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ABSTRACT

Coaxial cables and optical fibers are two types of cylindrical waveguides used in telecommunications. Fiber Bragg gratings (FBGs) have
found successful applications in various fields, such as optical communications, fiber lasers, and fiber-optic sensing. In this paper, we
propose and numerically investigate the implementations of various fiber Bragg configurations, including uniform, chirped, apodized, and
phase-shifted configurations, on coaxial cables to generate the corresponding special types of coaxial cable Bragg gratings (CCBGs). The
simulation results of different CCBGs match well with the well-known FBG theories. It is demonstrated that the reflection spectrum of a
CCBG can be flexibly tailored by introducing various quasi-periodic perturbations in the permittivity of the dielectric layer along the coaxial
cable. The proposed special types of CCBGs with unique characteristics could find potential applications in radio frequency signal process-
ing, communication, and sensing fields.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0148559

I. INTRODUCTION

Over the years, optical fibers have revolutionized the telecom-
munication fields, making high-speed, high-quality, and large-
capacity long-haul signal transmission realized.1 In addition to tele-
communication applications, several unique fields based on optical
fibers have been developed due to the advancements in optical fiber
manufacturing and micromachining techniques, including fiber-
optic sensors,2 fiber lasers,3 and fiber amplifiers.4 Fiber Bragg grat-
ings (FBGs) have played a significant role in these fields.5–8 An FBG
is typically manufactured by introducing periodic perturbations in
the refractive index of the fiber core using optical methods, such as
UV laser exposure9 and ultrafast laser micromachining.10 The peri-
odic grating structure acts as a mirror to the optical signals propagat-
ing in the fiber core, where those waves with wavelengths satisfying
the Bragg condition will be selectively reflected and the others will
transmit. The Bragg wavelength (λB) can be expressed as6

λB ¼ 2neffΛ, (1)

where neff is the effective refractive index in the fiber core and Λ is
the grating period. The properties of an FBG, i.e., Bragg wavelength,
reflectivity, reflection bandwidth, and the sidelobe strength, are
uniquely determined by the variations of induced index changes in
the fiber core along the axial direction, including the grating period,
the grating length, and also the strength of the refractive index mod-
ulation. Generally, FBGs can be divided into two categories, uniform
and non-uniform gratings. The grating period or the induced refrac-
tive index change of non-uniform gratings varies at different loca-
tions along the fiber axial direction. Examples include chirped,
apodized, phase-shifted, and superstructure FBGs. Figure 1 illustrates
the common types of FBGs, where the induced index changes (Δn)
are plotted as a function of axial positions in the fiber core.5 These
different types of FBGs have been employed in various applications,
including wavelength division multiplexing, add-drop filters, signal
conditioners, chromatic dispersion compensation, high-reflective
laser mirrors, and single-point or quasi-distributed sensing.9

In recent years, FBGs have found another successful applica-
tion in structural health monitoring (SHM) for strain distribution
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mapping. Compared to traditional strain gauges, FBG-based
strain sensors are embeddable, highly sensitive with high resolu-
tion, capable of remote operation and multiplexing, and immune
to electromagnetic interference.11,12 However, one challenge
always exists in the fiber sensor packaging and installation in
real-world harsh-environment scenarios, because optical fibers
are generally fragile and can easily break under a shear force or a
large strain (e.g., >7000 με).13 Several solutions were proposed to
address this issue. Among them, the coaxial cable Bragg grating
(CCBG) provided a viable solution for SHM applications with
large strain capability, up to 50 000 με.14,15 Coaxial cables are
another type of waveguide widely used in telecommunications,
governed by the same electromagnetic (EM) theory as optical
fibers. However, the frequencies supported by them are quite dif-
ferent, i.e., radio frequency (e.g., GHz) and optical frequency
(e.g., THz). Over the years, the two waveguides have evolved
along quite different paths. Compared to an optical fiber, a
coaxial cable is larger in diameter and much more robust.
Inspired by the well-known FBGs, the uniform CCBG was pro-
posed as a strain-sensing device with large strain capability. The
prototype CCBG was manufactured by introducing periodic
impedance discontinuities into a commercial coaxial cable via
hole-drilling methods.14,15 Due to the coupling between the
forward propagating wave and backward propagating wave, reso-
nances were observed at discrete frequencies. Similarly, the reso-
nant frequencies follow the Bragg condition,15

