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ABSTRACT

Good phase stability of a frequency standard is required to preserve the coherence

of the radio astronomical signals coming from different antennas spread over an

array like Giant Meterwave Radio Telescope (GMRT). Stability on short time scale

is important for accurate time-stamps required by pulsar timing. This paper is

concerned about the quantitative and the standardized description of atomic clock

stability. GPS disciplined Rubidium atomic clock is taken as frequency standard in

the GMRT. The different clock noises in the Rubidium stability curve (both experi-

mental and simulated) are studied. The issue of measuring the drift in atomic clock

using the pulse arrival times of the millisecond pulsar PSR B1937+21 is addressed.

1 INTRODUCTION

High quality time and frequency standards are a necessity for a large observatory such as the Giant

Meterwave Radio Telescope (GMRT). The good phase stability of frequency standards is required

to preserve the coherence of the radio astronomical signals coming from different antennas spread

over an array. Stability on short time scale is important for accurate time-stamps required for

pulsar timing. The pulsar receivers employing the coherent dedispersion can provide very high time

resolution data [1] and this allows pulsar timing solutions with root mean square (RMS) residuals

of the order of 35 ns [2].

With the advent of Global Positioning System (GPS), it has also become possible to achieve a high

degree of stability with the low cost frequency standards. In the GMRT Rubidium (Rb) atomic

clock is used as the frequency standard. This clock was disciplined with GPS 1 PPS signal in order

to optimize its long time stability. The GPS disciplined atomic clock retains the inherent short

time stability of Rb ignoring the short time jitter of 50-300 ns in GPS 1PPS signal. This paper

is concerned about the characterization of atomic clock stability and the identification of different

kind of noise processes perturbing the timing data. In the process of stability analysis we dealt with

both the stochastic (noise) and the deterministic properties of the device under test. It is often

best to characterize and remove the deterministic factors (e.g. frequency offset, frequency drift,

temperature sensitivity) before analyzing the noise. The noise processes can be studied using the

simulation of the clock noises generated from the pseudo-random sequences.



2 CLOCK NOISE MODEL

The output of a frequency standard can be modeled as a sine wave

V (t) = [V0 + ε(t)] sin[2π(ν0 + ∆ν)t + Kν0t
2 + φ(t)] (1)

where V 0 = nominal peak output voltage, ε (t) = amplitude deviation, ν0 = nominal frequency,

∆ν = frequency offset, K = frequency drift rate and φ (t) = random phase deviation. The random

phase deviation φ (t) can be expressed in terms of the time error x(t).

x(t) =
φ(t)

2πν0

(2)

This noise can be characterized by its standard variance. However, the normal standard variance

does not converge to a single value due to the accumulation of the time errors as the number of

measurements increases. Hence, standard deviation is not recommended as a measure of frequency

stability.

The Allan Variance (σ2(τ))[3], a good measure of the stability of the frequency source, is the second

moment of dispersion of frequency from its nominal value. For a data sequence xi

σ2(τ) =
1

2(N − 2)τ 2

N−2∑

i=1

[xi+2 − 2xi+1 + xi]
2 (3)

where, τ is the observing interval in seconds. This is convergent and well-behaved in spite of the

apparent walk-off phenomenon exhibited by most clocks.

The stability measure in the frequency domain is the Power Spectral Density (PSD) (Sν(f)) of

fractional frequency fluctuation.

Sν(f) =
0∑

α=−4

hα+2f
α+2 0 ≥ f ≥ fh

= 0 f > fh

(4)

where hαs are device dependent parameters and fh is the upper cut-off frequency. Value of α

depend on the particular kind of power-law noise. There are five different noise models : White

Phase Modulation (WPM with α = 0), Flicker Phase Modulation (FPM with α = −1), White

Frequency Modulation (WFM with α = −2), Flicker frequency Modulation (FFM with α = −3)

and Random Walk frequency Modulation (RWFM with α = −4). All these kind of power-law

noises can be generated in time-domain as the pseudo-random sequences having specified PSD [4].

