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Optical Fiber Delay Lines in Microwave Photonics:
Sensitivity to Temperature and Means to Reduce it
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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 function-
ality, 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 article 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 (0.05 °C)
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—Fabry–Perot, microwave filters, microwave
photonics, optical fiber applications.

Manuscript received October 7, 2020; revised December 14, 2020 and January
12, 2021; accepted January 13, 2021. Date of publication January 18, 2021; date
of current version April 16, 2021. This work was supported in part by EPSRC
Project “Airguide Photonics” under Grant EP/P030181/1; in part by the Czech
Technical University in Prague under Grant SGS SGS17/182/OHK3/3T/13; in
part by EU ERC project “LightPipe” under Grant 682724; and in part by the
MEYS INTER-COST Project LTC18008 under Grant COST16220 EUIMWP.
The work of Meng Ding was supported by CSC scholarship. The work of
Radan Slavk and Eric R. Numkam Fokoua was supported by RAEng Fellowship.
(Corresponding author: Zitong Feng.)

Meng Ding, Zitong Feng, Xi Zhang, Eric R. Numkam Fokoua, Thomas D.
Bradley, Francesco Poletti, David J. Richardson, and Radan Slavík are with the
Optoelectronic Research Centre, University of Southampton, SO17 1BJ, U.K.
(e-mail: m.ding@soton.ac.uk; zitong.feng@soton.ac.uk; xi.zhang@soton.ac.
uk; eric.numkam-fokoua@soton.ac.uk; t.bradley@soton.ac.uk; frap@orc.
soton.ac.uk; djr@orc.soton.ac.uk; r.slavik@soton.ac.uk).

David Marpaung is with Nonlinear Nanophotonics Group, Uni-
versity of Twente 7522 NB Enschede, the Netherlands (e-mail:
david.marpaung@utwente.nl).
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I. INTRODUCTION

M ICROWAVE photonics uses optical devices and tech-
niques for advanced processing and transport of radio

frequency (RF) signals. Although integrated microwave pho-
tonics 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
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].

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 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 dis-
tribution [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
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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.

Fig. 2. Schematic of a FIR (a) and IIR (b) microwave photonics filters [2] and
a simple OEO (c).

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 compen-
sating 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.

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 τ of a microwave photonics signal
propagating through a length L of an optical fiber or a waveguide
is given by:

τdelay=
ngL

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 = 5 × 10−7 /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 ther-
mal 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 tem-
perature 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-
guiding fibers like SSMFs or typical dispersion compensation
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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).

fibers (DCFs), the chromatic dispersion can be approximated by
the three term Sellmeier equation [18], [19]:

D (λ)=
S0

4

(
λ − λ0

4

λ3

)
, (2)

where λ0 is the zero dispersion wavelength and S0 is the dis-
persion 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:

dD

dT
=

D

S0
· dS0

dT
− S0λ

3
0

λ3
· dλ0

dT
. (3)

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 con-
cerns 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 λ0). 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.

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 dis-
cussed 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:

dD (λ)

dT
∼= S (λ) · dλ0

dT
. (4)

TABLE I
SUMMARY OF DISCUSSED PROPERTIES OF OPITCLA FIBERS

∗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.

where D(λ) is the chromatic dispersion of interest and S(λ) is
the dispersion slope at that wavelength. As dλ0/dT is almost
constant for any fiber type (dλ0/dT = (0.02–0.03) nm/K [20]–
[24]), dD(λ)/dT depends predominantly on the dispersion slope
S(λ), 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(λ)/dT is between 0.9 and 4 fs/nm/km/K [21] for
λ∼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(λ) (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 I.

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 dis-
cuss 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 charac-
terize the thermal properties of optical fibers. The first one nor-
malizes 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 Table I. The other uses normalization to unit delay (1 s). For
delay lines that serve to delay a signal, normalization to delay is
more appropriate:

Sτ =
1

τ

dτ

dT
. (5)
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Fig. 4. Schematic of a two-tap tunable filter using a dispersive fiber structure
with two lasers.

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 Sτ .

