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Abstract—A photonic true-time delay beamforming system for
phased array antennas based on superstructured fiber Bragg
gratings (SFBGs) with linearly increasing equivalent chirps is
proposed and demonstrated. The theory behind SFBGs with
equivalent chirps is detailed and a closed-form equation for the
equivalent dispersion is presented for the first time. Array factors,
calculated based on the experimentally measured time delays are
shown for different wavelengths of the photonic beamformer. An
analysis of the errors present in the group delay responses of the
fabricated SFBGs is also presented.

Index Terms—Superstructured fiber Bragg gratings, equivalent
chirp, photonic true-time delay beamforming, phased array an-
tennas (PAA).

1. INTRODUCTION

N high performance radar applications, high sensitivity, en-

hanced portability, increased performance of the receivers
and exciters, improved resolution, large bandwidths, and wider
angular scans are primary areas of performance improvement
[1]-[4]. Phased array antennas (PAA) play a key role in such ap-
plications as they provide low visibility, high directivity, beam
pointing agility and dynamic beam pattern shaping [5], [6]. The
true time-delay (TTD) systems controlling these antennas need
to answer many design constraints and performance require-
ments. The performance of a radar system is strongly related to
its available bandwidth. In the electrical domain, this bandwidth
is often limited to a few hundred megahertz. The acquisition and
effective processing of multigigahertz radar signals is required
to achieve improved range resolution [2], [7]-[9].

Given the recent expansion in wireless communication tech-
nology, the problems of interference, cost, maintainability, reli-
ability, and weight grow in importance. Solutions to these prob-
lems may come in part from multiple functions provided by an-
tennas [4], [10], [11]. Such multifunction antennas rely on their
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controlling circuitry to meet their operational goals. This cir-
cuitry must be easily tunable and reconfigurable. Also, an ever
increasing demand for higher data rates pushes the development
of systems presenting a large available bandwidth. Other design
challenges include low insertion losses, low power, low produc-
tion cost, light weight, and small size [12], [15].

In the past few years, TTD techniques for PAA applications
have been an active area of research [9], [13]-[15]. The fact that
TTD techniques eliminate the beam squint problem constitutes
their most important advantage over traditional phase shifters
[13]-[16]. Photonic TTD techniques are being researched as
they present many advantages over electrical approaches such
as an overall small size and a light weight which makes them
very attractive for airborne applications, a low propagation loss
which brings new possibilities to the remote control of PAAs,
and immunity to electromagnetic interference (EMI) [17], [18].
The most promising advantage of photonics means to construct
a TTD beamformer is the wide available bandwidth.

A promising technique to achieve photonic TTD beam-
forming is to use a fiber Bragg grating (FBG) prism to induce
the time delay progression required [13], [17], [19], [20].
In this paper, we propose and demonstrate a photonic TTD
beamforming system for a wide bandwidth PAA based on
superstructured fiber Bragg gratings (SFBGs).

The use of SFBG would allow the fabrication of many time
delay elements with a single uniform phase mask, a consider-
able advantage over the conventional approach which requires
several custom-designed chirped phase masks. This is particu-
larly attractive for TTD applications where the PAA has a large
number of elements.

By adjusting the parameters of the sampling function of an
SFBG, it is possible to achieve different reflection and trans-
mission spectra, different group delay responses, and disper-
sion values. The fabrication of complex profiles requires only
submicron precision, which can be obtained using a precise
motor-driven scanning mechanical system.

This paper is organized as follows. In Section II, the system
configuration using an SFBG prism for TTD beamforming is
presented. An introduction to PAAs is provided in Section III.
The theory behind SFBGs and a theoretical closed form equa-
tion of the dispersion in an equivalently chirped SFBG are de-
tailed in Section IV. In Section V, a discussion on the design of
the TTD beamformer and the SFBGs considered in this work
is presented. In Section VI, the effects of group delay nonlin-
earities on the array factor is studied. Array factors of a PAA
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Fig. 1. System level diagram of the proposed TTD feed network for a uniformly spaced 4-element PAA using equivalent-chirped SFBGs. TLS: Tunable laser
source. PC: Polarization controller. EOM: Electrooptic modulator. SFBG: Superstructured fiber Bragg grating. PD: Photodetector. A: Electrical amplifier.

calculated based on the experimental time delays are presented
in Section VII. A conclusion is drawn in Section VIIIL.

