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Abstract— One of the key functionalities in microwave 

photonics is to be able to define controllable time delays during the 

signal processing. Optical fibers are often used to achieve this 

functionality, especially when a long delay or a widely-tunable 

delay is needed. However, the stability of this delay in the presence 

of environmental changes (e.g., temperature) has not, to the best 

of our knowledge, been reviewed yet. Here, we firstly discuss the 

impact of temperature-induced variations on the signal 

propagation time in optical fibers and its implications in 

microwave photonics. We compare the impact of the thermal 

sensitivity of various delay lines for applications in which the 

signal is transported from point A to point B, as well as for 

applications in which the propagation time through a fiber or the  

fiber dispersion is used to create a fixed or tunable delay. In the 

second part of the paper we show the impact of fiber thermal 

sensitivity on a narrow-band microwave photonics filter made of 

standard single mode fiber (SSMF) and a hollow core fiber (HCF), 

which has significantly lower thermal sensitivity of propagation 

time to temperature. The central frequency of the band-pass filter 

changes almost 16 times more in the filter made of SSMF as 

compared to that of HCF, dictating very tight (0.05OC) 

temperature stabilization for SSMF- based filters. On the basis of 

our thermal sensitivity analysis we conclude that HCFs are very 

promising for environmentally stable microwave photonics 

applications.  

Index Terms—Microwave Photonics, Microwave filters, Optical 

fiber applications, Fabry-Perot 

 
 

I. INTRODUCTION 

icrowave photonics uses optical devices and techniques 

for advanced processing and transport of radio frequency 

(RF) signals. Although integrated microwave photonics is 

compelling due to advantages such as small size and 

compactness, optical fibers still play a key role due to their 

ultralow loss (particularly relevant for long distances). One of 

the key microwave photonics requirements is to be able to set a 
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a controllable delay of the signal being processed [1]. Defining 

a fixed delay is straightforwardly realized with minimum loss 

or signal distortion via signal propagation through a length of 

an integrated optics waveguide or an optical fiber. Some 

microwave photonics applications, however, require a tunable 

delay line, which is more challenging to implement. Quasi-

tunable delay lines have been implemented, e.g., using a set of 

fiber lengths and switches with a fixed wavelength laser, Fig. 

1(a) [1], while a continuously tunable delay line can be 

achieved, e.g., with a dispersive fiber and a tunable laser source, 

Fig.  1(b) [2].  
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Fig.  1  Principle of tunable delay lines based on (a) switched fiber lengths with 
a fixed laser wavelength, and (b) a dispersive delay line with tunable laser 

source. D: delay; PD: photodetector; TLS, tunable laser source.  

Delay lines in microwave photonics are often used to 

construct filters in finite input response (FIR) configurations [2], 

whose schematic is shown in Fig.  2 (a). By combining several 

(at least two) replicas of the original signal (delayed with 

respect to each other using delay lines) with adjusted 

amplitudes and phases, a filtering functionality is achieved. 

Indeed, infinite impulse response (IIR) configurations [2] that 

use output signal (after an appropriate delay) fed back into the 

input are also used, Fig.  2 (b). When combined with gain, such 

feedback structures can also be made to oscillate, forming an 

optoelectronic oscillator (OEO) [3]. Fig.  2(c) shows a 

schematic of a simple OEO. As its noise properties are directly 
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related to the magnitude of the delay introduced in the feedback 

loop [3], a long delay (e.g., created in km-length fibers) is often 

used.  

For stable operation of microwave photonics filters and other 

related devices such as OEOs, the delay introduced by a delay 

line should be stable with temperature. Even when using optical 

fibers for transport of the microwave signal (such as clock 

distribution [4], 5G networks [5], or radio astronomy [6]), 

changes in the RF signal phase due to temperature are of 

importance. However, the topic of this thermal stability has not, 

to the best of our knowledge, been comprehensively discussed 

in the literature in the field of microwave photonics yet.  

