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Abstract— The traceability route for phase-standards is outhed
together with a preliminary compression algorithm that allows
the uncertainties, represented as a covariance mat; to be
efficiently stored so that they may be representeth either the
time or frequency domains The final algorithm will be available
on the Euramet INDO16 website.
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. INTRODUCTION

Characterisation of the non-linear behaviour of ickev
under large-signal conditions requires the simeltars
measurement of forward and reverse travelling gekaave
signals at multiple frequencies, often, but notaglsy in a
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1. To improve the phase standard (PS) phase accuracy
traceable to national standards. A typical target
accuracy would be two degrees over the operating
range,

2. To increase the density of the comb-harmonics, to
ensure maximum coverage in the frequency domain
(lowering the pulse repetition rate).

The national measurement institute drivers are:
1. To ensure a traceable and reproducible approach,

2. To provide a useable representation of the condielen
interval in both the time and frequency domains.

In previous work we identified measurement and riogde

system with 5(]2_impedance. The accuracy of the results willstrategies to achieve a traceable and reproduajipgeoach for
depend on a time reference, which can be realiec a the current PS technologies [1] building on presiouork

calibrated receiver, typically a sampling gate oDamital

Sampling Oscilloscope (DSO), or by using a sourcat t
generates phase-locked harmonic signals, such asnd

generator (mixer-based solutions). The differentstey

architectures to realise nonlinear measurementsonge or
other of these approaches, as outlined in Fig. 1.
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Figure 1. Traceability routes at NPL for Large-SigNetwork
Analysers

Two industrial drivers are:

This work was supported by the Physical ProgramhtikeoNational
Measurement Office, an Executive Agency of the U&Brtment for
Business, Innovation and Skills and Euramet INDO16.

carried out at NIST [2]. Measurement uncertaint@s a
waveform in the time or frequency domain show stmecthat
can be captured using a covariance matrix appr{&cihis
provides a representation that can be readily sgprkin either
the time domain or the frequency domain. The fraeque
domain covariance matrix is formulated in termshefreal and
imaginary components so that all the correlatidati@ships
are maintained. The issue is that covariance mgnixvs as
the square of the number of trace elemenfs The aim of this
work has been to develop an approach that provates
adequate representation of the uncertainties bowvgrat a
lower rate ) [4].

II.  TRACEABILITY PATH FOR HARMONIC PHASE AND PHASE
STANDARDS

Within NPL [5] and other national standards laborigs
(NIST [6] and PTB [7]) the primary standard for dynic
electrical measurements is realised through elexitic
sampling using the Pockels effect, where the psdéion of the
light passing through an electro-optic crystal,isas Lithium
Tantalate (LiTa@), is rotated in the presence of an electrical
field. The NPL Electro-Optic Sampling system (EGBljts the
output pulses from a modelocked Ti:sapphire laseb-00 fs
full-width at half-maximum (FWHM) at a repetitiorate of
80.4 MHz; lower pulse repetition rates can be aadeby
gating the output). Part of the split output drivasfast



photoconductor togenerate a comb of electrical pul:
(approximately Jps FWHM) on a coplanar wavegu (CPW)
transmission-line. The remainder used, with an adjustab
delay, to probe the electric field above the CPWé land tc
determine the crossarrelation waveform. The Pockels effi
is fast (10° ) giving an EOS bandwidth of about ¢ GHz on
the CPW line. In practice, the maximum usafrequency is
lower (in the region of 100 — 2(BHz) due to the transitic
from coplanar to coaxial geometry and correctioms
mismatch.
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Figure 2. Direct measarement systerm layout. Symthesizer 1 provides the
tirnehase correction siznal.

