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Abstract—This letter reports a fiber Bragg grating for 

distributed sensing applications fabricated using single-mode 

optical fiber and a femtosecond laser and interrogated in the 

terahertz range. A theoretical model of device behavior was 

derived, which agreed well with experimentally observed device 

behavior. In order to investigate the utility of terahertz fiber 

Bragg gratings (THz FBGs) as a sensing modality, temperature 

tests were conducted.  The results demonstrated a sensitivity of -

1.32 GHz/ºC and a detection resolution of less than 0.0017 ºC. A 

temperature distribution test was also conducted using a THz 

FBG, demonstrating its potential as a distributed sensing 

platform with high spatial resolution. The feasibility of 

interrogating THz FBGs using narrow interrogation bandwidths 

was also experimentally shown.   

 
Index Terms—interferometry, optical fiber sensor 

I. INTRODUCTION 

he Bragg grating is a mature sensing technique that has 

been widely used for strain, stress, pressure, and 

temperature measurement. Through the integration of these 

periodic structures into a variety of waveguides, the utility of 

Bragg grating technology has been successfully demonstrated 

over a broad set of frequency ranges. In the optics domain, 

incident frequencies in the hundreds of terahertz are routinely 

used to interrogate fiber Bragg gratings (FBG) [1]. By 

resolving shifts in the reflected spectra, subtle changes in the 

parameters of interest can be precisely measured. Similar 

utility has been demonstrated in the microwave domain (a few 

gigahertz) through the successful implementation of coaxial 

cable Bragg gratings (CCBG) fabricated by introducing 

discontinuities at the centimeter scale [2, 3]. 

Both FBG and CCBG have demonstrated their utility for 

large scale, multiplexed sensing applications [4, 5]. However, 

these techniques have distinct limitations; the large frequency 

ranges necessary for interrogation in the optical domain 

require swept frequency lasers, or a combination of broadband 

light source and optical spectrum analyzer, with broad ranges 

(tens of nm, or a few terahertz, at a wavelength of around 

1550 nm) [6], while the long pitch-length of CCBGs in the 

microwave domain limits its spatial resolution (~tens of cm) 

for sensing applications. 
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Terahertz frequency sensing has emerged as a promising 

method of surmounting the limitations of both the optical and 

microwave domains. Terahertz frequencies lie between the 

optical and microwave frequency ranges, which are hundreds 

of terahertz and tens of gigahertz, respectively. As a 

consequence of this spectral position, terahertz sensing has the 

potential to marry the positive qualities of both optical and 

microwave Bragg grating techniques [7]; as compared to a 

FBG and CCBG, THz gratings require a narrower 

interrogation bandwidth (hundreds of gigahertz) and have 

greater spatial resolution (pitch length < 1 mm), respectively. 

This possibility has led to recent promising experimental 

investigation. Zhou et al., using a KrF laser to modify Topas 

polymer fiber, interrogated the resulting structure using a high 

frequency vector network analyzer at hundreds of gigahertz 

[8]. Similarly, Yan et al. used a CO2 laser to modify a step-

index polymer fiber, testing the structure using terahertz time-

domain spectroscopy at hundreds of gigahertz [9]. Both 

methods, however, suffer from significant insertion loss as a 

result of large perturbations of the waveguides, which 

significantly limits the multiplexing capability of resulting 

sensors. Additionally, the need to interrogate these sensors 

using direct terahertz frequency modulation requires the use of 

precision instrumentation at considerable expense due to the 

high attenuation of the interrogating circuit at THz 

frequencies.  

In this letter, we report a terahertz fiber Bragg grating (THz 

FBG) sensing modality with the potential to overcome these 

engineering limitations. By using heterodyne mixing, a 

mainstay of microwave photonics, this technique has the 

potential to lead to both simplified sensor interrogation using 

narrow interrogation bandwidths and greatly-enhanced 

distributed sensing capacity with high spatial resolution [10-

14]. The interrogation system, fabrication parameters, and 

sensing utility of THz FBGs were experimentally studied, and 

the results presented in this letter. 

II. OPERATION MECHANISM 

The schematic of the interrogation system, based on optical 

frequency domain reflectometry (OFDR), is shown in Fig. 1 

[15, 16]. The light generated by the tunable laser source (TLS) 

is split by a 90/10 optical coupler (CPL) into two paths, 

“clock” and “signal”. The “clock” path with two 50/50 CPLs 

is an interferometer that provides the sample clock for the data 

acquisition card (DAQ), compensating for the non-linearity of 

the tunable laser. The sampling rate of DAQ is 14 MSa/sec. 

