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ABSTRACT I TIME DELAY UNIT

A novel approach of true-time delay optical feeder forThe use of chirped fiber gratings (CFG) as time delay
phased-array antennas is proposed and demonstratdiies has been recently proposed [5], showing their
A compact size continuously variable true time delaypotential wide-bandwidth and continuous variability.
unit is achieved by employing a reduced tuning-rangeLikewise, CFG have been demonstrated as
tunable laser and one wide bandwidth chirped fibercontinuously variable true time delay elements in
grating as dispersive element. The dispersion-inducedptically controlled beamforming phased-array
distortion and bandwidth limitation have been studiedantennas [6]. In these schemes, the time delay for the
and two different optical modulation schemes (AM, RF signal can be continuously varied by sweeping the
SSB+C) have been considered and measured, provirgptical carrier wavelength of a tunable laser. The
to solve the mentioned effects. A high resolutionrequired laser tuning range may be very narrow if a
performance (5.3 ps) is obtained employing narrowhigh dispersion CFG is employed [6].

tuning bandwidth lasers with a wavelength stability of

0.005 nm and a 4 nivandwidth chirped grating. The main limitation introduced by CFG as a wide
bandwidth TTD unit is the RF power degradation due
| INTRODUCTION to chromatic dispersion. In conventional intensity

modulation/directly detected (IM/DD) schemes using
Optics offers many advantages for phased arragxternal modulation, biasing is set at the quadrature
antennas (PAA). Expected features for a phase shifpoint and the RF signalrives the Mach-Zehnder
element in a PAA would be size compactness, lowmodulator (MZM), in such a way that an almost AM
losses, continuous variability, true time delay (TTD) signal is achieved. After passing through the CFG,
and broad bandwidth. Phase shift selection based osach sideband suffers different delays, proportional to
wavelength-switching has been proposed by usindhe frequency separation and the CFG group delay
dispersive fiber [1-2] to generate relative time delayslope d(ps/nm). When this time delay difference is
among the optical wavelengths. Non-chirped Braggexactly a radiofrequency period, a destructive
fiber gratings have also been used as wavelengthinterference between both sidebands is produced at
selective time delay elements [3]. Instead of usingthe receiver, canceling the microwave signal output.
several short gratings at different discrete positions;The lowest frequency at which the detected RF power
we propose a TTD optical feeder scheme thaffalls -3dB is defined as the signal bandwidth, given by
employs only one wide bandwidth chirped grating. In[6],
this approach, since each wavelength is reflected at a
different position along the grating length; by tuning c
the laser wavelength, the time delay is selected on an frax = 1/ 402 B 1)
almost continuous way. Recently, a very wide ¢
bandwidth (4 nm) chirped grating has been fabrlcatedrhe dispersion-induced RF degradation may be

[4] which will allow many array antenna elements as . . ) :
overcome by using single sideband plus carrier

well as moderate wavelength tolerances for the lasers :
g (SSB+C) modulation [7].
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modulated by the same microwave signal employing
an external electro-optic Modulator (EOM). The
modulated lightwaves pass through an optical
circulator to a long (several centimeters) wide
bandwidth CFG. The resonance position inside the
CFG, 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. The N delayed modulated
lightwaves 4, to Ay) are finally separated by means
of a wavelength-division-multiplexed (WDM)
demultiplexer and then passed to each antenna

2 ey 2™ 8 element after photodetection (PD).

Figure 1.- RF Power degradation measurements and
simulations from grating measurements (AM and SSB+CBeam steering is achieved by lasers wavelength
modulations, IM/DD scheme). (i) Solid line: AM IM/DD tuning. The maximum delaytt..) needed on each
measurements. Dashed line: AM IM/DD simulation. (ll) element will depend on the antenna element spacing
Solid line: SSB+C IM/DD measurements. Dashed Iine:(d) and the maximum scanning ang®asca). An
. . _ -Scap-

SSB+C IM/DD simulation. ( g¥0.1 andA,=1547.5nm) extra standard single-mode fiber length) (heeds to

be added to each antenna element branch in order to

The SSB+C generator may be implemented for the ti | h :
employing a dual-drive MZM. After passing through compensa?e'z or the time delay at the corresponding
center position wavelengthJ.

the CFG, the electrical intensity at the photodetector
output shows no power degradation.

