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Abstract—Environmental temperature fluctuations cause phase 

changes of the light propagating through optical fibers due to their 

thermal sensitivity. This limits the stability of fiber delay-line 

interferometers. Here, we present a thermally-insensitive fiber 

Mach-Zehnder interferometer. It consists of a hollow core fiber 

(HCF), which has a low thermal sensitivity coefficient, in one 

branch and a standard single-mode fiber with a thermal sensitivity 

coefficient about 25 times larger in the other. By setting their 

associated length ratio to approximately 25:1, the optical phase of 

the light in both arms changes by the same amount with 

temperature, making the difference in their optical paths 

insensitive to temperature and thus producing thermally-

insensitive interference. As the thermal sensitivity coefficient of 

the optical fibers is itself slightly temperature dependent, exactly-

zero sensitivity is achieved at a specific temperature only. We show 

how this zero-sensitivity temperature can be controlled via control 

of the relative fiber lengths in the two interferometer arms and set 

it to room temperature. Further, we show that our interferometer 

is over 100 times less sensitive to temperature than a single-mode 

fiber-based interferometer over temperature range as large as 25-

50°C. When considering a simple temperature control that keeps 

the interferometer within ±1°C, the demonstrated interferometer 

achieves over 2000 times lower thermal sensitivity than a single-

mode fiber-based interferometer and over 100 times lower 

sensitivity than an HCF-only based interferometer. Finally, we 

discuss how the thermal sensitivity of such interferometer depends 

on the light source wavelength.  

 

Index Terms—Optical fiber interferometer, hollow core fiber, 

optical fibers, thermal sensitivity 

I. INTRODUCTION 

ptical delay-line interferometers produce interference 

between a signal and a delayed copy. They find 

applications in many areas such as ultra-stable laser 

locking [1][2], optical filtering [3], and precision 

optical sensing including gravitational wave detection 

[4] and tests of relativity [5].  
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When built with optical fibers, delay-line interferometers 

are lightweight, alignment-free, and can provide a very long 

delay (e.g., kilometers of fiber). However, interferometers 

made of standard single-mode optical fibers (SSMF) suffer 

from relatively high sensitivity to environmental temperature 

variations. This is mainly due to the thermo-optic coefficient of 

the fiber silica glass core, which makes the effective refractive 

index neff of the fiber mode relatively sensitive to temperature. 

The accumulated phase 𝜑 = 2𝜋𝑛𝑒𝑓𝑓𝐿 𝜆⁄  (L: fiber length; λ: 

light wavelength in vacuum) in the individual interferometer 

arms then changes with temperature, causing the interferometer 

interference fringes to drift over time [6].  

The fiber thermal sensitivity coefficient 𝑆𝜑  defined as the 

temperature sensitivity of the accumulated phase 𝜑 normalized 

to the fiber length L is given by:  

 

 

where T is temperature. The first term on the Eq. (1) right-hand 

side is due to the glass core thermo-optic effect and accounts for about 

95% of the thermal sensitivity coefficient in SSMF [7]. The second 

term describes the effect of fiber thermal expansion. SSMF’s 𝑆𝜑 has 

been reported to be as high as 48 rad/m/K at a wavelength of 1550 nm 

[8]. Considering a delay-line interferometer with 100 m fiber delay 

subject to 1-mK temperature change (which is already challenging to 

be achieved in practice), the phase would drift by as much as 4.8 

radians, which corresponds to almost one full interference fringe drift. 

To achieve stable interference, sub-mK temperature stabilization 

would be needed. Provided such interferometer is used for laser 

locking to reduce its phase noise  [1], temperature variation as small as 

20 mK would produce significant frequency instability of 3×10-12 at  

1- averaging [1]. To decrease the negative impact of the fiber’s thermal 

sensitivity, temperature needs to be controlled at unpractical levels 
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(e.g., sub-mK). Alternatively, the thermal sensitivity of optical fibers 

can be reduced. 

