of the reference oscillator is not clectronically controllable, than additional
hardware may also be required to provide this feature.

Ideal and non-ideal systems also differ in that reference oscillator phase noise and low noise am-
plifier voltage noise contribute to the overall voltage fluctuations at the output of the coherent
downconverter in practical systems. Although in some cases the noise contributions of the refer-
ence oscillator and low noise amplifier are insignificant, with regard to the measurement of precision
oscillator phase noise this is generally not the case. Obtaining lower noise reference oscillators was
essential for upgrading Efratom’s phase noise test equipment to provide for more accurate, repeat-
able measurements.

Advantages/Disadvantages of the Coherent Downconversion Technique

When using the coherent downconversion technique, it is possible to make accurate measurements
of precision oscillator phase noise and spurious outputs at small carrier offset frequencies. Such
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measurements are difficult or impossible with some of the other phase noise measurement tech-
niques. Direct spectrum analyzer measurements of phase noisc and spurious outputs, for example,
are limited by the resolution bandwidth and dynamic range of the spectrum analyzer. The noise
power within the resolution bandwidth of the measurement must be large enough to overcome
the dynamic range constraints of the spectrum analyzer. Thus, wide resolution bandwidths are
required for making low level noise density measurements using the direct spectrum analyzer tech-
nique. However, it is difficult to make measurements at carrier offset frequencies much less than
several times the measurement resolution bandwidth. Therefore, measurement of phase noise at
low carrier offset frequencies requires use of a narrow resolution bandwidth. When narrow resolu-
tion bandwidths are employed, the noise power within the resolution bandwidth may be too low
to overcome the dynamic range constraints of the spectrum analyzer. These measurement limita-
tions, which are imposed by the frequency resolution and dynamic range constraints of spectrum
analyzers, are avoided by using the coherent downconversion technique.

High-frequency commercial spectrum analyzers have frequency resolutions which are typically no
better than 10 Hz and have dynamic ranges on the order of 80 dB3. The 10 Hz resolution bandwidth
limitation makes direct spectrum analyzer measurements difficult for carrier offsets much less than
100 Hz. Although suppressing the carrier in direct spectrum analyzer measurements with a cali-
brated narrow band notch filter can enhance measurement dynamic range by as much as 30 dB,
this is generally insuflicient improvement for making close-in phase noise measurements on precision
oscillators. At offsets of 100 Hz, precision oscillator phase noise specifications can be better than
-155 dBc/Hz. Assuming a measurement dynamic range of 110 dB and a frequency resolution of 10
Hz, the lower limit of direct spectrum analyzer noise measurements is -120 dBc/Hz. In compari-
son, coherent downconverter systems may have measurement capability which is better than -160
dBc/Hz at 100 Hz carrier offsets.

The graphs in Figure 2 are plots of the noise floor of the Efratom 5 MHz Phase Noise Tester, and
demonstrate the low-noise measurement capability of coherent downconversion systems. The data
was generated using two low noise 5 MHz oscillators. For each graph, output voltage fluctuations,
in units of dBV/Hz, are plotted versus carrier offset {requency in Hz. The dBV/Hz recadings
are converted to dBc¢/Hz readings by subtracting 36 dB to take into account the power of the
carrier at the output of the coherent downconverter. Therefore, according to Figure 2, phase noise
measurements to nearly -160 dBc/Hz are possible at carrier offsets of 100 Hz and measurements to
nearly -170 dBc/Hz are possible at carrier offsets of 10 KHz.

