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THE UTILIZATION OF SYNTHESIZED COHERENCE
FUNCTION IN OPTICAL TIME–DOMAIN REFLECTOMETRY
∗

Jozef Jasenek

The paper deals with the synthesis of an optical coherence function and its application in Optical Time-Domain
Reflectometry (OTDR). A brief summary of up-to-date approaches to the optical reflectometry is given. The fundamental
equation of Optical Coherence-Domain Reflectometry with Synthesized Coherence Function (OCDR-SCF) is derived and a
general theoretical approach to the synthesis of a coherence function of arbitrary shape is outlined. The obtained results
are illustrated on the synthesis of three different shapes of coherence function. The main performance parameters of the
OCDR-SCF and the most significant advantages and drawbacks of this approach are discussed.
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1 INTRODUCTION

OTDR is today a well-established tool for non-destructive characterization of fiber optic components and networks. Generally, an ideal reflectometry system should
have a sufficient spatial resolution to clearly indicate the
closely separated sites of reflections within the tested network or device. Moreover, the system should have a good
sensitivity to be able to detect very low power signals
originating from the Rayleigh back scattering and simultaneously a relatively high dynamical range to process
rather high power levels coming from discrete Fresnel reflections.
In the original OTDR [1] in which systems are probed
with rather short pulses of high power level optical radiation there is a trade-off between the space resolution and
dynamical range. The spatial resolution is improved when
the pulses are getting shorter and the measurement bandwidth is increased. This raises the noise levels detected
and results in dynamical range reduction. Moreover, the
shortening of the probe impulse means a decrease of energy available for detection. To solve these problems a
number of new techniques and approaches were suggested
and investigated since the time of invention of OTDR by
Barnoski and Jensen in 1976. As an example we can mention here quickly the correlation OTDR based on the use
of a pseudorandom signal [2] or signal modulated by complementary Golay code [3], coherent OTDR [4], photoncounting OTDR [5], low correlation OTDR [6], frequencydomain optical reflectometry (OFDR) with the linear frequency scanning [7] or with frequency modulation of the
intensity [8]. The most significant and innovative contribution to these new techniques is the so-called optical
coherence-domain reflectometry with a synthesized coherence function (OCDR-SCF) [9]. It does not utilize any
mechanical moving parts and obtaining of the measurement results is straightforward without any calculation.

The goal of this contribution is a detailed analysis of
the OCDR-SCF and investigation of the procedure for
the synthesis of the coherence function (CF) with an arbitrary shape. Finally, the main performance parameters,
advantages and drawbacks of this method are discussed.

2 THE PRINCIPLE OF OCDR–SCF

The basic idea of the OCDR-SCF can be explained
using the simplified block diagram of the optical reflectometer based on this method that is drawn in the Fig. 1.
It is a properly Michelson interferometer driven by an
optical highly coherent laser tunable in a relatively broad
frequency range. The acousto-optical deflector shifts up
the oscillation frequency ω0 of the deviated beam by ω .
The phase modulator P-MOD allows to change continually the phase of the optical wave in the reference arm in
the range of ±π . Signals coming from the reference arm
and the measuring one are combined at the 3 dB beam
splitter OBS-2. The two splitted signals leaving the OBS2 are the same but mutually shifted in phase by π , which
allows for excluding the influence of the noise. The optical signal incident on the photo-detector PD-1 can be
described by the expression in the complex form
E(t) = E0 ej[(ω0 −ω)t+ϕ(t)]
+ E0

ZL

ρ(z)δn(z)ej[ω0 (t)+ϕ(t−(2z/vg ))] · e−jk2z dz . (1)

0

The first and second terms in (1) represent the signals
from the reference and measuring arms, respectively. The
second term describes the superposition of signals backscattered from the particular elementary sections dz distributed along the DUT [10], see Fig. 1. It is to be stressed
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Fig. 1. Simplified block diagram of the optical reflectometer based on OCDR-SCF. IS — optical isolator, AOD — acusto-optic deflector,
OBS-1,2 — optical beam-splitters, DUT — device under test, MR-1-4 — mirrors, PD1,2 — photodetectors, P-MOD — phase modulator,
BPF — band pass filter, SLD — square-law detector.