This process incorporates the spectral shaping of a white Gaussian pseudo-random sequence after

fourier transforming and then filtering with the transfer function of Hα/2 ∝ (i2πf)α/2. The Allan

Deviation (AD) curve derived from these simulated noises is shown in Fig. 1. These noises can be

identified by fitting the AD equation σ(τ) ∝ τµ/2, where µ = −α − 3 [5].

3 EXPERIMENTS AND RESULTS

The inter-comparison experiments among two or more clocks are concerned about the characteriza-

tion of smooth running of the clock, estimated by AD of its errors. The experiment using Pulsar

provide us a statistical measure for comparing the rotational stability of Pulsar with the terrestrial
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Figure 1: The plot of Allan Deviation from
simulated noise sequences with fitted slopes
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Figure 2: The Allan Deviation plots of Pulsar
B1937+21 and Rubidium standard
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Figure 3: Frequency offset in Rubidium de-
rived from Pulsar B1937+21 TOA residuals
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Figure 4: The distribution of Pulsar
B1937+21 TOA residuals with fitted Gaussian

atomic standards. The list of experiments are as follows :

(a) The experiment involving the phase data study for a GPS disciplined Rb versus a Free running

Rb is the one where the phase errors in the 10 MHz outputs of free running Rb and GPS disciplined

Rb were acquired. The acquired phase data residuals are made up of measurement noise and the

correlated effects driven by a common temperature for both the oscillators. After removing the cor-

related deviations and most of the systematics from first order difference between the time errors,

we are left with the random uncorrelated deviations. The free Rb’s AD is then estimated from the

residuals as shown in Fig. 2. There is a signature of WFM and FFM dominated noise processes in

this stability profile. The slope of µ = −0.5 indicates the WFM noise process, which significants

upto 300 s. The nearly flat FFM noise profile starts dominating from there onwards.

(b) In the second experiment the phase errors of the 10 MHz outputs of GPS disciplined Rb (Rb1)

and of 2nd Rb (Rb2) (which is disciplined by the first one) were acquired. This data along with

that of free Rb give a comparative view of the effect of disciplining on the short-term stability. On

short-time scale any disciplined Rb follows the inherent stability of Rb only and on the averaging of

1000 s the stability is arriving on the level of 1× 10−12. There is an evidence of short term jitter of

GPS in the time-tag errors between 1 PPS signal of GPS and Rb1. Its effects becomes insignificant

on the averaging of ≈ 1000 s.

(c) An independent way of measuring the absolute frequency of an atomic clock is to make use of



pulse Time of Arrival (TOA) data of millisecond pulsar PSR B1937+21. There is a possibility of

using millisecond and binary pulsars as the stable natural frequency standards due to the exceptional

rotational stability of the pulsar around its axis and in the orbital motion around the barycentre

of the binary system. The timing data of PSR B1937+21 provides the measured stability better

than one parts in 1013 over time scale of ≥ 6 months [6]. This excellent long term stability is

comparable with that of the atomic clock. Our observation of PSR B1937+21 indicates that such

observations can provide an accurate figure for frequency offset of 10 MHz Rb clock over an duration

of 300 s (5.25 × 10−15) (Fig. 3). The de-dispersed time residuals produce a series of integrated

pulse profiles, each of 6 s. The residuals are dominated by WPM which is the signature of random

measurement errors (Fig. 4). The derived AD from these residuals is plotted in Fig. 2 with a value

of 1 × 10−9 on 1000 s averaging. This result matches with the data in [6].

4 CONCLUSIONS

The stability study of Rb frequency standard produce a concise, yet complete, quantitative and

standardized description of time domain stability. The inter-comparison experiment with the pulse

phase data of this pulsar provides a promising method of characterizing the observatory standards.

Such experiment will also help to check the long-term stability of the International Atomic Time

(TAI) which is computed offline from an ensemble of atomic clocks worldwide.
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