It can be reduced by using fibers with a specialty coating that 

contracts with a temperature increase [9], using core material that has 

a reduced thermo-optic coefficient [10] or using hollow core fibers 

(HCFs) [7]. In HCF, light is guided through the central hole rather than 

silica glass, eliminating 95% of the fiber’s 𝑆𝜑 [7]. Specialty coated 

fibers were reported to have 𝑆𝜑 as low as 4.4 rad/K/m [9], specialty-

doped core fibers 38 rad/m/K [11], and HCFs 2.4 rad/m/K [8], all 

achieved at room temperature. Several approaches have been 

proposed to further reduce or even eliminate this sensitivity. In SSMF, 

cooling to -250°C  was shown to lead to 𝑆𝜑= 0 [12]. In HCF, this was 

also demonstrated, but at a significantly easier-to-reach temperature of 

-71°C [13], where silica glass coefficient of thermal expansion crosses 

zero. Another approach is using open-ended HCF [14] in which fiber 

elongation is compensated by the reduced refractive index of the fiber 

core due to temperature-induced pressure change and associated 

molecules escaping or entering the HCF core. At atmospheric 

pressure, it led to a zero thermal sensitivity coefficient at a temperature 

of 107°C. As far as achieving this at room temperature is concerned, 

reduction in the fibers thermal sensitivity coefficient was suggested, 

e.g., by winding HCF around a thermally-insensitive bobbin under 

tension, where temperature variations caused a change in fiber tension, 

but not length [15]. Although in principle this approach could achieve 

𝑆𝜑= 0, so far it has been demonstrated to reduce it only by a factor of 

three. Additionally, use of a thermally-insensitive bobbin increases 

weight, which may be undesirable in interferometers for some 

applications e.g., for use in aerospace.  

Besides direct reduction of the fiber’s 𝑆𝜑as discussed above, the 

stability of a delay-line interferometer can also be improved by making 

the two arms from materials with different 𝑆𝜑and their lengths chosen 

to induce the same phase change in both arms when subject to a 

temperature change, Fig. 1. This has been already demonstrated in 

integrated optic Mach-Zehnder interferometers [16] and also in our 

preliminary study [17] in which we used a HCF in one arm and an 

SSMF in the other. The 𝑆𝜑 of HCF is significantly (~30 times) lower 

than that of SSMF, so the same thermal sensitivity should be achieved 

in both arms when the HCF is approximately 30 times longer than the 

SSMF. Inserting such a relatively short length of SSMF into the 

reference arm of an HCF delay-line interferometer makes the 

reduction of the delay between the two interferometer arms negligible. 

We refer to this arrangement as a “compensated delay-line 

interferometer”. 

Here we present a compensated delay-line interferometer, building 

on our preliminary work [17]. Besides giving more details including 

the importance of the fiber coating, we show how the zero-sensitivity 

operating temperature can be tuned and demonstrate setting it close to 

room temperature. Furthermore, we increase the delay imbalance in 

the interferometer to increase its phase sensitivity which is desirable in 

applications such as laser locking [1]. And we verify results obtained 

by using two different measuring methods. Additionally, we discuss 

how the thermal sensitivity of the interferometer changes with 

temperature, which influences the temperature range over which it has 

a very low thermal sensitivity, e.g., 2000 times smaller than an 

interferometer made solely of SSMF. Finally, we discuss how the 

interferometer thermal sensitivity changes with wavelength. 

1.6 rad/m/K ,  48 m

 48 rad/m/K, 1.6 m

76.8 rad/K

76.8 rad/K

0 rad/K

SSMF

HCF

splice point

OCOC

 

Fig. 1. Principle of the compensation method. Optical signals propagating in 

both interferometer arms experience the same phase shift when the ambient 

temperature changes. SSMF: standard single-mode fiber; HCF: hollow-core 

fiber; OC: optical coupler. 

