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Study of the effect of source signal bandwidth
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We derive an analytic equation for a ratiometric wavelength measurement system and analyze the
influence of the optical source signal bandwidth. Our investigation shows that in a particular optical
sensing system, the higher the bandwidth of the optical signal, the better resolution the system will
achieve. Experiments based on two types of optical signals (output signal of a tunable laser and a fiber
Bragg grating) were carried out, and experimental results verified both the simulation results and the

theoretical analysis.
OCIS codes:  060.2370, 060.3735.

1. Introduction

Wavelength measurements are very important in
many optical systems, such as dense wavelength di-
vision multiplexing optical communication systems
and sensing systems [1-7]. Ratiometric wavelength
measurement (RWM) is a simple, high-speed, and
cost effective technique compared to wavelength
scanning based active techniques [8-13]. Previous
investigations on RWM systems were based only on
numerical simulations without an analytical formu-
lation, which cannot provide a straightforward ana-
lysis for the ratiometric system [12,13]. Moreover,
these investigations on the impact of the nature of
the input optical signal have been limited to SNR,
but without considering the impact of optical source
signal bandwidth, which influences the ratio re-
sponse of the ratiometric wavelength system and
hence the resolution of the measurement.

This paper derives an analytical equation for the
ratio response in a RWM system and provides an
analysis of the effect of an optical signal bandwidth
on the ratio response based on the analytical equa-
tion. This analysis is verified by both simulation
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and experimental results. In Section 2, a theoretical
analysis of the ratio response is presented and an
analytical equation for the ratiometric system is
provided based on a rectangular optical signal. In
Section 3, numerical simulations were carried out
to verify the theoretical analysis. Experimental ver-
ification is also reported using two types of optical
source signals: the signal from a tunable laser and
the signal reflected from the fiber Bragg grating
(FBG).

2. Theoretical Analysis

A RWM system normally comprises two arms: one is
a reference arm; the other is a signal arm containing
an edge filter. The schematic diagram is shown in
Fig. 1.

Two photodiodes are placed at the ends of each arm
to measure the optical power and, hence, the power
ratio of the system. In such a system, assuming the
splitter is wavelength independent and provides an
equal input to the two arms, the ratio of the outputs
of the two photodiodes at a wavelength 1, can be
expressed as

JL,()T(A)di+ N,

R(/lo) = _1010g10 fIi (A)dl +N ? (1)
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Fig. 1. Schematic diagram of a ratiometric wavelength measure-
ment system.
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where I, (1) is the input power spectral density and
T(2) is the transmission response of the edge filter.
In this formula, to represent the electrical noise re-
sulting from optoelectronic conversion, an equivalent
optical signal level is used, which has both a fixed
component and a random component, to represent
both the photodiode dark current and shot noise,
respectively. The terms N, and N, represent the
equivalent noise of the photodiodes connected to
the edge filter and reference signal arms, respectively.

A simple case for the transmission response of the
edge filter, T'(4), in the wavelength range from 4,4 to
Ago 18 a linear function as expressed below:

T(0) = Tig) + 2020 gy
= T(10) +m(A = A1), (2)

where m is the slope of the edge filter, and
T(2) = ~101logyo[T(4)]- (3)

In practice, the input signal has a limited signal-
to-noise ratio (SNR). The simplest case is to assume
that the input optical signal has a rectangular spec-
trum, which can be expressed as

[A=2g| £ Adg/2 A1 <A<y

P
IWD:{NS A=2o| > AAg/2 I <A<y’ (4)

SNR = -10 10g10 (%) s (5)

where P is the signal peak power spectral density,
N, is the noise power spectral density of the optical
signal in a wavelength range (1; <1< 4y), and Aj is
the bandwidth of the rectangular signal spectrum.
Substituting Eq. (4) in Eq. (1), we have

Substituting Eqgs. (2) and (3) into Eq. (6), we have Eq.
(7):

R(io) =—101og10{T“°)[P A-NA+NB+N,/T() }

PC
_ N,. N, N,
+10log;0(C) (7)
where

10(10mA/10/20 _ 10—mA/10/20)
A= mIn10 ’ (8)

10(10—m/11/10 _ 10—m/12/10) .
B mln10 1072, (9)

C = Al 4 Nsldo _;,1 = Ak) +%.