Phasc noise and spurious outputs measurements using the coherent downconversion technique have
several disadvantages, however. One disadvantage is the inability to distinguish lower sideband
noise from upper sideband noise. Since coherent downconverter measurements are double-sideband
measurements, the voltage fluctuations which appear at the output of the coherent downconverter
are due to the combined effects of upper and lower sideband noise. Thus, measurement errors
can result if an invalid assumption of sideband symmetry is made in converting double-sideband
measurements to single-sideband measurements. Another disadvantage is that coherent downcon-
verter systems are more complex and require significantly more hardware than direct measurement
systems. This added complexity introduces various error sources which must be accounted for if
accurale measurements are to be made. These disadvantages, however, are generally outweighed
by the ability to make very low phase noise measurements close to the carrier using the coherent
downconversion technique.
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Conversion From Units of dBV to Units of dBc

In order to convert voltage-relative spectrum analyzer measurements to more useful carrier power-
relative measurements, the amplitude of the test oscillator at the output of the coherent downcon-
verier must be determined. Carrier amplitude can be accurately measured by producing a frequency
oflset between the test and reference oscillators and measuring the slope of the resultant beat note.
If the test and reference oscillators are not at the same frequency and il the sum frequency and
noise terms are ignored, then the coherent downconverter output, given by equation 3, becomes

m(t) =[G (A ) K Aol sin[27( f. — fo)t]. (8)

This outpul beal note is usnally severely clipped because of the voltage swing limitations of the low
noise amplifier. Therefore, it is not possible to measure the peak voltage of the beat note directly.
Measurement of beat note amplitude can be measured indirectly, however, by observing the slope
of the rising and/or falling edges of the clipped waveform. It can be shown that the peak amplitude
of the beat notc is given by

m(ty) — m(t1)
sin[2r( [y — fo)t2] — sin[2x(fr — fo)ta]

[Gm(A'r)-[(a,A()] - (9)

Since only points on the beat note near the zero crossing are observed, the small signal approxima-
tion for a sinusoid is valid and equation 9 becomes

m(tly) —m(ty)
2n(fr — fo)(ta — 1)
m(ty) —m(ty) T
T X %’ (1 ])

(G (Ar) K, Ag) (10)

where T is the period of the beat note equal to f—-l_—ja Since voltage luctuations are measured in
units of dBV/Hz, beat note power P is usually expressed in units of dBV,

[m(t-g) —m(t) T

P{G(A) KA} = 201og P— X E] + 3 dB. (12)

The beal note/carrier power is commonly referred to as the “gain” of the coherent downconverter.

The 3 dB correction factor in equation 12 accounts for conversion from double-sideband to single-
sideband in phase noise measurements (by convention, phase noise £(f) is defined as an upper
sidcband measurement) and conversion from peak to RMS in spurious outputs measurement. An
additional 3 dB correction factor for conversion from double-sideband to single-sideband is some-
times included in spurious outputs measurement, resulting in an overall correction factor of 6 dB.
However, the extra 3 dB for spurious outputs is valid only if the lower sideband spur is equal
in amplitude and phase to the upper sideband spur. It is possible that the lower sideband spur
amplitude is significantly different from that of the upper sideband spur. Therefore, the accepted
method is to assume that one sideband does not contribute to the measured spur amplitude so
that the same 3 dB correction factor is applied to both phase noise, £(f), and spurious outputs
measurements.
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SOURCES OF ERROR IN PHASE NOISE/SPURIOUS OUT-
PUTS MEASUREMENT

The limitations imposed by practical realizations of the ideal coherent downconverter result in error
sources which must be accounted for in order to make accurate phase noise measurements. Usually,
it is not difficult to eliminate and/or to compensate for these sources of error.

Reference Oscillator Noise

With regard to the phase noise measurement of precision frequency standards, the contribution
made to coherent downconverter output voltage fluctuations by the reference oscillator noise cannot
be neglected. If reference oscillator noise contributes significantly to the output voltage fluctuations
of the coherent downconverter, then the reference oscillator output cannot be represented as a pure
sinusoid. The output of a noisy reference oscillator is given by

0.(t) = A, sinf2n(f,)t - O(1)), (13)

where ®(¢) is the phase noise of the reference oscillator and, for illustration, frequency and amplitude

‘noise have been ignored. Assuming that the reference oscillator drives the mixer nonlinear port
and that the reference oscillator and test oscillator output frequencies are equal and in quadrature,
then the coherent downconverter output is given by

m(t) = [Gm(Ar) Ko Ao][2(2) + O(2)]; (14)

neglecting all but the first-order difference term.

