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Abstract: A stable and reliable time keeping system depends on the integrity monitoring of the atomic frequency standard. This paper reports
a scheme for autonomous integrity monitoring of multiple atomic clocks, which combines the frequency standard comparison method and
the frequency jump detection method. The frequency standard comparison method uses multi-channel synchronous acquisition technology
and digital frequency measurement technology to realize the precise measurement of multiple atomic frequency standards. The frequency
jump detection method uses adaptive filtering to predict the relative frequency difference and give an accurate and timely alarm for the
abnormal of frequency jump. The results show that the noise floor frequency standard comparator is better than 6.5x10°13 s. For a relative
frequency deviation of 2.0x10 Hz, the probability of anomaly detection is almost 100 %. The system has high frequency measurement
resolution and fast alarm of frequency jump, which can meet the real-time requirements of a time keeping system for the integrity monitoring

of multiple atomic clocks.
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1. INTRODUCTION

In the fields of modern industrial production, scientific
research, civil economy, such as power communication,
geodesy, satellite navigation, transportation, etc., the high-
precision atomic clock provides an accurate time-frequency
reference for them. In the global satellite navigation system
(GNSS), the accuracy of satellite navigation and positioning
mainly depends on the performance of on-board atomic
clocks [1]-[3]. For example, the "nanosecond" time deviation
of GPS navigation satellite system will directly cause the
"meter" positioning error of users [4]. In addition, the atomic
clock is also an important part of the laboratory timekeeping
system. Modern timekeeping systems mostly provide time-
frequency reference in the form of an atomic clock group.
Although the frequency accuracy and frequency stability of
the atomic clock are very high, due to the factors such as the
aging of components and changes in the operating
environment, the output signal of the atomic clock may be
abnormal. Therefore, in order to ensure the reliability and
effectiveness of time reference, whether it is navigation
satellite or laboratory timekeeping system, it is of great
significance to monitor the integrity of atomic clock output
signal in real time.

Frequency jump is the most common anomaly. The
detection of the frequency jump anomaly of atomic clock is
very important. It requires that the detection must be fast. The
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higher the detection probability (PD) and the lower the false
alarm probability (PFA), the more reliable the time keeping
system can be. The fast detection of frequency jump anomaly
requires the frequency measurement of multiple atomic clock
signals to be synchronized and real-time. In addition to the
influence of the performance of the frequency jump detection
algorithm, the resolution of the frequency jump anomaly
detection also depends on the measurement resolution of the
frequency measurement system. Although there are many
excellent frequency jump detection algorithms [5]-[7], there
is no comprehensive and detailed solution for autonomous
integrity synchronous monitoring about multiple atomic
clocks in the time keeping system, and it also cannot locate
the abnormal signals autonomously.

To realize the synchronous and real-time monitoring of
multiple atomic clocks, and locate the abnormal atomic
clocks, an autonomous integrity monitoring method of atomic
clock group is proposed in this paper. Firstly, the scheme
design of an autonomous integrity monitoring system is given.
Secondly, the frequency comparison measurement algorithm
is introduced in detail. Then the integrity monitoring
algorithm is given to monitor the frequency jump.
Simultaneously, the effectiveness of the algorithm is verified
by simulation. Ultimately, we analyze the results, and the
discussion is given.
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2. AUTONOMOUS INTEGRITY MONITORING SCHEME

To ensure the accuracy of fault discrimination and the
timeliness of alarm, the scheme of autonomous integrity
monitoring of atomic clocks shown in Fig.1. is given in this

paper.
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Fig.1. The scheme of autonomous integrity monitoring of atomic
clocks.
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The multi-channel frequency standard comparator
supports synchronous measurement of four channels signal
with a nominal frequency fo =10 MHz. One of the input
channels is a common oscillator, which is used to compare
with other measured atomic clock signals to alarm the
abnormal atomic clock. The multi-channel frequency
standard comparator measures the relative frequency
difference between the input signal and the common
oscillator every second. The frequency jump detection
module analyzes the frequency relative frequency difference
to determine whether frequency jump abnormality occurs.
Finally, the atomic clock abnormal alarm module judges the
abnormal attribution of the atomic clock by analyzing the
abnormal conditions from relative frequency difference. The
proposed scheme can not only achieve high-resolution
measurement of the frequency of multiple atomic clock
signals, but also ensure the real-time and effectiveness of
anomaly monitoring.