(10)

We can assume that in a ratiometric system the
minimum reliably detectable ratio variation is
limited by the peak-to-peak ratio fluctuations AR, ,
induced by noise. If the slope of the ratio response of
a system is S(1g) = dR(1g)/d4, then the system
resolution is equal to

D(Jy) = =22 (11)

S(40)

Based on the equations above, three cases were
studied:

1. Both photodiode and optical source are noise
free.

In an ideal situation (the SNR of the signal is very
high, and the photodiodes are noise free), the ratio
response of the wavelength measurement system
in Eq. (7) can be simplified as

R(/Io) = T(Ao) -10 loglo(A) + 10 logw(A/IO). (12)

Equation (12) shows that the slope of the ratio
R(4p) is identical to the slope of the transmission re-
sponse of the edge filter T'(4y). There is a difference

do+Ado/2
P Jo=Dig/2

T(A)dA + N,

AT+ [12, s 0 T()AA| + N

R(ﬂo) =-10 10g10

PA/lO +Ns(lz—ll—Aﬂo)+Nr ' (6)
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term —101log(A) + 10 log9(Alg), but for a particu-
lar optical sensing system, where the bandwidth Al
is known, the difference term -10logo(A)+
10logo(A4g) is a constant value and, therefore, can
be calibrated out in the system. In this case the sys-
tem ratio is a simple function of the slope of the edge
filter. From Egs. (2) and (11), it is easy to determine
that the higher the slope of the edge filter, the higher
the value of S(4y), and the higher the resolution of
the system.

2. Photodiode is noise free but SNR is limited.

If the photodiodes are noise free but the noise level
of the optical signal is significant, the ratio function
and slope of the ratio response can be expressed as
follows:

R(%) = T(4) - 10logyo (A —%A +J%B>

+101og;o(C), (13)

N,B/P

St =m-2-NapNBP™

(14)

To simplify the analysis we assume that m is a po-
sitive number. From Egs. (8) and (9) it can be seen
that the second term in Eq. (14) is a function of
wavelength. At shorter wavelengths, the value of
N, B/P is much smaller than that of A. In this case,
the slope S(4¢) is approximately equal to m. However,
factor B increases sharply as the wavelength A,
moves toward longer wavelengths. As the wave-
length increases and N B/P is comparable to that
of A, the term

N.B/P .
A-NA/P+N.B/P

can no longer be neglected. In this case as the wave-
length increases, the slope S(4y) decreases and,
hence, the resolution of the system decreases. It also
can be shown from Eq. (14) that for a given SNR, the
higher the bandwidth A4y, the larger the value A,
and, hence, the smaller the value

N,B/P
A-NA/P+N.B/P™"

and, hence, the higher the slope S(4j). This indicates
that for an optical source signal with the same SNR
but a higher bandwidth, the effective slope S(4),
and, hence, the resolution of the measurement sys-
tem, will be higher.

3. Noise of both photodiode and optical signal is
significant.

If the noise of both the photodiodes and the optical
signal is significant, the slope of the ratio of the
system is
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1
- N, N, N,
A—?A+TB+P—

T (9)
x (%B +%10%) m.

S(l) =m

Because the noise of both the photodiodes and the

optical signal is significant, both B and 1% are in-

fluenced by the wavelength. At shorter wavelengths,
both N,B/P and % 101" are very small compared to

A. The term
= I{, - <]%B+%10T(ﬁ?)>m
A-FA+FB+ 550

can thus be treated as zero and, hence, the slope
S() is approximately equal to m. As the wavelength

increases, the values of both N,B/P and % 101 in-

crease dramatically. If the value of either N,B/P or
>Ne i comparable to A, the term

PT (o)
- 1{, - <%B+%1o”fé”>m
A-FA+FB+ 50

cannot be neglected. In this case, as the wavelength
increases, the slope S(4¢) decreases and, hence, the
resolution of the system decreases. A consequence
is that optical sources that have a larger bandwidth
will suffer less from resolution degradation because,
as shown in Eq. (15), a larger bandwidth will mean a
larger value of A, thus decreasing the influence of

N,B/P or pp

3. Numerical Simulations

The analysis above was based on a rectangular signal
spectrum, and it gives us a simple but effective
insight into the influence of the optical signal band-
width A, on the R(4y) and S(4¢) in a real ratiometric
system. In practice, optical signals rarely have a
rectangular power spectral density, and it must be
determined whether the analysis based on a rectan-
gular signal spectrum is suitable for a real optical
signal spectrum such as a Gaussian signal spectrum.
In order to do so, simulation investigations were
carried out using the original Eq. (1).