Equation 14 implies that the significance of reference oscillator noise depends on its power relative
to the test oscillator noise. Reference oscillator noise relative to reference oscillator carrier power
is less important due to the nonlinear operation of the mixer which causes test set gain to be
relatively independent of reference oscillator carrier power. Reference oscillator noise is summed
with the test oscillator noise to produce voltage fluctuations at the coherent downconverter output.
The degree to which output voltage fluctuations increase as a function of reference oscillator noise
power relative to test oscillator noise power is given in Table 1. As the table indicates, reference
oscillator phase noise becomes significant when its power is greater than approximately -10 dB
relative to test oscillator phase noise power. For these reasons, the effects of reference oscillator
phase noise are minimized when the mixer LO nonlinear port is driven with the reference oscillator
output at as low a level as possible to ensure on/off switching of the mixer diodes and the mixer
linear port is driven with the test oscillator output at as high a level as high as possible without
nearing the breakdown region of the mixer diodes.

Note that this approach contradicts the normal procedure of driving the LO port as hard as possible
and the RF port as low as possible to get minimum intermodulation products (see references 1,
5, and 6). The actual optimal drive levels will be a compromise between the requirements for
minimizing reference oscillator noise and for minimizing intermodulation products. These levels
will depend on the noise contributions of the mixer/low pass filter, the test oscillator, and the
reference oscillator. Note when testing units with a range of output amplitudes, low noise, variable-
gain amplifiers may be employed to optimize mixer drive levels to achieve the best overall system
performance.
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To this point, it has been assumed that either the LO nonlinear port of the double-balanced mixer
is driven with the reference oscillator output or that the reference oscillator and test oscillator
output amplitudes are equal. The first is generally a good practice because noise and spurious
outputs measurements made on a test oscillator are most meaningful to system designers when
they are expressed relative to test oscillator carrier power. As mentioned previously, to convert
voltage-telative measurements (in units of dBV) to carrier power-relative measurements (in units
of dBc) the carrier power at the output of the coherent downconverter must be determined. The
gain of the coherent downconverter is a measure of test oscillator carrier power only when the test
oscillator drives the linear port of the mixer. This is because the nonlinear (LO) port of the mixer
approximates a hard-limiter when it is driven hard to minimize unwanted intermodulation products.
For this condition, mixer output power is approximately independent of nonlinear port drive level.
Thus, if the test oscillator output drives the mixer nonlinear port, then coherent downconverter gain
becomes a measure of reference oscillator carrier power. In this case, conversion of measurements
from dBV/Hz to dBc/Hz results in the phase noise of the test oscillator being expressed relative
to reference oscillator carrier power. Therefore, driving the mixer nonlinear port with the test
oscillator output will result in measurement errors unless the reference oscillator carrier power is
exactly equal to the test oscillator carrier power, or unless the oscillator power levels are accurately
measured and the difference is taken into account. Ensuring such a condition may not be practical
in a high volume production environment without expensive automated testing equipment and
development.

Although driving the mixer nonlinear port with the test oscillator output will result in measure-
ment errors when the amplitudes of the test and reference oscillator differ significantly, a potential
advantage of this scheme is the suppression of test oscillator amplitude noise. Amplitude noise and
angle noise are indistinguishable at the coherent downconverter output. If the amplitude noise of
the reference oscillator is negligible, then driving the mixer nonlinear port with the test oscillator
output provides a means of isolating test oscillator angle noise from test oscillator amplitude noise
(see references 1 and 5).

Although reference oscillator noise is typically a significant error source in the measurement of
precision oscillator phase noise, its effects can be accounted for in the phase noise measurement of
a test oscillator if a third oscillator is available. As equation 14 indicates, output voltage fluctuations
at the coherent downconverter output are approximately a linear function of the sum of reference
oscillator and test oscillator phase noise fluctuations. Therefore, noise measurements made on
each pair of three oscillators results in three independent linear equations which can be solved to
determine the phase noise of the reference oscillator (keeping in mind the stochastic nature of the
signals). Once reference oscillator phase noise is known, it can be subtracted from future phase
noise measurements of test oscillators. This technique is sometimes referred to as a three-corner
hat measurement [reference 1; Walls, et al.].

