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Feeder for Phased-Array Antenna Employing

Chirped Fiber Gratings
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Abstract—In this paper, we present and demonstrate a novel
approach of a true time-delay (TTD) optical feeder for phased-
array antennas (PAA’s). A continuously variable TTD is achieved
by employing tunable lasers and a wide-bandwidth chirped fiber
Bragg grating (FBG) as the dispersive element. The results show
that a very high resolution performance (equivalent to a 6-
b microwave phase shifter) is obtained for anL-band PAA
employing narrow-tuning bandwidth lasers with a wavelength
stability of 0.005 nm and a 4-nm bandwidth chirped grating with
a dispersion of 835 ps/nm.

Index Terms—Chirped fiber gratings, phased array, optical
beamforming, true time delay.

I. INTRODUCTION

T HE USE OF optical fiber in phased-array antennas
(PAA’s) has been deeply considered for beamforming,

signal distribution, and antenna-element synchronization [1].
Its advantages are quite well known: small size, low losses,
lightweight, wide instantaneous bandwidth, and immunity to
electromagnetic interferences. One key concept in a PAA
is to find a phase-shift element which could show features
such as size compactness, low losses, continuous variability,
high flexibility, and true time delay (TTD) (thus allowing
broad-bandwidth squint-free operation). Phase-shift selection
based on wavelength-switching has been proposed by using
dispersive fiber [2]–[4] to generate relative time delay among
the optical wavelengths. Fiber Bragg gratings (FBG’s) have
also been used as wavelength-selective time-delay elements
[5]–[7] relying on their wavelength-dependent reflective
properties in such a way that by carefully selecting the
FBG position, each wavelength is associated with a different
round-trip time delay. Instead of using several FBG’s at
different discrete positions, we propose a TTD optical feeder
scheme which employs only one wide-bandwidth chirped
FBG. In this approach, since each wavelength is reflected at a
different position along the grating length, by tuning the laser
wavelength the time delay is selected on an almost continuous
way. Recently, a very wide-bandwidth (4-nm) chirped FBG
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has been fabricated [8], which will allow many array antenna
elements as well as moderate wavelength tolerances for the
lasers. Even though the use of a chirped FBG has been
proposed [5], [6], it has not yet been demonstrated, and
its continuous group-delay compactness features have not
been exploited. The difference between previously proposed
optical feeders for PAA [2]–[6] and the approach presented in
this paper is that this approach allowsany possible antenna-
element phase distribution (not just linear phase), making
it suitable for advanced PAA features as selective nulling
techniques.

The paper is organized as follows. The principle of the TTD
scheme is presented in Section II. In Section III, that scheme is
demonstrated, as well as the impact of the inaccuracies due to
the wavelength laser stability, and the linearity of the chirped
FBG on the PAA performance is considered. Remarks and
discussion on the grating-based optical feeder are reported in
Section IV. Finally, a conclusion is provided in Section V.

II. PRINCIPLE

The transmitting setup of the proposed TTD optical feeder
is shown in Fig. 1. A wavelength-to-array-element correspon-
dence is used. The output lights ofnarrow-tuning bandwidth
tunable lasers ( to ) are combined and all the optical
wavelengths are modulated by the same microwave signal
employing a external electro-optic modulator (EOM). The
modulated lightwaves pass through an optical circulator to
a long (several centimeters) wide-bandwidth chirped FBG.
The resonance position inside the FBG, i.e., the reflection
point, depends on the wavelength according to the selected
chirping law. If a linear chirp is chosen, the relation between
the reflection position and the wavelength is linear, and so
is the round-trip delay. Fig. 2 schematically shows the group
delay of a linear chirped FBG connected as shown in Fig. 1.
In Fig. 2, it may be observed that the shorter the wavelength
is, the closer the resonance takes place, and the lower the
time delay is. The delayed modulated optical carriers,
to are separated by a means of a wavelength-division-
multiplexed (WDM) demultiplexer and then passed to each
antenna element after photodetection (PD). Depending on
the specific values of optical bandwidth and optical carrier’s
separation, the WDM demultiplexer may be implemented as an

optical coupler and narrow-band unchirped grating
filters.
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Fig. 1. TTD beamformer transmitting-mode block diagram.