II. SYSTEM OVERVIEW

Fig. 1 presents the system level diagram of a TTD beam-
former based on a SFBG prism and shows the major modules
of such a system. A tunable laser source (TLS) is used to gen-
erate the optical carrier which is sent to an external electrooptic
modulator (EOM) through a polarization controller (PC). The
PC is properly adjusted to align the polarization direction of the
lightwave from the TLS with the principal axis of the EOM,
to minimize the polarization-dependent loss. At the EOM, the
optical carrier is intensity modulated by a narrowband elec-
trical signal carried by a high frequency RF carrier to be sent to
the PAA. Upon entering the beamforming module, the modu-
lated optical signal is power divided equally into four branches
by a 1:4 power splitter. Each output branch is connected to a
three-port optical circulator. The optical signals are then sent
to the SFBG delay lines, each presenting different parameters
to induce a time delay progression based on the optical wave-
length. Depending on the optical wavelength, the optical signal
is subjected to a different group delay as it is reflected at dif-
ferent locations of the SFBG. The reflected light travels back
through an optical circulator to a photodetector (PD). The time
delays caused by the SFBG delay lines are then translated into
different beamsteering angles of the PAA.

III. PAA

Antenna arrays are essentially a group of simple antennas
called array elements that are combined together to operate as
a single antenna with a desired radiation pattern. The array ele-
ments may be many kind of antenna, such as dipoles, dielectric
resonators or microstrip patches to only name a few. In order to
shape the overall radiation pattern of the linked elements, sev-
eral parameters can be controlled. These parameters include the

number of elements in the array, the spatial location of each ele-
ment with respect to the others, the orientation of each element
as well as the parameters of the feed signals.

In a PAA, the array factor considers the combined effect of
the antenna elements regardless of the type of antenna used. In
the case of a PAA with its elements uniformly spaced and along
a single axis, the array factor is expressed as

_ sin(My/2)
af(v) = M sin(1/2) M
with
W = kscosf + 3 2)

where M is the number of elements, k is the wavenumber of
the radiated signal (k = 27/Agrr), s is the physical spacing
between two adjacent antenna elements, 6 is the spatial angle
around the axis of orientation of the array and (3 is the phase pro-
gression of the electrical signals feeding the antenna elements.

In order to eliminate a phenomenon known as beam squint
and to offer a wide frequency operation, beamforming based
on TTD is used. Instead of inducing a phase progression in the
electrical signals driving the antenna elements, the use of a time
delay progression allows to steer all frequencies in the same
direction. Thus, the phase progression of the electrical signals
must be dependent on frequency, such as

B =2rfAt A3)

where f is the frequency of the electrical signal and At is the
time delay progression.

IV. SFBG

An SFBG, also called a sampled FBG, is composed of sev-
eral sections, each containing a subgrating of a given length and
a blank space. During the fabrication of an SFBG, the blank
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Fig. 2. Refractive index profile of an SFBG.

spaces are unexposed to UV light and, thus, they present no re-
fractive index modulation.

The duty cycle, which is the ratio of the length of the sub-
grating to the period of a section (which is the sum of the length
of the subgrating and the length of the blank space), can be
varied to create transmission and reflection spectra with desired
characteristics. By carefully designing the sampling function of
the SFBG, it is possible to achieve equivalently chirped SFBGs
with different equivalent chirp rates [21], [22]. Fig. 2 shows an
example of a refractive index profile of an SFBG.

To design SFBGs for TTD applications, it is necessary to be
able to determine the dispersion associated with the physical
design parameters of these gratings. The proposed TTD beam-
former based on an SFBG prism requires the design and fabrica-
tion of M SFBGs with each having a specific dispersion value.
While no simple closed form expression exists to characterize
the amplitude and phase response of an SFBG, it is possible to
make a few approximations in order to come up with an equation
describing the influence of certain parameters of the superstruc-
ture on the dispersion in a given Fourier order.

When uniform sampling is used, we have that P(n) = Fj.
The spacing between two adjacent orders is approximated by

)\2

AN =
2neg Py

“

where ) is the wavelength, n.g is the effective refractive index
of the fiber, and P, is the sampling period.
If we assume a linear chirp in the sampling function, we have

P(n) = Py(1+ cqin), n=0,1,....N—1 (5
where P is the initial sampling period (when n = 0), ¢, is the
linear chirp coefficient and n in the sample number.