3. FREQUENCY STANDARD COMPARISON METHOD

With the development of science and technology, the
performance of atomic frequency standards is constantly
improving. For example, the frequency fluctuation range of
cesium atomic clocks reaches 102@10 MHz and the
frequency fluctuation range of hydrogen atomic clock reaches
103@10 MHz or even smaller, which puts forward higher
requirements for the measurement resolution of atomic
frequency standard measurement equipment to achieve high-
precision abnormal monitoring of frequency jump.

Aiming at the high-precision abnormal monitoring of
frequency jump from multiple atomic clocks, a multi-channel
frequency standard comparison method based on digital
measurement of beat signal is proposed. This method uses the
multi-channel synchronous acquisition technology and
digital frequency measurement algorithm to measure the
frequency of input signals. Fig.2. shows the schematic
diagram of the multi-channel frequency standard comparison.

The common oscillator provides a reference for the
frequency offset generator (FOG) to synthesize a frequency
offset signal with a deviation f; from the nominal frequency
Jfo. The common oscillator and each atomic clock signal are
mixed with the frequency offset signal, respectively. After
low-pass filtering, a sinusoidal beat signal with frequency f,

is generated. The analog-to-digital convertor of each channel
uses a common sampling clock to ensure the synchronization
of frequency measurement results. Finally, the amplitude of
each beat signal and the frequency deviation of each atomic
clock signal relative to the common oscillator are calculated
by using the digital frequency measurement algorithm.
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Fig.2. Schematic diagram of multi-channel frequency standard
comparison.

A. Digital frequency measurement algorithm

The sinusoidal beat signals at the j and j+1 second of
channel i(i = 1,2,3,4) can be expressed as follows:

, fp+Afij
S;,j(n) =V, sin [271 (T’) n+ <pi,j] + N ;(n),
n € [1,f] (1)
, fp+Afij
Sij+1(M) =V jiq sin [2” (%) n+ §0i,j+1] + Nyji1 (),
n € [fs + 1,2f] (2)

where f; denotes the sampling rate of the analog-to-digital
conversion. V;; and Vj;+1 denote the amplitude of the
sinusoidal beat signal. f; is the frequency of the sinusoidal
beat signal and its value is 1 Hz. Afj; is the frequency
deviation relative to the nominal frequency f;. Nij(n) and
Nij+1(n) are Gaussian white noise superimposed on the signal,
n denotes the discrete time.

The cross-correlation results of Si;(n) and S;;+1(n) are as
follows:

1 wfem
Rsi‘j,si‘jﬂ () = ;ZZ:J Sijm)Sijr(n+1)=
1 fp+Afij
= 2 VijVijicos [271 (%) T+ A(j)] +

+ Rsi,iji,j+1 + Rsi,j+1rNi,j + RNi,eri,j+1 3)
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where 7 denotes the delay of correlation operation, 7 is a
discrete integer variable whose value is [-f;, fi-1].
Ap = @; 41 — @;; represents the initial phase difference.
Since the signal and noises are not correlated, the noises are
not correlated with each other, or the correlation is small
enough to be ignored, then the cross-correlation equation
Rsi,eri,j+1 = Rsi,j+1'Ni,j = R,\,i‘]._,\,i‘]ur1 = 0 is satisfied.

When the T = 0, formula (3) can be expressed as:

1
Rsi,jrsi,j+1(0) = EI/i,jI/i,]’+1 COS(Ad)) (4)
Sij(n) and S;;+1(n) perform a cross-correlation operation

with themselves, respectively, to obtain the amplitude of the
beat signal as follows:

Vijer = 2Rsi,j+1r5i,j+1 0) (5)

V= [2Rs,;5,(0) (©6)
According to formulas (4)-(6), the A¢ can be expressed as:

Rs; 1S j+1 (0)

\/Rsi,j'si,j(0)'R5i,j+1'5i,j+1 (0

(7

A¢p = t+arccos

The initial phase ¢; j,1 of S;;+1(n) is equal to the phase of
Sij(n) at n = f;. As shown in the following:

@ijr1 = @i +21(fy + Af;}) ®

Since the frequency deviation Af; ; can be divided into
integer frequency deviation 4fj,, ; ; and decimal frequency
deviation Afy, ; j, it is expressed as follows:

A9 =21 (fo + Afine 1j + A aec 1) = 270+ Afgoc ij (9)

Then the decimal frequency deviation Afgec;; is
expressed as :

Rs; j\Sije1 (0)

\/Rsi’ 51/ CORS; 11,5 141 ©)

(10)

1
Afdec_i,j =+ 5 arccos

In addition, the fast Fourier transform (FFT) algorithm is
used to analyze the power spectrum of the digital sinusoidal
beat signal, and solves the integer frequency value of the
sinusoidal beat signal.

