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ABSTRACT 

This paper presents a detailed analysis of ghost phenomena 

observed in Optical Time-Domain Reflectometry (OTDR) traces of 

Single-mode–Multimode–Single-mode (SMS) fiber temperature 

sensors. A theoretical model based on modal interference and 

temperature-dependent phase shifts is developed, and experimental 

studies are carried out using an Anritsu MT9083A2 OTDR system. 

The combined analysis links temperature changes with the dynamics 

of ghost peaks. The findings demonstrate how pulse width and 

temperature affect device performance, providing valuable insights 

for optimizing fiber-optic sensor applications. 

 

 

 

1. INTRODUCTION  

Optical fiber sensors have been widely adopted due to their immunity to electromagnetic 

interference, high sensitivity, and suitability for distributed and remote sensing. They are the basis 

of the design and analysis of fiber optic and filters. Among various sensor configurations, Single-

mode–Multimode–Single-mode (SMS) fiber structures have accelerated research interest due to 

their versatile applications in optical sensing, signal processing, and laser technology [1-3]. 

Theoretical investigations into multimode interference (MMI) in Single-Mode–Multimode–

Single-Mode (SMS) fiber structures have been extensively conducted using various modeling 

approaches. These include beam propagation methods (BPM) [4, [5], ray-tracing techniques [6], 

[7] and numerical simulations implemented in COMSOL Multiphysics [8] and MATLAB [9-11]. 

These studies form the theoretical foundation of the complex modal behavior and interference 

mechanisms in SMS structures. 
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While theoretical models offer valuable insights into the performance of SMS-based fiber systems, 

their precision is often limited by the inherent complexities of light propagation, modal 

interference, and the influence of external perturbations. Experimental validations have further 

confirmed the sensitivity and effectiveness of SMS structures in practical scenarios [1], [2], [7], 

[12]. 

Recent literature reviews [13], [14] suggest that ongoing research in advanced materials, 

innovative fiber geometries, and advanced signal processing algorithms improves the applicability 

of SMS-based devices across diverse sensing applications. SMS fiber structures have already 

demonstrated high sensitivity in a wide range of measurement devices including: vibration [15], 

[6], strain [17], [18], [19], temperature [20-22], refractive index [11], [23], [24] magnetic fields 

[25], [26], displacement [1], salinity [27], weight [28], acoustics [29], flow rate [2], and ascorbic 

acid detection [30]. These achievements underscore the versatility and potential of SMS structures 

in fiber-optic sensing technology, motivating continued research and development in this field. 

 

Light pulses launched from a single-mode fiber (SMF) excite multiple propagation modes within 

a multimode fiber (MMF), resulting in an interference pattern in the output single-mode fiber. The 

generated wavelength-dependent output peaks and dips are due to modal interference. 

Consequently, “Ghosts” are observed between and beyond the length of the fiber cable. These 

ghost effects arise from modal interference, imperfect coupling between modes, or the re-

excitation of higher-order modes within the multimode fiber. The term “ghost phenomena” in SMS 

fiber structures typically refers to interference artifacts, side lobes, or unexpected spectral features 

in their transmission profiles. This phenomenon originates from any of the three processes: 

unwanted residual coupling to higher-order modes, Fabry–Pérot effects and asymmetric or non-

adiabatic transitions. Fabry-Perot interference is of particular interest in this work as it can be 

located beyond the fiber cable.  

(SMS) Sensors, when integrated with Optical Time-Domain Reflectometry (OTDR), enable 

distributed sensing with localized interrogation along extended fiber links. A distinctive 

phenomenon observed in OTDR traces of SMS sensors is ghost peaks, spurious reflection signals 

that do not correspond to actual physical discontinuities. These artifacts are sensitive to 

temperature variations and are attributed to modal interference and refractive index mismatches 

within the multimode fiber segment between the fiber cable lengths. Rayleigh backscattering in 

single-mode fibers follows a well-defined path, whereas interference from propagation modes in 

multimode fibers results in complex backscatter profiles [31]. Interactions between different 

modes create multiple optical paths with differing time delays, which the OTDR may misinterpret 

as ghost peaks [32[, [33]. 

