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Abstract—\We present a theoretical and experimental analysis can be continuously modified by tuning the wavelength of the
of the performance of phased-array antennas steered by a single optical carrier [8]. Recently, a new delay line operating at a
chirped fiber grating. Two approaches consisting of conventional constant wavelength has been presented in order to simplify the
and single-sideband (SSB) modulation techniques of the optical . ; .
signal are presented in order to compare their performance and optical beamformlr\g network [9]. Therefore' they are a suitable
suitability for beamforming applications in microwave antennas. Peamformer for wide-band steering of phased-array antennas.
By using a 40-cm-long chirped grating, we measure the phase and By using an eight-element array, we showed a continuously
amplitude response and calculate the corresponding radiation pat- tunable and stable beampointing angle in a frequency range of
terns to demonstrate wide-band operation and continuous spatial 2-6 GHz [10] and radiation patterns of a three-element array

scanning properties of both configurations. SSB modulation is pre- . . .
sented as a real alternative to the first one offering broader oper- steered by two chirped gratings have been measured in the RF

ation band (4-18 GHz) for a given chirped grating and being less range (3—-3.6 GHz) [11].

demanding on the fiber grating characteristics. In this paper, we present theoretical and experimental results
Index Terms—Fiber gratings, microwave antenna, optical fibers, Of the phase and amplitude distributions of a microwave modu-
phased arrays, time-delay lines. lating signal when the optical carrier is reflected by a chirped

grating. Two modulation techniques, i.e., double-sideband
(DSB) and single-sideband (SSB), have been used in simula-
tions and experiments in order to compare the performance of
PTICAL beamforming networks for phased-array aneach one of them. The radiation patterns of a 32-element array
tennas have been under intense research during the kgle been calculated from experimental data to demonstrate
decade [1]. Optical fiber is used in these systems to guidenéde-band operation up to 18 GHz by using the SSB modula-
given lightwave as a carrier for a microwave signal that drivan technique.
every element of the antenna. The operation of wide-bandThe paper is structured as follows. DSB modulation and SSB
phased arrays requires to keep the beampointing directig@ddulation techniques are studied in Section I, showing the
stable at different frequencies by using a true-time-delay lingrating response when light is amplitude modulated at different

There have been several proposals for wide-band operatR frequencies throughout the microwave baddsX—Ku
during the last years, but recently, the use of fiber Bragga—18 GHz).

I. INTRODUCTION

gratings in fabricating programmable delay lines has becomesection 1l shows experimental measurements of a
of great |mportanc_e in the development of optical beamformingnm-chirped grating response when an optical signal,
networks for steering phased-array antennas. which acts as a carrier, is amplitude modulated by a microwave

In the first approaches, multiple beamforming networks werggnal using DSB and SSB modulation techniques. Amplitude
based onanumber of uniform fiber Bragg gratings written at dignd time-delay responses were measured within the range of
ferent positions on optical fibers and the distances between gigeration of the grating in each case at several RF frequencies.
ings determine the beampointing direction of the array antengaction IV presents computed radiation patterns of a 32-el-
[2]-[5]. The optical carrier is routed to the antennaradiators byetnent antenna using the phase and amplitude distributions
wavelength division multiplexing (WDM) demultiplexer [6] or obtained experimentally from grating reflection under both
by a timing unit [7]. This system assures broad-band operatighiodulating configurations showing wide-band operation.
but it only allows a discrete number of beampointing angles. wavelength spacing between different optical carriers are

It has been demonstrated that chirped fiber gratings caRosen in order to show continuous spatial scanning properties
produce a linear phase delay of the modulating signal @&4d maximum spatial range. Finally, Section V summarizes the
microwave frequencies and the slope of the phase responsgn results and the conclusions of this paper.
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grating of reflectivity R(w) = R(w)e/®«) and the electric of the array of N elements spaced by a distantés given by

field at low modulation rates is a sum of terms the well-known expression [12]
Jwt _ Jlw—S)t JlwHs)t N-1 ) ) )
R(w)c R(w Q)C R(w—i—Q)e c.C. (1) AF(Q) — Z EZ(Q, wi)e](\Pi(Q, wi)+i(2/c) d-sin 8) (6)
=0

After detection by a fast photodiode and provided higher
order harmonics are negligible at low modulation rates, the tinghereE; (2, w;) and¥,(2, w;) are given by (3)¢ is the speed
dependence of the electric field in the microwave transmissiofilight, andd is the radiating angle.

