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Abstract: In this study, the authors present theoretical and experimental results of wideband beamforming networks steered by
a single linear chirped fibre Bragg grating (CFBG). The standard single-sideband modulation technique is followed to validate
the wideband (at 18 GHz) operation of the proposed system. CFBG has been fabricated by phase mask technology for the
desired specification to be compatible with the antenna array. To the authors knowledge, the effect of dispersion slope feature of
fabricated FBG on the performance of beam-steering capability of the antenna is reported for the first time in this study.
Theoretically preceded by experimental testing, it was found that the scanning angle increased with the rise in the number of
antenna elements and the frequency of modulating microwave signal.

1 Introduction
Microwave beam steering by using photonic technique has been
under intensive research over the last three decades [1–5]. Modern
radar and satellite require the use of a highly beam-steerable phase
array antenna (PAA). There are several benefits of optical fibre to
be used in microwave beamforming networks such as low weight,
no electromagnetic interference, high bandwidth, data security,
signal reliability, and advanced manufacturing techniques to name
but a few [6]. Fibre Bragg grating (FBG) was used as an active
optical tool for realising a real-time-delay line. Earlier discrete
FBG-based [7, 8] true time-delay (TTD) line was proposed, which
would eventually end up with chirped FBG (CFBG) [9] for the
implementation of a very flexible beam-steering system. The TTD
module, consisting of a pair of CFBG, is typically used to maintain
the beam orientation continuously in the desired direction at
variable microwave frequencies during the movable state. It is a
matter of fact that the radiation pattern of the antenna array and its
beam-pointing directions remain invariant for the change in the
frequency of microwave signal. It is also known that the beam-
pointing direction can be continuously steered by changing the
optical wavelength. The CFBG has been proven to be an excellent
technique for the beamforming network. The need for long-length
chirp grating may be resolved by small-length multi-channel
CFBG. Discrete FBG-based TTD can achieve discrete beam-
pointing angles and is only suitable for low microwave frequency
but CFBG enables continuous beam control and can operate at a
very high frequency. The optical system for steering the microwave
waveform also offers the benefit of simultaneous beam
multiplexing capabilities for multipoint beam directions. Several
configurations based on FBG delay lines have been proposed in the
past [10–15]. Nevertheless, the use of a single CFBG-based TTD
provides much more flexibility and cost-effective implementation
of a wideband beamforming system. It has been shown that even a

single FBG chirped is capable of directing the microwave beam at
very high frequency extended beyond the Ku band.

The beam can be more concentrated by increasing the number
of antenna arrays [16–18]. The beam can also be operated in two
different directions by integrating a two-dimensional (2D) antenna
array. The main advantage provided by photonic-based TTD line
techniques is the wideband squint-free beam steering along with
the advantages offered by optical fibre technology. Highly CFBG
[19–21] has provided extremely promising applications for high-
speed photonic PAA systems [22–24]. To the best of our
knowledge, the beam-steering capability provided by featured
CFBG has not yet exploded. It has been shown that instead of the
linear phase shift (or time delay) introduced by the featured FBG,
the linear chirp FBG provides a slightly non-linear symmetric
phase shift with a large dispersion slope and a two-fold increase in
the number of antenna elements driven by the linear chirp FBG. In
this paper, study has been conducted on the photonic beam-steering
capability of the antenna array versus CFBG design parameters
such as grating length, chirp factor, index contrast, chirp profile
etc. Change in the design parameter of the CFBG keeps changing
the time-delay response of the TTD unit, which ultimately results
in a change in the direction of beam steering. Results have been
shown for Ω = 3, 6, 13, 18 GHz, i.e. S–Ku-band frequency bands.
It is a matter of fact that 1000 ps time delay can be easily steered to
16 antenna elements at a microwave frequency of 18 GHz.
Therefore, the proposed design is capable of steering at least 16
antenna elements at the Ku band.