fres ¼ mc
2Λ

ffiffiffiffi
εr

p , (2)

where c is the speed of light in vacuum, εr is the relative permit-
tivity of the dielectric layer in the coaxial cable, and m is an
integer denoting the resonant order. Using the CCBG as a
sensor, external tensile strains were correlated to the resonant

frequency of the device, according to Eq. (2), as the grating
period and the relative permittivity of the dielectric would
change with strain variations.

In this paper, we further investigate the implementation of the
FBG concept to coaxial cables, i.e., special types of CCBG.
Different types of non-uniform CCBG are proposed and numeri-
cally studied using the coupled mode theory, including chirped,
apodized, and phase-shifted. The potential applications of these
special types of CCBGs are also discussed.

II. COUPLED MODE THEORY-BASED MODELING

In previous studies about uniform CCBGs, different methods
were employed for modeling the new device, including transmis-
sion line theory,15 transfer matrix method,14 and coupled mode
theory.16 The transmission line theory-based modeling was intui-
tive and useful for predicting the resonant frequencies of the
device; the transfer matrix method offered an easy way to numeri-
cally investigate the reflection and transmission spectra of the
device. However, when it comes to more complicated structures,
i.e., non-uniform structures, these two methods are not applicable.
In this paper, the coupled mode theory-based approach was
employed.

Generally, a coaxial cable is designed for transmitting EM
waves in transverse EM (TEM) mode. Therefore, only the coupling
between forward and backward TEM waves is considered in the
modeling. The coupled wave equation can be expressed as

dA1

dz
¼ �jK(A1 þ A2e

j2βz),

dA2

dz
¼ jK(A1e

�j2βz þ A2),

8><
>: (3)

where A1 and A2 are the amplitude of the forward and backward
waves, β is the propagation constant of the TEM wave, z is the
spatial position along the axial direction of the cable, K is the cou-
pling coefficient between the forward and backward waves and is
given by

K ¼ ω

ðð
S

dxdyΔε(x, y, z)jE(x, y)j2, (4)

where x and y define the cross section plane of the cable at position
z, ω is the angular frequency of the TEM wave, Δε(x,y,z) is the local
change in the permittivity of the cable, and E(x, y) is the modal
electric field at the cross section plane. The transfer matrix method

FIG. 1. Common types of FBG including (a) uniform, (b) period chirped, (c)
Gaussian-apodized, (d) raised-cosine-apodized zero-dc index change, (e) π
phase-shifted, and (f ) superstructure.

FIG. 2. Schematic of segmentation of a coaxial cable with a length of L along
the axial direction, i.e., z-direction.
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based on a finite-difference analysis is employed to solve the
coupled wave equation. Assume the entire coaxial cable with a
length of L is segmented into n sections each with a length of Δz,
as schematically shown in Fig. 2. The transfer matrix of the EM

waves at positions z(i) and z(i + 1) is given by

A1,iþ1

A2,iþ1

� �
¼ Fi

A1,i

A2,i

� �

¼ �jK(i)Δz þ 1

jK(i)e�2jβz(i)Δz

� �jK(i)e2jβz(i)Δz

jK(i)Δz þ 1

#
� A1,i

A2,i

� �
: (5)

Therefore, the final transfer matrix of an arbitrary grating
modified coaxial cable device can be derived as

F ¼ Fn � Fn�1 � �� � �F1 ¼ F11
F21

�
F12
F22

�
: (6)

Subsequently, the reflection spectrum (S11) of the device,
defined as the ratio of the reflected wave to the incident wave at the
input Port 1, can be calculated by

S11 ¼ � F21
F22

: (7)

FIG. 4. Numerical investigation of uniform CCBGs. (a) Reflection and (b) transmission spectra of a CCBG device with 30 periods. (c) Reflection spectra and (d) transmis-
sion spectra of CCBGs with different numbers of periods. (e) Reflection spectra and (f ) transmission spectra of CCBGs with different strengths of relative permittivity
change in impedance discontinuities.

