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Border effect-based precise measurement of any frequency signal®
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Limited detection resolution leads to fuzzy areas during the measurement, and the discrimination of the border of
a fuzzy area helps to use the resolution stability. In this way, measurement precision is greatly improved, hence this
phenomenon is named the border effect. The resolution fuzzy area and its application should be studied to realize high-
resolution measurement. During the measurement of any frequency signal, the fuzzy areas of phase-coincidence detection
are always discrete and irregular. In this paper the difficulty in capturing the border information of discrete fuzzy areas
is overcome and extra-high resolution measurement is implemented. Measurement precision of any frequency-signal can
easily reach better than 1 x 10~ /s in a wide range of frequencies, showing the great importance of the border effect. An
in-depth study of this issue has great significance for frequency standard comparison, signal processing, telecommunication,

and fundamental subjects.
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1. Introduction

With the development of science and technology, high-
resolution time-frequency processing technology plays an in-
creasingly important role.!"?! In a high-precision test system,
precision of the signal frequency must be higher, and practi-
cability of the measurement method is also a focus.>-6! Cur-
rently in order to improve measurement resolution, especially
for the measurement of any signal, the traditional technique is
always to make the reference signal equal to the frequency to
be measured through frequency conversion, or to adopt rele-
vant high-precision time interval measurement methods such
as analog interpolation, vernier method, time-digit transforma-
tion, to assist the measurement of the nonsynchronous differ-
ence between the multiple periods of the measured frequency
and the measurement gate.!”® These methods are difficult to
implement, and the ultimate measurement precision is still
limited and measurement precision in a wide range of frequen-
cies can only reach 2 x 10~'!/s ~ 3 x 107 11/s.19:10]

On the basis of our long-term study of high-precision
measurement, we propose the concept of a fuzzy area of reso-
lution and its border.['!] Because of the higher stability of the
measurement resolution, the comparison characteristics be-
tween the object to be measured and the standard signal can
reflect different detection results inside and outside the fuzzy
areas at the border more sensitively. Measurement precision
only depends on resolution stability which is much higher
than the resolution itself. This new principle makes it pos-
sible to significantly improve measurement precision. For in-
stance, when the standard frequency is close to the frequency
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to be measured or is a multiple of it, concentrated fuzzy areas
are generated, and measurement results which are apparently
higher than the circuit resolution by 2-3 orders of magnitude,
are acquired./1112]

There are a variety of frequency signals in frequency stan-
dard technology, telecommunication, exploration of natural

[13-15] quch as the fre-

phenomena, and electronic engineering,
quency signal of 1, 420, 405, 750 Hz of a hydrogen atom’s
energy-level transition, 19.59425 MHz in a hydrogen atomic
clock, 9, 192, 631, 770 Hz of a cesium-atom energy-level tran-
sition, 16.384 MHz and 19.44 MHz in telecommunication,
4.43361875 MHz of the subcarrier in a color television, sig-
nals used in global positioning systems (GPS), etc. When only
one standard frequency signal is utilized to measure any signal
in a wide range of frequencies, the phase coincidence detec-
tion fuzzy areas are always discrete because of the complex
relationship between them.!!! Stochastic phase-coincidence
detection information cannot guarantee the high measurement
precision which is obtained by using resolution stability. At
this moment differences in index between using the border ef-
fect and using other methods are great. An in-depth research
on the border effect helps not only the measurement precision,
but also the measurement scope and response time. Ultrahigh
resolution measurement of any frequency signal can work ef-
fectively in precision-improvement and function-extension of
many fields. This new approach is not limited to the time-
frequency field, but is of great value for measuring a variety of
physical quantities, thus satisfying the requirements for higher
precision in many fundamental scientific studies.
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2. Phase change regularities between any fre-
quency signal and border effect

The phase changes between any two periodic signals are
regular. The frequency-measuring method in the present pa-
per is based on phase-change regularities between arbitrary
frequency signals. An analysis of these regularities is made
first. When the relationship is complex between the reference
frequency fjy and the frequency to be measured f;, the phase
relation is shown in Fig. 1(a), where V; represents the phase
state within the scope of phase-coincidence detection: nar-
row pulses indicate that the phase difference is close to 0°,
and wide ones mean that the phase difference is close to 360°.
Within a Ty (the least common multiple period), the change
in phase difference is not monotonic.!'! However, the cor-
responding phase difference is equal in each Ty, (ag = ay,
by = by, co = c1, and dy = d if phase-differences are free from
external noises). On rearranging phase-differences within one
Thinc in descending order, we know that a constant difference
AT exists between the two adjacent phase-differences, and is
called quantized phase shift resolution.!'®! T, . and AT can
be determined by Eq. (1).