Table 1 indicates the maximum spacing between each element
of PAA required relative to the modulating microwave frequency. 
In short, Table 2 presents the comparison between the photonic
approaches of wideband versus conventional beam steering. This
paper is structured in the following ways. Mathematical analysis of
single-sideband (SSB) modulation technique is covered in Section
2. This section showcases the delay response of CFBG when
lightwave is intensity modulated by different microwave
frequencies such as 3, 6, 13, and 18 GHz. Section 3 demonstrates
the experimental response of a CFBG of 5 nm spectral width, when
an optical carrier is being SSB modulated. This section also shows
the computed radiation patterns of 4, 8, 12, and 16 elements
antenna, which was driven by a time-delayed radio-frequency (RF)
signal. Finally, Section 4 presents the concluding remarks of this
paper.

Table 1 Antenna spacing for different microwave frequency
Sl. no. Operating frequency, GHz Antenna spacing, mm
1 3 50
2 6 25
3 13 11.53
4 18 8.33
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2 Proposed experimental setup and its operating
principle
In this paper, we present the experimental results of the featured
CFBG developed in our collaborative laboratory. The following
novelty was claimed in this paper in comparison with the existing
study found in the literature: (i) CFBGs have been fabricated using
a phase mask technique in our collaborative laboratory with the
requisite specification such as high chirp rate, centre wavelength,
refractive index contrast, and apodisation parameter to mention a
few, (ii) CFBG characteristics have been analysed using optical
spectrum analyser (OSA) and multiple channel optical interrogator
(HBM:FS22 DI), and (iii) the antenna array has been fabricated
with the required specification at Empower Technology Pvt. Ltd.
The effects of dispersion slope and ripple factor due to chirp
grating reflectivity were analysed experimentally.

2.1 Working principle

It is known that the CFBG generates almost linear phase delay
between the modulating microwave frequencies, which can be
continuously changed by adjusting the output wavelength of the
tunable laser source. However, a large number of antenna arrays
are required to achieve a sharp beam-pointing direction. Also, if it
is desirable to steer the beam in multiple directions in 2D space, a
2D antenna array with sub-array partitioning capability is required,
resulting in a mathematically complex analysis. In this paper, an
SSB modulation technique has been opted to steer the beam so that
the constraint of the high-frequency microwave waveform can be
nullified. The experimental measurement of the 5 nm chirped
grating response is observed, while the lightwave is intensity
modulated by RF wave using dual-drive Mach–Zehnder modulator
(MZM), which generates an SSB modulated optical signal. FBG
reflectivity and time-delay responses are measured within the
grating response range at multiple RF frequencies.

To show the upper hand of SSB modulation over DSB
modulation based on performance, we are first rigorously deriving
mathematical expressions by keeping in mind a conventional DSB
technique. An optical carrier having frequency ω is intensity
modulated by a microwave signal of frequency Ω. Suppose the
lightwave is being modulated by DSB scheme, which is further
reflected by a CFBG having reflectivity R(ω) = R0(ω) ejϕ(ω). Now,
the output electric field from CFBG is the sum of following terms
R(ω) = R0(ω) ejϕ(ω), R0(ω + Ω) = R0(ω) ejϕ(ω + Ω)t, and
R0(ω − Ω) = R0(ω) ejϕ(ω − Ω)t. The modulated signal has double-
sideband frequency components given by

x(t) = A1ejωt + A2ej(ω − Ω)t + A2ej(ω + Ω)t (1)

The above-modulated signal is reflected by a fibre grating of
reflectivity R(ω) = R(ω)ejϕ(ω), which gives the following field at
the input of PD:

y(t) = R(ω)ejωt + R(ω − Ω)ej(ω − Ω)t + R(ω + Ω)ej(ω + Ω)t (2)

y(t) = (R(ω)ejϕ(ω) + R(ω − Ω)ejϕ(ω − Ω) e− jΩt

+R(ω + Ω) ejϕ(ω + Ω) ejΩt) ejωt
(3)

y∗(t) = (R(ω)e− jϕ(ω) + R(ω − Ω)e− jϕ(ω − Ω) ejΩt

+R(ω + Ω)e− jϕ(ω + Ω) e− jΩt) e− jωt

Electric field detected by PD is given by E(t) ∝ y(t) 2

E(t) = y(t) y∗(t)
= (R(ω)ejϕ(ω) + R(ω − Ω)ejϕ(ω − Ω) e− jΩt + R(ω + Ω) ⋅

ejϕ(ω + Ω) ejΩt) (R(ω)e− jϕ(ω) + R(ω − Ω)e− jϕ(ω − Ω) ⋅
ejΩt + R(ω + Ω)e− jϕ(ω + Ω) e− jΩt)