Low Noise Amplifier Effects

In addition to reference oscillator noise, low noise amplifier noise is another significant noise source
with regard to the measurement of precision oscillator phase noise. The noise floor of the coherent
downconverter system is a function of reference oscillator noise, mixer conversion loss and low noise
amplifier noise. Therefore, careful attention should be given to the design or selection of the low
noise amplifier.
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PLL Tracking Effects

Servo electronics are typically employed in order to maintain the frequency coherence and quadra-
ture phase relationship between the test and reference oscillators in coherent downconverter sys-
tems. Phase-locked loop (PLL) tracking effects, however, produce attenuation of test oscillator
noise at frequencies significantly below the natural frequency of the loop and can, therefore, result
in measurement errors. By examination of the block diagram in Figure 1b, the closed-loop trans-
fer function from the coherent downconverter input to the coherent downconverter output can be
written:

Pout  2Gn(A)K.Ap 82 15
&, T TS SAW, + W2 (15)

H(s) =

where W,, = \/{4I(UGM(AT)KQAO/RSCI} and ( = RyC;W,/2. The term K, is the modulation
sensitivity of the reference oscillator in units of hertz per volt. Equation 15 is the transfer function
of a damped two-pole high-pass filter with a pole frequency at W,,. From equation 15 it is apparent
that at frequencies much greater than W,,, phase noise fluctuations are amplified and at frequencies
much below W,,, phase noise fluctuations are attenuated. The criteria for selection of the PLL filter
is covered in many standard texts on phase-locked loops; reference 5 also includes a discussion.

Figure 3 contains plots of the measured spectral density of an Efratom commercial rubidium fre-
quency standard (model FRS5-C). Figure 3a is a plot of spectral noise at carrier offset frequencies
ranging from 0 Hz to 5 Hz, measured using PLLs with three different natural frequencies. The
results given in Figure 3a clearly demonstrate the effects of PLL tracking and their relation to loop
natural frequency. Note that testing at low offset frequencies with a fast PLL loop can lead to

significant errors in phase noise readings; over 18 dB at 1 Hz and 31 dB at 0.5 Hz for the measured
FRS.

Becausc of PLL tracking effects, the bandwidth of coherent downconverter loops are generally very
narrow (i.e., W, is a low frequency). Not only does the usc of narrow band loops minimize the
errors associated with PLL tracking effects, but a secondary benefit is realized in that the noise
contributions of the loop filter are minimized. Again, by examination of the block diagram in Figure
1b, the closed-loop transfer function from the loop filter input to the coherent downconverter output
can be written

epout  2(W, + w2

B = = 5 s W, + W2

(16)

Equation 16 is a single-pole low pass filter response with a pole frequency at W,,]. Therefore, the
input voltage noise associated with the loop filter is attenuated at frequencies greater than W,.

A disadvantage of narrow band servo loops is that they acquire very slowly. If the frequency offset
between the test oscillator and the reference oscillator is large compared to the loop bandwidth,
acquisition may require hours. This problem is typically overcome by incorporating variable band-
width capability into the coherent downconverter servo loop design. Acquisition is achieved quickly
with a wide loop bandwidth and measurements are made in a narrow band mode. Measurement
systems at Efratom have successfully employed variable-bandwidth phase-locked loop designs.

System Bandwidth Limitations

While PLL effects cause low frequency noise measurement errors, system bandwidth limitations
result in the attenuation of high frequency noise, and therefore, produce measurement errors at high
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frequency. The availability of wide band, low-noise amplifiers reduces the severity of this problem,
and generally, it is not difficult to design low noise measurement systems with bandwidths in excess
of a few hundred kilohertz. For example, the latest measurement systems at Efratom typically
exhibit only fractions of a dB of amplitude variation to frequencies of 100 Kliz, as shown by the flat
noise floor performance to 100 KHz in Figures 2d, 3d, and 4d. The phase noise measurement system
at Efratom uses a Hewlett Packard model HIP3561A spectrum analyzer, which has a maximum
frequency span of 100 KHz. A 100 KHz frequency span is typical of fast-fourier rcal time spectrum
analyzers, although Tektronix has recently introduced a 200 KHz model (model 2642).