Fig. 2. Fiber-grating group-delay response and nominal wavelength place-
ment, showing available wavelength excursion.

The wavelength output of each laser may be tuned
around its center position, allowing a relative time-delay range
of , as is schematically shown in Fig. 2. In
fact, only lasers need to be tunable. For a-element
linear PAA, the maximum delay to be implemented is

ps -
(1)

where is the antenna-element separation and - is
the maximum scan angle relative to broadside direction. For
broad-bandwidth PAA, the typical element spacing is ,
where is the microwave wavelength corresponding to
the highest frequency. As an example of (1), for an
element spaced as cm using a maximum RF frequency

of 5 GHz, and scanning between 45 , the
maximum delay required is 320 ps. Fig. 3 shows the
maximum time delay as a function of the maximum scan angle
taking and as parameters. From Fig. 3, it can be
seen that for a maximum delay of 250 ps at each element,
a six-element linear PAA with a of 2 GHz may be
scanned 25 , and this figure changes to 35 for
and a of 5 GHz and 45 for 15 elements and a

of 10 GHz.
When all the lasers are tuned to their center wavelengths, the

main lobe of the pattern array has to be pointed to broadside
direction. The broadside direction would require a zero time
delay between all the antenna elements. Therefore, an extra
standard single-mode fiber length needs to be added to

Fig. 3. Maximum time delay as a function of broadside scanning angle for
different combinations of number of elements(N) and antenna spacing(d).

each antenna-element branch in order to compensate for the
time delay at the corresponding center-position wavelength

, as shown in Fig. 1. The value of as a function of
the mean FBG group-delay slope, the wavelength separation
between center positions , and fiber refractive index

may be expressed as

cm ps/nm nm nm (2)

When the extra fiber lengths are added, the system-delay
response is no longer a constant positive slope function, but
a sawtooth response.

The wavelength excursion needed at any laser depends on
the maximum expected time delay and the FBG group-delay
response (ps/nm); for linear chirped this excursion is

nm
cm -

ps/nm
(3)

Assuming a separation between adjacent wavelengths of
one-and-a-half times the used bandwidth, the maximum num-
ber of different-delay addressable antenna elements employing
a chirped fiber grating with a total bandwidth is

nm ps/nm
cm -

(4)
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Fig. 4. Experiment setup for characterizing the relative time delays of one
single branch of the TTD beamformer.

where expression of a constant group-delay slope has been
assumed for the whole bandwidth .

III. EXPERIMENT

In order to demonstrate the principle described in Section
II, a four-antenna-element PAA has been considered. The
experimental setup is illustrated in Fig. 4, and corresponds to a
single branch of the general scheme shown in Fig. 1. The FBG
employed in this experiment is a 40-cm-long tapered linearly
chirped grating with a linear group-delay response within a 4-
nm bandwidth ( nm) between 1547 and 1551
nm. The mean group-delay slope is 835 ps/nm. According to
(4) and assuming a 45 scanning range, this grating would
allow a maximum number of six elements for antenna elements
equally spaced with a of 3 cm. We will assume ,

cm, and a full scanning range (90 ). From (1) and
(3), a maximum delay of 200 ps and a wavelength
excursion of nearly 0.5 nm are obtained. The center
wavelengths for each laser/element are equally spaced and the
following values were chosen , ,

, and nm, respectively. These center
wavelengths will need some compensating fiber length.
Assuming a fiber refractive index of 1.46, the theoretical
values for these extra lengths are cm, ,

, and cm, respectively. The exact
values will be obtained from the actual group-delay FBG

measurements.
In order to show the potential broad-bandwidth of the

system, due to its TTD feature, the group-delay measurements
were made at four different microwave frequencies (2, 5, 10,
and 18 GHz) covering more than three octaves. The time delay
for the full FBG bandwidth (1547–1551 nm) was measured at
each microwave frequency.