In this paper, we first carry out a comprehensive comparison 

of fiber-based microwave photonics delay lines in terms of their 

thermal stability. We introduce the key effects that influence the 

thermal stability and quantify their contribution, allowing for 

comprehension of the topic as well as enabling microwave 

photonics engineers to design their systems taking the thermal 

stability into account. For example, using a dispersion 

compensating fiber instead of a standard optical fiber in the 

dispersive tunable delay line, up to 6 times lower sensitivity to 

temperature can be obtained.In the second part, we demonstrate 

our thermal sensitivity analysis on an IIR microwave photonics 

filter based on an all-fiber Fabry-Perot etalon made of standard 

fiber as well as novel hollow core optical fiber (the microwave 

photonics filter based on hollow core fibre (HCF) is 

demonstrated for the first time here). Thanks to the significantly 

better thermal stability of the HCF as compared to standard 

single mode fiber (SSMF), the developed HCF based 

microwave filter has a more than ten times better central 

frequency stability. We show this is of key importance in ultra-

narrow pass-band filters (180 kHz in our filter, measured up to 

a central frequency of 40 GHz) and how this scales with the 

operational frequency. 
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Fig.  2  Schematic of a FIR (a) and IIR (b) microwave photonics filters [2] and 

a simple OEO (c). 

II. FIBERS’ THERMAL SENSITIVITY 

There are several key configurations (Section III) used to 

generate delays in microwave photonics using optical fibers. 

Before analyzing their thermal sensitivities, we need to know 

the relevant thermal sensitivity properties of the optical fibers 

used and in particular of their propagation time and chromatic 

dispersion.  

 

A. Fiber delay  

The propagation time  of a microwave photonics signal 

propagating through a length L of an optical fiber or a 

waveguide is given by: 

 =
g

delay

n L

c
 ,                                    (1) 

 

where ng in the group refractive index of the propagating 

medium and c is the speed of light in vacuum. When 

temperature T changes, two effects contribute to the time delay 

change: the fiber elongation with temperature (thermal 

expansion) and the change of propagation speed with 

temperature [7]. The change of time delay due to the 

temperature change per unit length is characterized by the 

thermal coefficient of delay (TCD). For an SSMF, which is 

made of fused silica, the TCD is about 40 ps/km/K to which the 

change of propagation speed with temperature contributes 

about 95% [7]. The thermal expansion contribution is very 

small thanks to the extremely low thermal expansion coefficient 

(SL = 5x10-7 /K [8]) of silica glass, contributing about 2 

ps/km/K [7]. For applications where the TCD of SSMF is too 

high, fibers with a specialty coating were developed [9] known 

as phase stable optical fiber (PSOF), reducing the TCD down 

to 3.7 ps/km/K.  

Another approach is to use HCF in which light propagates 

through a central hole, eliminating the contribution of thermal 

induced propagation speed change, reducing the TCD to 2 

ps/km/K, limited by the thermally-induced fiber elongation. 

This advantage has already been demonstrated in microwave 

photonics, resulting in the demonstration of an OEO with 16 

times smaller sensitivity of the oscillating frequency to 

temperature as compared to an OEO made with SSMFs [10]. 

By careful design, HCFs can even be achieved with a TCD 

close to 0 ps/km/K [11] and an OEO with >100 times better 

thermal stability than SSMF has been reported using such a 

design [12]. Besides lower TCD, HCFs have other advantages 

over SSMFs relevant for microwave photonics, e.g., low 

nonlinearity in combination with low chromatic dispersion [13]. 

The key limitation to using HCF in microwave photonics 

applications had been up to recently transmission loss, which 

used to be significantly higher compared to SSMF. However, 

with the development of the latest generation of hollow core 

fibers: nested antiresonant nodeless fibers (NANFs) [14]–[17], 

attenuation levels of 0.28 dB/km have recently been achieved 

[17] and one can expect it to become even lower in the near 

future. NANF is therefore expected to be an ideal candidate for 

delay lines designed for microwave photonic and should open 

new device opportunities. However, to date, the use of NANF 

has not been demonstrated in any microwave photonics 

application to the best of our knowledge. 