FIG. 3. Illustration of a uniform CCBG. (a) Schematic of periodic impedance
discontinuities along a coaxial cable. (b) Change in relative permittivity with
respect to spatial position along the axial direction of the cable.
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The transmission spectrum (S21) can also be calculated by

S21 ¼ F11 � F12 � F21
F22

� �
e�jβL: (8)

According to the discussion above, the reflection spectrum of
a coaxial cable device is uniquely determined by the coupling coef-
ficient, as given in Eq. (4). There are different approaches to intro-
ducing an impedance discontinuity in a coaxial cable, thus
generating a partial reflection of the EM wave. Cascading the dis-
continuities, a grating structure is formed. In this paper, a more
general situation is considered, where the permittivity at the dis-
continuity is ε1, and the permittivity of the dielectric layer of the
coaxial cable is ε2. Thus, Eq. (4) can be simplified as

K ¼ ω(ε2 � ε1)
ημ
2
, (9)

where ημ is the wave impedance for the TEM mode and is given by
ημ ¼

ffiffiffiffiffiffiffi
μ/ε

p
, where μ and ε are the permeability and permittivity of

the medium. Once the coupling coefficient and the spatial distribu-
tion of the impedance discontinuities are determined, both the
reflection and transmission spectra of the device can be numeri-
cally calculated based on Eqs. (7) and (8). In this work, we will
focus on the investigation of the reflection spectrum. Calculations

are performed using MATLAB 2018b, installed on a PC with 8 GB
of RAM and running Windows 10.

III. NUMERICAL CALCULATIONS AND DISCUSSION

A. Uniform CCBG

Let us start with the uniform CCBG, as schematically shown
in Fig. 3(a). Impedance discontinuities are introduced at periodic
distances along the axial direction of a coaxial cable. Figure 3(b)
illustrates the changes in relative permittivity of the dielectric layer
with respect to spatial position along the cable. Reflections occur at
each impedance discontinuity, resulting in a resonant pattern in
the reflection spectrum of the uniform CCBG. Figure 4(a) shows
the calculated reflection spectrum of a CCBG with a uniform
grating period of 50 mm and a total of 30 periods. The relative per-
mittivity of the coaxial cable dielectric is set to 2.25 with a loss
tangent of 0.0001. The relative permittivity at the discontinuity
position is set to 1.75, corresponding to a modulation index of 0.5.
The size of an individual discontinuity is 1 mm in width, and the
mesh size in the calculation is 1 mm along the axial direction.
Discrete resonances can be observed in the observation bandwidth
(from 0.001 to 7 GHz) at 1.994, 3.998, and 5.982 GHz, including
the fundamental resonance and its harmonics. The obtained reso-
nant frequencies match well with Eq. (2). The reflection at the reso-
nant frequencies increases with increasing frequency, which is due
to the fact that the reflection coefficient at each discontinuity
increases with increasing frequency, according to Eq. (9). Sidelobes
around each resonant frequency are also observed. Figure 4(b)
shows the calculated transmission spectrum of the same CCBG.
The dip positions in the transmission spectrum match well with
the peak positions in the reflection spectrum, as expected. Also, the
higher the resonant frequency, the smaller the transmission is. An
overall down-trend can be observed in the transmission spectrum
due to the introduced loss in the calculation. The discrete dips in
the transmission spectrum make the CCBG a potential candidate
for notch filtering applications. The attenuation at the resonant fre-
quencies can be adjusted by the number of periods and permittivity
modulation strength at discontinuity positions, as it will be shown
later.