= R2(ω) + R2(ω − Ω) + R2(ω + Ω) + R(ω)R(ω − Ω) ⋅
[ej(ϕ(ω) − ϕ(ω − Ω))ejΩt + e− j(ϕ(ω) − ϕ(ω − Ω))e− jΩt] + R(ω)
R(ω + Ω)[ej(ϕ(ω + Ω) − ϕ(ω))ejΩt + e− j(ϕ(ω + Ω) − ϕ(ω)) ⋅
e− jΩt] + R(ω − Ω) R(ω + Ω)[ej(ϕ(ω + Ω) − ϕ(ω − Ω))ej2Ωt

+e− j(ϕ(ω + Ω) − ϕ(ω − Ω))e− j2Ωt]

(4)

Equation (4) gives the electric field detected by PD, which is
passed through a narrow bandwidth bandpass filter. The bandpass
filter will only allow the term containing Ω given by

E′(t) = R(ω)R(ω − Ω)ej(ϕ(ω) − ϕ(ω − Ω))ejΩt + R(ω)R(ω + Ω)
⋅ ej(ϕ(ω + Ω) − ϕ(ω))ejΩt

= R(ω)(R(ω − Ω)ej(ϕ(ω) − ϕ(ω − Ω)) + R(ω + Ω) ⋅
ej(ϕ(ω + Ω) − ϕ(ω)))ejΩt

(see (5)) 
Above equation can be written in Euler form as

E′(t) = E ω, Ω ejϕ (6)

E(ω, Ω) = (Re(E′(t)))2 + (Im(E′(t)))2

E(ω, Ω) = R(ω)((R(ω − Ω)cos(ϕ(ω) − ϕ(ω − Ω)) + R(ω + Ω) .
cos(ϕ(ω + Ω) − ϕ(ω)))2 + (R(ω − Ω)sin(ϕ(ω) − ϕ
(ω − Ω)) + R(ω + Ω)sin(ϕ(ω + Ω) − ϕ(ω)))2)1/2

(7a)

ϕ = Ωt + tan−1 Im(E′(t))
Re(E′(t)) (7b)

After the conversion of optical to the electrical domain by 20 GHz
photodetector (PD), the dependency of the electric field of output
microwave signal on time can be expressed as

Table 2 Comparison of wideband beam steering with conventional beam-steering techniques
Sl. no. Time-delay module Scheme Bandwidth, GHz Scanning method Delay range
1 Silicon waveguide binary 2 × 2 switches, MZM 8–12 Discrete ≃2.5 ns
2 Dispersive fibre-prism Tunable laser source (TLS) with Multiplexer 4–8 Continuous ≃28 ps
3 Dispersive photonic crystal fibre TLS four fibre channels, MZM 8–12 Continuous ±31 ps
4 Dispersion compensation fibre TLS eight channels, MZM 8–12 Continuous ±43.3 ps
5 Fibre-prism and fibre-optic delay lines 2D, 2 × 2 switches 1 Switchable ±200 ps
6 Linearly CFBGa TLS, MZM wavelength-dependent grating 12 Continuous ±1500 ps
aProposed scheme.

 

E′(t) = R(ω)(R(ω − Ω)cos(ϕ(ω) − ϕ(ω − Ω)) + R(ω + Ω)
cos(ϕ(ω + Ω) − ϕ(ω)) + j(R(ω − Ω)sin(ϕ(ω) − ϕ(ω − Ω))
+R(ω + Ω)sin(ϕ(ω + Ω) − ϕ(ω))))ejΩt

(5)

82 IET Optoelectron., 2020, Vol. 14 Iss. 2, pp. 81-90
© The Institution of Engineering and Technology 2019

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on September 28,2020 at 07:01:49 UTC from IEEE Xplore.  Restrictions apply. 



E(t) = E(Ω, ω)ej(Ωt + ψ (Ω, ω)) (8)

where the amplitude E(Ω, ω) and ψ(Ω, ω) can be written as

E(Ω, ω) = R(ω) . R(ω + Ω)
ψ(Ω, ω) = ϕ(ω + Ω) − ϕ(ω) (9)

There are no theoretical limitations of RF frequency found in case
of SSB modulation compared with DSB modulation to be opted in
this work. This is due to only single-phase term associated with
SSB modulation technique (Fig. 1). 