B. Chromatic dispersion  

The chromatic dispersion of an optical fiber is given by the 

sum of material and waveguide dispersions [18]. For weakly-
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guiding fibers like SSMFs or typical dispersion compensation 

fibers (DCFs), the chromatic dispersion can be approximated 

by the three term Sellmeier equation [18], [19]:  
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where 0 is the zero dispersion wavelength and S0 is the 

dispersion slope at the zerodispersion wavelength. The 

chromatic dispersion of SSMF and a typical DCF at C band 

obtained using Eq. (2) and fiber data from [20] and [21] are both 

plotted in Fig. 3. The temperature sensitivity of chromatic 

dispersion can be obtained by differentiating Eq. (2) with 

respect to temperature T:  
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We then used Eq. (3) to calculate the chromatic dispersion of 

SSMF with a temperature increase of 100 K by using data from 

[20] (fiber Type A1 in [20]) and show it in Fig. 3. As concerns 

DCF, only the parameters relevant to the zero dispersion 

wavelength have been published so far (e.g., in [21]), which 

allows us to calculate the second term in Eq. (3), but not the 

first one. To allow us to illustrate the DCF’s thermal sensitivity, 

we made an  assumption that the first term in Eq. (3) 

(proportional to the change of S0) is negligible as compared to 

the second one (proportional to the change of 0). We consider 

it a reasonable assumption, as for SSMF, the first term in Eq. 

(3) typically contributes to only 5-9% of the overall thermal 

sensitivity in the C-band [21]. Although it may have a larger 

contribution for the DCF, it is unlikely to be a dominant term.   
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Fig. 3  Chromatic dispersion of SSMF (thin black) and DCF (thick blue, at room 
temperature calculated with Eq. (2) and data from [20], [21]. Chromatic 

disperiosn at temperature 100 K higher for SSMF was calculated with Eq. (3) 

and data from [20] (thin black dashed) and DCF calculated from the second 

term of  Eq. (3) and data from [21] (thick blue dashed).  

In Fig. 3 we see that over a limited bandwidth (e.g., C-band 

in Fig. 3) the dispersion curve is mainly red-shifted when the 

temperature is increased. Although this observation has been 

done with DCF characteristics that are approximate (as 

discussed earlier), it is in line with [21] and [22], where for all 

studied fiber types (including SSMF and DCF), the dispersion 

thermal sensitivity was considered to be: 
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where D() is the chromatic dispersion of interest and S() is 

the dispersion slope at that wavelength. As d0/dT is almost 

constant for any fiber type (d0/dT = (0.02-0.03) nm/K [20]–

[24]),  dD()/dT depends predominantly on the dispersion slope 

S(), as follows from Eq.(4).  

For SSMF, chromatic dispersion and its thermal sensitivity 

are 17 ps/nm/km (at 1550 nm) and -1.5 fs/nm/km/K. For DCF,  

the chromatic dispersion ranges from -30 to -300 ps/nm/km [25] 

and dD()/dT is between 0.9 and 4 fs/nm/km/K [21] for ~1550 

nm. Photonic crystal fiber (PCF) generally provides larger 

dispersion, e.g., -700 ps/nm/km [26], but also has a larger 

dispersion slope S() (as compared to DCF), making its dD/dT 

relatively large, e.g., data from [26] leads to dD/dT ~ 1.6 

ps/nm/km/K.  

The key properties of optical fibers relevant for microwave 

photonics delay lines and their thermal behavior are 

summarized in Table 1.  
 

Table 1  Summary of discussed properties of opitcla fibers.  