line can be expressed in the form The distancel between the antenna elements must be chosen
, to avoid the existence of more than one main lobe in the radi-
E(t) = E(Q, w)e! (T (0) (2) ation pattern. The spacing criterion in terms of the maximum
scan angld,,.. is the following:

where the amplitude& (€2, w) and phase¥ ({2, w) are as fol- p .

lows:
T < 7
) Arp 1+ sin (|fax|) "
B, w) = §R(w) whereAgris the minimum microwave wavelength.
[(R(w + Q) cos(P(w + ) — ©(w)) Provided (5) is satisfied—the modulation frequency is
+ R(w — Q) cos(®(w) — Bw — Q)))2 smaller than the grating bandwidth—the beampointing angle

. corresponding to the main lobe of the array antefiynaan be
+ (Bw + @) sin(®(w + Q) — 2(w)) expressed in terms of the grating time delay
FR(w — Q) sin(@(w) — B(w — )))2] .
©) sin(fy) = 7 [7(wi) = T(wiz1)]. (8)

Equation (8) states that the beampointing direction is not
n(bependent on the RF frequency under the approximation

mentioned above and, therefore, the grating is a true time-delay
beamformer suitable for wide-band applications. The wave-

) = |R(w)| lengths of the optical carriers feeding the antenna elements

2
determine the scan angle of the antenna, by means of the
D(w+Q)—Blw—Q . Lo ’
V(Q, w) = C ) C ). (4) difference between corresponding time-delay values.

and as shown in the equation at the bottom of this page.
If the modulation frequency is much smaller than the grati
bandwidth, (3) can be approximated as

=
E
£

2 The time-delayr of a fiber grating depends on the grating

Therefore, the phase of the RF signal, from (4) can be writtehirp. The functionr(w) is linear in gratings with a linear
as follows: chirp; in that case, the beamforming network can operate
by distributing a set of equally spaced optical frequencies
V(R w)=—7(w)-Q (5) to the array elements and the beampointing direction can be

continuously controlled by the frequency step.

wherer(w) = —(d®(w)/dw) is the time delay of the fiber 1) Results: Light of different optical wavelengths is ampli-

Bragg grating. tude modulated by a conventional technique (i.e., DSB), and

Hence, if the modulation frequency is low enough to preseradter reflection in a linearly chirped Bragg grating, they are used
the linewidth of the optical carrier, the phase of the modulatirtg drive the elements of an array antenna. The signal should be
signal is linear with the modulation frequen@yand, therefore, distributed to the antenna elements throughlax N power
the phase slope can be modified by changing the frequemdy splitter and subsequently filtered by a sef\funable bandpass
the optical carrier. filters, as it is illustrated in Fig. 1. The results of the simulation

A set of wavelengths,; placed inside the bandpass gratingf every stage of this system are presented below.
will be reflected by the grating and used as optical carriers toThe response of a fiber Bragg grating can be computed by
drive the array elements; the wavelength that feeds every ragsing the forward-to-backward coupled-mode equations in an
ator is selected by using a tunable narrow-bandpass filter (bangtical fiber, described in [13]. Fig. 2(top) shows the reflec-
width: BW ~ 2f,...«) (see Fig. 1). The corresponding amplition coefficient and time-delay spectral response of the linearly
tudes and phases arising from the reflection at the Bragg gratitgrped grating we have used in this theoretical study. Both of
determine the radiation pattern of the array antenna. The far fitheem are shown versus the normalized frequency deviation from
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Fig. 1. Schematic of an array antenna steered by a chirped fiber grating. Different optical wavelengths are routed to the radiators through atwwDM syste

the Bragg condition§L(6 = (w—wq)/vy). The reflection char-  In the modulation process, there are two signals arising from
acteristic shows a strong grating with a broad flat bandpass, ctire beating between the optical carrier and each sidelobe (fre-
responding to a 10-nm chirp & = 1550 nm for a 10-cm-long quenciesv + §2 andw — €2), which interfere in order to give the
grating, and the time-delay curve presents a linear compondstected signal at the microwave modulating frequency. Within
(slope ofy = 96 ps/nm) with ripples along the bandpass. Notthe bandpassi(w) ~ plw + Q) = p(w — Q) and then from
that total time delay of the grating, i.e., about 1000 ps, would i§8), E(w, ) drops to zero when the following condition is sat-
appropriate for steering a 32-element antenna 8@ spatial isfied:
range with 18-GHz maximum frequency operation.

