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modulation index) may be found.
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1
SIGNAL ANALYSIS SYSTEMS AND
METHODS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Appli-
cation No. 62/828,840, entitled “Frequency-Divider-Aided
Frequency Analysis (FDAFA)” and filed on Apr. 3, 2019,
which is incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under
ECCS1606836 and ECCS1254902 awarded by the National
Science Foundation. The Government has certain rights in
the invention.

RELATED ART

Many optical domain applications require optical sources
of high spectral purity. Measuring the key performance
metrics of optical sources can be important so that factors
causing instabilities and noise can be identified and miti-
gated.

As an example, in active locking systems, specificity in
laser phase/frequency noise measurement is often desired to
understand the factors contributing to laser instability and
the scale of instability. Conventionally, measurement of the
power spectral density (PSD) of modulation sidebands is
often used for characterizing phase and frequency fluctua-
tions from noise. In one PSD measurement method, laser
phase and frequency noise may be measured in an RF range
by converting the laser spectrum to the RF range and
analyzing the signal in the frequency domain. In the fre-
quency domain, sidebands can be identified and used to
determine various signal parameters, such as the signal’s
modulation frequency and modulation index.

However, in the RF range, there are often significant
interferers that can greatly distort the signal under analysis.
Noise associated with wideband frequency modulation (FM)
can be particularly problematic and can distort the signal
under analysis such that the sidebands cannot be readily
identified. Thus, determining certain signal parameters, such
as modulation index and modulation frequency, can be
difficult or problematic.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure can be better understood with reference to
the following drawings. The elements of the drawings are
not necessarily to scale relative to each other, emphasis
instead being placed upon clearly illustrating the principles
of the disclosure. Furthermore, like reference numerals
designate corresponding parts throughout the several views.

FIG. 1a is a graph of power versus frequency illustrating
an effect of frequency division to reduce sideband amplitude
in a case of narrowband tone modulation.

FIG. 15 is a graph of power versus frequency illustrating
an effect of frequency division to reduce frequency span in
a case of wideband tone modulation with a small division
ratio.

FIG. 1c¢ is a graph of power versus frequency illustrating
an effect of frequency division to change characteristics
from frequency sweeping to discrete sidebands in a case of
wideband tone modulation with a large division ratio.
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FIG. 14 is a graph of power versus frequency illustrating
an effect of frequency division to reduce sideband amplitude
in a case of broadband phase modulation.

FIG. 2 depicts an exemplary embodiment of a signal
analysis system.

FIG. 3a depicts a graph of power versus frequency
illustrating a response to narrowband frequency modulation
(NBFM) without frequency division.

FIG. 3b depicts a graph of power versus frequency
illustrating the response of FIG. 3a with a frequency division
ratio of 4.

FIG. 3¢ depicts a graph of power versus frequency
illustrating a response to wideband frequency modulation
(WBFM) without frequency division.

FIG. 3d depicts a graph of power versus frequency
illustrating the response of FIG. 3¢ with frequency division
ratio of 2.

FIG. 3e depicts a graph of power versus frequency
illustrating the response of FIG. 3¢ with a frequency division
ratio of 8.

FIG. 3f depicts a graph of power versus frequency illus-
trating the response of FIG. 3¢ with a frequency division
ratio of 128.

FIG. 3g depicts a graph of power versus frequency
illustrating a response to broadband phase modulation
(BBPM) without a frequency division.

FIG. 3% depicts a graph of power versus frequency
illustrating the response of FIG. 3g with a frequency division
ratio of 4.

FIG. 4a depicts a graph of power versus frequency
illustrating a frequency-divided beat note with frequency
division ratios of 1 (undivided), 4, 8, 16, and 32.

FIG. 4b depicts a graph of power versus frequency
illustrating the frequency-divided beat note of FIG. 4a with
frequency division ratios of 64, 128, and 256.

FIG. 4¢ depicts a graph of power versus frequency
illustrating the frequency-divided beat note of FIG. 4a with
frequency division ratios of 512 and 1024.