Jo=A" fmaxc,
Jx =B fmaxc,
1 1
Thine = ma M
AT L
A-B- fmaxc
where fmaxc 1S the greatest common factor frequency, and A

and B are two relatively-prime positive integers. 1!
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Fig. 1. (color online) Characteristics of phase coincidence information be-
tween arbitrary periodical signals, showing (a) discrete and complex phase
relationship and (b) discrete fuzzy area.

For a circuit with limited resolution, when the phase dif-
ference is smaller than the resolution of the circuit, a series

of coincidence pulses is generated, forming detection fuzzy
areas. Monotonically-changing phase leads to detection of
concentrated “coincidence cluster” around the strict phase-
coincidence points, resulting in concentrated fuzzy areas.!!”]
In this case, the phase difference always enters the inside of
the fuzzy area from the outside of it monotonically and con-
tinuously.

When the frequency relation between two signals is com-
plex, phase difference is irregular, and coincidence pulses can
be detected at certain positions, forming discrete fuzzy areas
as shown in Fig. 1(b). Using these irregular coincidence pulses
to trigger the counting gate, along with some external random
factors, causes a large difference between phase-differences
of opening the gate and closing the gate, and thus the ultimate
measurement error is great.

Assume that the coefficients of deviation of pulses which
trigger the opening and closing of the actual measurement gate
from the actual phase-coincidence pulses are {; and &, re-
spectively, then the phase difference at gate-opening position
0 (£1) and the phase difference at gate-closing position 6 (£;)
are denoted as follows: "]

8(81) = & -AT,
0(&) = & - AT, @
0=0(&)—0(6)=(&L—G1)-AT,

where 8 represents the error resulting from the counting gate.

By Eq. (2) we conclude that the closer to 0 (§;) the 6 (;)
is, the higher the frequency-measuring precision is. If 0 ({;)
were equal to 0 (), the quantization error could be thor-
oughly eliminated, and then the highest precision could be ob-
tained.

For the case in which discrete fuzzy areas result, the de-
tected information is complicated and its characteristics vary
greatly with the numerical change of the quantity to be mea-
sured. It has been found in our study that phase informa-
tion states (e.g. phase coincidence information) are very stable
within the fuzzy area, but the phase coincidence between sig-
nals either can or cannot be detected at the border of a fuzzy
area. Meanwhile, a slight change at the border of a fuzzy area
reflects subtle characteristics of the comparison signal. If pulse
information at the border can be extracted, and the stability of
the circuit is high, the states of the phase difference between
the two signals at the opening position and that at the clos-
ing position of the counting gate are nearly the same, and then
0(&1) and 6(§,) are very close to each other, leading to the
smallest quantization error 8. The relatively strict synchro-
nism of phase difference entering fuzzy areas twice merely
depends on the stability of the border of the fuzzy area, and it
determines the synchronization between signals and a count-
ing gate in measurement of the frequency and other parame-
ters, thus realizing high-precision measurement. In this case,
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measurement stability relies on the stability of the border of
the fuzzy area, namely the stability of the coincidence detec-
tion resolution.

3. Experiment scheme for measuring frequency

Limited measurement resolution results in a discrete
fuzzy area when the change of phase differences between two
signals is not monotonic. It can be found that the original
phase coincidence information is lost after a slight phase shift
and that new phase coincidence points, which did not exist
before, appear after the shift. Reversal of phase coincidence
information resulting from delaying and phase-shift demon-
strates that this coincidence is at the border of a certain col-
lateral fuzzy area. Based on the border effect, if the border
information can be accurately extracted, and a measurement
gate is formed by using it, then the stability of the fuzzy area

can be utilized to replace the resolution of the fuzzy area, thus
greatly improving precision. In this paper a method of mea-
suring any frequency signal based on the border effect is pro-
posed, in which frequency conversion techniques and other as-
sisted precise time measurement methods are not employed,
and simple circuits are used.

As discussed above, even though no obvious fuzzy area
is found, border information can still be detected through the
processing of borders of discrete fuzzy areas. Delay and se-
lective processing of a fuzzy area are conducted in two cir-
cuits to detect the border information of a discrete fuzzy area;
two similar border phase states serve as the signals which will
open and close the counting gate, and then the quantization
error is reduced and high-precision is obtained. The block di-
agram and corresponding waveforms are shown in Figs. 2 and
3, respectively.
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Fig. 2. Block diagram of frequency measurement for discrete fuzzy area.