2.2 Experimental setup for time-delay measurement of
CFBG

Lightwave from the tunable laser source (Yenista Optics: Model
No. 1560/P6) is provided to the optical input terminal of dual-drive
MZM, whereas the other two input terminals of the MZM are fed
with RF signal and DC biasing, as shown in Fig. 2. The amplified
SSB modulated optical wave from erbium-doped fibre amplifier
(EDFA) (Thorlab EDFA 100S) is reflected at a particular distance
from the chirped grating depending on the wavelength
corresponding to the Bragg condition. The reflected light is then

divided into two arms by a 1 × 2 optical splitter, one arm is
terminated by an OSA, whereas the second arm signal is sent to the
digital spectrum oscilloscope (DSO) after passing through a 20 
GHz bandwidth PD (Optilab PD-20-M). The time delay introduced
in the microwave signal is determined by comparing the delayed
microwave signal with the non-delayed microwave signal received
directly from the RF signal generator.

2.3 Design and fabrication details of single-element
rectangular patch antenna

A rectangular microstrip antenna (Fig. 3) has been designed,
simulated, and fabricated at Ku band. The operating frequency is
13 GHz. Then, 1×8 microstrip antenna array is designed using
single patch antenna. Each element of the array antenna is
individually excited using coaxial feeding technique as shown in
Fig. 4. Microstrip antenna consists of a thin metallic rectangular
patch photoetched on the top side of the substrate (dielectric)
having a fully conducting metallic ground plane below it. Flame
retardant 4 (FR4) with dielectric constant εr = 4.4, loss tangent
(tan δ) equal to 0.02, and thickness of 1.6 mm is used as substrate.
This antenna is simulated in high-frequency structure simulator 3D
electromagnetic computation tool and the necessary characteristics

Fig. 1  Proposed experimental setup for the beam-steering system (PD: photodetector, TBPF: tunable bandpass filter)
(a) Patch antenna fed with photonically delayed microwave signal, (b) Top view of the fabricated patch antenna
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are mentioned in terms of return loss, voltage standing wave ratio,
peak gain, and radiation patterns. The performance of the
microstrip antenna depends on its dimension, the operating
frequency, radiation efficiency, directivity, return loss, and other
related parameters. For an efficient radiation, following equations
are used for calculations. Practical width of patch is calculated
using equation below [25]:

W = 1
2 f r ε0μ0

2
εr + 1 (10)

The effective dielectric constant εeff is given below:

εeff = εr + 1
2 + εr − 1

2 1 + 12h
w

−(1/2)
(11)

where εr is the dielectric constant of material, w is the width of
patch, and h is the height of substrate. Prolonged electrical length
ΔL of the patch due to fringing effect can be calculated using [25]

ΔL = 0.412(εreff + 0.3) (w/h) + 0.264 h
(εreff − 0.258) (w/h) + 0.8 (12)

The effective length Leff is given by

Leff = v0

2 f r εeff
− 2ΔL (13)

Fig. 2  Schematic diagram of the experimental setup for measurement of time delay introduced by CFBG (MZM: Mach–Zehnder modulator, PD:
Photodetector, DSO: Digital spectrum oscilloscope, EDFA: Erbium-doped fibre amplifier)

 

Fig. 3  Single-PAA unit, radiation of beam, and its wavefront
 

Fig. 4  Proposed experimental setup for photonic feeding of 1 × 8 PAA (inset figure shows the 1 × 8 antenna array used and its resonant peak at 13 GHz)
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The fabricated prototype of the proposed 1 × 8 phased array
antenna is tested under vector network analyser for the S-parameter
measurement practically. The simulated and experimentally
obtained return loss characteristics have been presented in Fig. 5
that shows a good agreement with each other. According to
observation, the experimental reading shows return loss is −13.8 
dB at 13.0 GHz, whereas simulated results is −19.1 dB at 13.05 
GHz. Detailed description of antenna parameters are given in
Table 3. After electrical characterisation of a single antenna
element, the array is formed on a wooden frame with equal spacing
between successive elements, as shown in Fig. 4. After design,
fabrication, and characterisation of antenna array, the TTD line is
realised by using CFBG, which is discussed in the next section.