II. EXPERIMENTAL SETUP 

The experimental set-up we used to measure the thermal 

sensitivity is shown in Fig. 2. A narrow linewidth laser (RIO Orion 

from Luna Innovations, USA, emitting at 1558 nm) was frequency-

locked to a carrier-envelope offset (CEO) stabilized optical frequency 

comb. This stabilization was required to suppress long-term laser 

frequency fluctuations that could produce interference fringe drift at 

the output of the interferometer and be confused with the thermally-

induced phase change in the fibers. The HCF used in this experiment 

was manufactured in-house and is based on a Nested Antiresonant 

Nodeless Fiber (NANF) geometry [18] with a glass silica jacket tube 

of 185/70 µm outer/inner diameter. The SSMF was also manufactured 

in-house.  In our initial experiments (not shown here), we found the 

performance of the compensated interferometer was limited by 

hysteresis in the optical path length variation due to the visco-elastic 

properties of the fiber coating [19]. Due to coating viscoelasticity, the 

phase of light propagating through a length of fiber keeps changing 

even after a stable temperature has been achieved, with a time constant 

of up to 60 000 s [19]. As this effect has different dynamics and 

magnitude in the HCF and SSMF (different coating thicknesses, non-

identical coating on both fibers, different effect on the effective 

refractive indices for SSMF and HCF, etc.), the compensation of one 

arm with respect to the other depended on the rate of temperature 

change and took long time to settle. To avoid this, we fabricated the 

fibers with a very thin coating d (about 10 µm coating thickness). We 

have demonstrated earlier that this thickness significantly reduces the 

hysteresis in the HCF [20]. To distinguish a generic SSMF with our 

thinly coated SSMF, we refer to it as T-SSMF with ‘T’ for “thin 

coating”.  We adopt the same notion for our HCF (T-HCF). 

HCF

LASER(@1550 nm)

THERMISTOR 1 

2×2 OC 3×3 OC

THERMAL CHAMBER

LOCKED

CEO-STABILIZED
Optical Frequency 

Comb 

PD1
PD2
PD3T-SSMF

THERMISTOR 2 

 
Fig. 2. Measurement set-up to characterize the thermal sensitivity of delay-line 

interferometers. OC: optical coupler; PD: photodetector; CEO: Carrier-

Envelope Offset. 
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We coiled fibers freely (without any spool) in both short and long 

arms together with a diameter of 14 cm, and spliced them to a 2×2 

input coupler and a 3×3 output coupler, both made of SSMF to form a 

Mach-Zehnder interferometer. The couplers’ SSMF tails were cut to 

the same length of 1.2 m with an accuracy of 5 mm, and placed 

together. Thus, any phase change in the tails due to temperature should 

be identical in both interferometer arms and thus cancel out. The 3×3 

output coupler enables un-ambiguous phase change extraction 

including its sign [21].  We put the interferometer into a thermal 

chamber and placed a thermistor in the center of the coiled fibers, Fig. 

2. Three delay-line interferometers were built and tested in this 

chamber. The first two were not compensated interferometers and 

were used to measure the thermal sensitivity 𝑆𝜑of our T-SSMF and T-

HCF, respectively. They had 1.6-m T-SSMF and 40-m of T-HCF 

spliced in between the pigtails of the two couplers in the delay arm, 

respectively, while the coupler pigtails in the other arm were spliced 

directly together. As the pigtails in both interferometer arms were cut 

to the same length, the delay in these two interferometers was 

determined by the 1.6-m T-SSMF and 40-m of T-HCF only. We 

measured the thermal sensitivity 𝑆𝜑 of 1.57 rad/m/K for the T-HCF 

[20] and 39.3 rad/m/K for T-SSMF at 28°C. We give more details 

about these measurements later. For the available 40 m length of T-

HCF, a 1.6-m long T-SSMF was thus required to produce the same 

phase change in response to temperature (length ratio of 1:25). The 

third interferometer was the compensated delay-line interferometer 

with the 40 m T-HCF in the delay arm and 1.6 m T-SSMF in the other 

arm. 