When light is amplitude modulated by a conventional
DSB technique, the phase and amplitude of the mi- 6w+ Q) — O(w) =7+ [f(w) — Ow — Q)] 9
crowave signal after reflection in the grating can be cal-
culated by using (3) and (5). Fig. 2(upper middle)—(lower Substituting the grating phase respongév) by the
middle) show the amplitude£(Q, w)—and time second-order Taylor series, we obtain that light drops to
delay—r(w) = —W(Q, w)/Q—of the modulated signal, zero when time-delay difference between both sidebands is
reflected by the grating at modulation frequencies of 4, 11, aadl integer value times the period of the RF signal, which
18 GHz. The main effect of the DSB is a degradation of theéorresponds to the following modulating frequenfgyi::
amplitude response of the grating along the bandpass. In fact,
a double-rippled characteristic appears in the reflection band.
Assuming linear approximation, in such a strong grating, (3) 1 c
becomeF (), w) = cos(ATE/4), whereAr is the time-delay Joun = )\—0\/%
difference between both sidebands. The fast varying oscillation
follows the rippled time-delay characteristic [see Fig. 2(top)], We can, therefore, establish a maximum operation frequency
while the slow one corresponds to the modulating frequenby setting the 3-dB dropping signal level respect to the nonmod-
term, whose period decreasesasicreases. ulated one, which is found to bg,.. = fnuu/\/i. Therefore,

However, the phase response of the grating improves wheagating between the two sidebands state a limitation of the RF
light is modulated. The original time delay of the grating [seffequency range. For a grating with = 96 ps/nm, the max-
Fig. 2(top)] has a strong rippled characteristic that disappearsmasim frequency is about 18 GHz.
a consequence of the RF modulation. Note that, at high modulaThe limitation arising from signals beating can be overcome
tion frequencies, the grating time delay exhibits a nearly perfdn using an SSB technique modulation, as will be discussed in
linear behavior. the following section.

(10)
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beating of both sidebands in conventional DSB modulation,
1 — : 1200 which causes the cancellation of modulated light at certain
RF frequency. However, this problem can be solved by using
1000 SSB modulation, which has been recently proposed as a
high-resolution technigue to measure the optical amplitude and
phase response of fiber gratings [14]. In this technique, only
one sideband is generated by the modulation process. Provided
the lower sideband is suppressed, the electric field is a sum of
terms
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r 1 and (5) is also satisfied. By substituting amplitudes and phases
o8| 1000 given by (12), (6) will provide the far field of the array antenna
" ] in the same way as described in the previous section.

By using the SSB modulation technique, the amplitudes and
phases of the modulated signal do not include any beating be-
tween two phase terms as happened in (3) for the DSB tech-
nique. Therefore, there is not any cancellation of the modulated
] signal when the SSB technique is employed, thus, theoretical
{200 limitation for high RF frequencies is not found.

] 1) Results: A Bragg grating with a varying spatial frequency
,_(1’200 of 2.5-nm chirp at 1550 nm for a nonapodised 10-cm-long
i 1 grating was used in the theoretical study corresponding to the
o8| 1000 SSB-modulation technique. The reflectivity and time-delay
’ ] responses of this grating are shown in Fig. 3(top), presenting
a strong and flat reflection characteristic as well as a strongly
linear component in the grating time-delay curve (slope of
x = 410 ps/nm). Total time delay of the grating is designed to
cover the 0-90° spatial range for a 32-element antenna with

] a maximum operation frequency of 18 GHz. Note that, in the
{20 SSB configuration, total chirp is smaller because there are no

i ] limitations imposed on the time-delay slope [see (10)] arising
G0 2m0 -0 0 o0 200 000 from signal beating in the DSB technique.

Modulated light at several frequencies in the-X—-Ku
range (4-18 GHz) is reflected by the grating, and which
output contains the mapping of the optical carrier and the
Fig. 2. Grating reflectivity and time-delay responsas & 96 ps/nm). allowed sideband. The amplitude<, w)—a”q time
(top) Original response: when light is amplitude modulated by a conventiordelay— (w) = —W¥(£2, w)/Q—of the reflected microwave
modulation technique at different RF frequencies. (upper middie) 4 GHgignal are calculated by using (12), and results are shown in
(lower middle) 11 GHz. (bottom) 18 GHz. Fig. 3(middle) and (bottom), respectively, at RF frequencies

of 4, 11, and 18 GHz. No rippling effects in the reflectivity
B. SSB Modulation or in the time delay appear due to the lack of phases beating.
Also, responses at high RF modulation, i.e., 18 GHz, show the

In the previous section, we discussed about limitatiorsmame quality as those of lower frequencies in order to drive the

in maximum microwave frequency operation arising fromantenna elements.
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Fig. 3. Grating reflectivity and time-delay responsas & 410 ps/nm).