In Fig. 2, fo, the reference frequency signal, and f,, the
frequency signal to be measured, are two signals with a com-
plicated relationship. Both of them are sent into shaping cir-
cuits to produce square waves, resulting in two groups of coin-
cidence pulses. The two similar phase-coincidence detection
circuits are different in delaying and processing, which causes
the two fuzzy areas to be generally the same with some oppo-
site detection information. The border information is extracted
by real-time exclusive-OR processing of the two groups of
phase-coincidence pulses.

In Fig. 3, the phase coincidence detection information be-
tween fy and f; is shown, the two panels in the first row show

the results of one phase-coincidence detection circuit and the
two in the second row display the results of the other circuit.
The two groups of phase coincidence detection pulses are gen-
erally identical, but slightly different because the difference
between the circuits in delaying leads to contrary detection re-
sults at some positions. For instance, ag (the red thick line)
is detected as the phase-coincidence position in the waveform
figure above, whereas by is not in the figure below; a; is not
detected, but by is. And states of phase between ag and a;
are identical to that between by and b;. In this way, it can be
determined that ag (or bg) and a; (or by) are the borders of a
discrete fuzzy area through exclusive-OR processing.
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Fig. 3. (color online) Waveforms of discrete fuzzy area processing.

It can be seen from Fig. 3 that the difference in coinci-
dence-detection only exists at the border of fuzzy area. When
the reference gate is started and the first coincidence pulse is
detected, the actual measurement gate is triggered. When the
reference gate is closed and the first coincidence pulse is de-
tected, the actual measurement gate is closed. fy and f, are
counted respectively in the actual measurement gate, and then
the frequency to be measured is determined by Eq. (3)

_ fO'Nx
Ny ’

fx 3)

where N, and Ny are the counting numbers of f, and fy, re-
spectively. This equation is also applied to instruments of
multiple-period and synchronous measurement, %! but the ex-
tent of synchronization is different, and hence precision is dif-
ferent.

In the scheme, the key work of realizing precise measure-
ment is to utilize two phase coincidence detection circuits with
slight differences and a real-time exclusive-OR device to de-
tect border coincidence pulses of discrete fuzzy areas. A phase
coincidence detection circuit has relatively high stability, in
other words, phase coincidence detection resolution changes
in a sense, and there are differences between the ps (picosec-
ond) level and the 10-ps level, which leads to different detec-
tion results in the borders of fuzzy areas. Furthermore, the
states which vary from “detected” to “not detected” and from
“not detected” to “detected” only appear at the border of a

fuzzy area. The difference between two phase coincidence de-
tection circuits in delaying can be utilized to find these coin-
cidence pulses with different detection results, and they can
be extracted through real-time exclusive-OR processing. The
border phase information in this case acts as the opening and
closing signals of the actual measurement gate, and in this
way the deviations from strict phase coincidence at the gate-
opening position and the gate-closing position are nearly the
same, guaranteeing the smallest error and improved measure-
ment precision.

4. Experimental results and error analysis

Three experiments are conducted by the frequency-
measuring method discussed above, in which all of the ref-
erence signals are the frequency signal of 10 MHz generated
by OSA8607, and all the signals to be measured are those syn-
thesized by HP8662A. Experiment 1 is for two signals with
a complicated relationship, in which the frequency of the sig-
nal to be measured is 4.290913 MHz, and two random coin-
cidence pulses which are able to trigger the measurement gate
are used to open and close the measurement gate; the border
effect is not adopted. Experiment 2 is the comparison exper-
iment to highlight the influence of the border effect, and fre-
quencies of the signals to be measured are 4.290913 MHz (in
Table 2) and 82.5001 MHz (in Table 3), respectively. Border
phase information with differences between the two detection
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circuits is employed to trigger the gate. Experiments 1 and Ta-
ble 2 are conducted with the same signals to be measured (their
frequencies are both 4.290913 MHz) to highlight the obvious
improvement in the border effect. Results of the three experi-

ments are shown in Tables 1, 2, and 3.

Table 1. Direct measurement data at frequency 4.290913 MHz.

Reference signal:

8607

Signal to be
measured: 8662A

Frequency stability
(Allan variance): 2.8 x 10~%/s

Measured frequency/Hz

4290913.01342
4290913.00057
4290913.01788
4290913.02677
4290913.01578

4290913.02442
4290913.01677
4290913.01432
4290913.01022
4290913.03022

4290913.03002
4290912.99034
4290913.02343
4290912.99233
4290913.02876

4290913.01766
4290912.99133
4290913.03256
4290913.00266
4290913.01465

Table 2. Measurement data at frequency 4.290913 MHz with border effect.