2.4 Design and fabrication of FBG for beam-steering
applications

The detailed discussion on the FBG design and fabrication problem
for the proposed experimental work is discussed in this section. It
is a matter of fact that chirp rate should be high enough to be
enabled to operate at high microwave frequency signal. Moreover,
there is a limit on the chirp rate, which can be increased depending
on the fabrication process and limitations associated with it. Fig. 6
shows that, in the case of single chirp grating, the time-delay
response of the CFBGs is almost linear and independent of
microwave frequencies. It is also apparent that the components of
high microwave frequency deviate significantly more than the low
microwave frequency. It is interesting to note that group delay of 3 
GHz microwave signal crosses group delay of minimum
microwave signal frequency at 1549.5 nm, as shown in Fig. 7. 

Fig. 5  S11 (dB) versus frequency plot: simulated and experimental result of 1 × 8 array antenna
 

Table 3 Dimension of fabricated 1 × 8 antenna array
Design parameters Value
Operating frequency 13 GHz
Dielectric constant 4.4
Substrate thickness 1.6 mm
Substrate width 19 mm
Substrate length 23 mm
Patch length 9.3 mm
Patch width 6.2 mm
Radius of coax pin 0.2 mm
 

Fig. 6  Grating reflectivity and time-delay responses while the light is modulated by SSB modulation technique at different RF frequencies
(a) Ω = 0 GHz, (b) Ω = 3 GHz, (c) Ω = 6 GHz, (d) Ω = 13 GHz, (e) Ω = 18 GHz, (f) Ω = 24 GHz
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Nevertheless, this function disappears with a 6 GHz microwave
signal. At a higher microwave frequency such as 13 GHz, the
group delay graph tends to become more linear. Linearity is more
pronounced at λ ≥ 1549.8 nm wavelength. Interesting feature
comes at Ω = 13 GHz, where there is a small variance of linearity
relative to Ω = 6 GHz. Also, the group delay response curve at
Ω = 13 GHz shows some marginal deviation in the range of
λ ≤ 1550 nm. However, for λ ≥ 1551 nm, both curves are almost
coincidental. Again, the observation is same at Ω = 18 GHz. There
is a marginal deviation with other lower microwave frequency

components for λ ≤ 1548.8 nm. The following observation shows
that the group delay of CFBG is almost independent of the
microwave frequency. Hence, CFBG is a TTD beam former and is
very much suitable for wideband applications. It is also noted that
the time delay of the microwave modulating signal can be
substantially changed by scanning in optical frequency; the fact is
reflecting in Fig. 8. Fig. 9 shows that the ripple in the reflectivity
spectrum continues to decrease at a higher microwave frequency. 
One interesting feature is that at Ω = 13 GHz ripples occur
significantly in the central spectrum area but significantly reduced
at the corner frequency of the spectrum. It is worth mentioning that
the time delay of the modulated signal is independent of the RF
frequency, and therefore the frequency of the modulating signal
must be low enough to preserve the linewidth of the optical
spectrum. It is evident from the time-delay response behaviour as
shown in the inset of Fig. 10 that as the microwave frequency
increases, the ripple decreases at the lower wavelength region
λ ≤ 1550 nm, while this behaviour reverses for the region away
from the centre wavelength λ ≥ 1550 nm. 

To validate the theoretical results, a CFBG with central Bragg
wavelength λB = 1550 nm and 1.55 nm bandwidth with reflectivity
90.95% has been fabricated. The experimentally obtained
wavelength span of maximum reflectivity bandwidth comes to be
≃1548–1553 nm. The fabricated grating (as shown in Fig. 1) has a
length of ≃ 5 cm and chirp factor DλD ≃ 0.5e−6 nm/cm. The phase
of chirp has been calculated by the following expression:

1
2

dϕ
dz = − 4π

neff
z DλDλB

2 (14)

where neff ≃ 1.45, z is the length of grating, and λB is the Bragg
wavelength. The far-field radiation pattern of N-element phased
array antenna with the spacing between each element d is given by