(top) Original response. Grating reflectivity (middle) and time-delay (bottom)

responses when light is amplitude modulated by the SSB-modulation technique

at different RF frequencies. (—) 4 GHz.- -) 11 GHz. (- - -) 18 GHz. Fig. 5. Disperse attenuation of the modulated RF signal. (—) DSB technique.
(---) SSB technique.

Frequency (GHz)

I1l. EXPERIMENTAL RESULTS o . . .
distributions at a given RF frequency are used in the calculation

of radiation patterns of the array antenna.
A 40-cm-long linearly chirped and apodised fiber grating was P y

used in the experiment. The grating has a maximum reflectivi . .
of 99.97% and 4-nm full-width at half-maximum (FWHM)R( DSB Modulation (DSB Technique)
bandwidth, with the time-delay dispersion slope of 835 ps/nm.In order to characterize the conventional RF modulation re-
Reflectivity spectra and time-delay characteristic show in Fig.sponse of the grating, Fig. 5 (solid line) shows the reflectivity
a uniform rejection band and linear delay curve. Measuremaneasurement when optical wavelength is set to the central one
of reflectivity and time-delay response of the fiber gratingf the fiber grating, i.e., 1549 nm, and RF frequency is scanned
was done by using the RF modulating technique of gratingthe 0.130-18-GHz range. The graph presents the attenuation
characterization [15] employing a low modulation frequencwyf the signal strictly due to the effect of the presence of the
i.e., 130 MHz, in order to guarantee modulation linewidth igrating in the system since modulator attenuation is corrected.
much narrower than grating bandwidth and, therefore, provi@eating between both sidelobes generated in the modulation
correct measurements of the grating response. process produces a cancellation of the signal at 8.6 GHz [see
The amplitude of the output light of a tunable laser is mod40)], being the characteristic frequency at the 3-dB signal level
ulated by using an RF signal generated by a lightwave cowf6.2 GHz. Therefore, the grating guarantees good operation of
ponents analyzer (LCA) (HP8703A), which is also used in thhe system at RF frequencies lower than this value.
signal detection. The modulated signal is launched into the fiberSpectral responses of the grating when light is modulated by
grating through a 3-dB coupler. After reflection, light goes back conventional technique at different microwave frequencies are
through the coupler to the fast detector of the optical comppresented in Fig. 6. Fig. 6 shows reflectivity and time-delay
nents analyzer (OCA), which monitors the phase and amplitudgasurements using 2-, 4-, and 7-GHz signal modulation, re-
of the RF signal. Corresponding measured amplitude and phapectively. Reflectivity characteristics are flat bandpass at 2 and
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reflectivity response exhibiting the attenuation of the signal
strictly due to the effect of the presence of the grating in the
system, with a suppression of the notch that appeared by using
DSB modulation. No intrinsic limitation in maximum RF
frequency exists for the chirped grating.
1547 1548 1549 1550 1551 Spectral response of the chirped grating when the optical
Wavelength (nm) signal is RF modulated at 4, 10, 15, and 18 GHz are presented in
Fig. 7. Flat reflectivity characteristics are found in the grating re-
Fig. 6. Grating reflectivity and time-delay responses when light is amplitud@PONS€ at 4-, 10-, and 15-GHz frequencies, although increasing
modulated by a conventional modulation technique at different RF frequenciedtenuation of the modulator at high frequencies provokes a non-
(top) 2 GHz. (middle) 4 GHz. (bottom) 7 GHz. ideal response at 18 GHz because of the increasing signal noise.
Time-delay curves are linear and show the predicted behavior in
4 GHz, but the spectra at 7 GHz is quite uneven due to tRgevious section in all the frequency range (4-18 GHz). Broader
attenuation (see Fig. 5), which is 6 dB and, therefore, the f@and operation is demonstrated by using the SSB modulation
sponse is not ideal. However, the time-delay response remdgghnique with a single chirped grating since higher RF frequen-
the same over the frequency range (2-7 GHz). The use ofGi@s are in the operation range than in the previous section, in
apodised grating avoids the oscillating behavior in the ampWhich a conventional modulation method was used.
tude response, previously shown as a consequence of the rippled
characteristic in the original time delay (see Fig. 2). IV. RADIATION PATTERNS