According to the principle of the dual mixer time
difference (DMTD) method [8]-[10], the measured frequency
of the sinusoidal beat signal can be divided by a beat factor
fo/f» to calculate the frequency of atomic clock of each
channel.

4. FREQUENCY JUMP DETECTION METHOD

The frequency of atomic clock signals, including common
oscillator, can be calculated by using a frequency standard
comparator. The relative frequency difference between the

clock i and common oscillator is Af;.. Fig.3. shows the flow
chart of the frequency jump detection method.

After caching the relative frequency difference data with
length M, the adaptive filter predicts the relative frequency
difference, i.e., AFP;.(M + 1), based on the M relative
frequency difference data measured previously. The
predicted value is compared with the measured value. If the
frequency jump range exceeds the threshold G, then we can
determine the frequency jump alarm, otherwise the frequency
is not abnormal and the measurement can continue.

Frequency difference data
Af,.(n)

Data Cache

|

Prediction of frequency difference by
adaptive filtering AFP, (n)

A, (n)=AFP, (n)>G,

Frequency jump
alarm

Fig.3. The flow chart of frequency jump detection method.

A. Adaptive filter prediction algorithm

Adaptive filter adjusts its own filter parameters to the best
possible level based on the input data. It does not need any
prior statistical information about signal and noise [11]. The
M+1 relative frequency difference can be estimated from the
previous M relative frequency difference data, and the
expression is as follows:

AFP, (M + 1) = Wy Xy (11)
where Wy represents the weight coefficient vector at time M
and W,I = [wy, w,, -+, wy]. X,y is the input vector at time M

T
and Xy, = [4f,(1), 4,0 (), Afi c (MD)]
The prediction error can be expressed as:

e(M) = Af; (M +1) — AFP;, (M + 1) (12)

When the estimated mean square error E [eZ] is minimum,
it means that the parameters of the weight coefficient vector
Wy, are optimal. Then the following equation holds:

oBlefy] oE[ef] | oEled]]” _

1

0 (13)

7= ,

ow,q owy " owy

where ¥ is the gradient vector of E[eZ].
According to the random gradient descent criterion, the
weight coefficient vector at time M+1 is updated as follows:
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W1 = Wy + peyXy (14)

where p is the constant of the adjustment step size, which
determines the speed of convergence. The range of u is
[0,2/21max)s Amax 1S the maximum eigenvalue of Ryy.

The new input vector is updated as follows:

X1 = [8fic @), Afic (), Afi M+ 1] (15)

B. The judgment of abnormal attribution

After the frequency jump is detected, it is necessary to
judge which signal is abnormal. The probability of
abnormality of multiple atomic clocks at the same time is
usually very low. We only consider the discrimination of
frequency jump from a single clock. The judgment logic is as
follows:

|Af1,c(n) - AFP1,c(n)| > Gp
Casei: if{|Afy () — AFP,.(n)| > G
|Af3,C(n) - AFP3_C(n)| > Gp

the common oscillator has a frequency jump.

|Af1,c(n) - AFP1,c(n)| > Gp
Case ii: if{ |Afy () — AFP,.(n)| < G
|Af3,C(n) - AFP3_C(n)| < Gp

the clock x1 has a frequency jump.

|Af1,c(n) - AFPLC(n)l < Gf
Case iii: if { |Afy . () — AFP,.(n)| > Gp
|Af3,C(n) - AFP3'C(n)| < Gf

the clock x2 has a frequency jump.

|Af1,c(n) - AFPLC(n)l < Gf
Case iv: if { |Afy .(n) — AFP,.(n)| < G
|Af3,C(n) - AFP3'C(n)| > Gp

the clock x3 has a frequency jump.

Case i: The selection of frequency jump threshold G
Threshold G determines the effectiveness and reliability
of frequency jump detection. In the case of no abnormality,
the relative frequency difference data satisfies the probability
density distribution function of P(z;). When there is an
abnormality, the relative frequency difference data satisfies
the probability density distribution function of P(z,).
The false alarm probability of frequency jump detection
can be expressed as:
+o0
Praise = fGF P(zy) dz, (16)
The frequency jump detection probability can be expressed
as:
+o0
Paetection = fGF P(z;) dz, (17)
As shown in formula (16), if the Gpis too small, the
probability of abnormal false alarm is high, and according to
formula (17), if the threshold G is large, the probability of

abnormal detection is low. In the practical engineering
application, it is necessary to select a reasonable G to ensure
high detection probability and low false alarm probability.