The CPW line is only 500 — 20Q0r long to avoid
dispersion. A coplanar-toeaxial transition provides the cor
output pulses in the correct geometry for connectio the
DSO under calibration. The coplanar-twagial transition it
characterised using the EOS teys. The maximum delay th
can be realized through the translation stage imsl3vith a
minimum point spacing of &. In practice the measured ep«

The trigger signal for the DS was obtained from the
synthesisr or phase standard as appropriate. The resittaal
which has several contributing factors, includihg teferenc
lock quality, was negligible (< 500 fs rrr

Measurements wertaken at different comb frequenc
using DSOs with 70 GHz bandwidth sampling heads a
10dB attenuator was included to give an input retloss
better than 10 dB (see Fig. 2). The ainthese measurements
is to minimise the errors by providing the best overall ma

V. COVARIANCE MATRIX STRUCTURE AND FORMULATION

In this analysis, the uncertainties are linearizaxad
represented by a Taylor series expansion, which lba
represented as a covariance matrix. In princihe covariance
matrix can be formulated from the waveform resintgither
the timedomain or the frequen-domain. The reason for
calculating the covariance matrix in the frequedoynain is
that the upper frequency limit is set and so extenthe epoc
can be achieved by interpolating the array. Alsmebase
corrected DSO results are unevenly spaced andasrgfdrmec
to the frequency domain by a le-squares Fourier fit. The
covariarte matrix is designed to maxire visibility of
structural relatinships by separating the results into their
and imaginary components,

Where the error term is given
2

and is the measured response as a complex vol
Removing redundant elements, the minimum uncomed

@)

is typically 500 — 2000 ps with 0.2E resolution. The
frequency data available from this system isrse in
comparison to the comb generators.

A. Phase standard

In this work we have used the results fostep-recovery
diode based PS thas specified to operate over octave
bandwidth 600 MHz — 1200 MHZThe RF powe-level is
monitored using an external RF power meter to en;
reproducible operating point.

DEVICES AND MEASUREMENT SYSTEN

B. Measurement systems

All the measurements have been taken ua single DSO
using timebase correctiamhich is essential to compensate
jitter and timebase nonlinearity [8], [9We use a separate
synthesiser to generate the thmee reference signals. T
frequency is chosen such that no intermodulaproducts
arising from remodulation of any comb line by the
frequency, or its harmonics, fall on aather comb lines. Th
synthesisrs are locked using their 10 MHz refereisignals.
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Figure 3. Components of th&tructur-based covariance matrix
model




Treating the matrix as sparse and setting elententero
can give savings but should be approached withara[itO].

By separating the covariance matrix into the <Ree>,
<Im . Im>. and cross-terms the underlying struguere
revealed. Each block in the covariance matrix stingcshows
both correlated and uncorrelated signal componente
uncorrelated terms that appear as cross-diagograksits show
some symmetry, allowing the response to be repredery a
smaller number of terms, each of length The time-error
(jitter) and amplitude variation components are hhig
correlated and can also be represented by singkemeders,
which can be recovered by a least-squares anallyises first
row and column of each block must be separatelsedtas
these exhibit different characteristics from theaeder of the
matrix. This is illustrated in Fig. 3.

V. MEASUREMENT RESULTS

The PS shows variation of the pulse shape with RFed
frequency and RF drive power, illustrated in Figindthe time-
domain.
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Figure 4. Variation of time-domain response witivelfrequency

These results have not been corrected for resijitted
components. The covariance analysis has been dpalie
single frequency only since the device is fully lear with
RF power and frequency.
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Figure 5. Time-domain response showing mean amdlate
deviation calculated from the measured and aligta¢d and from the
model.

VI.  VERIFICATION OF THE COVARIANCE MODEL USING
MEASURED RESULTS

A measurement of an RF comb phase-standard oppwttin
a repetition rate of 700 MHz has been used astaxasnple.
The measurement was performed using a sampling
oscilloscope and the time-domain response is shioviig. 5
together with the uncertainties calculated from gults and
through the model. The measurement set compriseatyw
traces of 4050 points. Each trace was correctegitfer and
timebase nonlinearity and the Fourier coefficieattshe comb
harmonics were calculated by least-squares fittimggive
twenty data sets, which is insufficient to meet the
decomposition criteria.
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Figure 6. Frequency comain covariance and model fit
showing the correlated components.