1000

, , Radiation patterns of a 32-element antenna have been cal-

B. SSB Modulation (SSB Technique) culated from the amplitude and phase distributions, measured

A second experiment consisted on measurements of thehe previous section. Their experimental values are used as
grating response when light was modulated by the SSB ({2, w;) and¥,(Q, w;), respectively, in (6) in order to calcu-
technique. An RF modulator was used to suppress the uptae the array factor of the antenna. Spacing between radiator
sideband by means of two microwave driving signals’ 9@lements was set for a given maximum RF frequency following
delayed by a microwave hybrid. .

Optical wavelength was set to the central one in the gratingUsing experimental values shown in Fig. 6 in a conventional
bandpass, i.e., 1549 nm, and RF signal was scanning in thedulation setup, and fixing elements spacind at 21.4 mm
0.130-18-GHz frequency range. Fig. 5 (dashed line) shows {lcerresponding té,,,.. = 7 GHz), calculated radiation patterns
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Fig. 8. DSB technigue. Radiation patterns of a 32-element array antenna steered by a chirped grating. (top) 2 GHz. (middle) 4 GHz. (bottom) 7 GHz.

are shown in Fig. 8. Graphs corresponding to 2, 4, and 7 GHZ 39", and 70 directions. Broader band operation is demon-
are shown in Fig. 8, respectively. Every graph contains radistrated since the beampointing angle of the main lobe is main-
tion patterns pointing at°043.6, and 80, and the narrower tained over the 4-18-GHz range. Beamwidths for tHegam-
main lobe is shown for the higher microwave frequency. Bearpeinting direction are: 18777.4, 5.1° and 4.3, coincident with
pointing direction is maintained over the microwave frequendfeoretically predicted values [12].

range (2—7 GHz), which guarantees the operation along this RFHowever, in the 39direction, the graphs present a strongly
band. The sidelobe level is, in general, close to that predicteddgymmetric component due to deviations of the time delay
theory, i.e., 13 dB. Some small asymmetries in the 48eam- in respect to the linear one. Moreover, the uncertainty in
pointing angle due to small irregularities in the time-delay réhe time-delays measurement now leads to larger relative
sponse. Aside from this small effect, symmetrical features of thime-delay error due to the fact that, in this case, the time-
radiation patterns are generally good due to the strongly linedelay difference between two adjacent elements required for
behavior of the phase response, i.e., time delay of the radiatenggiven beampointing angle is smaller because we fixed a
elements (see Fig. 6). Beamwidths at 3 dB for the 4Béam- larger maximum operation frequency (18 GHz) than in the
pointing direction are 155 7.7, and 4.5, in accord to those DSB setup (7 GHz).

predicted by theory [12]: 157%57.7°,and 4.4at 2, 4, and 7 GHz,
respectively.

Amplitude and phase distributions obtained by using the SSB
technique are also used to calculate the radiation patterns of & this paper, we have presented theoretical and experi-
32-element array antenna. In this case, there is no maximuamental results of a chirped fiber grating beamformer when
frequency, thus, spacing between elements is set to provide dight is amplitude modulated by two different techniques.
rect performance at higher RF frequency, i®.= 8.3 mm Conventional and SSB modulation techniques are shown to
(Qmax = 18 GHz). In the same way as we did with calculationbe valid for broad-band operation in phased-array antennas,
from DSB modulation measurements, Fig. 9 presents graphkisere every element is driven by a different optical wave-
corresponding to 4-, 10-, 15-, and 18-GHz frequencies, resptmngth, in which amplitude and phase depends on the grating
tively, and every graph shows the radiation patterns pointingrasponse. Spacing between optical carriers can be changed

V. SUMMARY AND CONCLUSIONS
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Fig. 9. SSB technique. Radiation patterns of a 32-element array antenna steered by a chirped grating. (top) 4 GHz. (upper middle) 10 GHz. ([pwer middle
15 GHz. (bottom) 18 GHz.

continuously, as does the time delay between them, and b8ffiat 18 GHz since no restrictions are imposed over a maximum
are compared in order to improve the antenna operation. #we-delay slope.
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