 Silica-core fibers Hollow-core 

SSMF PSOF DCF PCF PBGF NANF 

TCD, 
ps/km/K 

40 

[7] 

3.7 

[9] 
  

2.2 

[10] 
1.7 [13] 

Loss, 
dB/km 

0.2 
0.4 

[27] 
  

1.7 

[28] 

0.28 

[17] 

Disp., 
ps/nm/km 17  

-30 

to 

-300 

-700 

[26] 
0-100 2 - 6 

Disp. 

thermal 

sensitivity, 
fs/nm/km/K 

-1.5 

[20] 
 

0.9 

to 4 

[21] 

1600

[26] 
  

*SSMF: Standard single-mode fiber, PSOF: Phase-stable 

optical fiber, DCF: Dispersion-compensating fiber; PCF: 

Photonic crystal fiber, PBGF: Photonic bandgap fiber, NANF: 

Nested antiresonant nodeless fiber.  All of these data are given 

in the C band. 

III. OPTICAL MICROWAVE PHOTONICS DELAY LINES AND 

THEIR THERMAL SENSITIVITY 

Here, we divide the key configurations to generate delay in 

microwave photonics into three main categories that we discuss 

in the following text: (i) Fiber delay, (ii) Delay via fiber 

chromatic dispersion, and (iii) Delay with chirped fiber Bragg 

gratings (CFBG). 

In the literature, there are two main concepts used to 

characterize the thermal properties of optical fibers. The first 

one normalizes time delay changes to the fiber length as 

characterized by the TCD (used, e.g., [9]) and is appropriate for 

applications in which fiber is used to transport a signal from 

point A to point B (e.g., to synchronize telescopes in radio 

astronomy [6]). Fiber properties relevant to these applications 

are summarized in Tab. 1. The other uses normalization to unit 

delay (1 s). For delay lines that serve to delay a signal, 

normalization to delay is more appropriate: 
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To distinguish between the normalization to length and delay, 

we use the relative unit (ppm/K) for the normalization to delay 

(as opposed to the ps/km/K we use for normalization to the 

length). In the previous section (Section II), we have already 

compared delay lines in terms of TCD. Here, we will discuss 

comparison in terms of S. 

A. Fiber Delay  

The thermal sensitivity normalized to unit delay S can be 

obtained from Eqs. (1) and (5) as: 

 

 
1 1

=
g

n L

g

dn dL
S S S

n dT L dT
 + = + .                (6) 

 

The first term describes the sensitivity of fiber group index to 

temperature, the second the thermally-induced expansion.  

The thermal sensitivities S  of SSMF delay lines can be 

caculated from the TCD published in [9] to be around 8 ppm/K. 

A PSOF-based delay line was reported to have S  of 1.4 ppm/K 

[29]. HCF-based delay lines have been measured to have  S of  

0.6 ppm/K using PBGF [10] and values as low as -0.08 ppm/K 

have been achieved when operating the PBGF close to its zero 

thermal sensitivity wavelength [12]. NANF has been 

demonstrated to achieve 0.5 ppm/K [13]. 

B. Delay via fiber Chromatic Dispersion 

Fig.  1(b) shows a simple schematic of a tunable dispersive 

fiber delay line, it’s temperature sensitivity is essentially similar 

to that of a simple fiber delay line, Fig.  1 (a) analyzed in the 

previous section. However, the dispersive tunable delay line is 

often used in FIR filters in which signals generated by several 

lasers emitting at different wavelengths propagate through the 

same fiber and it is only the difference in their propagation 

times that is of importance. Fig.  4 shows a simple schematic of 

such a filter using two lasers with a wavelength separation of 

D Signals from both lasers are modulated by an RF signal and 

then the RF modulated signals at two wavelengths share the 

same fiber, where they experience different time delays due to 

the chromatic dispersion. The difference in the time delay 

experienced by the two lasers   can be expressed as: 

 

 =disp LD D .                 (7) 

 

Here, D indicates the fiber’s chromatic dispersion. Since we are 

interested how the delay (tuned to the desired value) changes 

with temperature, we consider fixed wavelength separation here, 

leading to:  

  

 
1 1

= = D L

dD dL
S S S

D dT L dT
 + + .                 (8) 

 

The first term is the normalized thermally induced change of 

dispersion and dD/dT is exactly the thermal sensitivity of 

dispersion as  discussed in section IIB. Its value for all the 

considered fiber types (SSMF: -88 ppm/K at 1550 nm; DCF: -

20 to -80 ppm/K, and PCF: -2800 ppm/K) is significantly higher 

than the second term that represents thermally-induced 

elongation (0.5 ppm/K).    
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Fig.  4  Schematic of a two-tap tunable filter using a dispersive fiber structure 

with two lasers. 