The usable bandwidth of a coherent downconverter system can be extended by measuring the am-
plitude response of the system versus frequency, and incorporating frequency dependent calibration
factors into the equation for system gain. This compensates for the high [requency attenuation im-
posed by system bandwidth limitations. The amplitude response of a coherent downconverter can
be determined using two synchronized signal generators in place of the test and reference oscillators.

Frequency Conversion Effects

Unlike an ideal mixer, a double-balanced mixer produces harmonic intermodulation products. For
this reason, spurious outputs which are far from the test oscillator carrier, and are outside the
measurement bandwidth of the coherent downconverter, can be translated to frequencies which
are within the measurement bandwidth of the system. Although harmonic intermodulation prod-
ucts are typically many decibels below the desired first-order mixer products, high-order spurious
conversion products which fall within the system bandwidth are indistinguishable from spurious
outputs which are close to the carrier. One key to minimizing these effects is to properly terminate
the output (IF) port of the mixer. This issue is discussed in detail in reference 4.

Accurate measurement of spurious outputs using coherent downconversion requires that high fre-
quency spurious outputs first be identified and measured using a direct spectrum analyzer tech-
nique. An analysis of mixer spurious outputs, which takes into account the specified harmonic
intermodulation performance of the mixer, can then be performed to predict the location and level
of high-order spurious conversion products. However, such an analysis is generally not practical in
a large-scale production environment, and the source of spurious outputs is usually of little concern
as long as they are within specified performance limits.

Frequency conversion effects become more significant when, instead of a sinusoid, the test oscillator
output is a square wave which is rich in harmonic content. Harmonic intermodulation effects
resulting from square wave inputs can be minimized by inserting low pass filters between square
wave oscillator outputs and coherent downconverter inputs. This technique was utilized in the
measurements of the FRS-C TTL-compatible output of Figure 3.

60-cycle Interference and the Use of Batteries

Sixty-cycle interference and its harmonics couple onto system power supplies and appear in the
output frequency spectrum of the coherent downconverter. Although 60-cycle spurs are easily
identified according to frequency, 60-cycle interference can camouflage actual spurious outputs
performance. Through careful system design, 60-cycle interference can be minimized, however.
Careful attention to grounding and the use of battery supplies can virtually eliminate 60-cycle
interference from the output spectrum of the coherent downconverter.

The use of magnetic shielding around the sensitive front end of the downconverter may also be
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required, along with shielding the control voltage to the reference oscillator, in order to minimize
60-cycle interference. The use of separate batteries for the phase noise tester, the reference voltage-
controlled oscillator, and the test oscillator can prevent ground loops that cause unusual spurious
results.

A side effect of using batteries is that performance anomalies may occur as the batteries become
deeply discharged, depending on the sensitivity of the measurement system to supply voltage levels.
Battery voltage monitors and associated disconnect relays can be employed to prevent this.

FFT Windowing Effects

Because of their superior frequency resolution, digital spectrum analyzers are generally used to
measure voltage fluctuations at the output of the coherent downconverter. The choice of the
windowing function used with fast-fourier transform (FFT)-based spectrum analyzers, however,
can affect measurement accuracy. Phase noise measurements are most accurately made using
the Hanning windowing function. The Hanning window has a narrow passband and very low
sidebands, providing better measurement resolution for analyzing broadband signals like noise.
Spurious outputs are most accurately measured using a flat top windowing function. Although
the flat top window has higher sideband energy, its broad passband makes it better suited for
measurement of narrow band, deterministic signals. Errors which result from incorrect window
choice are typically less than 1 dB. Reference 8 goes into more detail on this subject.