We used two methods to measure the thermal sensitivity of 

delay-line interferometers. The first one was based on recording 

the accumulated phase with temperature as it continuously 

changed over a large range (e.g. 10-60°C). Subsequently, we 

fitted the measured accumulated phase and differentiated it to 

obtain the thermal sensitivity. We refer to this as the dynamic 

measurement. The second method was based on measuring the 

accumulated phase between two temperatures which have a 

small difference (e.g. 30-32°C), calculating the accumulated 

phase difference and dividing it by the temperature change. We 

stabilized the thermal chamber to these temperatures for several 

hours for each measurement. We refer to this as the static 

measurement. In the literature, both methods are used, but they 

can lead to different results due to the visco-elastic properties 

of the fiber coating, which causes a delay between the 

temperature change and the optical phase change [20]. This is 

highly undesired in the compensated delay-line interferometer, 

as this delay may be different in the two arms, possibly causing 

poor compensation of the phase change when the temperature 

is changing. This delay can be strongly suppressed when fibers 

with a thin coating are used [20], justifying our choice of thinly-

coated HCF and SSMF. 

III.  RESULTS AND THEIR ANALYSIS 

A. Thermal sensitivities of delay-line interferometers 

The result of dynamic thermal sensitivity measurement of 

the compensated delay-line interferometer is shown in Fig. 3. 

The accumulated phase firstly decreased, reaching a turning 

point at around 28°C, corresponding to 𝑆𝜑=0, then increased. 
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Fig. 3. Dynamically measured phase change of the compensated delay-line 

interferometer from 26°C to 32°C (black scatter points), and the 3rd order 

polynomial fit (red line). 

 

To compare delay-line interferometers made of SSMF, HCF 

and our compensated delay-line interferometer, we normalize 

the interferometer thermal phase sensitivity to unit delay: 

 

𝐼𝜑 =
1

𝜏

𝑑𝜑

𝑑𝑇
 , (2) 

where  is the delay introduced by the delay-line interferometer 

and 𝜑  is the phase difference of the two arms. The delay-

normalized thermal sensitivities 𝐼𝜑 of our compensated delay-

line interferometer together with those of T-SSMF and T-HCF 

measured with the dynamic method are plotted in Fig. 4. Here 

we see that 𝐼𝜑  of T-HCF (~0.5 rad/ns/K) is about 16 times 

smaller than that of T-SSMF (~8 rad/ns/K). It is worth 

mentioning that the T-SSMF sensitivity is slightly smaller than  

that of SSMF reported to have 𝑆𝜑  = 48 rad/m/K, which is a 

value corresponding to 𝐼𝜑 = 9.6 rad/ns/K. For the compensated 

delay-line interferometer,  𝐼𝜑  measured over the temperature 

range of 25-55 °C is almost 7 times smaller than that of T-HCF 

and over 100 times lower than that of T-SSMF. Additionally, it 

crosses zero (detail shown in Fig. 5) at 28°C, where the 

interferometer is essentially thermally insensitive.  
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Fig. 4. Measured thermal sensitivity of T-SSMF (black, dashed), T-HCF (blue, 

solid), and the compensated delay-line (dash-dot, red) interferometers, 

measured from 25 to 60°C. The shown numbers refer to the slopes of the 

corresponding curves. 
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To verify the obtained results, we carried out the static 

measurement for the compensated interferometer over four 

temperature ranges (25-27°C, 27-29°C, 29-31°C, and 31-

33°C), Fig. 5. Both dynamic and static measurements agree 

well and show that the thermal phase sensitivity of the 

compensated delay-line interferometer crossed zero at 28℃. In 

the temperature range of 27-29°C in which the interferometer 

can be kept using, e.g., a simple closed-loop temperature 

control of ±1 K,  the interferometer achieves  |𝐼𝜑| < 4.8 

mrad/ns/K, which is over 2000 times lower than that of SSMF-

based interferometer.  
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Fig. 5. The dynamically measured (red line) and statically measured (black scatter points) 
thermal phase sensitivity of the compensated delay-line interferometer. Both show the zero 

thermal phase sensitivity crossing at a temperature of 28°C. 