Ghosts typically appear at predictable distances relative to major reflection events, yet standard 

OTDR analysis techniques often struggle to distinguish them from real reflections. As temperature 

increases, the intensity of ghost peaks tends to diminish slightly, and their positions shift due to 

thermal expansion and changes in the refractive index [20[, [ 22]. Several studies have reported 

the presence of ghost artifacts in SMS structures, linking them to modal interference and 

differential group delays in the multimode sections [34]. Others, however, proposed methods to 

suppress the "ghost" phenomenon observed in OTDR traces of SMS fiber structures. Nonetheless, 

investigation of changes in temperature-dependent refractive index and modal propagation on 

ghost signals beyond SMS optical fiber links is scarce in the literature. As a result, the underlying 

physics is poorly understood. 
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Furthermore, existing models rarely incorporate the modal dynamics that affect the fidelity of 

OTDR signals in SMS fiber sensors [35]. False reflections by ghosts beyond the fiber cable link 

are misleading and complicate the interpretation of OTDR traces of SMS-based temperature 

sensors. This paper presents an initial study on ghost reflections observed in the OTDR 

transmission profiles of SMS fiber sensors under varying temperature conditions. 

2. THEORETICAL BACKGROUND 

2.1 Multimode Interference 

In single-mode-multimode-single-mode (SMS) fibers, (MMI) plays a critical role [36]. The light 

exiting the first single-mode fiber excites multiple modes in the multimode fiber section.  

 =
m

mmSMF rArE )()0,(       (1) 

where mA  is the modal excitation coefficient for the m-th LP mode, ψm(r) is the transverse mode 

These modes interfere with each other, creating a complex spatial distribution that evolves as the 

light propagates. At certain distances, self-imaging occurs, where the input field profile is 

reproduced [3]. The equations governing MMI relate the input field to the field at a distance z 

along the multimode fiber, assuming a weakly guiding approximation, the electric field in MMF 

can be expressed as a superposition of Linearly Polarized modes [37], 
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where mA  is the modal excitation coefficient for the thm −  LP mode, ψm(r) is the transverse 

mode profile, βm is the propagation constant of the m-th mode and z is the propagation distance 

along the MMF which is determined by the overlap integral between ( )0,rE  and ( )rm  as [37] 
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After propagating through length L in the multimode fiber, the output field is given as; 

 =
m
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)()(      (4) 

The output SMF couples to this field via the same overlap integral in Equation (3) when the output 

is symmetrically coupled to the MMF. The intensity distribution at the output SMF is given by the 

superposition of these modes [15[, [38]. 
2
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where I(x, y, L) is the intensity distribution at a distance along the MMF, and L is the length of the 

MMF section. Equation (5) relates the output intensity to the interference of the multiple modes, 

and the phase shift is critical in altering the modal interference pattern. [37]. 

2.2 Ghost Formation Physics 

Ghosts in SMS structures are caused by [38]: 
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a. Beats between modes 

The interference between non-fundamental thm −  and thn − modes with similar propagation 

constants introduce secondary interference fringes: 

nmmmn  −=        (6) 

and the wavelength as 

mn

mn





=

2
        (8) 

These additional periods can appear as ghost peaks in the spectral response. 

b. Imperfect Mode Matching 

If the launch conditions or alignment are not optimal, weak excitation of unintended modes causes 

multiple low-intensity interference terms and incoherent additive effects in the output. 

c. Back-reflections and Fabry–Pérot effects 

Reflections at SMF-MMF interfaces or poorly cleaved ends can form Fabry–Pérot cavities, 

generating secondary resonances. 

2.3 Temperature Dependence of Modal Propagation 

The propagation constant 
m of the thm − mode is given by [39], [40]: 




 m

m

n2
=         (9) 

where mn is the effective refractive index of the thm −  mode and  is the wavelength of the light. 

The temperature dependence of the effective refractive index can be expressed as: 
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where 
T

nm




is the thermo-optic coefficient, which represents the change in refractive index with 

temperature, and 
dT

dnm 




accounts for the wavelength dependence of the refractive index and the 

thermal expansion of the fiber. The change in the phase difference between two modes, 

( )Lnmm  −= . A change in temperature T can be approximated as: 
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where L is the length of the MMF section. OTDR can detect this change in phase difference arising 

from a shift in the interference pattern. 