AF(θ) = ∑
i = 0

N − 1
Ei(Ω, ωi)ej ψi Ω, ωi + i Ωd sin θ

c (15)

The beam-pointing angle corresponding to the main lobe of the
array antenna can be expressed in terms of the grating time delay
as follows:

sin θ0 = c
d τ ωi − τ ωi − 1 (16)

This ensures that the beam-pointing direction depends on the
spacing of two consecutive time delays introduced by the grating
and is independent of the microwave frequency. It is worth
mentioning that the beam angle can be modified by changing the
time-delay response of the grating. It should be noted that the
minimum steering angle step size θmin can be expressed as

1
2 f m

sin θmin = Δτ min (17)

where Δτ min is the minimum acceptable time delay between
adjacent points of reflection from single chirp grating. It also
means that minimum steerable angle depends on modulating
microwave signal. If a single chirp grating works as a delay line as
shown in Fig. 3, the time delay between adjacent points of the
reflections can be written as

Δτ min = 2ndmin

c (18)

where dmin is the minimum distance of two adjacent reflections of
CFBG, f m is the modulating signal frequency, and n is the
refractive index of optical fibre. From (17) and (18), we can
interpret that the minimum steerable angle step size θmin can be
expressed as

Fig. 7  Experimentally measured time delays versus optical wavelength for
the Linearly chirped fibre Bragg grating (LCFBG) TTD unit operating at
various microwave frequencies

 

Fig. 8  Measured time delays (ps) versus microwave frequencies for the
LCFBG operating at various optical wavelengths

 

Fig. 9  Grating reflectivity response as a function of optical wavelength at
different modulation frequencies, namely Ω = 3, 6, 13, 18 GHz

 

Fig. 10  Group delay response as a function of optical wavelength at
different modulation frequencies, namely Ω = 3, 6, 13, 18 GHz (figure in
the inset shows the zoom of the small section of the plot)
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θmin = sin−1 4n f mdmin

c (19)

3 Experimental result
3.1 Observation sheet for various parameters at Ω = 3 GHz
microwave frequency

Table 4 shows the observation sheet of measured theoretical and
experimental values of reflected light intensity through fabricated
featured chirp FBG along with their measured phases. Fig. 3 shows
the proposed experimental setup for the measurement of time
delay, phase, and reflection spectrum of chirp FBG. Theoretically,
phase has been calculated at different wavelengths by calculating
angle of reflection amplitude from chirp FBG. The phase of RF
signal is calculated theoretically by linear approximation of group
delay plot followed by the expression:

ψ(Ω, ω) = − τ(ω) . Ω

where parameter τ(ω) has been estimated by actual simulation plot
and their linear approximation plot of group delay response as
described in Fig. 11. 

Since the total grating length is 50 mm; hence, for the present
case, i.e. for Ω = 3 GHz, the maximum spacing between grating
should be 99.97 mm (that is maximum grating spacing irrespective
of initial point). As a result of this, all the frequency components
will participate in beam-steering process. Since the minimum time
delay offer for present case is 36.7 ps corresponding to
dmin = 3.67 mm, we can calculate the minimum steering angle step
size

θmin = sin−1 4n f mdmin

c ≃ 12.6o

To increase the resolution and discrimination factor, the CFBG has
to be designed with proper specifications to achieve the minimum
steer angle step size θmin. Now, for the present case, it has been
assumed that the time delay is almost linear approximation of
grating length. However, this linear approximation does not
completely follow the actual chirped grating response due to the
presence of ripple in the time-delay response of the grating. Fig. 11
shows the actual computed group delay response for the proposed

design of chirp FBG at Ω = 3 GHz. The dispersion slope (Dλ)
obtained by linear approximation is ∼225.25 ps/nm. Fig. 11 also
shows the obtained group delay response of CFBG followed by
linear approximation. It is apparent that ripples are more intensified
at lower wavelength region; hence, some error is introduced in
calculation of maximum steerable angle.