Vibration Effects

Precision oscillators are frequently designed using quartz crystal resonators to achieve superior
phase noise and short-term frequency stability performance. The phase noise of crystal oscillators
is affected by vibration, however. The “G sensitivity” of a precision crystal is typically on the
order of parts in 10719[df / f]/G to parts in 10~°[df / f]/G; this translates into phase noise and spurs
by well established formulas. The Efratom “Time and Frequency Handbook” of reference 13 goes
into this and other related subjects in more detail. References 11, 14, 15, and 16 present a broad
overview of vibration and other effects on phase noise.

Because of vibration sensitivities, it is important to shield and dampen both the reference oscillator
and the test oscillator from shock and vibration in order to obtain accurate quiescent phase noise
readings. Otherwise, the ambient vibration levels of the test building or test table can increase the
apparent phase noise floor of the oscillator.

In addition, the capacitance of the coaxial cable often changes with vibration. This can again result
in an apparently degraded phase noise floor performance of a test oscillator due to the cable-induced
loading effects related to ambient vibration levels.

When it is necessary to measure the vibration performance of an oscillator, a number of factors
must be considered. Mechanical resonances in the fixture holding the test oscillator to the shaker
can give errors, as can the type of coaxial cable used to connect the test oscillator to the phase noise
tester. Electromagnetic interference (EMI) induced from the shaker head and the controller can
also result in measurement errors, often requiring either shielding or separation of the measurement
equipment from the shaker.
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Miscellaneous Error Sources

A number of additional error sources may be encountered in the measurement of precision os-
cillator phase noise and spurious outputs. Although not exhaustive, these error sources include:
poor grounding and intermittent grounding; inadvertent conversion of deterministic signal power
measurements from dBV to dBc/Hz; injection locking of the test and reference oscillators due to in-
adequate EMI shielding; magnetic and clectrostatic susceptibility and emissions of the test oscillator
and/or reference oscillator; and failure to account for cable losses in high frequency measurements.

TEST DATA

Phase noise test performance was measured for two Efratom rubidium oscillator products for this
paper. Rubidium oscillators frequency lock a voltage-controlled crystal oscillator to the long-term
stability of the hyperfine atomic energy state transitions of the Rb® atom. They are utilized to
provide excellent long term frequency stability (on the order of parts in 10" /month with excellent
phase noise and spurious outputs performances.

The phase noise behavior expected from crystal oscillators is described in reference 7. The presence
of a rubidium control loop will modify the ideal oscillator behavior in a number of ways depending
on the relative phase noise of the rubidium physics package and the crystal oscillator. The rubidium
loop crossover frequency controls the hand-off between the two; an improvement in phase noise or a
lower slope below this frequency implies a good physics package phase noise relative to the crystal
oscillator used.

The first unit evaluated was a model FRS-C; a stock, economical, commercial 10 MHz TTL-
compatible rubidium oscillator. The FRS-C is specified for a phase noise of -110 dBc¢/Hz at 100
Hz carrier offset and -130 dBc/Hz at 1000 Hz offset. Non-harmonic spurious outputs are specified
at -65 dBc. The second unit evaluated was a stock, commercial 10 MHz sine output low noisc unit
(model FRK-LN). The FRK-LN is specified for a phase noise of -120 dBc/Hz at a 10 Hz carrier
offset and -147 dBc/Hz at 100 Hz and 1000 Hz offsets. Non-harmonic spurious outputs are specified
at -70 dBc. Although units with better phase noise performance are available at Efratom, these
two products are representative.

Test data for the FRS-C is given in Figure 3 and for the FRK-LN data in Figure 4. The phase noise
test system used to make these measurements is an upgrade to that formerly used at Efratom, and
is in a final phase of development. Because the development of the system is not yet complete, the
final grounding and shielding configurations were not implemented, leaving some residual problems
in the spurious outputs performance of the system.