Once the system time-delay response over the full band-
width is known, two parameters were extracted
for each laser/element system branch. Namely, the mean delay
at each center wavelength (relative time delay to) ,
which will be compensated by the corresponding extra fiber
length , and the relation between the time delay and the
wavelength deviation around, which is assumed to be linear.
This time-delay wavelength deviation is resumed in the slope

TABLE I
RMS TIME DELAY AND SLOPE AT EACH CENTRAL WAVELENGTH FOR

FOUR DIFFERENT MICROWAVE FREQUENCIES(�� = 0:5 nm)

at . Taking into account a 0.5-nm bandwidth around
each and using a least-square linear approximation for all
the four radio frequencies considered, the results shown in
Table I were obtained. After compensating the time delay at
the center wavelength , the time-delay measurements for
each element (around the associated wavelength) for all four
microwave frequencies are obtained as shown in Fig. 5. In
Fig. 5, it may be observed that the time delay is as expected,
i.e., almost linear and independent of the RF frequency. The
pattern controller shown in Fig. 1 will use the slope parameter

as reference for each laser tuning. Fig. 6 shows the time
delay results that will be obtained at each antenna element for
an input RF signal of 5 GHz as a function of the steering angle,
considering that each tunable laser is driven according to the
slope from Table I. The ideal expected results are also shown
in Fig. 6, and it can be seen that the theoretical (ideal) results
agree well with the experimental results. The rms error is given
in Table II. The ripple around the ideal linear FBG group-
delay response will introduce some error which should be
considered for the system performance evaluation. The total-
system time-delay error should be estimated assuming two
main causes of error: the laser wavelength stability
and the FBG time-delay response deviation from the linear
slope - . The laser wavelength stability can be
translated to time precision by taking into account the grating
response around each as

(5)

The - parameter must be estimated over
the full needed bandwidth, [0.5 nm. from (3)], around each
center wavelength, and the standard deviation of the mea-
surements from the linear approximation (slopeat each

) is calculated. Table II shows the results extracted from
the measurements for all four wavelengths and for all four
microwave frequencies. The mean standard deviation for each
microwave frequency is also given. A total standard deviation
of 3.31 ps would resume the time delay uncertainty due to the
grating group-delay ripple. Taking into account both effects
(laser wavelength stability and the FBG response) a total
system precision can be estimated as

-
(6)

The results for , assuming a laser wavelength sta-
bility of 0.01 nm, are shown in Table III. According to these
results, the total system time-delay precision is 8.94 ps, which
in turn implies a time-delay equivalent to a 16.1phase error
at 5 GHz or 6.44 at 2 GHz. These results are similar to the
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(a) (b)

(c) (d)

Fig. 5. Time-delay measurements at each antenna element for four different microwave frequencies (2, 5, 10, and 18 GHz) as a function of deviation
from central wavelength(��). Each figure corresponds to a different wavelength.

Fig. 6. Time-delay measurements (dashed lines) and theoretical results (solid
lines) as a function of the scan angle whenfRF = 5 GHz.

precision of a 3.5-b microwave digital phase shifter operating
at 5 GHz, or a 5-b microwave digital phase shifter operating
at 2 GHz.

In this experiment, the time-delay error comes due mainly to
the laser wavelength stability. Therefore, just a little improve-
ment in the laser wavelength stability will yield impressive
results. For instance, a laser stability reduction to half its value
( nm) provides a total time-delay rms-error
value of 5.31 ps, which is equivalent to a 3.8phase rms error
operating at 2 GHz (almost a 6-b microwave phase-shifter
resolution).

TABLE II
TIME-DELAY STANDARD DEVIATION FROM THE LINEAR RESPONSE(�i)

TABLE III
TOTAL RMS TIME-DELAY ERROR, TAKING INTO ACCOUNT THE GRATING

GROUP-DELAY RESPONSE AND THELASER WAVELENGTH STABILITY

In a second experiment, we insert 23 km of standard single-
mode fiber between the optical circulator and the EOM, which
results in converting the system dispersion of the 835-ps/nm
grating in an equivalent grating with a dispersion of 430
ps/nm. The main effect of the equivalent dispersion change
on the scheme is to provide a broader bandwidth for the
same maximum time-delay , and thus the sensitivity of
the laser wavelength stability is reduced. Assuming an array
antenna with , cm, and a 45 scanning
angle, a maximum delay of 140 ps and a wavelength
excursion nearly 0.65 nm are obtained from (1) and (3).
The measurements were made only for a microwave frequency
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(a) (b)

(c) (d)

Fig. 7. Time-delay measurements at each antenna element at 2 GHz as a function of deviation from central wavelength(��) for a different grating
slope (430 ps/nm).