The light in the “signal” path is split using a 50/50 coupler 

into a reference arm and a detection arm; a circulator (CIR) 
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guides the reflected light from the THz FBG structure, which 

is terminated with anti-reflected cut; a polarization controller 

is placed on the reference arm to adjust the interferometer for 

maximum output; another 50/50 CPL recombines the light 

from reference arm and detection arm to the balanced 

photodiodes (BPD) and DAQ. In this setup, the tunable laser 

sweeps from 1525 to 1555 nm at 60 nm/s scanning speed, 

corresponding to a total bandwidth of 3.8 THz, resulting in 

1066357 sampling points in one waveform. The bandwidth of 

the tunable laser was reduced to 40 GHz to demonstrate the 

possibility of using smaller bandwidth for sensor 

demodulation. The real-time system has an update rate of 1.5 

sec per round, which includes 0.5 sec for laser scanning and 1 

sec for transmission of the data to a PC and calculation. The 

coherence length of the tunable laser is around 400 m, limiting 

the total length of the fiber detection arm to be 400 m. 

Fig. 2 illustrates the technique used to fabricate the THz 

FBGs under experimental investigation. The structures were 

fabricated with a Ti:Sapphire fs laser (Coherent, Inc.) 

micromachining system from the single-mode optical fiber 

(Corning, SFM-28), with core and cladding diameters of 8.2 

and 125 µm respectively, for all experimental trials [17-19]. 

The insertion of each reflector is smaller than 0.001 dB. 

A theoretical framework was developed to model the 

behavior of a multiplexed THz FBG. In this model, M same 

THz FBGs are embedded along the detection arm, with each 

FBG containing equally N reflection points with a period of 

∆z. The total AC coupled voltage received by the DAQ can 

then be expressed as: 

������ � 2�	
�� � � cos������ � �� � 2�����
���

� !

"��

� !
      $1& 

where � is the light-to-voltage conversion coefficient of the 

photodiode, r is the reflection coefficient of the FBG 

reflectors, Iref  is the light intensity of the reference arm, β is 

the propagation constant, zref is the length from the reference 

arm to the PD, and zm is the length from the start of the m
th 

FBG to the PD. The intensity of the reflected light can be 

obtained using a Fourier transform. In this study, Rayleigh 

scattering is defined as the noise floor, resulting in a signal-to-

noise ratio (SNR) of ~ 23 dB. Signal from target FBGs from 

the fiber under test can be extracted via a Butterworth band-

pass filter. The sensing mechanism is based on tracking the 

frequency shift of the THz FBG signal related with the 

ambient change. To extract the THz FBG signal shift, a self-

mixing technique was applied to the extracted individual THz 

FBG signal. The reflected signal in frequency domain is 

squared and filtered using a low-pass filter to obtain the FBG 

reflection spectrum: 
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Fig. 3 shows both simulation and experimental results from 1 

mm and 0.1 mm THz FBGs. Both structures were fabricated 

with 20 reflection points using a fs laser at 0.11 W power. 

Some noise features are evident in the experiment signals, 

which are attributed to imperfections introduced during 

fabrication. The simulation results agree well with the 

experimental data. 

III. EXPERIMENTS, RESULTS AND DISCUSSION  

In order to determine the effect of varying the number 

reflection points on signal quality, the full width at half 

maximum (FWHM) of signals from gratings with differing 

numbers of reflectors were measured. Three THz FBGs were 

fabricated using the same period (1 mm) and same fabrication 

power (0.11 W), and with 10, 20, and 40 reflection points, 

respectively. Data were sampled 100 times from each THz 

FBG. The average FWHM results for the 10, 20, and 40 

reflection point THz FBGs were 7.03 GHz, 3.85 GHz, and 

1.27 GHz, respectively. These results indicate that, when 

period and fabrication power are held constant, increasing the 

number of reflection points of a THz FBG results in enhanced 

signal quality factor (Q-factor). However, the trade-off is the 

mitigated spatial resolution due to the increased grating length. 

Fig. 1. Schematic of the interrogation system for THz FBG 
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Fig. 3. Simulation and experimental results: (a) 1 mm, 20 
reflection points, 0.11 W; (b) 0.1 mm, 20 reflection points, 0.11 W 
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To investigate the potential utility of a THz FBG as a 

temperature sensor, a THz FBG was fabricated using a fs laser 

power of 0.11 W, a period length of 1 mm, and 20 reflection 

points. The THz FBG was placed in a temperature-controlled 

water bath and the sensor’s temperature response measured. 

Fig. 4 (a) shows the THz FBG frequency signal at both 55 ºC 

and 65 ºC. As the temperature increases, the period of FBG 

increases, causing a corresponding shift in resonant frequency. 