The total length of a linearly chirped SFBG can be expressed
as the sum of all periods of the superstructure, as

L= ZPn (6)
N1
L= Z Po(1 + cgin). @)

n=0

Subgrating Space

Y
—
—_—
T X (mm)
Blank Period

After a few manipulations, we get

NP
)

L

2+ cu(NV -1)]. ®
The equivalent chirp of the superstructure can then be ex-
pressed as

@ _ 2"TL(A)‘|P0 - A)\|PN—1)
dz - NPO[2 + Cgl(N - 1)]

©)

where AA|p, is given by (4) and m is the Fourier order of the
SFBG spectrum.
We also have that

PNl = P()[l + Cgl(N - 1)] (10)

By substituting (10) into (9) and after simplification, we get
the following expression for the equivalent chirp:

@ B )\zcglm (N-1)
dz e N Py 2+ 3cg1 (N — 1)+ c2 (N — 1)

(11)

It is known that the dispersion of a linearly chirped FBG can
be approximated by

e <d/\>1
c dz

where c is the speed of light in vacuum (3 x 10% m/s). It is
then possible to approximate the dispersion in the first order of
a linearly equivalent-chirped SFBG as

(12)

g = 2N n2; P}
" eN2em

2
X |~ 4 B + 2 (N = 1)

N =1) (13)

V. TTD BEAMFORMER DESIGN

Four equivalently chirped SFBGs are used in the fabrication
of the TTD beamformer. Their design parameters are summa-
rized in Table I.
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Fig. 3. Reflectivity (solid line) and simulated (solid line) and theoretical (dotted line) dispersion for the SFBG used in the true-time delay prism. The parameters

of the SFBGs are given in Table 1.

TABLE I
SUPERSTRUCTURED FIBER BRAGG GRATINGS PARAMETERS

P, L, Cal N
(mm) | (mm)

SFBG-1 0.6 0.3 2.564x107 40

SFBG-2 0.6 0.3 2.040x107 50

SFBG-3 0.6 0.3 1.695%1072 60

SFBG-4 0.6 0.3 1.449x107 70

Po: Initial period; Ls: Section length; cg;: linear equivalent chirp parameter; N:
number of periods in the superstructure.

Based on these parameters, it is possible to calculate the theo-
retical dispersion of these SFBGs in the —1st-order which gives
the following values: SFBG-1: d; = 502.0 ps/nm; SFBG-2:
ds = 627.5 ps/nm; SFBG-3: d3 = 753.0 ps/nm, and SFBG-4:
dy = 878.5 ps/nm. From these values, it is clear that the dis-
persions linearly increase with the index of the SFBGs which
explains the choice of the superstructure parameters.

Fig. 3 shows the simulated amplitude and group delay re-
sponses of the SFBGs, along with the theoretical average dis-
persion. As no close form mathematical expression exists to

characterize an SFBG, numerical simulations are usually used to
evaluate the effects of the chirp coefficients on the transmission
and reflection spectra of an SFBG. The transfer matrix method
(TMM) is very well suited for simulation of such gratings and
was used in this analysis [23].

As it can be seen, the theoretical approximation of the average
dispersion matches well with the simulation results, which val-
idates the proposed model.

With these group delay responses giving a maximal time
delay progression of approximately 50 ps, it is theoretically
possible to achieve beamsteering of the mainlobe of a 4-element
PAA to more than +60° and —60° from a line perpendicular
to the array axis. The beamsteering range is highly dependent
on the geometry and the design of the PAA, in particular the
antenna element spacing.

It should be noted that the usable beamsteering range is de-
pendent on the frequency of the microwave signal. A high fre-
quency signal, especially when used in a double sideband modu-
lation scheme will occupy a large portion of the available optical
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Fig. 4. (a) Reflectivity and (b) group delay response of the realized SFBGs.
Solid line: N = 70, ¢g1 = 1.449 x 1072; dash line: N = 60, ¢g1 = 1.695 X
10=2; dot line: N = 50, ¢g; = 2.040 x 10~2; dash-dot line: N = 40, c,yq =
2.564 x 1072. In (b), the thin dotted lines represent the fitted curves for all
group delay responses.

bandwidth of the SFBG prism. Designing equivalently chirped
SFBGs with a larger 3-dB bandwidth and/or using a single side-
band modulation scheme are workarounds for this issue.

It can be noted that the group delay responses in Fig. 3 are
not exactly linear. The error associated with these responses,
while small, will affect the shape of the array factor of the PAA.
In order to better understand the influence of this difference, it
is necessary to carry out a theoretical error analysis which is
presented in Section VI.

VI. EFFECT OF GROUP DELAY NONLINEARITIES ON THE
ARRAY FACTOR

Equation (1) presents the array factor of a linearly spaced
PAA when a linear time-delay progression is applied to the elec-
trical signals feeding the antenna elements. In a more general

1151

sense, the normalized array factor of a PAA with linearly spaced
antenna elements can be expressed as follows:

1 .
af = M ZIm e_)(m—l)kd cos 6 (14)

where I,,, is the electrical current feeding the mth antenna ele-
ment, which can be expressed as
I, =An eJ Bm (15)
where A,, and (3,,, are the amplitude and phase of the electrical
current, respectively.
The array factor can, thus, be expressed as

1 .
af = M Z Amej[(m—l) kd cos 0+0,,] (16)