FIG. 5 is a flow chart illustrating an exemplary method for
analyzing a signal to determine parameters characterizing
noise.

DETAILED DESCRIPTION

The present disclosure generally relates to signal analysis
systems and methods for measuring and characterizing
signal attributes (e.g., noise). In an exemplary embodiment,
a signal analysis system comprises an optical receiver that
receives an optical signal and converts the received signal
into an electrical signal. A programmable frequency divider
divides the frequency of the incoming electrical signal at
different division ratios, and a signal analyzer analyzes the
resulting signal. In this regard, by increasing the division
ratio of the frequency divider and measuring the signal
power spectral density with the signal analyzer at different
division ratios, a suitable signal for determining different
parameters (e.g., modulation frequency and modulation
index) may be found.

In particular, the division ratio applied by the frequency
divider to a signal distorted by wideband FM noise may be
dynamically controlled such that the power spectral density
(PSD) of the signal is changed. For example, as the division
ratio is increased, the curve representing the PSD, ampli-
tude, or other parameter of the signal under analysis is
narrowed such that a point is reached at which identifiable
sidebands appear in the curve representative of the signal.
Thus, the division ratio may be selectively controlled such
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that a suitable PSD or other type of curve is provided for
identification of the sidebands, and the PSD (including the
identified sidebands) or other type of curve can be analyzed
to determine various parameters of the signal, such as
modulation frequency and modulation index. For illustrative
purposes, it will be assumed hereafter unless otherwise
indicated that system is used to measure a parameter of an
optical signal and that the signal analyzer determines a PSD
of the signal under analysis, but other types of signals and
other types of curves may be measured and determined by
the system in other embodiments.

In addition, from direct measurement of a signal’s PSD,
it may be difficult to differentiate different scenarios of noise.
For example, wideband frequency modulation with a large
modulation index will often yield a similar spectrum to that
of broadband phase modulation. By using the system
described above, the aforementioned modulation scenarios
may be differentiated in the signal analyzer without ambi-
guity.

Before discussing details regarding various embodiments
of a spectral analysis system, an overview of a mathematical
framework for angle modulation (a general term for phase
and frequency modulation) will be discussed. In general, a
sinusoidal carrier under angle modulation can be described
as

x(D=d ¢ exp{j[2/+¢(0)]} M
where A, is carrier amplitude, f. is carrier frequency and
¢(t) 1s time varying phase. In case of single tone frequency
modulation, where ¢(t) varies according to integration of
modulation signal m(t)=A,, cos(2nf, 1), eq. (1) is simplified
to

x(1)=A ¢ exp(j2nf t+jB sin(2nf,1))

where modulation index,

@

kiAm

B= T

in which A, is modulation amplitude, f,, is modulation
frequency and k, is frequency sensitivity of the modulator.
By defining modulation depth (or frequency deviation)
Af=k A, the modulation index can also be expressed as
p=At/f,,.

When such a signal is divided with a division ratio N, the
entire exponent is divided by N and the output signal
becomes

x(1) = Acexp(jZR% t]exp[jg Sin(27 fin t)] ®

By expanding the term exp

jgsin(z:rfmz)]

into an infinite series, the frequency-divided signal is rewrit-
ten as

+oo

x(1) = Ac Z jn(g)exp[ﬂﬂ(% + jnanm]t]

n=—oo

)
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where

in Bessel’s function of the first kind of order n with
argument

Notably, eq. (2) also describes the case of single tone phase
modulation when ¢(t) varies according to m(t)=A,, cos
(2nf,t) in eq. (1) and B=k,A,, where k, is phase sensitivity
of the modulator.

Eq. (4) shows that frequency division causes two changes
on an angle-modulated signal: it divides the carrier fre-
quency f, by N and it divides the modulation index {3 by N.
On the other hand, frequency division does not change the
modulation frequency f,, and hence the side band spacing
remains the same. It should be noted that the relation
modulation index,

A

F=3

indicates that division of f§ is equivalent to division of
modulation depth Af.

Empirically, the bandwidth of a frequency modulated
signal can be approximately predicted by Carson’s rule,
bandwidth BW=2f (B+1).