 

For SSMF, a tunable delay of up to 4.2 ns was demonstrated 

using 46 km of fiber within 5.4 nm range[2], while DCF with 

its significantly larger dispersion than SSMF (up to -300 

ps/nm/km [25]), allowed a delay of up to 4 ns in only 1 km of 

fiber to be achieved with 40 nm wavelength tuning range[30]. 

PCFs were demonstrated to offer dispersion values of up to -

700 ps/nm/km, enabling 60 ps tuning using just 10 m of fiber 

[31].  

The length of the fiber is limited by its loss and there are other 

practical considerations such as cost, volume and weight. We 

add to this list also thermal sensitivity, which, as we mentioned 

earlier, is lowest with DCF, followed by SSMF, with the worst 

performance obtained with PCF.  

C. Delay via Chirped Fiber Bragg Gratings 

Dispersive fiber from the previous sub-section can be 

substituted with a CFBG, which can have a large chromatic 

dispersion when operated in reflection, [32], [33]. The time 

delay difference between two lasers separated by D 

approximates as:  

  

 
1

1chirp chirp

chirp eff chirp eff

L LD cD
D

c n n

 
  

   D D
  + D =  +  D   

   D D   
(9) 

 

where Dchirp and L are the period change and the length of the 

CFBG respectively, and Dchirp=L/(cDchirp) is the CFBG 

chromatic dispersion that does not take into account the fiber 

chromatic dispersion. neff is the average effective refractive 

index of a CFBG. Since L and Dchirp change at the same rate 

with temperature (for consistency with the previous analysis, 

we consider a  uniform temperature change along the CFBG), 

Dchirp does not change with temperature. Consequently, the only 

parameters that change with temperature are fiber chromatic 

dispersion and refractive index:  

 

 
( )

2

1 1
=

chirp chirp eff

eff eff

d cD D dndD

dT n D dT n dT

   D
− 

 
 

.        (10)  

 

Considering a CFBG with a Dchirp = 250 ps/nm inscribed in 

SSMF as an example and D = 20 nm, dchirp/dT = -410-5 ps/K, 

equating to a thermal sensitivity S of 0.008 ppm/K, which is 

almost negligible.  

However, real CFBGs exhibits ripples in the group delay [34], 

[35] due to fabrication imperfections. These ripples are 
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essentially time delay deviations from the ideal CFBG response. 

Consequently, the time delay changes significantly with 

temperature. The amplitude of the group delay ripples is 

typically independent of the CFBG parameters and is around 10 

ps [34] (but this can be reduced to 1 ps by careful apodization 

[36]). As temperature changes, the delay of both signals 

(separated by D) can change by up to ±10 ps for a typical 

CFBG and ±1ps for the lowest-reported ripple CFBG, 

generating up to 20 ps and 2ps peak-to-peak delay variations in 

chirp respectively. As this variation does not change linearly 

with temperature (depends on the ripple period, grating chirp, 

etc.) we cannot define its sensitivity S  and can only give the 

peak-to-peak variations. 

D. Summary 

We have discussed various microwave photonics fiber delay 

lines. Table 2 summarizes the results. Although we do not cover 

all the microwave photonics delay line implementations, their 

thermal sensitivities can generally be calculated from the 

parameters and configurations described above. 

For delay generated by signal propagation in an optical fiber, 

HCFs are the least sensitive to temperature variations. For 

delays generated via chromatic dispersion, a DCF based delay 

line is several times less thermally sensitive than a SSMF based 

delay line. PCF is by far the most temperature sensitive. When 

using a CFBG, particular attention should be paid to the group 

delay ripples, which determine the delay variations with 

temperature and even for extremely low levels of group delay 

ripple (1 ps) can produce a significant sensitivity to temperature. 