that the amplitudes of these signals are directly proportional to the local reflection coefficient ρ(z) and local fluctuation of the refractive index δn(z). E0 and ω0 are the
amplitude and central oscillation frequency of the optical
source respectively. ϕ(t) is random function describing
the phase fluctuation of the optical source. vg and k are
the group velocity and the wave number in the tested
wave-guide, respectively.
The output signal from the balanced photo-detector
goes through the band-pass filter. Only intermediate frequency component is selected from the mixing product
at the detector. The average value of the intermediate
frequency signal at the output of the balanced photodetector can be described by
n

i(t) = Re K ·

E02

·e

jωt

·

ZL
0

·

ZT
0

ρ(z)δn(z)

h1

it is necessary to use a square-law detector. Its output signal is sensitive to the correlation function hδn(z1 )δn(z2 )i.
The signal U at the output of the square-law detector is
given by the integral

U≈

E04

ZL ZL
0

ρ(z1 )ρ(z2 )γ(z1 )γ(z2 )hδn(z1 )δn(z1 )i

0

· e−j2k(z1 +z2 ) dz1 dz2 . (3)
Taking into account that the correlation function
hδn(z1 )δn(z2 )i in glass can be roughly approximated by
the δ(z1 − z2 ) function [12], integral (3) can be then
rewritten into the form
U ≈ E04

T

ZL

|ρ(z)|2 |γ(z)|2 dz .

(4)

0

i

ej[ϕ(t−(2z/vg ))−ϕ(t)] dt · e−jk2z dz

o

(2)

where K is a proportionality constant.
The averaging concerns the phase fluctuations of the
optical source, which are characterized by their spectral
power density. The inner time integral in (2) defines the
coherence function γ(z) of the optical source. It is generally known that the Fourier transform of the coherence function defines the spectral power density of the
source [11]. Hence the power spectrum shape is closely
related to the coherence function. Consequently, to synthesize a suitable coherence function means to create the
corresponding time average spectrum shape. The possibilities for the shaping of the average optical spectrum will
dominantly restrict the synthesis of a required coherence
function.
The back-scattered signal is of random nature not only
due to the random phase fluctuation in time but also to
the random microscopic fluctuations of the refraction index along the tested device. To process these fluctuations

This integral offers a very interesting suggestion. If the
absolute value of the coherence function γ(z) could be
made similar to the δ(z)-like shape then the output signal
of the square-law detector would be directly proportional
to the squared absolute value of the reflection coefficient
to be measured.
U ≈ E04 |ρ(z)|2 .
(5)
From the experimental point of view (5) represents a very
interesting and significant result. Using of the δ -like SCF
allows a direct measurement of the space distribution of
reflection coefficient along the DUT without the need for
any lengthy calculation as it is the case at other methods.
In the following section we demonstrate the possibility
of realization of such a coherence function.
3 THE SYNTHESIS OF THE
COHERENCE FUNCTION

Let us consider first an ideal monochromatic laser
diode with central oscillation frequency ω0 and with no
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Fig. 2. Frequency modulation (a) and absolute value of the“elementary” synthesized coherence function (b).
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Fig. 3. The stepwise modulation of the source frequency, Ti —
duration of i -th step in modulation waveform, T0 — the period
of the modulation waveform, N — the number of steps in the
modulation waveform.

phase fluctuations ϕ(t) launched into the interferometer, see relation (2) and Fig. 1. The injection current of
the diode is modulated by a periodical and symmetrical
square waveform. It is proposed that also the frequency of
the diode is modulated by the same waveform. The laser
frequency will be switching between two values ω0 − ωs /2
and ω0 + ωs /2, where ωs is the absolute change of the
angular frequency (separation frequency) during one period of the modulation waveform, see Fig. 2. It can be
easily shown that the coherence function of this periodically modulated optical wave can be found according to
relation (2) in the form
ωs
γ(τ ) = cos τ
2

(6)

where τ = 2z/vg is the round trip optical time delay
between the reference and scattered signals, see Fig. 2.
k = k(t) is the wave number in the DUT that changes in
time similarly as the modulation waveform.
This result suggests the possibility to generate a set of
similar function with frequencies which are integer multiples of ωs , through a suitable modulation of the laser
frequency. Superposition of these partial coherence functions may be used for the synthesis of an arbitrary shape
periodic coherence function. Let us consider now the stepwise shape of the laser diode modulation current. The
frequency response to this current, which is expected to
be directly proportional to the modulation current, is

outlined in Fig. 3. In each following step of the modulation waveform the frequency change increases by ωs .
The maximum frequency change N ωs takes place in the
last step of the waveform. According to the result obtained above each modulation step gives one term of the
intended SCF. The whole modulation waveform produces
a set of elementary CFs described by (7). It is important to note that the generation of these CFs is obtained
through the process of subsequent time averaging running
through all steps of the whole modulation waveform.



cos ωs · z/vg , cos 2ωs · z/vg , cos 3ωs · z/vg ,


cos 4ωs · z/vg , . . . , cos N ωs · z/vg

(7)