As illustrated in [14], the laser line shape changes
from Lorentzian to Gaussian in a continuous way as
the correlation time of the frequency fluctuations in-
creases from zero to infinity. In our case, we deal with
the output spectral response of a tunable laser as a
Gaussian source signal

7 (l)_{Pexp[—élan(%)Z} M=o <Q Ay <A<
Ao - )
Ns |ﬂ—ﬂo‘>Q ﬂ.lgﬂ.gﬂz

(16)
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where P is the peak power spectral density, 1, and
Al are the center wavelength, and -3 dB spectral
width of the optical signal, respectively, and Q is de-
termined by the optical signal with a given level of
noise which can be expressed as

Q \2 N
exp|-4In2( — =2 17
pl-am2(5; ) | =5 (a7)
45 - Ratio for Gaussian signal using Eq.(1)
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Fig. 3. (Color online) Transmission response of edge filters and

corresponding ratios for input optical signals with different Al
when the slope of the edge filter m equals (a) 0.4 dB/nm and
(b) 0.2 dB/nm.
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Fig. 4. (Color online) Ratio slope response variations versus

optical bandwidth at 1560 nm.

In our simulations, we used parameters of a real
tunable laser source radiating in a wavelength
range from 1480 to 1620 nm. Several examples of
the power spectral density spectra at different wave-
lengths are shown in Fig. 2. These spectra were mea-
sured with an optical spectrum analyzer (OSA),
which has a resolution of 0.01 nm, and the -3 dB
spectral width of the tunable laser was around
0.05 nm, while the maximum output of the tunable
laser was 0 dBm.

Simulations based on both rectangular and Gaus-
sian signal spectra were carried out for comparison.
Simulation results relating to the influence of band-
width A4, are shown in Fig. 3. In the simulation, we
assume the input signal of the tunable laser has a
56 dB SNR over a wavelength range from 1480 to
1620 nm. The peak power spectral density is 0 dBm/
nm, and the inherent noise of both photodiodes is ta-
ken to be equivalent to a random optical input signal
with a mean level of -95 dBm and a +£5 dB peak noise
fluctuation. We assume zero insertion loss for the
edge filter at 1500 nm.

In the first instance, Fig. 3 shows that there is
no significant difference between the ratio calculated
for a rectangular signal spectrum with Eq. (7) and a
Gaussian signal spectrum with Eq. (1). This indi-
cates that the theoretical analysis above is still
applicable to a Gaussian signal spectrum.

Figure 3 also shows that for a given SNR, the lar-
ger the -3 dB bandwidth Aly, the closer the ratio
R(4g) is to T'(49), and the larger the slope S(4,) espe-
cially at a longer wavelength. The influence of the
signal bandwidth is more significant when the slope
of the edge filter is high, as shown in Fig. 3(a) with a
40 dB discrimination from 1500 nm to 1600 nm.

Table 1. Signal-to-Noise Ratio and 3 dB Bandwidth Values for
the Two Optical Sources

Optical Sources SNR 3 dB Bandwidth (nm)
Tunable laser 56 0.05
FBG 40 0.4-0.8

10 October 2010 / Vol. 49, No. 29 / APPLIED OPTICS 5629
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Figure 4 gives simulation results for the ratio slope
response variations versus optical bandwidth of the
input optical signal at a fixed wavelength. In this si-
mulation, the parameters used are the same as
above, and the wavelength selected is 1560 nm.