Reference signal:
8607

Signal to be
measured: 8662A

Frequency stability
(Allan variance): 6.4 x 10~1%/s

Measured frequency/Hz

4290913.000045
4290912.999982
4290912.999981
4290912.999974
4290913.000025

4290913.000058
4290912.999964
4290912.999962
4290913.000012
4290913.000043

4290913.000033
4290913.000003
4290913.000013
4290913.000029
4290913.000012

4290913.000012
4290913.000022
4290912.999982
4290912.999995
4290913.000042

Table 3. Measurement data at frequency 82.5001 MHz with border effect.

Reference signal:
8607

Signal to be
measured: 8662A

Frequency stability
(Allan variance): 7.5 x 10~ 1%/s

Measured frequency/Hz

82500099.99966
82500100.00046
82500099.99954
82500099.99947
82500100.00045

82500099.99976
82500100.00075
82500099.99976
82500100.00085
82500099.99971

82500100.00065
82500100.00033
82500099.99937
82500100.00034
82500100.00043

82500099.99963
82500100.00078
82500099.99930
82500100.00028
82500099.99967

Twenty groups of measurement data are chosen in Ta-
ble 1. The results in Table 1 indicate that in experiment 1, if
the discrete fuzzy areas are not processed but are directly used
to measure the frequency through phase coincidence detection
circuit, the frequency stability is only 2.8 x 10~/s, which is
consistent with the ns-resolution of the circuits used for de-
tecting the phase coincidence.

It can be seen from Tables 2 and 3 that by the proper ap-
plication of the border effect and capturing borders of discrete
fuzzy areas, the measurement results are obtained to be two
orders of magnitude higher than the resolution of phase coinci-
dence detection circuits. The measured frequency stability of
the 4.290913 MHz signal is 6.4 x 10~'%/s, and the frequency
stability of 82.5001 MHz is 7.5 x 10~'2/s, consistent with the
frequency stability of signals synthesized by HP8662A.

In experiment 1, when there is only one phase-
coincidence detection circuit, what triggers the actual mea-
surement gate is not the borders of fuzzy areas because of the
discreteness of fuzzy areas, but random pulses which happen
to be able to trigger the gate. The extent of deviation from the
strict phase coincidence of pulses triggering the opening and
closing of the gate is great, for instance, phase difference at
the opening of the gate 6 ({;) is ag, and phase difference at
the closing of the gate 6 (&) is ¢,—1, the difference between
ap and ¢, is affected by the resolution, and is on the order
of nanosecond (ns). This leads to a large quantization error
d; in turn, the measurement precision is low, and results are
concordant with the resolution of phase coincidence detection
circuits.

In experiments 2 and 3, border information under the
discrete condition can be detected by processing the discrete
fuzzy areas. The experiment has two phase coincidence detec-
tion circuits; due to the stability of phase coincidence detection
circuit, i.e., changes of a certain degree in phase coincidence
detection resolution will lead to the phase difference at the bor-
der of the coincidence detection fuzzy area, shown as by and
b,—1 in Fig. 3, to increase and come out of the border of a fuzzy
area. Borders in this case are adopted as the opening and clos-
ing signals of the measurement gate, in other words, 0 ({;) is
bo and 0 (&) is by—1. As by and b, are at the border of a
discrete fuzzy area, the difference between them is influenced
by the stability of detection resolution, thus being on the order
of ps or even smaller than ps. Their deviations from the strict
phase coincidence are similar, which ensures that the error is
smallest and that the measurement precision is improved. As
shown in the table, measurement resolution reaches a level of
10~!2, which is two orders of magnitude higher than the result
in experiment 1.

It is apparent that the border effect can be employed to
obtain the border information of coincidence detection reso-
Iution fuzzy areas in complicated cases and that frequency-
measuring precision can be improved by at least two orders of
magnitude when complicated relations result in discrete fuzzy
areas. The processing of the borders of fuzzy areas resulting
from limited resolution improves the detection function and
achieves significant improvement in measurement precision.

5. Conclusions

The discovery of the border effect of the detection res-
olution fuzzy area in high-precision frequency measurement
enables us to employ higher stability of the resolution of de-
tection devices to achieve significant improvement in measure-
ment precision, which is of great significance for digital mea-
surement instruments. The application of the border effect in
measuring the frequency when fuzzy areas are discrete fur-
ther demonstrates that the border effect can also be applied to
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the discrete fuzzy areas and that it greatly improves the mea-

surement precision. The practical ultrahigh resolution mea-

surement of complicated signals can work effectively and sig-

nificantly to improve the precision and extend functions in a

number of fields, such as the processing of telecommunication

signals, energy-level transition signals of atoms, complicated

instruments and devices, frequency conversion and synthesis,

and processing of navigation signals.
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