The key parameters of the delay lines just discussed in terms of 

S are summarized in Table 2.

 

Table 2  Optical delay-lines summary 

 Name Maximum time delay* S  (ppm/K) 

Fiber delay lines 

Solid-core fiber 
SSMF 100 µs L = 56 km [1] ~8 

PSOF 1 µs  L = 0.5 km  [32] 1~2.2 

HCFs 
PBGF 

33 µs 

3 µs 

L = 11 km [38]  

L=1 km [12] 
0.6  

0 

NANF 1 s L = 1.7 km [17] 0.5 

Dispersive fiber delay 

lines 

SSMF 10 ns  D = 17 ps/nm/km -88 

DCF 1 ns  D = -300 ps/nm/km [25] -18~-80 

PCF 10 ps  D = -700 ps/nm/km [31] -2800 

CFBG 1 ns  Dchirp = 2500 ps/nm [39] 
Delay variations of 

±10 ps 

*Maximum delay limited by maximum fiber length L or chromatic dispersion (D or Dchirp). 

 

IV. NOVEL HOLLOW CORE FIBER MICROWAVE FILTER AND 

ITS TEMPERATURE SENSITIVITY 

In this section, we show an example of a microwave 

photonics filter in which the thermal stability of the fiber used 

is important. We fabricate the same filter using SSMF as well 

as HCF and compare their performance, showing that the 

SSMF-based filter embodiment would only operate reliably 

with high-precision temperature stabilization, increasing its 

cost, size, and power consumption.  

A. Set-up 

The core of our filter consists of an alignment-free all-fiber 

Fabry-Perot (FP) etalon made of 5-m  of NANF, which has been 

reported in detail in [13]) or a 3.6-m long FC/PC-connectorized 

SSMF with mirrors directly-deposited on the FC/PC connector 

end-facets [40]. Due to the refractive index (n) difference (~1 

for HCF and ~1.45 for SSMF), the optical length (nL) of the 

two FP etalons is nominally identical, allowing for a fair 

comparison. The cross-sectional electron microscope (SEM) 

image of the HCF we used (NANF design, with similar 

parameters to that used in [16]), is shown in Fig.  5. 

 

 
Fig.  5  The cross-sectional electron microscope (SEM) image of the NANF 

used in our FP etalon. 

The schematic of our microwave photonics filter (we refer to 

it later simply as a ‘filter’) is shown in Fig.  6. A signal from a 

continuous-wave fiber laser (Rock from NP Photonics) with an 

output power of 16 dBm passes through a 40-GHz bandwidth 

Mach-Zehnder modulator (MZM), which generates two 

sidebands at the frequency of the RF input signal.  After passing 

through a polarization controller (PC), the signal is injected into 

the FP. The laser central frequency is set (we explain later how 

we set this) to be resonant with the FP, i.e., to have minimum 

transmission loss. Both sidebands experience the same 

transmission loss – i.e., both are transmitted (when the RF 

signal frequency is a multiple of the FP spectral period) or both 

are equally attenuated. Thus, the FP output signal is amplitude-

modulated with a modulation depth dependent on the RF signal 

frequency. The output signal from the FP is photodetected and 
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then divided into two parts. One of them is the output RF signal 

and is received by a vector network analyzer (VNA) to measure 

the amplitude and phase response of the FP. The other one is 

used for the laser wavelength locking to a transmission peak of 

the FP etalon via a feedback loop consisting of a lock-in 

amplifier, proportional-integral (PI) controller, and a piezo-

stretcher that controls the wavelength of the Rock fiber laser. 

Fig.  7 shows the transmission signal and error signal before and 

after turning on the locking loop.  