The frequency shift can be extracted by calculating the cross 

correlation pattern. Fig. 4(b) shows the normalized cross-

correlation pattern from Fig. 4(a) with a frequency shift of 

12.84 GHz. Fig. 4(c) plots the temperature response from 50 

ºC to 65 ºC. Using this configuration, the temperature 

sensitivity for the THz FBG was observed to be approximately 

-1.32 GHz/ºC. It is worth noting that the sensitivity of THz 

FBG is much larger than conventional microwave grating due 

to the fact that the interrogation window in the proposed setup 

is in optical range, and the grating resonant peak under test is 

at a much higher order in comparison with 1st order in a 

microwave grating. For 1 mm grating, the resonant peaks 

range from 1923th to 1967th order, given that the laser tuning 

bandwidth is from 1525 to 1555 nm. 

In order to investigate the distributed sensing capability of 

the system, a 40 reflection point THz FBG was fabricated with 

a period of 1 mm, shown in Fig. 5(a). The system was 

calibrated using the reflectivity of an APC connector, which 

was previously measured to be -60 dB using precision 

instrument. The reflectivity of each point is around -70 dB. 

The reflectivity of each reflection point varies due to 

imperfections in the fabrication process. The reflection spectra 

of THz FBG were first measured with no temperature change 

as reference. An ice cube was then placed ~1 cm away from 

the THz FBG close to center in order to introduce a 

temperature distribution along the fiber sensor. The spectra 

were again taken and a high order 0.1 ns time-domain moving 

filter, corresponding to 1 cm in spatial domain, was used to 

gate the FBG signal with a step of 1 mm. 90% of the filter 

window was overlapped with its neighboring filter window. 

The frequency shift as a function of filter start position was 

plotted in Fig. 5(b). A Gaussian-like temperature distribution 

was observed in which the center THz FBG experienced a 

frequency shift corresponding to a temperature approximately 

1 ºC lower than that of either edge of the THz FBG sensor. A 

real-time experimental demo was videotaped and attached to 

this letter. This experiment demonstrates that THz FBGs hold 

the potential for continuous distributed sensing with high 

spatial resolution. In addition, the ultraweak reflection nature 

of so fabricated THz FBGs promises a huge multiplexing 

capacity [20]. 

A key feature of THz FBGs is that they require a much 

narrower detection bandwidth than FBGs in the optical 

frequency range while maintaining good spatial resolution. To 

demonstrate this feature, a THz FBG with 20 reflection points 

was tested using differing sweeping bandwidths from a 

tunable laser. Fig. 6 (a-c) shows the spectra of the sensor 

under test using these differing laser sweep bandwidths. Fig. 6 

(d) shows the temperature response for each different 

bandwidth, which are observed to agree well with each other. 

These results demonstrate that, when compared with a 

conventional optical FBG, use of a THz FBG can effectively 

reduce detection bandwidth. 

To evaluate system-level accuracy, a stability test was 

conducted by fixing the temperature of a 1 mm, 20 reflection 

point THz FBG. 100 spectra were recorded using this 

configuration. The frequency shift of each spectrum relative to 

its initial status was calculated. The standard deviation of the 
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Fig. 4. Temperature response: (a) 1 mm THz FBG reflection spectra  at 
65 ºC and 55 ºC; (b) cross-correlation pattern to extract the frequency 
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frequency shift was less than 2.27 MHz. Given the 

experimentally measured sensitivity of -1.32 GHz/ºC, its 

temperature detection limit is calculated to be less than 0.0017 

ºC. This demonstrates that THz FBG holds significant 

potential for high-accuracy detection. The temperature sensing 

dynamic range is limited by the free spectral range (FSR) of 

THz FBGs. Frequency shift beyond FSR will result in spectral 

ambiguity problem. For example, 1 mm THz FBG has a FSR 

of ~100 GHz, corresponding to a dynamic range of ~76˚C. 

The dynamic range is inversely proportional to the pitch 

length of THz FBG. In addition, large dynamic range requires 

wide interrogation bandwidth. 

IV. CONCLUSION   

To conclude, this letter reports the development of a FBG 

operating in the terahertz range with the demonstrated 

potential to combine the high spatial resolution of FBGs with 

the narrow detection bandwidth of CCBGs. The effect of 

varying the number of reflectors on signal quality was 

quantified. The potential of a THz FBG as a temperature 

sensor was experimentally validated, with a sensitivity of -

1.32 GHz/ºC and a detection resolution of less than 0.0017 ºC. 

The utility of THz FBGs for distributed sensing with high 

spatial resolution was experimentally demonstrated. Similarly, 

differing interrogation bandwidths (0.5 THz, 0.1 THz, and 40 

GHz) were shown, in Fig. (6), to have identical temperature 

sensitivities, illustrating that THz FBGs can be successfully 

interrogated using narrower bandwidths than current optical 

FBGs. 
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