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Continuous True-Time-Delay Beamforming
for Phased Array Antenna Using a Tunable
Chirped Fiber Grating Delay Line

Yungi Liu, Jianliang Yang, and Jianping Ya8enior Member, IEEE

Abstract—in this letter, we demonstrate a new five-element position mismatches of many gratings. But the system is very
true-time-delay (TTD) system that uses only a single tunable complicated since one needs to use multiwavelength tunable
linear chirped fiber grating (TLCFG) delay line for continuous  |aser sources with wavelengths controlled by a programmable
TTD beamforming. The system avoids the complicated wavelength \yayelength controller. In addition, the tunable bandpass filters

tuning and synchronal control of the tunable lasers as well as the .
tunable bandpass filters. Different time delays are achieved by should also be tuned synchronously with wavelengths of

tuning the chirp rate of the TLCFG, to which a multiwavelength the. tunab_le laser source. To eliminate these d|sadvantage_s, a
laser source that carries the RF signal is applied. The time delay variable time delay line has been used for PAA system, which
responses of the TTD system are measured experimentally, which applies strain perturbation at different positions of a uniform
agree well with the theoretical analysis. The beampointing angle FBG to get different time delays [8]. The system operates at
can be controlled continuously by changing the chirp rate of the a single fixed optical wavelength, but complicated automatic
TLCFG. The minimum time delay step can be much smaller than and electrical modules are required to control the perturbation
1 ps thanks to the high position resolution of the actuator. in the fiber grating. The minimum time delay step is limited

Index Terms—Chirped fiber grating, chirp rate, continuously  to about 10 ps by the minimum available distance between the
tunable, fiber delay line, true-time-delay. adjacent perturbations.

In this letter, we propose and demonstrate a new true-time-
delay system that uses only a single tunable linear chirped fiber
grating (TLCFB) delay line to achieve continuous TTD beam-

URING last few years, photonic true-time-delay (TTDYorming. The system avoids the complicated wavelength tuning

units have been widely investigated for widebandnd the synchronal control of the tunable lasers as well as the
squint-free beamforming for phased array antennas (PAAg)nable bandpass filters. Different time delays are achieved by
The advantages provided by TTD beamforming techniquening the chirp rate of the TLCFG, to which a multiwavelength
include low loss, small size, lightweight and immunity tdaser source that carries the RF signals is applied. A five-element
electromagnetic interference. Among different TTD configufTD unit is constructed and experimented. The time delay re-
rations, fiber grating prism (FGP) is considered a promisirgponses of the TTD system are measured experimentally, which
technique to achieve wideband photonic TTD beamformingyree well with the theoretical analysis. The beampointing angle
[1]-[7]. Two approaches are usually employed to construcin be controlled continuously by changing the chirp rate of the
an FGP beamsteerer, the first one uses discrete fiber Braggrped grating. In the experiments, the chirp rate of the TLCFG
grating (FBG) delay lines to achieve discrete beamsteeringisituned by changing the spectral width of a uniform FBG sur-
microwave frequencies less than 3 GHz [1], [3]. The secorfgice-mounted on a simply supported beam. The minimum time
one employs a chirped fiber grating to achieve continuodelay step can be much smaller than 1 ps, which is determined
beamsteering at higher microwave frequencies [5], [6]. TTBy the position resolution of the high precision actuator and the
units based on the chirped fiber grating delay line using tunal@velength spacing of the optical carriers.
multiwavelength lasers and tunable bandpass filters have been
reported and demonstrated [5], [6]. In the approach, different
time delays are obtained by tuning the wavelengths of the II. PRINCIPLE AND THEORY

optical carriers that are reflected by the chirped grating at dif- The system configuration of the five-element TTD unit em-
ferent locations. The use of just one fiber chirped grating for thesying TLCFG delay line is illustrated in Fig. 1. The light
whole system avoids the time delay inaccuracies induced by §y&he multiwavelength laser is externally modulated by a mi-

crowave signal through an electrooptic modulator (EOM). The
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Fig. 1. Configuration of a five-element TTD system using TLCFG delay linddeam is bent under loall at pointO. The spectral width of the

chirped gratingA g, can be expressed as [9]

where) is the center wavelength of the TLCFG aAd is the Ade — kh 3)
wavelength spacing between adjacent wavelengths of the mul- &=

the TLCFG is tuned continuous!y and the optical signalg are rgnd the FBGH is the beam deflection. It can be deduced from
flected back by the TLCFG at different locations. The differentqs (2) and (3) that the time delay difference is

time delays are obtained in accordance with the particular car-
rier wavelengths folV different channels. Th& delayed mod- Ar, = T Ax 1 @)
ulated light is then detected by high-speed photodetectors 4T h

and are sent after amplification to fedd antenna-radiator el- gQFreT is the whole time delay of the fiber grating which is a

ements. To ensure an acceptable signal-to-noise ratio (SNR . . : e
the outputs of the photodetectors, an erbium-doped fiber amp cI)nstant determined by the grating length. The time delay differ

fier (EDFA) is incorporated into the system after the moduIat%e“r:gﬁt:zr??sggi/e?mﬁzg'gn%tbgh Soéh?I P'Lt\.A beampointing
to compensate for the insertion loss aNMdmicrowave pream- y the beam defiection.

plifiers are also adopted after the photodetectors to amplify the
detected RF signal.