In this regard, when modulation index is less than unity
(i.e., p<1), representing a narrowband frequency modulation
(referred to hereafter as “NBFM”) regime, the bandwidth
can be approximated to, BW=2f . The modulation consists
of a series of harmonic components at the multiples of
modulation frequency f,,. Since modulation index f is small,
the spectrum contains discrete sidebands on both sides of the
carrier. Further, on frequency division by a division ratio of
N, the signal bandwidth remains the same (or approximately
same), since frequency division does not alter modulation
frequency f,. However, frequency division reduces the
modulation index f3, causing all the sidebands to reduce in
amplitude due to linearity of Bessel’s function when f<1. As
a result, the effect of frequency division on a pure NBFM
sideband is reduction of amplitude without significant
change in the spectral profile, as illustrated in FIG. 1a.

On the other hand, when modulation index is far greater
than unity (i.e., p>>1), the bandwidth can be approximated
to BW=2ff,. Physically, this corresponds to a wideband
frequency modulation (referred to hereafter as “WBFM”). In
such scenario, the frequency deviation is greater than modu-
lation frequency, i.e., Af>f,, and the carrier frequency
sweeps back and forth within a range of 2Af at a rate of fm,
generating a “flattop” spectrum with a 2Af bandwidth, as can
be seen in FIG. 15. When frequency of such a signal is
divided by a division ratio of N, the carrier sweeping range
decreases due to division of § by N. However, as long as
[/N>1 remains satisfied, the spectrum maintains its “flattop™
shape while its bandwidth reduces by a factor of N.

When modulation index f§ of a signal, corresponding to a
WBFM regime, is neither too large nor too small and the



US 10,812,184 Bl

5

division ratio is comparable to the modulation index (i.e.,
[/N=1), the signal becomes NBFM and discrete sidebands at
the harmonics of modulation frequency f,, appear in the
spectrum, as shown in FIG. 1¢. Hence, such a characteristic
transition requires the division ratio N to be at least com-
parable to the original modulation index 3, which may be
used to quantify the scale of f.

For the scenario of broad band phase modulation (referred
to hereafter as “BBPM), the spectrum comprises a continu-
ous band of f,, and across the band modulation index is
lesser than unity (i.e., f<<1). The characteristics change of
the spectrum due to frequency division in BBPM is reduc-
tion in sideband amplitudes just like NBFM, depicted by
FIG. 1d. From FIG. 156 and FIG. 1d, frequency division of
the angle-modulated signal may clearly distinguish the
broadband noise source (i.e., BBPM) with that of a low-
modulation frequency with a large modulation index
(WBFM).

FIG. 2 depicts an exemplary embodiment of a signal
analysis system 150. In an exemplary embodiment, the
system 150 comprises an optical source 100, an optical
receiver 110, a programmable frequency divider 120 and a
signal analyzer 130, such as a spectrum analyzer. The optical
receiver 110 may receive an optical signal from the source
100 and convert the signal from the optical domain to the
electrical domain. In an exemplary embodiment, the optical
source 100 may comprise a laser, and the optical receiver
110 may comprise an avalanche photodiode (APD) that is
configured to generate an electrical signal in response to
light incident on the APD. In some embodiments, the
electrical signal is a radio frequency (RF) signal. In other
embodiments, other types of optical sources and optical
receivers are possible, and other frequency ranges for the
electrical signal may be used.

The frequency divider 120 is configured to convert the
incoming electrical signal to a lower frequency according to
a division ratio. For illustrative purposes, the division ratio
shall be expressed hereafter as the frequency of the incom-
ing signal (i.e., the signal received by the frequency divider
120) divided by the frequency of the output signal (i.e., the
signal output by the frequency divider 120). As an example,
a division ratio of N (where N is any positive number)
indicates that the frequency of the incoming signal is N
times as a large as the frequency of the outgoing signal such
that the frequency divider 120 effectively divides the fre-
quency of the incoming signal by N.