There is a small error introduced in beam radiation pattern due
to imperfection of initial and corner values of time-delay response
and magnitude. Fig. 12a shows the theoretically calculated array
factor (AF) at various wavelengths as mentioned in the caption of
this figure. Fig. 12b shows the corresponding radiation pattern for
8-element array. Figs. 13a–e shows the radiation pattern for
variable elements of PAA at Ω = 3 GHz. It is apparent that
theoretical results have a good resemblance with experimental one.
In some cases, both experimental and theoretical results are
overlapped and could not be discriminated in these plots. Tables 4
and 5 have been followed to obtain Fig. 13. Fig. 13f shows the
actual group delay and its linear approximation plot at Ω = 3 GHz.
The dispersion slope (Dλ) is directly related with chirp rate of
fabricated FBG. It is evident that the dispersion slope (Dλ) keeps
on tailored with the modulating microwave frequency Ω.

Fig. 14 shows the theoretically computed group delay response
and its corresponding first-order linear approximation at
Ω = 6 GHz. It is apparent that the dispersion slope is reduced for
this case as compared with Ω = 3 GHz. It is a matter of fact that
reduction of dispersion slope would eventually increase the
effective grating linear length; hence, there is trade-off between
both the quantities. Evidently, increasing of effective length of
linear region would enhance the maximum range of steerable angle
squint free.

Fig. 15 shows the radiation pattern for variable elements of
PAA at Ω = 6 GHz. It is apparent that compared with Ω = 3 GHz,
the maximum angle which can be steered for N = 16 number of
elements would be θ = ± 73o. Fig. 15f shows the corresponding
time-delay response and its first-order linear approximation.
Figs. 16 and 17 shows the similar results at microwave frequency
Ω = 13 GHz. It means that as the modulating microwave frequency
Ω increases, dispersion slope reduced, which will, in turn,
effectively increase the grating spacing followed by grating length,
because of increase of maximum beam-steerable angle.
Experimental results have a good agreement with the theoretical
results. It also appears that side lobes in a radiation pattern can be

Table 4 Observation at Ω = 3 GHz microwave frequency
Sl. no. Wavelength (λ), nm Theoretical Ei(Ω, ωi) Experimental Ei(Ω, ωi) Theoretical ψi(Ω, ωi), rad Experimental ψi(Ω, ωi), rad
1 1548 0.7206 0.692 −3.8 −2.9
2 1548.5 0.9542 0.922 1.25 1.01
3 1549 0.9537 0.956 −0.072 0.32
4 1549.5 0.9331 0.892 −1.355 −2.11
5 1550 0.980 0.973 −2.637 −1.82
6 1550.5 0.9701 0.957 −3.990 −2.19
7 1551 0.9851 0.974 0.9929 1.3
8 1551.5 0.9731 0.643 0.0607 0.31
9 1552 0.9137 0.923 −0.1455 −0.31
10 1552.5 0.7979 0.773 −0.24 −0.31
 

Fig. 11  Theoretical group delay response and their linear approximation versus optical wavelength at Ω = 3 GHz
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tailored by controlling chirp rate of chirp FBG, which is again an
area of great attention as an outcome of this research paper. Fig. 17
shows the theoretically computed group delay (ps) response and its
corresponding first-order linear approximation at Ω = 13 GHz. It is
to be noted that the dispersion slope does not significantly change
compared with the previous case. It is also evident that ripples are

reduced at lower wavelength region compared with previous cases.
Figs. 16a–e show the radiation pattern for variable number of
antenna elements at Ω = 13 GHz. It is to be noted that the steering
angle has main lobes at different directions as number of antenna
element increase. In some cases, theoretical results are overlapped
with the experimental results not distinguishable. However, in

Fig. 12  Theoretically calculated AF at various wavelengths
(a) Estimated AF and their beam-steering capability for various wavelengths at Ω = 3 GHz [inset figure shows the corresponding time-delay response], (b) Radiation pattern (θ = 0°)
of beam corresponding to dispersion slope D λ = 225.25 ps/nm for 8-element antenna array

 

Fig. 13  Radiation pattern of
(a), (b) 4, (c) 8, (d) 12, (e) 16 elements of PAA steered by the proposed TTD unit at Ω = 3GHz. Inset figure (f) shows the corresponding group time-delay response and its first-order
linear approximation