 

2.4 OTDR Signal Analysis 

OTDR backscatter measurement is a nondestructive method and requires access to only one end 

of the fiber to determine optical fiber attenuation. The injected pulse into the test fiber and return 

signals are measured as a function of time. Ghost peaks in OTDR traces of SMS sensors are caused 

by nonlinear phase shifts between propagating modes, resulting in constructive interference at 

unexpected positions along the fiber. The phase condition that determines the apparent location of 

ghosts is [41]. 
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= kkzm ,2)(         (12) 

This condition causes the reinforcement of backscattered light at points where no physical reflector 

occurs. The OTDR measures the backscattered light as a function of time. The backscattered power 

( )zP at a distance z  at the input end of the fiber is given by: 

( ) ( )z

sWeSPzP  2

0

−=       (13) 

where 0P  is the launch power, S is the backscatter capture fraction, S is the Rayleigh scattering 

coefficient, W is the pulse width, and  is the attenuation coefficient of the fiber. In the presence 

of an SMS fiber sensor, the OTDR signal will exhibit a loss peak at the location of the MMF 

section due to modal interference. Equation (10) describes the sensitivity of the depth and shape 

of this loss peak to temperature changes. By analyzing the changes in the OTDR signal, the 

ambient temperature can be determined. 

 

3. EXPERIMENTAL SETUP 

An Anritsu MT9083A2 OTDR operating at 1550 nm was used to acquire OTDR traces from the 

SMS fiber sensor. The sensor consists of a 5 cm multimode fiber (MMF) spliced between two 

single-mode fibers (SMF), with interconnecting patch panels. The system was configured with a 

pulse width of 50 ns for most measurements 

 

 

 

 

 

 

Figure 3.1: Experimental setup for temperature measurement (a) SMS structure, (b) Optic Fiber 

setup. 

OTDR traces were acquired in three temperature regimes: Low temperatures from 0.3°C to 7.9°C, 

near room temperatures between 8.2°C and 20.0°C, and at elevated temperatures from 28.9°C to 

68.3°C. A separate set of traces with a 20 ns pulse width was recorded between 4.1°C and 19.7°C 

to analyze the interference fringes (ghosts) with higher spatial resolution. It is pertinent to note 

here light pulses were launched continuously in a swept mode with an interval of thirty seconds. 

The fiber sensor was gradually heated by pulsed laser radiation. 

RESULTS AND DISCUSSION 

OTDR traces at different temperatures were superimposed in a Yokogawa AQ7933 trace viewer. 

The ghost peaks showed that the backscattered signal from the SMS structure exhibited 

temperature dependence. The depth and shape of extended peaks varied randomly with 

temperature. Thus, it is not straightforward to determine the temperature sensitivity. Resolution of 

the sensor was limited by the noise floor of the OTDR and the stability of the laser source. The 

peculiarities of the three temperature regimes are discussed as follows. 

 

 



Azi et al. - Journal of NAMP 70, (2025) 143-154 

148 
 

4.1. Analysis of OTDR traces in the low temperature regime 

Figure 4.1 shows an overlay of all OTDR traces recorded in the low-temperature regime. Four 

prominent interference peaks, each roughly 20 meters apart, appeared beyond the fiber trunk's 

endpoint at 64 meters. The first event, at 46 meters, corresponds to a ghost reflection labeled G1 

at 92 meters. A splice loss at 55 m created a corresponding ghost, G2, at 110 meters. The reflection 

from the fiber end at 64 meters generated a ghost G3 at 130 meters. Additionally, a minor reflection 

at 76 meters produced G4 at 152 meters. These ghost peaks, G1, G2, G3, and G4, occur at 

approximately twice the distances of their associated physical events, consistent with ghost 

phenomena described in OTDR reference manuals [42], [43] and scholarly articles [23], [24]. 

 

 

 

 

 

 

Figure 4.2: Full OTDR trace of SMS fiber with 50 ns pulse width at 1550 nm at low temperatures 

(-0.3°C to 7.9°C).  

The peaks at G3 and G4 were enlarged in Figure 4.3 to highlight the OTDR traces at various 

temperatures. In Figure 4.3b, the traces appear noisy and interleaved. The lowest signal level at 

23.3 dB reads 0.7°C, while the highest indicates 2.4°C at 23.7 dB. Intermediate traces, representing 

temperatures from –0.3 °C to 6.3 °C, appeared in no particular order. This random or non-

monotonic temperature dependence complicates the interpretation of OTDR data in SMS 

temperature sensors. Although the traces in Figure 4.3b are smoother, they exhibited the same 

irregularity, with both the lowest and highest signals corresponding to 2.4 °C at 29.2 dB and 0.7°C 

at 30.0 dB. A comparison of Figures 4.3a and 4.3b revealed that the trace direction differs between 

them.  