 

B. Tuning of the zero thermal sensitivity crossing temperature 

Zero thermal interferometer sensitivity was achieved at a 

particular temperature (28°C in our experiment) as both, T-HCF 

and T-SSMF exhibit a temperature dependent 𝑆𝜑, which can be 

seen in Fig. 4. This zero sensitivity temperature can be shifted 

by changing the length of the fibers. It is more practical to 

change the T-SSMF fiber length, as it has a large thermal 

sensitivity coefficient and thus only small changes in its length 

produce an appreciable shift in the interferometer zero thermal 

phase sensitivity temperature without changing significantly 

the delay produced in the compensated delay-line 

interferometer. 6. shows experimental data obtained when 

changing the T-SSMF length. We see that a change in the T-

SSMF length of 20 cm shifted the zero sensitivity point from 27 

to 47°C. Thus, setting the zero sensitivity with ±1°C accuracy 

requires control of the T-SSMF length of ±1 cm, which is easy-

to-achieve with a standard fiber cleaver and splicer. Further 

modification of the length imbalance beyond what we show 

here should enable us to lower the zero sensitivity point down 

to -71°C (for zero length T-SSMF) [13] or to increase it beyond 

47°C. 
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Fig. 6. The measured (black scatter), fitted (2nd order polynomial fit, blue dash-

dot) and calculated (red solid, Eq.(4)) relationship between the T-SSMF length 

and compensated delay-line interferometer zero thermal sensitivity  

temperature when the T-HCF branch is kept 40 m. 

 

In practice, it is desirable to achieve a very low interferometer 

thermal sensitivity over as large a temperature range as possible. This 

requires the interferometer thermal phase sensitivity slope (Fig. 5) to 

be as small as possible. This slope can be calculated using simple 

algebra from thermal sensitivity coefficient slopes 𝑎 of T-HCF and 

T-SSMF defined as: 

𝑆𝜑(𝑇) = 𝑎(𝑇 − 𝑇𝑟𝑜𝑜𝑚) + 𝑆𝜑𝑟𝑜𝑜𝑚
, (3) 

where 𝑇𝑟𝑜𝑜𝑚  is room temperature, and 𝑆𝜑_𝑟𝑜𝑜𝑚  is the thermal 

sensitivity coefficient at room temperature. Data shown in Fig. 4 lead 

to 𝑎𝑇−𝑆𝑆𝑀𝐹  = -0.12 rad/m/K2 (corresponding to -24.8 

mrad/ns/K2) and 𝑎𝐻𝐶𝐹 = 8.5 mrad/m/K2 (2.6 mrad/ns/K2), 

respectively, from which we calculated the slope of the 

compensated interferometer thermal sensitivity of  
4.4 mrad/ns/K2. This value agrees with the slope obtained by 

linear fitting of the compensated delay-line interferometer 

thermal sensitivity shown in Fig. 4. 

The obtained thermal sensitivity coefficient slopes of T-

SSMF and T-HCF also allow us to calculate the extra length of 

T-SSMF that should be added to increase the zero thermal 

phase sensitivity temperature of the compensated delay-line 

interferometer by ∆𝑇 = 𝑇 − 𝑇𝑟𝑜𝑜𝑚: 

 

∆𝐿𝑆𝑆𝑀𝐹 =
𝑎𝐻𝐶𝐹∆𝑇 + 𝑆𝜑_𝑟𝑜𝑜𝑚𝐻𝐶𝐹

𝑎𝑇−𝑆𝑆𝑀𝐹∆𝑇 + 𝑆𝜑_𝑟𝑜𝑜𝑚 𝑇−𝑆𝑆𝑀𝐹

 × 𝐿𝐻𝐶𝐹 . (4) 

  

We plot this dependence in Fig. 6 (red solid). Compared to the 

measured data (6. , black scatter points), it gives a slightly larger 

slope, which we believe is due to the too large temperature 

range considered (from 28 to 46°C), over which the thermal 

sensitivity coefficients of T-SMF and T-HCF are no longer 

linear.  