If there were some possibility to adjust the initial
phases of the particular terms in (7), they could be used in
a similar way as it is done in the theory of Fourier series.
Such a phase shift can be realized by the phase modulator driven synchronously by the modulation signal that
is proportional to the one used for frequency modulation.
The modulator can be placed in one of the arms of the
interferometer, see Fig. 1. As a result the functions (7)
take the form
cos[ωs /vg (z−zζ)], cos[2ωs/vg (z−zζ)], cos[3ωs/vg (z−zζ)],
cos[4ωs /vg (z − zζ)], . . . , cos[N ω/ vg (z − zζ)]

(8)

In order to be able to synthesize the periodic CF of arbitrary form, like as it is in the Fourier series, it is necessary
to have the possibility to realize also proper multiplication coefficients for each term in (8). It can be achieved
by a proper adjusting of the duration of each step in the
frequency and also in the phase modulation waveforms.
As it will be shown later, the duration of each step will
determine the amplitude of the particular term in the
SCF. In this way the modulation waveforms will become
more complicated and more difficult to realize [13].
In the following, using the method described above,
we shall try to illustrate how one can synthesize the coherence function of the δ -like, triangle and the square
shape.
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Fig. 4. The illustration of the δ -like SCF and of the scanning of its peaks position — through the scanning of the separation frequency
(shown for fs = 800 , 1000, 1600 MHz) while the phase shift is constant zξ = 0.5 m (a) and through the scanning of phase shift (shown
first peak for z = 0.05 , 0.1 , 0.2 m) while the separation frequency is constant f s = 800 MHz (b).

1. The synthesis of the δ -like coherence function
Let us consider an ideal monochromatic laser diode
with central frequency ω0 modulated by a suitable current wave form resulting in frequency modulation as outlined in Fig. 3. We will show that in this case the periodic
δ -like coherence function can be synthesized. However, it
is possible only if the duration of any step in the modulation waveform is long enough as compared with the
round trip time delay τ = 2z/vg . In order to get more
general results let us consider first the frequency modulation waveform similar as outlined in Fig. 3, but the
duration Ti of each symmetrical step in the waveform is
proposed to be different for all of them. Following relation
(2), the signal at the output of the photo-detector can be
written in the form
ZL
n 1 ZT0  
2z  0 o
exp j ωt − ωom(t0 )
dt dz . (9)
i(t) ≈ ρ(z)
T0
vg
0

0

The summation term in (13) represents the SCF γ(z).
For the sake of generalization we can introduce the phase
shift ζi = (i · ωs /vg ) · zξ into (13) that can be generated
by the phase shifter as it was mentioned above. For γ(z)
we can now write a more general relation

γ(z) =

N
X
i=0

N

ti cos iωs ·

 X
z
z − zxi 
− ζi =
ti cos iωs ·
vg
vg
i=0

(14)
where to represents the magnitude of DC component in
the periodic coherence function. From the experimental
point of view to is equal to the relative time at the early
stages of the frequency modulation waveform when no
changes of frequency take place.
For the case when the frequency and phase modulation waveforms are composed of a set of symmetrical and
equally long steps (Ti = To /N ), as it is depicted in Fig. 3,
the SCF (14) can be transformed into the closed form

0

Here, ωom (t ) is a function describing the time dependence of the frequency modulation waveform. It is given
by
ωo
ωom (t0 ) = ωo + α(t0 ) ·
,
(10)
2
ωo is the central oscillation frequency of the source and
α(t0 ) =

N
X

i−1

i·

i=1

i−1

ωs h 0 X 
Ti X 
1 t −
Tk −2 · 1 t0 −
−
Tk
2
2
k=0

k=0

+ 1 t0 − T i −

i−1
X
k=0

Tk

i

(11)

where 1(t) is the Heaviside’s step function and Tk is the
time width of the k -th step in the modulation waveform.
Taking into account that
T1 + T 2 + · · · + T N = T 0

(12)

one can write (9) in the form
n

jωt

u(t) ≈ Re e

ZL
0

ρ(z)δn(z)

N
hX
z i
Ti
cos iωs ·
T
vg
i=1 0
o
· e−2jko z dz . (13)



ωs z−zξ
N
X
z − zξ  cos (N + 1) · 2 · vg
Ti
.
cos iωs ·
=
γ(z) =

z−z 
T
vg
N sin ω2s · vg ξ
i=1 o
(15)
The graphs of this function (first two peaks), shifted by
zζ = 0.05 m with respect to z = 0, for three frequencies
fs = 800, 1000 and 1600 MHz, N = 64 and vg = 2 ×
108 m/s are drawn in Fig. 4a. Figure 4b manifests the
possibility for the first peak scanning through the phase
shift when the separation frequency is constant fs =
800 MHz.