Figures 4(c) and 4(d) give the reflection and transmission
spectra centered at the resonant frequency with different numbers
of periods. In the calculation, the grating period and the permittiv-
ity modulation were 50 mm and 0.5, respectively. As can be seen,
the larger the number of periods, the larger/smaller the reflection/
transmission at the resonant frequency, which matches well with
the FBG theory.5 The quality factor (Q-factor) of the reflection/
transmission band also increases with the number of periods. The
influences of relative permittivity modulation on the reflection and
transmission spectra are also investigated and the results are shown
in Figs. 4(e) and 4(f ). In the calculation, the grating period and the
number of periods were 50 mm and 30, respectively. The reflection/
transmission increases/decreases as the modulation in relative per-
mittivity of the discontinuity increases. The resonant frequency
also shows small shifts due to the change in the effective relative
permittivity of the CCBG. Note that larger permittivity modulation
can be achieved by partially shorting the inner conductor and outer
conductor of the coaxial cable to form a reflector with high

FIG. 5. Illustration of a chirped CCBG. (a) Schematic of a chirped CCBG. (b)
Relative permittivity modulation distribution along the cable. (c) The grating
period as a function of period order.
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reflectivity, thus improving the total reflection at the resonance
frequencies.17–19

The uniform CCBG has been demonstrated as a point strain
gauge by taking advantage of the dependence of its resonance fre-
quencies on the period of the grating.14,15 However, quasi-
distributed strain mapping still needs to be further investigated

based on the multiplexing technique used in FBG multiplexing. On
the other hand, mimicking the application of FBG in the fiber laser
field as an optical mirror, a microwave “laser” configuration, i.e.,
“maser,” could be developed.20 The maser system can be used to
fast demodulate the resonant frequency of the CCBG; thus, real-
time strain monitoring can be realized.

B. Chirped CCBG

As schematically illustrated in Fig. 1(b), a typical chirped FBG
is fabricated by varying the period of the refractive index modula-
tion along the fiber grating length. Due to the variation of the
grating period, a broader band is obtained in the reflection/trans-
mission spectrum, corresponding to the varying Bragg wavelengths
along the grating length. The unique property of chirped FBGs has
enabled important applications in optical communications as dis-
persion compensators.21 Very recently, chirped FBGs have also
attracted great interest in sensing applications. In this section, the
chirped FBG concept is implemented on a coaxial cable, i.e., the
chirped CCBG. Figures 5(a) and 5(b) present a schematic diagram
of a chirped CCBG and the relative permittivity modulation in a
chirped CCBG as a function of spatial position along the axial
direction, respectively. The grating period increases linearly with a
chirp coefficient k, as shown in Fig. 5(c). As the grating period

FIG. 6. Numerical investigation results
of the chirped CCBG. (a) Reflection
spectra and (b) transmission spectra
comparison between a chirped CCBG
and a uniform CCBG with 100 periods.
(c) Reflection spectra and (d) transmis-
sion spectra of chirped CCBGs with
different spatial chirp coefficients.

FIG. 7. Illustration of a Gaussian-apodized CCBG. (a) Schematic. (b) Relative
permittivity modulation varies along the coaxial cable, following the Gaussian
apodization profile.
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increases along the axial direction of the coaxial cable, the reso-
nance frequency of the CCBG will decrease accordingly, as pre-
dicted by Eq. (2). Thus, broadened and relatively flat resonance
bands are expected in the reflection/transmission spectra of a
chirped CCBG.