 

FP etalon

Lock-in AmpPI

FL PC PD

VNA

RF Filter 

Laser Locking System

MZMPZS

 
Fig.  6  Experimental set-up.FL: fiber laser; PZS: piezo-stretcher; MZM: Mach-

Zehnder modulator; PC: Polarization controller; PD: photodiode; VNA: Vector 

network analyzer; PI: proportional-integral controller. 
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Fig.  7  Transmission signal and error signal before and after the laser 

wavelength has been locked to a transmission peak of the FP etalon. 

 

B. Filter transmission characteristics  

For the sake of space, we show here only the filtering 

characteristics for the HCF-based filter, as the filter 

characteristics for SSMF-based filter were very similar. 

The filter has a periodic transfer function with period of 

28.1 MHz (given by the FP length of 5 m), shown in Fig.  8 at 

RF frequencies close to 10 GHz, 20 GHz and 40 GHz.  

Details of the amplitude S21 response together with the phase 

response are shown in Fig.  9. The 3 dB passband width is 

183 kHz and the phase response has the expected  jump at the 

transmission peak. 

 

C. Filter temperature sensitivity  

We placed the two FP etalons (based on HCF and SSMF, 

respectively) into the same thermal chamber. Firstly, we 

stabilized the temperature and measured the filters’ 

characteristics at frequencies of 10 GHz, 20 GHz and 40 GHz. 

Subsequently, we increased the temperature by 1 °C and 

repeated the measurement, as shown in Fig.  10. The filter 

transmission peaks shifted in frequency. This shift was about 

16 times larger for the SSMF-based filter than for HCF-based 

filter. As expected, the shift also depends linearly on the central 

frequency:  i.e., the shift at 40 GHz is 4 times larger than at 10 

GHz).  
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Fig.  8  Amplitude transfer characteristics  of the HCF-based filter at 10 GHz 

(a), 20 GHz (b), and 40 GHz (c) over spans of 100 MHz. 
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Fig.  9  Detailed amplitude and phase responses of the hollow core fiber based 

filter around 40 GHz RF frequency. 

 

To extract temperature sensitivity data with good accuracy 

and to confirm the shift in filter transmission characteristics is 

linear with temperature, we kept increasing the temperature in 

1 K steps and measured the position of the transmission peaks. 

The filters transmission peak shifts (at 40 GHz, where the 

change is the largest) are shown in Fig.  11.  For SSMF-based 

filter, the transmission characteristics shift at a rate of 334 

kHz/K while for the HCF-based filter the rate is only 21 kHz/K 

– a value almost 16 times lower as would be expected. 

We also measured the filters characteristics when subject to our air-

conditioned lab environment  (temperature variations of about 1 K due 

to the air-conditioning turning on and off). Within about an hour, the 

frequency variations for the SSMF based filter were up to 480 kHz (at 

40 GHz), while for the HCF-based filter, they were less than 30 kHz, 

see Fig.  12.  



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

7 

-30

-20

-10
(d) 10 GHz

-30

-20

S
2

1
 (

d
B

)

20 GHz

(a)

(b) (e) 20 GHz

(c)

-1.0 -0.5 0.0 0.5 1.0
-30

-20

40 GHz 40 GHz

RF frequency offset (MHz)

-0.5 0.0 0.5 1.0

SSMF HCF

10 GHz

(f)

 

Fig.  10 Transmission characteristics measured at 25 °C (solid) and 26 °C 
(dashed) for SSMF-based filter (a-c, red) and HCF-based filter (d-f, green) 

measured at 10 GHz (a, d), 20 GHz (b, e), and 40 GHz (c,f). 
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Fig.  11  Filter characteristics frequency shift at 40 GHz over 10 K temperature 

change for HCF-based filter (dashed, red) and SSMF-based filter (solid, green). 

FS: Frequency Shift of RF signal  
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Fig.  12  Temperature variations DT in the laboratory and measured 

transmission peak frequency variations Df for HCF (solid, green) and SSMF 

based (dashed, red) filters when subject to laboratory environment over 1 hour.  