In the embodiment shown by FIG. 2, the division ratio is
controlled by a control signal received from the signal
analyzer 130, as will be described in more detail below. In
some embodiments, the frequency divider 120 may be
integrated with components of the signal analyzer 130
within a single housing, though it is also possible for the
frequency divider 120 to be separate from the signal ana-
lyzer 130. In other embodiments, other configurations of the
frequency divider 120 may be possible.

The signal analyzer 130 may measure the PSD of the
signal output by the frequency divider 120 and analyze the
PSD to determine various signal parameters. As an example,
the signal analyzer 130 may provide parameters that char-
acterize the noise affecting the received signal. In some
embodiments, the signal analyzer 130 is configured to
determine at least the modulation frequency and modulation
index of the received signal.

In this regard, in some embodiments, the signal analyzer
130 is configured to analyze the measured PSD in the
frequency domain to determine whether sidebands are suf-
ficiently discernable from the measured PSD. If not, the
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signal analyzer 130 may control the frequency divider 120
to increase the division ratio applied by the frequency
divider 120 and then check again to determine if the side-
bands are discernable. As described in more detail herein,
increasing the division ratio has the effect of narrowing the
resulting PSD, and if the division ratio is continually
increased, a point will be reached at which the sidebands
become discernable in the PSD for the signal under analysis.
Once the signal analyzer 130 sufficiently identifies the
sidebands from the measured PSD, the signal analyzer 130
may then determine various signal parameters, such modu-
lation index P, as an example, based on the sidebands and
the division ratio being applied to the signal.

FIG. 3a depicts an exemplary PSD of a signal affected by
NBFM without frequency division. That is, the PSD shown
by FIG. 3a may be that of a signal distorted by NBFM where
the division ratio of the frequency divider 120 is 1. FIG. 35
depicts the PSD of the same signal where the division ratio
of the frequency divider 120 is controlled to be 4. This
division of frequency results in discrete sidebands of the
same spacing but reduced amplitudes, as shown in FIG. 35.

FIG. 3¢ depicts a PSD of a signal affected by WBFM
without a frequency division. That is, the PSD shown by
FIG. 3¢ may be that of a signal distorted by WBFM where
the division ratio of the frequency divider 120 is 1. The
undivided spectrum of an optical signal, representing a
WBFM regime, is a quasi-continuous, flattop sideband.
However, the optical signal, when fed to the frequency
divider 120 and divided by a division ratio of ‘N’, yields a
spectrum whose spectral width is reduced proportional to the
division ratio ‘N’. Further, in such an embodiment, the
overall profile of the sideband remains the same. As an
example, the undivided spectrum is greater than the width of
the spectrum with a division ration of 2 (FIG. 3d), which is
in turn greater than that of the spectrum with a division ratio
of 4 (FIG. 3e), although the profile of the sideband remains
the same in these cases.

However, if the division ratio is increased further, i.e., the
divided modulation index,

Z|w

approaches unity, the spectrum begins to transform into
discrete series of sidebands at the harmonics of a frequency
(e.g., modulated frequency ‘t,,”), similar to an NBFM spec-
trum. As depicted by FIG. 3f, for the division ratio 128, the
sidebands are formed at the harmonics of modulated fre-
quency ‘f,,’. In this regard, by finding the division ratio at
which the WBFM changes into a NBFM sideband, the value
(or approximate value) of modulation index § and modula-
tion frequency ‘f,” of WBFM may be determined and hence
the frequency deviation Af may be estimated from the signal
analyzer 130.

FIG. 3g depicts a graphical representation of a Broad
Band Phase Modulation (BBPM) without a frequency divi-
sion ratio and FIG. 3/ depicts a graphical representation of
BBPM with a frequency division ratio of 4. In an exemplary
embodiment, the undivided spectrum yields a continuous
band of frequencies at low modulation indices. When such
a signal is divided by frequency divider 120 with a division
ratio of ‘N’ and is analyzed using the analyzer 130, the entire
sideband gets lower in amplitude, which is in stark contrast
to the spectrum corresponding to WBFM, when divided by
a frequency divider 120. In this regard, the WBFM with a
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large modulation index [ may be easily differentiated from
the BBPM, by the use of the system 150 described herein.