Figures 6(a) and 6(b) show the calculated reflection and trans-
mission spectra of a chirped CCBG with 100 periods. The reflection
and transmission spectra of a uniform CCBG are also included for

comparison. In the calculation, the initial grating period (Λ) is
50 mm, and the chirp coefficient k is 0.1 mm. The relative permit-
tivity of the discontinuity is 1, corresponding to a permittivity
modulation index of 1.25. The mesh dimension in the calculation
is decreased down to 0.1 mm. As can be observed in Figs. 6(a)
and 6(b), in comparison with the uniform CCBG, broader reflec-
tion and transmission bands are sustained in the chirped CCBG
spectra. The continuous increase in the grating period results in
resonant frequencies shifting to the lower frequency region, which
matches well with the chirped FBG theory. The reflection/transmis-
sion at resonant frequencies decreases/increases due to the broad-
ened reflection/transmission band. Figures 6(c) and 6(d) show the
influence of the chirp coefficient on the reflection and transmission
spectra around the resonant frequency; the larger the chirp coeffi-
cient, the broader the reflection/transmission band is. The reflec-
tion/transmission also decreases/increases as the reflection/
transmission band is broadened. As an analogy to the chirped
FBG, the chirped CCBG could also find applications in the sensing
field. Differing from a uniform CCBG with a narrow-band reflec-
tion, the resonant frequencies in a broad band in a chirped CCBG
depend not only on the strain or temperature applied on the
grating length but also on the local perturbations along the grating
length (i.e., on different sections of the grating). Thus, a chirped
CCBG can be used to detect localized perturbations. In this way,
the chirped CCBG for sensing applications can potentially solve
the issues of long gauge length (i.e., low spatial resolution) faced by
a uniform CCBG.

C. Apodized CCBG

Apodization is a widely used technique in FBGs for depressing
the sidelobes in the reflection spectrum.22 The index modulation
strength along an apodized FBG varies along the grating length, as
shown in Figs. 1(c) and 1(d). Due to the suppressed sidebands, an
apodized FBG is an ideal candidate for bandpass filtering applica-
tions. Different apodization profiles have been implemented onto
FBGs, such as Gaussian profile, Blackman profile, and Hamming
profile.23 Here, the implementation of apodization to a uniform
CCBG is investigated, forming the apodized CCBG. Figure 7(a)

FIG. 8. Numerical investigation results of the apodized CCBG. (a) Calculated
reflection spectrum of a Gaussian-apodized CCBG compared to a uniform
CCBG. (b) Reflection spectra of apodized CCBGs with different apodization
profiles.

FIG. 9. Illustration of a π-phase shifted CCBG. (a) Schematic diagram. (b)
Permittivity modulation along the grating length.
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shows a schematic diagram of an apodized CCBG, where the rela-
tive permittivity modulation strength varies along the axial direc-
tion of the coaxial cable. Figure 7(b) gives the permittivity
modulation as a function of the spatial position along the grating
length. The dashed line depicts the Gaussian apodization profile.
Different profiles can also be applied, as in the case of apodized
FBGs.

Figure 8(a) plots the calculated reflection spectra of a uniform
CCBG with 40 periods and its Gaussian-apodized form. The
period of the grating is set to be 32 mm, and the permittivity mod-
ulation strength of the uniform CCBG is 1.25. The meshing dimen-
sion used in the calculation is 1 mm. Clearly, the sidelobes are
efficiently depressed with an amplitude of >30 dB in the reflection
spectrum of the apodized CCBG. Both the reflectivity at the reso-
nant frequency and the Q-factor decrease due to the fact that the
total reflection along the grating decreases. The reflectivity and
Q-factor can be further improved by increasing the periods and the
permittivity modulation strength. The signal-to-noise ratio (SNR)
after apodization reaches up to 40 dB, indicating that the apodized
CCBG could be potentially used as a bandpass filter. The passband
can be adjusted by applying strain or temperature variations to the
device since the resonant frequency is sensitive to the two parame-
ters. Meanwhile, the high SNR of the signal is also desired in

sensing applications, which offers a better measurement perfor-
mance. Figure 8(b) shows the calculated reflection spectra of apo-
dized CCBGs with different apodization profiles, including
Gaussian apodization, Hamming apodization, and Blackman apod-
ization. Different apodization profiles result in different characteris-
tic reflection spectra. For instance, it shows that the Blackman
apodization has the highest depression for the sidelobes, but with a
lower Q-factor. According to different application purposes, the
apodized CCBG could be flexibly designed.