D. Discussion  

The results presented in Fig.  12 show that the SSMF-based 

bandpass filter operating at 40 GHz changes its central frequency (by 

up to 480 kHz) by more than is its bandwidth (3-dB bandwidth of 183 

kHz), even in a temperature-controlled laboratory environment. On the 

other hand, an HCF-based filter allows for accurate operation without 

any further environmental stabilization.  

To ensure that the central filter frequency does not change by more 

than 10% of its 3-dB bandwidth, the SSMF based filter (temperature 

shift of 334 kHz/K, Fig.  11) requires temperature stabilization better 

than 0.05 °C, which is rather impractical. On the other hand, the HCF 

based filter (21 kHz/K, Fig.  11) requires temperature stabilization of 

just 0.9 °C, easily achievable with simple temperature control. These 

requirements could be relaxed if  the filter is operated at a lower 

frequency (e.g., at 10 GHz, four times larger temperature variations are 

acceptable), or with a larger bandwidth. However, if a lower 

bandwidth is targeted (e.g., in our recent work, we presented a FP fiber 

etalon with 10 times narrower transmission peaks [41] than presented 

here), the temperature stabilization needs to be improved, rendering a 

filter made of SSMF unstable and needing impractical mK-level 

temperature stabilization.  

  From the temperature-induced shifts given earlier (334 kHz/K and 

21 kHz/K, Fig.  11), the thermal sensitivity of the used fibers (NANF 

hollow core fiber and SSMF) can be calculated by: 

 

 =
peak

peak

df dT
S

f
 − .                 (11) 

 

Here, fpeak indicates the measured central frequency of the filter. 

From our data and Eq. (11) we calculated a thermal sensitivity of 8.4 

ppm/K (SSMF) and 0.5 ppm/K (NANF), which agrees well with the 

previously-published data summarized in Table 2.  

 

V. CONCLUSIONS 

In this paper, we reviewed different configurations of optical 

fiber-based delay lines for microwave photonics in terms of 

their thermal sensitivity. The thermal sensitivity of point-to-

point delay lines is best characterized by the Thermal 

Coefficient of Delay (TCD), which is normalized to the delay 

line length. Key parameters of delay lines using different 

optical fibers are summarized in Tab. 1, suggesting hollow core 

fiber (HCF) performs the best, having a TCD of as little as 2 

ps/km/K.   

For comparison of delay lines used primarily to create a delay, 

we normalize their thermal sensitivity to unit delay. There are 

two main configurations of such fiber-based photonic delay 

lines: based on propagation through a length of a fiber or 

propagation through a dispersive fiber or a chirped fiber Bragg 

grating (CFBG). The key results are summarized in Tab. 2. For 

simple propagation through a length of a fiber, HCF performs 

the best (thermal sensitivity of 0.5 ppm/K), For the dispersive 

delay line, devices based on dispersion compensating fiber 

(DCF) have the smallest thermal sensitivity (-18~-80 ppm/K). 

The thermal stability of a CBGF is limited by its group delay 

ripple, which even when strongly reduced by tight CFBG 

apodization is typically still at the 1-ps level. 

To demonstrate the importance of the fiber thermal 

sensitivity in microwave photonics, we built two narrow-band 

IIR filters based on all-fiber Fabry-Perot etalons. The first one 

was made of a standard single mode fiber (SSMF), while the 

other one was made of low-thermally-sensitive HCF. 

Compared to SSMF-based filters, the HCF-based filter changes 

its central frequency almost 16 times less with temperature. As 

a result, the HCF-based filter is stable under laboratory 

conditions, and in real world applications would require only  

simple temperature control, while a SSMF-based filter would 

require impractically accurate/tight temperature control levels 

of 0.05 °C.  

The experiments we have presented represent the first 

demonstration of the latest generation of HCF (which was 

recently demonstrated to enable a loss as low as 0.28 dB/km) in 

microwave photonics. Besides the low thermal sensitivity and 

a loss approaching that of SSMF, HCFs also exhibit a high 

nonlinear threshold, making them a very promising technology 

for the realization of delay lines in microwave photonics.  
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