For the TTD system shown in Fig. 1, the beampointing angle In the experiments, a multiwavelength laser source consisting
corresponding to the main lobe of the array antedipacan be of five commercial tunable semiconductor lasers is used. The
expressed as lasers have a power of more than 3 mW and a full-width at

At half-maximum (FWHM) bandwidth of 0.015 nm. The wave-
¢ ok (1) length spacing of the lasers iS8A = 0.3 nm and the center
dpaa wavelength is\g = 1553.0 nm. Because the proposed TTD

wheredpa.» is the element spacing of antenna arrajs the SYStem only needs a laser source that generates fixed wave-
free-space speed of light, ankt, is the time delay difference €Ngths with identical wavelength spacing, a simple and eco-
between adjacent channels. The equation states that the be3fhic multiwavelength fiber laser can be employed in prac-
pointing direction is determined by the time delay differencéc@l systems. The chirped grating in the system is produced
and is independent of the microwave frequency. Therefore, N9 & uniform FBG fabricated in single-mode photosensitive
TLCFG delay line is a true-time-delay beamformer and is sufiP€" Using a 244-nm frequency-doubled argon ion laser source.
able for wideband applications. For our system, the time del’_%ge grating has a length of 30 mm, a center wavelength of

I1l. EXPERIMENTAL RESULTS AND DISCUSSIONS

sin 90 =

difference is determined by the chirp rate of the chirped gratirg>>:0 1M, an FWHM bandwidth of about 0.23 nm and a peak

and the wavelength spacing of the optical carriers. It can be éxfl€ctivity of higher than 99%. The simply supported beam has
pressed as gihsp g P a length of 100 mm and a thickness of 4.5 mm. Its midpoint

is deflected by using a high precision actuator (Newport CMA-
Atg = kenivp - AN (2) 25CCCL). The position resolution of the actuator is 0,08

and the maximum tuning speed is 0.4 mm/s. The TLCFG is
where kq,ip IS the chirp rate of the TLCFG. Being differentsurface-mounted onto the beam using glue that has good me-
from other chirped-grating-based TTD units, in the proposethanical properties. No obvious stress hysteresis effects are ob-
TTD system shown in Fig. 1, the wavelength spacing of opticaérved in the experiments. It should be noted that the setup for
carrier is fixed while the chirp rate of the grating is tuned corehirp tuning is placed on a high stable optical table. For prac-
tinuously. The time delay difference is linear with the chirp rattical applications, the effect of vibration stability on the TTD
and the beampointing direction is determined by the chirp ratgstem should be considered. The time-delayed light is split
of the TLCFG. into five channels by a broad-bandx15 coupler and then fil-

Several techniques have been proposed to produce adjustédaied by a bandpass filter at each channel. Each bandpass filter

chirped fiber gratings. Although the other techniques can alsodensists of an optical circulator and a high reflectivity FBG
used to demonstrate the operation of the above TTD system(4h > 20 dB). The center reflection wavelengths of the FBGs
the proposed approach, we employ the simply supported beara identical to the wavelengths of the optical carriers. In prac-
tuning technique to produce the adjustable linear chirped gratitical systems, other bandpass filters can also be adopted. We
[9]. This technique allows the continuously dynamic control ahould note that the reflectivity and wavelength stability of the
the spectral width of a uniform FBG while the center waveleng#FBGs are important factors that affect the SNR at the outputs of
is kept unshifted. Fig. 2 shows the schematic configuration tife photodetectors.
the chirp tuning setup. The uniform FBG is surface-mounted The reflection spectrum of the TLCFG is measured using
on one side of a simply supported beam. The midpoint of tla® optical spectrum analyzer when the grating is bent. During
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uncertainties of the grating and the errors of time delay mea-
surements. The experiment results also show that the SNR of
the five-element TTD unit is more than 30 dB, which meets the
requirements of typical antenna end user. Thanks to the high po-
sition resolution of the actuator, the minimum time delay step
can be much smaller than 1 ps. Continuous PAA beamforming
can be achieved.

The available maximum number of the antenna elements is
determined by the wavelength spacing of the multiwavelength

ser and the spectral width of the TLCFG. The experimented
@e-element TTD unit can be used for PAA beamforming at mi-
crowave frequencies up to 10 GHz. At higher frequencies, the
chromatic dispersion of the TLCFG will cause noticeable RF
power degradation for the conventional double-sideband inten-
sity modulation/direct detection (IM/DD) scheme (The single-

-
=3

y = 35757 - 0.0674
R’ = 0.9993

Spectral Width{nm)
Refiection{dB)
Time Delay(ps)

'y = 45.112x- 70056
R =0.9991

o N b O o

-39
1548

1550

0 05 1 15 2 25 3

Deflection(mm) Wavelength(nm)
(@) (b)
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Fig. 4. Time delay responses when the TLCFG is tuned. (a) Relative time V€ have demonStra_ted a new flve_eleme.m true_“me_delay
delays as a function of beam deflection. (b) Relative time delays as a funct@¥St€m that uses a Smgle_ TLCFG delay .“ne_ for wideband
of 1/h(+)A1; (O)A2; (A)As; (O)As; (0) 5. continuous TTD beamforming. The system is simple, no com-

plicated wavelength tuning scheme is required. In addition, the

the chirp tuning, the center wavelength of the TLCFG is ke'gynchronal control of the tunable lasers as well as the tunable
constant at the wavelength of 1553.0 nm. Fig. 3(a) shows tpgndpass f_||ters is al_so avoided. Different time delays were ob-
spectral width of the grating as the function of beam defle&ined by simply tuning the TLCFG. The time delay responses
tion. Linear fitting of the experimental data gives a sensitivity/é'¢ measured. The results showed that the time delays were
of 3.58 nm/mm. The time delay responses are also measu pgarly propo.rt|onal to the _reC|procaI.of the deflection, and
experimentally when the chirp rate of the grating is tuned. A&greed well with the theoretical analysis. The proposed system
shown in Fig. 1, the light from the multiwavelength laser sour¢@n be used for wideband continuous beamforming at radio
is externally modulated by a 4-GHz RF signal. The modulatdigguencies up to 10 GHz.
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