TABLE IV
RESULTS SUMMARY FOR THE 430 PS/NM EQUIVALENT FBG

of 2 GHz. The results , -
are summarized in Table IV. The corresponding time-delay
measured responses at each center wavelengthare shown
in Fig. 7. As expected, the total rms-time error for a laser
wavelength stability of 0.01 nm is reduced to 5.3 ps, which
is equivalent to a 3.8 rms phase error at 2 GHz, as a
result of the reduced slope of the time delay response. On
the other hand, a broader bandwidth is required than that
in the previous experiment, which will impact on reducing
the maximum number of elements of the PAA for a fixed
full-grating bandwidth.

IV. REMARKS AND DISCUSSION

The results obtained and presented in Section III confirm the
expected good performance employing the proposed optical
beamforming scheme. That results may even be improved
with specifically tailored FBG, which should be more focused
on achieving very low group-delay response ripple instead of
a highly linear response as required for dispersion compen-
sation applications. The effects of mechanical features such
as bending and coiling the grating on the performance have
not been evaluated in this experiment, even though this does

not represent any additional constraint in real PAA systems in
which the optical feeder may be kept fixed.

Opposed to previously proposed optical beamformers which
employ only one broad-bandwidth tunable laser [3], or several
fixed multiwavelength sources [2], the phase pattern at the
antenna element’s plane is not limited to the linear phase
one. For a particular PAA application in which a linear
phase distribution is specified, the system requirements are
reduced, as the maximum time delay for each element is no
longer the same, but depends on the element position to the
antenna geometrical center. Therefore, the associated optical
bandwidth is different for each element and it is not
necessary to be designed for the worst case, as in the simple
experiment shown here.

The effect of the tunable lasers on the overall system cost
is not dramatic because the lasers do not require a broad tuning
bandwidth, but just tenths of a nanometer, which should reduce
its cost. The use of just one FBG for the whole system is a clear
advantage compared to previous TTD schemes proposed, since
mismatches in the numerous gratings may result in important
inaccuracies.

The laser wavelength stability has been proved to have a
very high effect on the whole system performance, and its
reduction will be a very important issue for the development
of future beamformers.

The maximum number of antenna elements for the proposed
beamformer is currently limited to a few tenths of a nanometer
for frequencies between-band an -band, but the available
FBG lengths are growing from one day to the other, so the
40-cm-long fiber grating employed in the experiment will be
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considered short in a few months. Furthermore, the group-
delay grating response employed in our approach is by no
means limited to a linear behavior as it is for dispersion
compensating applications. The more stringent requirement is
the delay response ripple. Some other group-delay responses
are currently under study.

The dispersion-generated time delay is accompanied by
dispersion-induced signal distortion as it is in the previously
proposed systems using very long dispersive fiber lengths
[2]–[4]. The substitution of the unchirped FBG’s at the demul-
tiplexing stage with inverse-slope chirped FBG’s would mostly
reduce this undesired effect. Furthermore, the high selectivity
(typical values of the rejection ratios are 35 dB between
channels with a band-guard 0.5 times the bandwidth) provided
by the FBG filters used at the WDM would drastically reduce
the effect of potential crosstalk interference.

V. CONCLUSION

To the best of our knowledge, the first demonstrated contin-
uous TTD beamforming with wide-bandwidth chirped FBG,
suitable for arbitrary antenna-element phase distribution is
presented in this paper. A 40-cm-long chirped FBG has been
used as the only dispersive element of the system, and it
has been proved to potentially drive a four-element wide-
bandwidth PAA with high resolution (6 bit) at -band and

-band. Inaccuracies due to the wavelength stability of lasers
and the linearity of the chirped grating group delay have also
been considered, and their impact on the PAA performance is
reported.
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