D. Phase-shifted CCBG

A phase-shifted FBG is fabricated by introducing a phase shift
into the period index modulation of a uniform FBG. For instance,
a π-phase shifted FBG is realized by splitting a uniform FBG into
identical sub-FBGs, where the space between the two sub-FBGs is
half-period (i.e., π-phase difference). The two sub-FBGs are highly
reflective and can be conceptually considered as two mirrors of a
Fabry–Pérot (FP) etalon. Due to the high reflectivity of the
sub-FBGs, the Q-factor of the FP interference is extremely high,
resulting in an ultra-narrow band (e.g., few picometers) in the
middle of the reflection/transmission spectrum. Therefore, a tai-
lored spectrum with an extremely sharp notch is obtained. The

FIG. 10. Numerical investigation results of the phase-shifted CCBG. (a) Reflection spectrum and (b) transmission spectrum of a π-phase shifted CCBG compared to a
uniform CCBG. Enlarged view of the (c) reflection spectra and (d) transmission spectra centered around fundamental resonance. (e) Reflection spectra and (f ) transmis-
sion spectra centered around the fundamental resonance of phase-shifted CCBGs with different phase shifts in the permittivity modulation.
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unique characteristic of phase-shifted FBGs has enabled important
applications in distributed feedback lasers and wavelength division
multiplexing.24,25 On the other hand, due to the extremely narrow
spectral notch, phase-shifted FBGs have also found successful
applications in sensing, e.g., ultrasonic detection with high sensitiv-
ity and high resolution.26 Inspired by the optical counterpart, we
implement the phase shift concept to a uniform CCBG, generating
the phase-shifted CCBG. Figure 9 illustrates a π-phase shifted
CCBG, including a schematic shown in Fig. 9(a) and an illustration
of the relative permittivity modulation along the grating length
given in Fig. 9(b). Following the same theory of a π-phase shifted
FBG, two sub-CCBGs are separated by half grating period.

Figures 10(a) and 10(b) present the calculated reflection
spectra and transmission spectra of a π-phase shifted CCBG and a

uniform CCBG with a grating period of 50 mm and a total grating
period of 50. The relative permittivity modulation is 1.25. Sharp
notches are observed in the fundamental resonant frequency and
the third harmonic in both reflection and transmission bands, as
expected, while little changes are observed at the second harmonic.
Figures 10(c) and 10(d) show an enlarged view of the reflection
spectra and transmission spectra at the fundamental resonant
frequency, respectively, for clarity. The Q-factor of the sharp
notches in the spectra of phase-shifted CCBG is significantly larger
than that of the uniform CCBG. The Q-factor of the notch can be
further increased by increasing the periods of the grating.
Figures 10(e) and 10(f ) plot the calculated reflection spectra and
transmission spectra of CCBGs with different phase shifts, i.e., π,
π/2, 3π/2. As can be seen, the notch frequency at both reflection

FIG. 11. Experimental validation of the
uniform CCBG. (a) Photograph of a
part of the prototype CCBG, showing
the period of 50 mm. (b) Measured
reflection spectrum. The reflection and
transmission of a reference cable are
also included for comparison. (c)
Measured transmission spectrum. (d)
Filtered reflection spectrum centered at
∼4 GHz for different numbers of
period. (e) Measured transmission
spectrum centered at ∼4 GHz for dif-
ferent numbers of period.
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and transmission spectra changes as the shifted phase varies, indi-
cating that the notch frequency can be tailored by adjusting the
shifted phase for different applications. Due to the tailorable
narrow spectral notch, the phase-shifted CCBG could find applica-
tions in the RF signal processing field. Besides, the phase-shifted
CCBG can also be used for sensing applications. Compared to a
uniform CCBG, the phase-shifted CCBG can provide higher mea-
surement sensitivity and higher measurement resolution by track-
ing the shift of the narrow notch in the spectrum.