To obtain a smaller thermal sensitivity slope (than that 

obtained in Fig. 4) and thus lower thermal sensitivity over a 

larger temperature range, 𝑎𝑇−𝑆𝑆𝑀𝐹  and 𝑎𝐻𝐶𝐹  would need to be 

better “matched”, e.g., to have the same sign. We believe this 

can be achieved, e.g., by a careful selection of the dopants in 
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the T-SSMF fiber core or a different choice of coating material 

(e.g. metallic or polyimide). 

 

C. Wavelength dependence 

All our experiments were performed with laser source 

emitting at 1558 nm. Here, we predict how the compensated 

delay-line interferometer thermal sensitivity changes with the 

operation wavelength. The wavelength-dependent thermal 

sensitivity coefficient of an optical fiber can be written as:  

 

 

The first term of the right hand side is the wavelength dependent 

thermo-optic effect and the second term is related to the fiber 

chromatic dispersion and thermally-induced expansion. The 

thermo-optic effect in a sealed HCF is very weak [14] and for 

SSMF, it can be described by expansion [22]：  

with 𝑐0,1,2,3 =  9.39059;  0.235290; −1.31856 ×
10−3;  𝑎𝑛𝑑 3.02887 × 10−4. The calculated 𝑆𝜑(𝜆)  (Eq.(5)) of 

SSMF and HCF considering this dependence, 𝑛𝑒𝑓𝑓(𝜆) of both 

fibers calculated in COMSOL Multiphysics,  and 
𝑑𝐿

𝑑𝑇
= 0.3 

ppm/K [20], is shown in Fig. 7. Using these data, the 

wavelength dependent thermal sensitivity of the compensated 

delay-line interferometer is calculated and shown in Fig. 8.  
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Fig. 7. Calculated wavelength-dependent thermal sensitivity coefficient of T-

SSMF and T-HCF. 

 

The thermal sensitivity is within ± 4.8 µrad/ns/K between 

1420 and 1660 nm (240 nm span), which is over 2×106 times 

smaller than that of the SSMF based interferometer. 

Unfortunately, we could not confirm this experimentally, as we 

did not have a tunable laser that could be locked to the optical 

frequency comb. 
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Fig. 8. Calculated thermal sensitivity of the compensated delay-line 
interferometer as a function of wavelength with zero thermal sensitivity set to 

1550 nm. 

IV. CONCLUSION 

In conclusion, we have proposed and demonstrated a fiber 

delay-line interferometer made from HCF and SSMF, with an 

extremely low thermal sensitivity that crosses zero at a designed 

temperature. This zero temperature crossing was tuned from 

28°C to 45°C via control of the SSMF length in our 

demonstration. Compared with an SSMF based interferometer, 

the compensated delay-line interferometer shows about 100 

times lower thermal sensitivity in a large temperature range 

(e.g., 25-50°C). Over a limited temperature range of 2°C, it 

achieves thermal sensitivity over 2000 times lower than its 

SSMF based counterpart and 100 times lower than HCF-only 

interferometer embodiment. Such temperature stability of ±1°C 

is straightforwardly achievable using a low-cost temperature 

control system or in a temperature-controlled lab environment. 

We also discussed the thermal slope of the compensated 

interferometer and fibers, which approximately gives the 

relationship between the thermally insensitive temperature and 

the length of the SSMF. We have also predicted how the 

thermal sensitivity changes with wavelength, showing the 

compensated interferometer is expected to achieve 2×106 lower 

sensitivity than its SSMF counterpart even when the 

wavelength is tuned by as much as 240 nm.  Our future work 

will focus on further reduction of the interferometer thermal 

sensitivity slope to extend the greatly reduced sensitivity over a 

larger temperature range. The presented compensated delay-

line interferometer will be of interest in applications like stable 

laser locking or measurement of laser phase drifts due to 

temperature. 
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