5. VERIFICATION AND RESULTS

To evaluate the performance of the autonomous integrity
monitoring method for multiple atomic clocks proposed in
this article, we create an experiment and software simulation
to verify the proposed method.

A. Noise floor of frequency standard comparator

The resolution of the comparison measurement will
directly affect the accuracy of the fault judgment. According
to the digital frequency measurement algorithm, we have
developed a multi-channel frequency standard comparator
prototype. An experimental test platform is established to
evaluate the noise floor of the prototype. Fig.4. shows the
diagram of the experimental test platform.

ToMe R, REF" Multi-channel Digital
e CH
> i Frequency Standard
Frequency CH2 " Comparator
: Distribution Amplifier CH3
MIM 2010

Active Hydrogen Maser

Fig.4. The diagram of the experimental test platform.

A sinusoidal signal generated by an active hydrogen maser
is distributed to four channels by the frequency distribution
amplifier. Then, four sinusoidal signals are connected to
the input port of a multi-channel frequency standard
comparator prototype. Fig.5. shows the frequency stability of
three measurement channels. For an input signal with the
frequency 10 MHz, the noise floor test results of the three
measurement channels are 6.26 X 1075/s, 6.19 x 10715 /s,
6.10 x 1075 /s, respectively, which meets the requirements
of high-precision frequency measurement for autonomous
integrity monitoring of multiple atomic clocks.
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Fig.5. The frequency stability of three measurement channels.
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B. Simulation of frequency jump detection

Frequency jump includes instantaneous jump and
continuous jump. We select 10000 relative frequency
difference data from the noise floor test experiment. As
shown in Fig.6.a), a jump at ¢+ =2000s with a relative
frequency deviation of 2 X 107¢ Hz is created to simulate the
instantaneous frequency jump, a jump at ¢ = 6/00 s and later
with a relative frequency deviation of 5 x 107¢ Hz is created
to simulate the continuous frequency jump. Fig.6.b) shows
the two probability density functions with no frequency jump
and continuous frequency jump. The two probability density
function curves are extremely narrow, which also reflects the
low noise floor of multi-channel frequency standard
comparator. According to the probability density function,
if the frequency jump threshold is selected as
Gr = 1 X 107° Hz, the false alarm probability is almost 0 and
the anomaly detection probability is almost 100 %.
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Fig.6. a) frequency difference (freq. diff.) with instantaneous jump
and continuous jump. b) The probability density functions with no
frequency jump and continuous frequency jump.
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Fig.7. a) The adaptive filtering prediction (AFP) of frequency
difference. b) The prediction error of frequency difference.

In the prediction of frequency difference by adaptive
filtering, the cached data length A/ is set to 10, which not only
reduces the complexity of mathematical calculation, but also
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ensures the real-time performance of frequency difference
prediction. Fig.7.a) shows the prediction curve of the relative
frequency difference by adaptive filtering. The adaptive filter
can quickly converge and return to a stable state even if the
frequency jump occurs. Fig.7.b) shows the curve of absolute
error value. We learned that, both instantaneous frequency
jump with a relative frequency deviation 2 X 107® Hz and
continuous frequency jump with a relative frequency
deviation 5 x 107® Hz can be detected rapidly.

6. CONCLUSION

The autonomous integrity monitoring of multiple atomic
clocks is related to the reliability and effectiveness of the time
reference signal provided by the timekeeping system. This
study proposes a system of autonomous integrity analysis for
atomic clocks, which not only achieves high-resolution
measurement of multiple atomic frequency standards, but
also monitors the frequency jump abnormality of each atomic
frequency standard, and accurately and timely gives a
location of abnormal signal.

The noise floor of the multi-channel frequency standard
comparator is better than 6.5 X 1071°/s, which meets the
requirement of frequency measurement resolution for
autonomous integrity monitoring of atomic clock. The
frequency jump detection algorithm is not only fast and
accurate for abnormal alarms, but also can identify a relative
frequency deviation of 2 x 107® Hz, which is enough to meet
the frequency monitoring of the clock group composed of
hydrogen atomic clock and cesium clock.

The high-resolution frequency measurement of the multi-
channel frequency standard comparison method and the real-
time alarm of anomaly detection are of great significance in
engineering application.
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