Figure 4 shows that for both the Gaussian and rec-
tangular signal, as the optical signal bandwidth in-
creases, the slope and, hence, the resolution of the
system increases. This result indicates that the ratio-
metric system will have a higher resolution when
measuring the wavelength of an optical signal with
a greater bandwidth. The simulation results agree
well with the theoretical analysis above.

4. Experimental Investigation

The influence of the 3 dB bandwidth of an optical sig-
nal was investigated by measuring the ratio response
using two types of optical sources. The two types of
optical sources are (i) a tunable laser and (ii) five
FBGs with center wavelengths at approximately
1530, 1540, 1550, 1560, and 1571 nm driven by a
broadband optical source. The output signal of the
tunable laser has noise distribution around a center
wavelength 1, over a fixed range from 1480 nm to
1620 nm, as shown in Fig. 2. The FBGs have a
-3 dB bandwidth 0.4-0.8 nm. The 3 dB bandwidths
and SNR values for the two optical sources are listed

5074

—OSA
FBG

404 Tunable laser

30

20 A
30 turns
-/M e
20 tu’rgsﬁ,_//f
104

Measured Output Ratio (dB)

1550 1560 1570

Wavelength (nm)

1530 1540

Fig. 6. (Color online) Measured transmission responses of the
edge filters and corresponding system ratios.
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in Table 1, and the measured spectral response of the
FBGs using an OSA is shown in Fig. 5.

Because of the fact that the five FBGs have center
wavelengths of 1530, 1540, 1550, 1560, and 1571 nm,
the experiments were carried out over a wavelength
range from 1530 nm to 1571 nm only. Experimental
results are shown in Fig. 6. The edge filters used in
the experiments are macrobending single-mode fiber
SMF28 filters [15] with bending diameters of 21 mm
and 50, 40, 30, and 20 turns (corresponding to
m = 0.59, 0.44, 0.34, and 0.23 dB/nm), respectively.

Figure 6 shows that when the slope of the edge filter
is small (for example, filters with 20 and 30 turns), the
ratio responses of the system for both types of the op-
tical signal are both very close to the transmission
response of the edge filter measured with OSA. How-
ever, when a tunable laser is used as an input optical
source, as the slope of the edge filter increases (40 and
50 turns), the deviation of the measured ratio from the
transmission response of the edge filter becomes sig-
nificant, especially at longer wavelengths. On the
other hand, the ratios measured for the FBG signals
are matched well with the transmission response of
the edge filter measured by an OSA. This can be ex-
plained as follows: although the tunable laser signal
has a very high SNR (56 dB), its -3 dB bandwidth is
only 0.05 nm, which means that the contribution to
the detected power of the signal [corresponding to
A—AN, /P in Eq. (7)] is small compared to the contri-
bution of the noise [corresponding to BN, /P in Eq.
(D], especially at longer wavelengths; reflected
signals from FBGs have a larger -3 dB bandwidth
of 0.4-0.8 nm but a lower SNR compared to that of
the tunable laser—this makes the value of A—~AN,/
P much greater than BN, /P, even at longer wave-
lengths. As analyzed above, the larger the bandwidth,
the greater the value of A—~AN /P compared to BN /P,
the smaller the deviations of R(4g) from T'(1y), and
thus the higher the slope S(4).

5. Conclusions

The bandwidth of an input optical signal influences
significantly the resolution of a RWM system. In this
paper, a theoretical analysis and numerical simula-
tions of the influence of the optical signal bandwidth
on the resolution of a ratiometric system are pro-
vided, supported by experimental verification. The
conclusions are as follows: (i) if the noise of the photo-
diodes can be neglected and the SNR of the optical
signal whose wavelength is being measured is high
enough to be considered as infinite, the bandwidth
of the input optical signal has no influence on the ra-
tio slope S(4g) of the ratiometric measurement sys-
tem, which in this case is identical to the slope of
the edge filter used. Therefore, the resolution of the
ratiometric system is defined by the slope of the edge
filter. (i1) If the noise of either the photodiodes or the
input optical signal is significant, the higher the va-
lue of the optical signal bandwidth, the higher the
ratio slope S(4g), and, therefore, the higher the mea-
surement resolution.