2. The triangle and square shape of the SCF
An important field of application of various modifications of OTDR represent fiber optic sensors, especially
those with distributed parameters [14]. Recently [15] besides the δ -like SCF also other SCF shapes find application mainly in sensors with distributed parameters. For
illustration we present here the modulation waveforms for
triangle and square shape SCFs. They are described by
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Fig. 5. The schematic illustration of the frequency and phase modulation waveforms for the triangle (a, b) and square shape SCF (c, d)

the well-known Fourier series
ωs
1
3ωs
41
z + 2 cos
z
γtr (z) = 0.5 + 2 2 cos
π 1
2vg
3
2vg

1
5ωs
+ 2 cos
z +...
5
2vg

ωs
1
3ωs
4
z − cos
z
γsq (z) = 0.5 + cos
π
2vg
3
2vg

1
5ωs
+ cos
z −... .
5
2vg

(16)

(17)

For these functions we have quite a different situation due
to the appearance of the dc component and due to the
fact that only odd multiples of the separation frequency
exist. Moreover, they change the signs in the case of γsq .
As a consequence the width of the corresponding steps
in the modulation waveform will be decreasing and the
change of the sign at some terms has to be reflected by
introducing a phase shift of π at proper time periods. The
corresponding frequency and phase modulation functions
are outlined schematically in Figs. 5a–d.
For the modulation waveforms in pictures (a) and (b)
the scanning of the SCF peak through the phase shift
is proposed while for the case in pictures (c) and (d)
only scanning through the separation frequency fs is
expected. The phase modulation waveform in (d) assures
only the change of sign at appropriate terms in Fourier
series, see (15).

results without any complex calculation as it is the case at
other methods. The second significant fact is that the experimental apparatus does not include any moving parts
such as scanned mirrors or so. The scanning of the peak
of the δ -like CF can be achieved by changing the magnitude of the separation frequency fs in the frequency
modulation waveform. However, it brings some difficulties. First, it does not allow measurements in the vicinity
of z = 0 and, second, the space resolution as we show below does depend on the frequency fs , which means that
the space resolution changes along the fiber. Another way
how to scan the CF peak is the use of phase shift as it was
mentioned in the previous section. It is very easy for realization and it does not suffer from any similar drawbacks
as it is in the case of scanning by changing fs . The measurement by this method is much faster as compared with
other known methods. The measurement time within one
period of the modulation waveform takes roughly several
tens of µs [16].

4 BASIC PROPERTIES OF THE OCDR–SCF

The sensitivity and consequently the dynamical range
of the method is determined mostly by the heterodyne
detection scheme. The sensitivity achieved can be better
than −130 dBm. Moreover, the method does not suffer
from the dead zone caused by strong Fresnel reflections.
They are eliminated by the narrow coherence function.
The dynamical range of measurement by this method is
limited mainly by the existence of coherence function subpeaks.

The most significant advantage of the OCDR-SCF
consists in straightforward obtaining of the measurement

The space resolution is determined by the full width
at half maximum (FWHM) of the main peak of the coherence function. It can be derived from relation (13) and
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is approximately given by the relation
∆zres =

vg
.
N fg

(18)

The period of the peaks defines the measurement range,
that is defined by
∆zrange =

vg
.
fg

(19)

The space resolution increases with the increasing number
of steps in one period of the frequency modulation waveform and the separation frequency of the first step in the
modulation waveform. In the contrary, the measurement
range is defined only by the separation frequency in the
first step of the modulation waveform.
From the experimental point of view the most significant problems concern the non-linearity between the injection current amplitude and the optical frequency of the
laser diode and the frequency response to the modulation waveform (transients). Both factors can be compensated by predistortion of the current modulation waveform and by the use of special optical filters and optical
gratings [17].
5 CONCLUSIONS

The OCDR-SCF seems to become a significant tool
for testing of optical components and networks. Among
the existing optical reflectometric methods it is difficult
to find the method that could be comparable with OCDSCF as for the speed of measurement and straightforward obtaining of results. This method does not use any
mechanical moving components and there is no need for
numerical processing of the measured signals. Contemporary laser diodes allow to synthesize the δ -like CF that
gives the space resolution of a few mm. The space resolution of the method is inversely proportional to the tunable
range of the laser diode. One can expect that the use of
broadly tunable lasers will improve the space resolution to
sub-millimeter range. Recently also other shapes of SCF
like triangle or square shape find use in applications of
sensors with distributed parameters.
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