The HP3561A spectrum analyzer, used to make the measurements which are displayed in Figures
2 through 4, was configured to provide for antomatic conversion from noise power to noise spectral
density. Thus, chart readings are displayed in units of dBV/Hz. The coherent downconverter
gain was measured to be roughly 30 dB for both units, including the necessary correction factors
for double-sideband to single-sideband conversion and for peak to RMS conversion. Therefore, the
chart measurements should be adjusted by -30 dB to give phase noise performance in dBc/Hz. Since
spurious outputs must be expressed in terms of power rather than spectral density, it is necessary
to convert the displayed spurious output levels from units of dBV/Hz to units of dBV. This is
done by adding a conversion factor equal to 10log(BW), where BW is the resolution bandwidth of
the measurement displayed at the bottom of each graph. Spurious output levels, in units of dBV,
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should then be adjusted by an additional -30 dB to give spurious outputs performance in units of
dBe.

Figure 3a gives three plots of FRS-C phase noise performance within 5 Hz of the carrier. The
different PLL natural frequencies are clearly shown for each plot. The rubidium servo loop crossover
frequency is at roughly 35 or 40 Hz for this unit, as shown by the spectral leveling which occurs
in Figure 3b. Spurious outputs at the modulation frequency of the rubidium control loop are
evident in Figure 3c¢; the 127 Hz rubidium loop modulation spurious output is roughly -80 dBc,
after applying a correction factor of 46 dBec to convert from spectral density to power.

The noise floor of this unit is mecasured to be roughly -140 dBc, as shown in Figure 3d. Two plots
have been superimposed in Figure 3d. One plot drives the coherent downconverter directly with the
square wave output of the test oscillator. In the second plot, the test oscillator drives the coherent
downconverter through a 10.5 MHz low pass filter, which removes harmonic frequency components.
Note the addition of the filter changes the level and frequency of the spurious outputs, indicating
they may not be produced directly by the test oscillator. It is possible these spurious outputs
arc related to grounding and/or shielding effects; this will be verified with the final version of the
Efratom phase noise tester being developed. Although the source of these relatively high-frequency
spurious outputs is not known, the largest shown in Figure 3d occurs at an offset frequency of about
78 KHz. Its level, using the output low pass filter, is -98 dBc after applying a correction factor of +
26 dBc to convert [rom spectral density to power. This is well below the -65 dBc spurious outputs
specification of the unit.

Figure 4 gives similar performance curves for the model FRK-LN, 10 MHz unit. The rubidium
servo loop crossover frequency occurs at about 2 Hz, as indicated by the spectral leveling shown
in Figure 4a. Figure 4b gives phase noise performance to a carrier offset frequency of 100 Hz,
while Iigure 4c gives performance to an offset frequency of 1000 Hz. A spurious output at the
modulation frequency of the rubidium control loop is shown in Figure 4¢; the level of the 127 Hz
spurious output is roughly -117 dBc, after correcting for carrier power and converting from spectral
density to power. Figure 4d gives phase noise performance to an offset frequency of 100 KHz; the
noise floor is shown to be roughly -157 dBc¢/Hz. Note that the noise floor is flat to the 100 KHz
range of the spectrum analyzer.

CONCLUSION

The limitations imposed by practical realizations of the ideal coherent downconverter result in error
sources which can result in inaccuracies in the measurement of precision oscillator phase noise and
spurious outputs. Phase-locked loop tracking effects, system bandwidth limitations, and system
noise can be significant sources of error. Most significant sources of error, however, can be elimi-
nated and/or controlled through careful system design and calibration. The measurement system
developed at Efratom has attempted to strike a balance between overall accuracy and volume test-
ing in a production environment; the accuracy and repeatability for the production measurements
performed at Efratom are on the order of 1 to 3 dB with an upgraded test measurement system
and upgraded test procedure.
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Table I. Increase in Measured Noise Versus Reference Oscillator
Noise Relative to Test Oscillator Noise

Relative Amplitude Increase in
of Ref Osc Phase Voltage Fluctuations
Noise to Test Osc at Coherent
Phase Noise Downconverter Output
-20dB 0.04 dB
-10dB 0.42 dB
-6dB 0.97 dB
-3dB 1.76 dB
-2dB 2.12dB
-1dB 2.54dB
0dB 3.01dB
1dB 3.54dB
2dB 4.12dB
+3dB 4.77 dB
+6 dB 6.99 dB
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