RF Power Degradation (dB)

The wavelength excursion needed at any laser

Figure 1 shows both simulation and experimentaldep?}nds on the maximum expected time delay and the
%ratlng group delay response (p®),

results obtained for the RF response of a CFG base

time delay unit with a 40cm long CF®@ 6f nearly N —1)* * o
850ps/nm from 1547nm to 1551nm and 800ps/nm A}\(nm)=333*( ) décrr)/ S0 e sca (2)
around 1547.5nm). The CFG dispersion-induced (ps/ nm

impact on the microwave bandwidth of a CFG-based _ _ _
time delay unit with AM modulation is clearly ASSuming a separation between adjacent wavelengths

demonstrated from figure 1. On the other side, it carPf one and a half times the used bandwidth and a

be seen that the SSB+C scheme provides an excelleRpnstant group delay slope, the maximum number of
mitigation of the CFG dispersion-induced RF different-delay addressable antenna  elements

degradation, increasing the bandwidth of CFG-base@Mploying a chirped fiber grating with a total

time delay units. The ripple shown in the experimentalPandwidthAAces s,

results in figure 1 is due to the actual ripple in the

CFG group delay slope. | DA (NnM* & ps nin
50* d( cn)* siO

®)

MAX ~ )
max- scal

[l BEAMFORMER ARCHITECTURE

- . IV FIRST EXPERIMENTS
The transmitting setup of the proposed TTD optical

feeder is sketched in figure 2. A wavelength-to-array-|, order to demonstrate the principle previously

element correspondence is _used. The output Iight?jescribed, a four elements PAA has been considered.
from N narrow tuning bandwidth tunable lasexst0  The experimental setup corresponds to a single

Ay) are combined and all the optical wavelengths arey anch of the general scheme in figure 2.
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Figure 2. True Time Delay Beamformer Transmitting Mode Block Diagram.

k= 15475 0m l= 19485 0m 5,=796ps/nm, £=16.94cm, 5,=821ps/nm Lk=34cm
0,=856ps/nm  L=51.55cm, §,=865ps/nm. The
compensated time-delay measurements for each
element (around each\) for both microwave
frequencies are depicted in Fig. 3, proving to be
almost linear and independent of the RF frequency.

20T o m O 02 02 ot 02 Fig. 4 shows the time delay results that will be

%= 15495 nm b= 1650.5 nm obtained at each antenna element for an input RF
signal of 5GHz as a function of the steering angle,
considering that each laser is driven according to the
measured slopedj. The theoretical results are also
displayed in Fig. 4, showing a very good agreement
with the experimental results.
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Figure 3. Time Delay measurements at each antenna_lro estimate the total system time delay error two

element for two different microwave frequencies (2 and 5M@in causes are assumed: the laser wavelength
GHz) as a fuation of deviation from central wavelength stability AAaser, and the deviation from the CFG
(AX). Each figure corresponds to a different wavelength. time-delay linear slopeos.cpe €stimated over the
bandwidth around each center wavelength. The results
The CFG employed is a 40cm long tapered linearfor the total system time precisioo{r. ) assuming
CFG with a linear group delay response within a 4nma laser wavelength stability of 0.01nm are shown in
bandwidth {Acc=4nm) around 1549nm. The mean Table I. The total system time delay precision is
group delay slope is 835 ps/nm. Wl assume N=4, 8.94ps (equivalent to a 16.1 degrees phase error at
d=4cm and a full scanning range90°). A maximum 5GHz or 6.4 degrees at 2 GHz).
delay (may Of 200ps and a wavelength excursion
(AM) of nearly 0.5nm are obtained. The values for th
center wavelengths were: A;=1547.5nm, OrotaL )113(2;“5)3 iézg‘% i‘;ﬁ‘gg i‘g(ggg Meano
)§2=1548.5nm,)\3=1549.5nm and\4_=1550.5nm. The 2 Ghz| 8.79 'ps 9.05.ps. 8.9.4'|:ps. 950 0s. 9.1p ps.
time delgy for the_fuII CFG bandW|dt_h were measured 5 s, 8 36 ps| 8.82 pb. 8.82 ps. 9.08|ps. 8.77 ps.
at two different microwave frequencies, 2 and 5 GHz.
The compensating length JLand the group delay |n this experiment, the time delay error comes mainly
slope §) for each laser/element branch werefrom the laser wavelength stability. A laser stability
extracted from these measurements. Taking intGeduction to half its value AAaser= 0.005nm)
account a 0.5nm. bandwidth around eaghthe  provides a total time delay rms error value of 5.2ps
following  results were obtained: ,£0cm, (3.8 degrees phase rms error at 2GHz).

Table I. Time delay deviation from linear respong (
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200 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ high dispersion (850ps/nm) confirm the expected
results. SSB+C modulation on IM/DD systems is
proved to allow radiofrequency independent
continuous time-delay variation.
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A continuous TTD beamformer with one wide
bandwidth CFG, suitable for arbitrary array phase
distribution has been shown. A 40 cm long chirped
fiber grating has been used as the only dispersive
element of the system, and it has been proved to
B Seq potentially drive a 4 elements wide-bandwidth PAA
150 == Element #1_7 "y with high resolution. Inaccuracies due to the

Time Delay (ps)
8 o

-100 -

00l ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ wavelength stability of lasers and the linearity of the
% & 40 2 0 20 4 60 80 chirped grating group delay have been considered.
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Figure 4. Time delay measurements (dashed lines) an‘a?EFERENCES
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