The covariance matrix in the frequency domain (Fp. VIl.  CONCLUSIONS
shows that there are significant correlated comptsavhich We have outlined the traceability route for comisdzh

accounts for the variation of the uncertaintieiine. phase standards and described a covariance matrix
compression algorithm that reduces the storageirmments

Time-dpmain covariance model (from frequency donakita) from J/z(n(n+1)) to 10], wheren is the number of frequency

components. The data presented show a good fith@nasults

can be used in either the time or the frequencyailemThis is

the first step to allow waveform uncertainties @dtored and

applied to measured results.

The measurement system uses a DSO traceably tadibra
against the NPL primary standard and allows measeme of
time epochs of 200 ns with a point spacing of Zlpsebase
correction is essential to achieve high accuracy.

This software has been developed as part of thankeir
INDO16 project. The final version of the covariance
compression algorithm will be available through theramet
INDO16 website [11].

ACKNOWLEDGMENT

The authors thank the Euramet project team for theip
cvet with this work.

REFERENCES

[1] D. A. Humphreys, M. R. Harper, J. Miall, D. SchrgutCharacterization
and behavior of comb phase-standards,” Microwavenf&ence
(EuMC), 2011 41st European , vol., no., pp.926-92913 Oct. 2011.

[2] H. C. Reader, D. F. Williams, P. D. Hale, and T.C&ment, “Comb-
Generator Characterization,” IEEE Trans. MTT, v6I(2), pp 515-521,
February 2008.

[3] D. F. Williams, A. Lewandowski, T. S. Clement, C. Wang, P. D.
Hale, J. M. Morgan, D. A. Keenan, and A. Dienstfré@ovariance-
based uncertainty analysis of the NIST electroeopéimpling system,”
IEEE Trans. Microwave Theory Tech., vol. 54, nopf, 481-491, Jan.
2006.

[4] D. A. Humphreys, P. M. Harris, J.Miall, “Instrumeraated structure in
covariance matrices used for uncertainty propagatidMicrowave
Conference (EuMC), 2012 43st European , 28 Odtle2 2012.

[5] M R Harper, A J A Smith,, A Basu, and D A Humphreg904.
“Calibration of a 70 GHz Oscilloscope,” CPEM 20@4ndon, June 27
to July 2, 2004: 530-531.

[6] D. F. Wiliams, P. D. Hale, T. S. Clement, and J. Morgan,
“Calibrated 200-GHz Waveform Measurement,” IEEEN&aMTT, vol

Figure 7. Frequency comain covariance and modshéitving the 53 (4), pp. 1384-1389, April 2005.

correlated components. [71 M. Bieler, M. Spitzer, K. Pierz, and U. Siegner,mfiroved

Optoelectronic Technique for the Time-Domain Chtedzation of

Sampling Oscilloscopes,” IEEE Trans. Instrum. Mea8, 1065-1071

CVt- CVet

The frequency-domain covariance matrix has been

: ) . X o (2009).
converted into the time-domain, using the relatidms (8] D. A Humphreys and F. Bernard, “Compensation ofnping
cv, = CVTCVfA (2) oscilloscope trigger jitter by an in-phase and gqatde referencing

technique,” ARMMS Meeting Abingdon, UK, April 2005.

Where the matrix A contains the Fourier transforperator [9] D A Humphreys, “Vector Measurement of Modulated &gnals by an
components. The time-domain results (Fig.7) als@wsh In-Phase and Quadrature Referencing Technique,"HESE. Sci. Meas.
correlated components and the difference betweem th 1ech. BEMC Special edition, IEE vol. 153, no 6, #10-216., Nov.

2006.
transform of the model and the transform of the suesed . . T
. [10] A. Jalobeanu, J. A. Gutiérrez, “Inverse covariasaaplification for
results is small.

efficient uncertainty management,” 27th InternagéilotWorkshop on
Bayesian Inference and Maximum Entropy Methods @er®e and
Engineering, AIP Conf. Proc. 954, pp.237-244, AQQ7.

[11] . http://www.ptb.de/emrp/235.html