 

 

 

 

 

 

Figure 4.2: OTDR traces and magnified peak of traces with 50 ns pulse width at 1550 nm at low 

temperatures (-0.3°C to 7.9°C). (a) Overlapped traces at G3. (b) Overlapped traces G4. 

4.2. OTDR traces at near room temperature regime 

The superimposition of all traces at the near-room-temperature regime is shown in Figure 4.3a. 

Only overlapping peaks at G4 were expanded in Figure 4.3b to emphasize the OTDR traces at 

various temperatures. The respective lowest and highest signal levels are 30.1 dB at 10.8°C and 
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28.8 dB at 17.1°C. Intermediate traces representing temperatures between 8.2 °C and 19.9 °C 

appear at random signal levels. Here, the interpretation of OTDR data traces is confounded by 

non-monotonic temperature dependence. It is pertinent to mention that the other peaks showed the 

same broad, unpredictable characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: OTDR traces and magnified peak of traces with 50 ns pulse width at 1550 nm between 

8.2°C and 19.9°C. 

4.3. OTDR traces at elevated temperatures 

The only ghost peak in Figure 4.4 was extended to highlight the OTDR traces at higher 

temperatures. The traces were quite broad, with the lowest signal level at 24.5 dB read 28.9°C, 

while the highest indicated 29.8 dB at 68.3°C. Intermediate traces, representing temperatures 

between this 38°C range, are not in any particular order. Again, the anomaly in temperature 

dependence complicates the interpretation of OTDR data. Further investigation would be required 

to unravel why only one peak is displayed in these traces.  

 

 

 

 

 

 

 

 

Figure 4.4: OTDR traces and magnified peak of traces with 50 ns pulse width at 1550 nm at 

elevated temperatures (28.9°C to 68.3°C). 
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4.4. OTDR traces at low temperatures with 20ns pulse 

Five traces between 4.1 °C and 19.7 °C were superimposed in Figure 4.5a. Four more peaked 

ghosts were recorded. The peak at G4 was expanded in Figure 4.5b to emphasize the OTDR traces 

at measured temperatures. The respective lowest and highest signal levels are 30.5 dB at 4.1°C 

and 27.9 dB at 19.7°C. Intermediate traces representing temperatures are monotonic and appear to 

follow a downward trend. The interpretation OTDR data traces here showed clear temperature 

dependence, with narrow peaks. Only four temperatures were recorded in this figure. It will be of 

interest to include many more temperature points. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: OTDR traces and magnified peak of traces with 20 ns pulse width at 1550 nm between 

4.1°C and 19.7°C. 

A summary of the temperature ranges and ghost peak characteristics is presented in Table 4.1. 

Experimental OTDR traces recorded at given temperatures revealed that ghost peaks vary in 

intensity, spacing, and shape. At low temperatures, the contrast between the primary reflection and 

ghost peaks is more pronounced, while at higher temperatures, the ghost peaks become broader 

and less distinct. A comparison of traces with 50 ns and 20 ns pulse widths demonstrates that 

shorter pulse widths increase spatial resolution, giving a clearer distinction between true reflections 

and ghost signals. These findings are consistent with the theoretical model of ghost formation due 

to phase shifts induced by temperature variations.  

Table 4.1: Summary of Temperature Ranges, Pulse Widths, and Observations 

Temperature 

Range (°C) 

Pulse 

Width (ns) 

Peak 

Base (m) 

Max. Loss 

(Range (dB)) 

Observations 

-0.3 to 7.9 50 5 28.7 (0.8) Distinct ghost peaks with high 

intensity; sharper modal 

interference. 
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8.2 to 19.9 50 6 30.1(1.3) Ghost peaks shift and broaden 

with temperature rise. 

28.9 to 68.3 50 9 29.8 (5.3) Ghost dynamics are evident with 

gradual intensity reduction. 

4.1 to 19.7 20 3 30.5 (2.5) Enhanced resolution of 

interference fringes; fine details of 

ghost patterns observed. 

 

CONCLUSION 

This paper provides a theoretical explanation for the ghost phenomena observed in OTDR traces 

of SMS fiber temperature sensors. Through a combination of modal interference theory and 

experimental analysis, it is shown that temperature-induced phase shifts play a critical role in the 

formation of ghost peaks. Experimental results acquired using the Anritsu MT9083A2 OTDR 

confirm that both the pulse width and operating temperature have a significant impact on sensor 

performance. Future efforts will focus on optimizing sensor design to enhance rather than 

minimize ghost effects and improve overall measurement accuracy. 
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