FIG. 4a, FIG. 4b and F1G. 4¢ depict graphical illustrations
of exemplary embodiment of a beat note with different
frequency division ratios of 1, 4, 8, 16, 32, 64, 128, 256 and
1024. As an illustrative example, consider a laser locking
application where a noisy RF spectrum (e.g., a beat note
frequency) is generated by beating a laser source, such as a
diode laser with another laser source, such as an optical
frequency comb. The mechanism of phase frequency noise
of the beat note is essential to design proper locking system.
In such application, the beat note constantly drifts through-
out the data-acquisition process and it may greatly hinder the
conventional techniques for high-resolution spectral analy-
sis (e.g., fast Fourier transform (FFT) analysis). By using the
signal analysis system 150 described herein, a high degree
of robustness under frequency drift may be demonstrated
and fine spectral details may be possible without the need of
extensive frequency stabilization.

The undivided beat note 160 represents a WBFM regime
where the spectrum is a flattop profile across a frequency
range, which in the illustrative example, is about 300 KHz,
as can be seen in FIG. 4q. In this regard, to determine the
parameters of WBFM, the beat note frequency is divided by
using the frequency divider 120, and the signal analyzer 130
is used to analyze the spectrum at different division ratios.

As can be seen in FIG. 4a, the beat note bandwidth of the
traces 161, 162, 163, and 164 represent the bandwidth with
a division ratio of 4, 8, 16, and 32 respectively. As the
division ratio gradually increases, the bandwidth of the beat
note decreases in proportion, displaying a WBFM behavior.
However, the center regions of the spectrum yield a similar
profile as the undivided spectrum and is difficult to deter-
mine the modulation parameters. In this regard, the beat note
may further be divided until the signal transforms into a
NBFM to determine the modulation parameters.

As the division ratio is further increased, the linewidth of
the beat note reduction continues, as depicted by FIG. 45,
which depicts the signal at different division ratios of 64,
128 and 256, represented by the traces 165, 166, and 167
respectively. In such an embodiment, the center regions of
the aforementioned spectra continue to reveal a flattop
feature, since the divided modulation index (i.e., p/N>1)
remains large throughout the frequency division.

When the division ratio is raised to 512, a set of discrete
peaks at the harmonics of a particular frequency appears,
represented by the trace 168 in FIG. 4c¢. Notable, NBFM
sidebands emerge on opposite sides of the carrier peak,
represented by trace 168 in FIG. 4d. On further division of
the signal, at division ratio of 1024, the peaks at the
harmonics of the frequency remain at the same frequencies
(relative to the frequency at the division ratio of 512), but
their amplitudes reduce, confirming their NBFM nature.
Meanwhile, other NBFM sidebands may be revealed at
other frequencies, as depicted by trace 169 in FIG. 4c¢. The
modulation parameters such as modulation frequency,
modulation index and frequency deviation can be deter-
mined by analyzing the NBFM sidebands of the optical
signal and thereby, the sources of noise may be easily
determined and may be addressed to provide a stable optical
source.

By using the signal analysis system 150, common PFN
situations such as WBFM and BBPM may be differentiated
without ambiguity. Moreover, the system allows for quan-
titative determination of WBFM parameters such as modu-
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8

lation frequency, modulation index and FM frequency
deviation, which is difficult or impossible with conventional
signal analysis systems.

An exemplary use and operation of the system 150 will be
described in more detail below with particular reference to
FIG. 5.

In this regard, initially referring to FIG. 1, the optical
source 100 generates an optical signal for which it is
desirable to measure and characterize noise characteristics.
The optical receiver 110 receives the optical signal 110 and
converts the optical signal to an electrical signal. The optical
receiver 110 further applies a Fourier transform in order to
convert the electrical signal from the time domain to the
frequency domain.