We assume a constant amplitude, A, for the electrical signals
feeding all antenna elements, and a phase progression given by
Pm = (m —1)p. a7

From (16) and (17), it is possible to arrive at (1). We now
introduce the error term in the time delay such as

Aty = (m— 1) At + &4 (18)
We define the phase error as
€3m = 2T fetm.
The normalized array factor can thus be expressed as
af = A& S llmDvtean], (19)
M m

The error in the normalized array factor can be expressed as

Eaf = % Z [ej(m_l)w (efepm — 1)}

(20)

VII. EXPERIMENTAL RESULTS

The SFBGs detailed in the previous sections have been fab-
ricated and characterized. A 14-cm uniform phase mask has
been used in a beam scanning FBG fabrication setup to realize
the different superstructures. The SFBGs were written on hy-
drogen-loaded single-mode fiber (SMF). A sine-square apodiza-
tion profile was used along the length of the superstructure to
minimize the presence of sidelobes in the amplitude spectrum
and to reduce the group delay ripple.

To characterize the SFBGs, a vector network analyzer (VNA)
and a power meter were used to record the phase and amplitude
responses, respectively. A low-frequency electrical signal was
used to intensity modulate an optical carrier generated by a TLS.
After being reflected by the grating, the modulated optical signal
was sent to a PD. The recovered electrical signal was amplified
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Fig. 5. Simulated array factors for a linear PAA fed with the true time-delay beamformer. The time delays considered are taken from the experimental group delay
responses of the SFBGs. For simulation purposes, s = 7.5 mm, M = 4, and frr = 18 GHz.

and sent to the VNA. The instruments were controlled via their
GPIB bus by a custom-designed software module developed in
LabView.

Fig. 4(a) and (b) shows the reflection spectra and the group
delay responses of the realized SFBGs. The responses of the
fabricated SFBGs match very well with those of the theoretical
simulation results. The dispersion of each SFBG, averaged over
the 3-dB bandwidth of the —1st-order are as follows: SFBG-1:
d; = 520.5 ps/nm, SFBG-2: d; = 663.0 ps/nm, SFBG-3:
ds = 803.97 ps/nm, and SFBG-4: ds = 948.2 ps/nm. The 3-dB
bandwidth of all the realized gratings was slightly above 0.38
nm.

We can see from Fig. 4 that the amplitude spectra show a
slight ripple. Also, a group delay ripple is present in all grating
responses. These differences, as well as the differences between
the measured dispersions and the theoretical values can be as-
sociated with uncertainties and errors in the fabrication process
of the gratings. From Fig. 4(b), we can see that the group delay
responses of the SFBGs overlap at lower wavelengths. Because
of this, the usable range of the TTD beamformer is limited to
outside of this region.

Fig. 5 shows simulated array factors for a linear phased array
antenna system based on the proposed TTD beamformer. The
time delays considered are experimental data points taken from
the group delay response of the SFBGs. As can be seen, the main
lobe of the array factor can be steered in over a large range (from
0° to 100°). The linear array of elements of the PAA is consid-
ered to be along the axis 0 °~180 °. For simulation purposes, the
distance between the elements s was set at 7.5 mm, the RF fre-
quency was 18 GHz, and a single sideband modulation scheme
is considered.

The group delay responses presented in Fig. 4 are not com-
pletely linear. A group delay ripple is present in all responses,
which will affect the shape of the PAA array factor. Based on
the analysis of Section VI, the error associated with the main
lobe of the array factor with respect to a theoretical array factor
based on ideal time delays, as a function of the optical carrier
wavelength is shown in Fig. 6. It can be noted that the error is
confined within £10° with larger errors towards the lower wave-
length. This is expected as the time delay progression at lower
wavelengths was designed to be small and a slight variation in
the group delay response will produce larger errors in the main
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Fig. 6. Error in the orientation of the main lobe of the array factor as a function
of the optical carrier wavelength.

lobe orientation. The error is quickly reduced to £5° at around
1557.10 nm and above.

VIII. CONCLUSION

A photonic TTD beamforming system for PPAs based on
SFBGs with linearly increasing equivalent chirps has been pro-
posed and demonstrated. The theory behind SFBGs with equiv-
alent chirps was detailed and a closed-form equation for the
equivalent dispersion was presented for the first time. A the-
oretical analysis of the influence of errors in the group delay
response on the array factor has been presented. Experimental
spectra and group delay responses of the SFBGs have been pre-
sented. Theoretical array factors, simulated based on the exper-
imental data have shown for different operating points of the
photonic beamformer. Finally, an analysis of errors in the ex-
perimental group delay responses and their impact on the array
factor has been presented. The errors are limited to £10° over
the entire band of operation and are quickly limited to £5° at
around 1557.10 nm and above.
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