IV. PROOF OF CONCEPT

A few prototypes of CCBGs were fabricated in the lab to
verify the simulation results shown above. Uniform CCBGs were
first demonstrated. The coaxial cable used to fabricate the proto-
type devices is RG 58/U with a length of 2 m. Multiple V-shaped
grooves were made along a coaxial cable line by cutting off a part
of the dielectric layer using a knife, as shown in Fig. 11(a). Note
that the groove-cutting approach is simple but makes it challenging
to quantify the local dielectric modulation index due to the irregu-
lar shape induced by manual operation. Thus, we were only able to
qualitatively verify the simulation results. The distance between two
consecutive grooves was 50 mm, i.e., the period of 50 mm. Devices
were characterized using a vector network analyzer. Continuous RF
signals were used as the probing signal, and the scattering parame-
ters (S11 and S21) were characterized. The input end and the
output end of the device were approximately 0.5 m away from port
1 and port 2 of the network analyzer, respectively. The measured
reflection spectrum and transmission spectrum of a prototype
CCBG with 20 periods are given in Figs. 11(b) and 11(c), respec-
tively. Discrete peaks and dips are observed in the reflection and
transmission spectra, respectively, as expected. The resonance fre-
quencies and the overall trend of the curves match well with the
results shown in Figs. 4(a) and 4(b). The obvious downward trend
shown in Fig. 11(c) is due to the higher transmission loss of the
coaxial cable at higher frequencies. The influence of the number of
period on the reflection and transmission spectra were also investi-
gated, as shown in Figs. 11(d) and 11(e). The results agree with the
simulations given in Figs. 4(c) and 4(d). Thus, the results presented
in Fig. 11 verify the effectiveness of the coupled mode theory-based
modeling of the CCBG.

A π-phase-shifted CCBG was also fabricated with a period
length of 50 mm and a total of 20 periods. The measured transmis-
sion and reflection spectra are shown in Figs. 12(a) and 12(b),
respectively. Sharp notches are observed, matching well with the
simulation results shown in Figs. 10(a) and 10(b). A slight devia-
tion of the notches from the middle of the peak/dip can also be
observed, which is due to the fabrication error where the space
between the two sub-CCBGs was not exactly half the period. Note
that due to the limitation of lab facilities, we were not able to pre-
cisely control the permittivity modulation strength and the period
so the chirped CCBG and apodized CCBG were not experimentally
verified.

V. CONCLUSION

Inspired by the well-known FBG, the coaxial cable Bragg
grating (CCBG) was proposed as a strain gauge with large strain
capability, which has found successful applications in SHM. In this
paper, the implementations of FBG techniques on coaxial cables
are further investigated. Different special types of CCBGs are pro-
posed and numerically investigated, including chirped, apodized,
and phase-shifted configurations. The reflection and transmission
spectra of these special types of CCBGs are numerically studied
based on the coupled mode theory. The calculation results of the
CCBGs match well with the FBG theories. It is shown that the
reflection and transmission spectra of a uniform CCBG can be flex-
ibly tailored by introducing the quasi-periodic permittivity modula-
tions along the grating length. The proposed special types of
CCBGs can be used for sensing applications with better perfor-
mance due to the tailored spectrum. Besides, the special types of
CCBGs could find potential applications in RF signal processing,
bandpass filtering, and communication fields. Note that in addition
to coaxial cables, the concept of the Bragg gratings, i.e., one-
dimensional photonic crystal structures, can also be applied to
other types of transmission lines in the radio frequency regime.
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FIG. 12. Experimental validation of the π-phase-shifted CCBG. (a) Measured
reflection spectrum. (b) Measured transmission spectrum.
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