 
Table 5 Theoretically and experimentally measured time delay versus wavelength at Ω = 3 GHz microwave frequency
Sl. no. Wavelength, nm Theoretical time delay

by linear
approximation, ps

Actual time delay by
computation, ps

Experimental time
delay, ps

Grating spacing
computation, mm

Grating spacing
experimental, mm

1 1548 36.7 36.5 36.43 3.65 3.64
2 1548.5 84.14 118.5 123.3 11.85 12.33
3 1549 178.7 203.8 197.8 20.38 19.78
4 1549.5 382.21 408.4 403.5 40.84 40.35
5 1550 604.7 628.8 613.5 62.88 61.35
6 1550.5 612.3 703.5 711.1 70.35 71.11
7 1551 628.5 841.62 823.3 84.16 82.33
8 1551.5 811.4 983.5 986.5 98.35 98.65
9 1552 983.5 988.8 973.4 98.88 97.34
10 1552.5 N.A. 988.8 982.4 98.88 98.24
11 1553 N.A. 999.7 995.6 99.97 99.56

 

Fig. 14  Calculated group delay (ps) vs optical wavelength response at Ω = 6 GHz
 

88 IET Optoelectron., 2020, Vol. 14 Iss. 2, pp. 81-90
© The Institution of Engineering and Technology 2019

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on September 28,2020 at 07:01:49 UTC from IEEE Xplore.  Restrictions apply. 



some cases, they are distinguishable. Inset Fig. 16f shows the
corresponding group delay response and its first-order linear
approximation.

Fig. 18 shows the theoretically computed group delay (ps)
response and its corresponding first-order linear approximation at
Ω = 18 GHz. For this case, dispersion slope does not vary
compared with Ω = 13 GHz as shown in Fig. 16. Figs. 19a–e show
the radiation pattern for variable number of antenna elements at
Ω = 18 GHz. It is evident that beam-steering angle significantly
pointed out toward large angle compared with the previous case. In
this case, theoretical results have good correlation factor with

experimental results. Fig. 20 shows the variation of scanning angle
with modulating microwave frequency for a variable number of
antenna array elements. It is observed that scanning angle
increases, in general, as the number of antenna element and
microwave frequency increases. Scanning angle has maximum
value for particular value of modulating frequency for each case.
There is a slight variation of theoretical results with the
experimental one due to imperfection in the measurement process.

Fig. 15  Radiation pattern of
(a), (b) 4, (c) 8, (d) 12, (e) 16 elements of PAA steered by the proposed TTD unit at Ω = 6 GHz. Inset figure (f) shows the corresponding group time-delay response and its first-order
linear approximation

 

Fig. 16  Radiation pattern of
(a), (b) 4, (c) 8, (d) 12, (e) 16 elements of PAA steered by the proposed TTD unit at Ω = 13 GHz. Inset figure (f) shows the corresponding group time-delay response and its first-
order linear approximation

 

Fig. 17  Theoretical group delay (ps) vs optical wavelength response at
Ω = 13 GHz

 

Fig. 18  Graph of group delay (ps) vs optical wavelength response of
proposed system at Ω = 18 GHz

 

Fig. 19  Radiation pattern of
(a), (b) 4, (c) 8, (d) 12, (e) 16 elements of PAA steered by the proposed TTD unit at
Ω = 18 GHz (Ku band). Inset figure (f) shows the corresponding group time-delay
response and its first-order linear approximation

 

Fig. 20  Scanning angle versus modulating microwave frequency and
number of antenna elements
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4 Conclusion
To the best of our knowledge, the beam-steering capability offered
by special featured CFBG has not been explored by any researcher
till date. Table 6 shows the benefits of using CFBG as a TTD
module when compared discrete or uniform FBG-based TTD
module for beam steering. Since the dispersion slope is directly
related to the chirp rate of the CFBG, a detailed investigation of the
dispersion slope characteristics of the CFBG has been presented by
taking care of this point. Chirp FBG has been fabricated with the
desired specification at collaborated laboratory. Beam-steering
capabilities have been explored for the chirp parameter and the
dispersion slope at the microwave frequency range from the S band
to Ku band. Array antenna has been fabricated working up to Ku
band. Theoretical results have been validated with experimental
results. The maximum beam-steering angle for microwave
frequency and number of antenna elements have been further
exploded validating with found results in the literature.
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