In real-world wavelength measurement applica-
tions where optical signals have limited SNR, fre-
quently the bandwidth of the input optical signal
is unknown, leading to degradation of the resolution
and accuracy of the wavelength measurements,
when a RWM system is used However, in some situa-
tions, such as for the interrogation of FBG optical
sensors, measurement resolution can be improved
with RWM if both the SNR and bandwidth of the in-
put optical signal are well known, because it is then
possible to customize the RWM system to achieve
better resolution and accuracy.

The authors acknowledge the support of Science
Foundation Ireland under grant 07/SK/I11200.

References

1. S. M. Melle, K. Liu, and R. M. Measures, “A passive wave-
length demodulation system for guided-wave Bragg grating
sensors,” IEEE Photon. Technol. Lett. 4, 516-518 (1992).

2. M. G. Xu, H. Geiger, and J. P. Dakin, “Modeling and perfor-
mance analysis of a fiber Bragg grating interrogation system
using an acousto-optic tunable filter,” J. Lightwave Technol.
14, 391-396 (1996).

3. J. Mora, J. Luis Cruz, M. V. Andres, and R. Duchowica, “Sim-
ple high-resolution wavelength monitor based on a fiber Bragg
grating,” Appl. Opt. 43, 744-749 (2004).

4. Q. Wu, P. L. Chu, and H. P. Chan, “General design approach to
multi-channel fiber Bragg grating,” J. Lightwave Technol. 24,
4433 (2006).

5. Y. S. Hsu, L. K. Wang, W. F. Liu, and Y. J. Chiang, “Tempera-
ture compensation of optical fiber Bragg grating pressure
sensor,” IEEE Photon. Technol. Lett. 18, 874-876 (2006).

10.

11.

12.

13.

14.

15.

. C. L. Zhao, M. S. Demokan, W. Jin, and L. Xiao, “A cheap and
practical FBG temperature sensor utilizing a long-period grat-
ing in a photonic crystal fiber,” Opt. Commun. 276, 242-245
(2007).

. D. Grobnic, S. J. Mihailov, C. W. Smelser, and R. B. Walker,
“Multiparameter sensor based on single high-order fiber
Bragg grating made with IR-femtosecond radiation in sin-
gle-mode fibers,” IEEE Sens. J. 8, 1223-1228 (2008).

. M. A. Davis and A. D. Kersey, “All fiber Bragg grating sensor
demodulation technique using a wavelength division coupler,”
Electron. Lett. 30, 7577 (1994).

. Q. Wu, A. M. Hatta, Y. Semenova, and G. Farrell, “Use of a

SMS fiber filter for interrogating FBG strain sensors with

dynamic temperature compensation,” Appl. Opt. 48, 5451—

5458 (2009).

Q. Wu, P. Wang, Y. Semenova, and G. Farrell, “Influence of sys-

tem configuration on a ratiometric wavelength measurement

system,” Meas. Sci. Technol. 21, 094013 (2010).

X.F. Yang, C. L. Zhao, Q. Z. Peng, Z. Q. Zhou, and C. Lu, “FBG

sensor interrogation with high temperature insensitivity by

using a HiBi-PCF Sagnac loop filter,” Opt. Commun. 250,

63-68 (2005).

Q. Wang, G. Farrell, and T. Freir, “Study of transmission

response of edge filters employed in wavelength measure-

ments,” Appl. Opt. 44, 7789-7792 (2005).

Q. Wu, G. Rajan, P. Wang, Y. Semenova, and G. Farrell,

“Optimum design for maximum wavelength resolution for

an edge filter based ratiometric system,” Opt. Laser Technol.

42, 1032-1037 (2010).

A. T. Georges and S. N. Dixit, “Laser line-shape effects in

resonance fluorescence,” Phys. Rev. A 23, 2580-2593

(1981).

Q. Wang, G. Farrell, and T. Freir, “Theoretical and experimen-

tal investigations of macrobend losses for standard single

mode fibers,” Opt. Express 13, 4476-4484 (2005).

10 October 2010 / Vol. 49, No. 29 / APPLIED OPTICS 5631



	Study of the Effect of Source Signal Bandwidth on Ratiometric Wavelength Measurement
	Recommended Citation
	Authors

	untitled