A. Fiber Delay

The thermal sensitivity normalized to unit delay Sτ can be
obtained from Eqs. (1) and (5) as:

Sτ=
1

ng

dng

dT
+

1

L

dL

dT
= Sn + SL. (6)

The first term describes the sensitivity of fiber group index to
temperature, the second the thermally-induced expansion.

The thermal sensitivities Sτ 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 Sτ of 1.4
ppm/K [29]. HCF-based delay lines have been measured to have
Sτ 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 Δλ. 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 τ can be expressed as:

τdisp = LDΔλ. (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:

Sτ=
1

D

dD

dT
+

1

L

dL

dT
=SD + SL. (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 II-B. 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).

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 substi-
tuted 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 Δλ approximates as:

τchirp ≈
(
L

c
· 1

ΔΛchirp
+

LDΔλ

neffΔΛchirp

)
Δλ

= Dchirp ·
(
1 +

cDΔλ

neff

)
·Δλ (9)

where ΔΛchirp and L are the period change and the length
of the CFBG respectively, and Dchirp = L/(c·ΔΛchirp) 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 ΔΛchirp 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:

dτchirp
dT

=
cDchirpD(Δλ)2

neff

(
1

D

dD

dT
− 1

neff

dneff

dT

)
. (10)

Considering a CFBG with a Dchirp = 250 ps/nm inscribed
in SSMF as an example and Δλ = 20 nm, dτchirp/dT = −4 ×
10−5 ps/K, equating to a thermal sensitivity Sτ 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
essentially time delay deviations from the ideal CFBG response.
Consequently, the time delay changes significantly with tem-
perature. 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
Δλ) can change by up to ±10 ps for a typical CFBG and ±1 ps

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on September 15,2021 at 13:27:20 UTC from IEEE Xplore.  Restrictions apply. 



DING et al.: OPTICAL FIBER DELAY LINES IN MICROWAVE PHOTONICS: SENSITIVITY TO TEMPERATURE AND MEANS TO REDUCE IT 2315

TABLE II
OPTICAL DELAY-LINES SUMMARY

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

for the lowest-reported ripple CFBG, generating up to 20 ps and
2 ps peak-to-peak delay variations in τ chirp respectively. As this
variation does not change linearly with temperature (depends
on the ripple period, grating chirp, etc.) we cannot define its
sensitivity Sτ and can only give the peak-to-peak variations.

D. Summary

We have discussed various microwave photonics fiber delay
lines. Table II 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 Sτ are
summarized in Table II.

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

Fig. 5. The cross-sectional electron microscope (SEM) image of the NANF
used in our FP etalon.

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.

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.

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
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Fig. 7. Transmission signal and error signal before and after the laser wave-
length has been locked to a transmission peak of the FP etalon.

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.

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 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.

B. Filter Transmission Characteristics

For the sake of space, we show here only the filtering charac-
teristics 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 π jump at
the transmission peak.

Fig. 9. Detailed amplitude and phase responses of the hollow core fiber based
filter around 40 GHz RF frequency.

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).

C. Filter Temperature Sensitivity

We placed the two FP etalons (based on HCF and SSMF,
respectively) into the same thermal chamber. Firstly, we stabi-
lized 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 mea-
surement, 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).

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
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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.

Fig. 12. Temperature variations ΔT in the laboratory and measured trans-
mission peak frequency variations Δf for HCF (solid, green) and SSMF based
(dashed, red) filters when subject to laboratory environment over 1 hour.

were up to 480 kHz (at 40 GHz), while for the HCF-based filter,
they were less than 30 kHz, see Fig. 12.

D. Discussion

The results presented in Fig. 12 show that the SSMF-based
bandpass filter operating at 40 GHz changes its central fre-
quency (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 re-
laxed 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:

Sτ=− dfpeak/dT

fpeak
. (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 II.

V. CONCLUSION

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 Table I, 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 Table II. 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 sensi-
tivity 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 demon-
stration of the latest generation of HCF (which was recently
demonstrated to enable a loss as low as 0.28 dB/km) in mi-
crowave 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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