Initially, the signal is not divided by the frequency divider
120 (e.g., the frequency divider 120 applies a division ratio
of'1). For illustrative purposes, assume that the signal has the
PSD shown by trace 160 of FIG. 4a. The signal analyzer 130
receives the signal from the frequency divider 120 and
analyzes the received signal in an attempt to identify side-
bands in such signal, as shown by blocks 505 and 508 of
FIG. 5. As shown by FIG. 4aq, the signal has no discernible
sidebands so that the signal analyzer 130 makes a “no”
determination in block 508. Thus, as shown by block 511,
the signal analyzer 130 provides a control signal to the
frequency divider for causing the frequency divider 120 to
apply a higher division ratio to the signal. As an example, the
frequency divider 120 might increase the division ratio to 2.
After the division ratio is increased, the signal is again
analyzed in blocks 505 and 508 of FIG. 5.

This process of increasing the division ration and then
analyzing the signal is continued until the signal analyzer
130 is able to identify sidebands in the received signal. In
such case, the signal analyzer makes a “yes” determination
in block 508, and then analyzes the current signal to deter-
mine parameters characterizing the noise in the signal, as
shown by block 521 of FIG. 5. As an example, the signal
analyzer 130 may use the identified sidebands to determine
the modulation frequency and modulation index. These
parameters may be stored for later analysis or displayed to
a user as may be desired.

In various embodiments described above, the system is
used to measure and characterize an attribute of an optical
signal. However, as mentioned above, similar techniques
may be used to measure and characterize attributes of other
types of signals, such as an RF signal. Further, the signal
analyzer 130 may measure attributes of a signal other than
PSD, such as the power or amplitude of an RF signal or other
type of signal. In such other embodiments, the use of an
optical source and an optical receiver is unnecessary.

Now, therefore, the following is claimed:

1. A signal analysis system, comprising:

a programmable frequency divider configured to receive
an electrical signal and apply a division ratio to the
electrical signal for dividing a frequency of the elec-
trical signal according to the division ratio, thereby
providing a frequency-divided signal having a fre-
quency less than the frequency of the electrical signal
received by the programmable frequency divider; and

a signal analyzer configured to receive the frequency-
divided signal and analyze the frequency-divided sig-
nal for determining a signal parameter for the electrical
signal, the signal analyzer further configured to trans-
mit to the programmable frequency divider a control
signal for controlling the division ratio applied to the
electrical signal by the programmable frequency
divider, wherein the signal analyzer is configured to
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increase the division ratio in response to a determina-
tion that the signal analyzer is unable to identify
sidebands in the frequency-divided signal, and wherein
the signal analyzer is configured to identify the side-
bands in the frequency-divided signal after increasing
the division ratio and determine the parameter based on
the identified sidebands.

2. The system of claim 1, further comprising an optical
receiver configured to receive an optical signal and convert
the optical signal into the electrical signal.

3. The system of claim 1, wherein the signal parameter is
for charactering noise affecting the electrical signal.

4. The system of claim 1, wherein the signal parameter is
a modulation index for the electrical signal.

5. The system of claim 1, wherein the signal parameter is
a modulation frequency for the electrical signal.

6. A signal analysis method, comprising:

dividing a frequency of an electrical signal with a pro-

grammable frequency divider, thereby providing a fre-
quency-divided signal having a frequency less than the
frequency of the electrical signal;

analyzing the frequency-divided signal with a signal

analyzer;

20

10

determining that the signal analyzer is unable to identify
sidebands in the frequency-divided signal;
controlling with the signal analyzer a division ratio
applied to the electrical signal by the programmable
frequency divider based on the analyzing, wherein the
controlling comprises increasing the division ratio in
response to the determining that the signal analyzer is
unable identify the sidebands in the frequency-divided
signal;
identifying the sidebands in the frequency-divided signal
with the signal analyzer after the increasing the division
ratio; and
determining a signal parameter for the electrical signal
based on the analyzing identified side bands.
7. The method of claim 6, further comprising:
receiving an optical signal at an optical receiver; and
converting the optical signal into the electrical signal.
8. The method of claim 6, wherein the signal parameter is
for characterizing noise affecting the electrical signal.
9. The method of claim 6, wherein the signal parameter is
a modulation index for the electrical signal.
10. The method of claim 6, wherein the signal parameter
is a modulation frequency for the electrical signal.
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