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(57) ABSTRACT 

System and method for rapidly recon?gurable tWo-dimen 
sional true time delay generation for phased array antennas 
is described. The system utilizes a broadband light source, 
an array of ?ber chirp gratings in a single ?ber, and an 
acousto-optic spectrometer to generate a time-delayed linear 
grating. The grating is subsequently rotated to the desired 
angle utilizing an acousto-optic device having no moving 
parts. 
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TRUE TIME DELAY GENERATING SYSTEM AND 
METHOD 

RELATED U.S. PROVISIONAL PATENT 
APPLICATION 

[0001] This application is a division of US. patent appli 
cation Ser. No. 09/009,224 ?led Jan. 20, 1998 and entitled 
TRUE TIME DELAY GENERATION UTILIZING 
BROADBAND LIGHT SOURCE WITH FIBER CHIRP 
GRATING ARRAY AND ACOUSTO-OPTIC BEAM 
STEERING AND 2-D ARCHITECTURE by Eung G. Paek. 

FIELD OF THE INVENTION 

[0002] This invention relates to phased array antenna 
systems, and, more particularly, relates to optical true time 
delay generation methods and architecture for such systems. 

BACKGROUND OF THE INVENTION 

[0003] The phased array antenna is one of the most 
advanced radar technologies Which alloWs multiple beam 
pointing and fast non-mechanical steering of microWave 
beams. The technology has promise for broad-band (2-20 
GHZ) free-space radar communications that can be used for 
a variety of commercial and military applications. Beam 
pointing/steering control systems are knoWn, including true 
time delay systems and phase shift systems, for phased array 
antenna, true time delay systems being preferable since the 
steered beam angle is independent of frequency and squint 
is eliminated. 

[0004] For a given microWave frequency ?and number of 
microWave radiating elements along one direction N, the 
maximum time delay AtrnaX required to steer a beam over 
190° is given by N/f. Also, the minimum temporal resolution 
Armin to achieve resolution R is given by 1/(f~R). Assuming 
a frequency range of 2-20 GHZ, N=100 and R=1,000, 
AtmaX=5-50 nsec and A'cmin=0.05-0.5 psec. 

[0005] In conventional electronic RF systems, true time 
delay is achieved using sWitched lengths of electrical 
Waveguide or cable. Such devices tend to be bulky, expen 
sive, have high loss at high frequencies, and are susceptible 
to electrical crosstalk (due to electromagnetic interference) 
and temperature induced time delay changes. Recent 
advances in photonic technology can provide a better imple 
mentation of true time delay due to a natural high parallelism 
and large bandWidth as Well as immunity to electromagnetic 
interference. 

[0006] Heretofore knoWn or suggested photonic true time 
delay systems have been con?gured so that each microWave 
element requires R ?xed time delay generators, R sWitches 
and an R to 1 combiner. Thus, for a tWo dimensional (2-D) 
array With N2 elements in such systems, NZR time delays 
and NZR sWitches have been required. The insertion loss is 
mainly determined by the R to 1 combiner and is given by 
10 logloR. Although such a system is capable of adaptive 
beam forming as Well as beam steering, it requires a tre 
mendous amount of complexity, making its hardWare imple 
mentation extremely difficult. 

[0007] Although this complexity can be reduced to some 
degree by free-space path-sWitching methods, this still 
requires a cascaded array of many independent time-delay 
generators and parallel (N2) sWitches in 2-D spatial light 
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modulators. Moreover, thus con?gured, the system presents 
other limitations, such as speed and path-dependent inser 
tion loss. 

[0008] A highly dispersive ?ber prism method has been 
suggested and/or utiliZed that can signi?cantly reduce the 
complexity as described above. HoWever, this method 
requires very long (20 km for 1 GHZ), N2 ?ber bundles and 
a fast tunable narroW lineWidth light source With broad 
tuning range. It has been suggested that the long length 
could be signi?cantly reduced by using an array of ?ber 
gratings, but signi?cant problems With this implementation 
Would yet be posed. Most of the heretofore suggested 
approaches for use of ?ber gratings as a means to generate 
true time delays employ an array of normal single frequency 
?ber gratings, the desired time delays being selected by a 
tunable narroW lineWidth light source. To achieve high 
resolution, both a broad tuning range and a narroW lineWidth 
are required. Moreover, the Wavelength Would need to be 
changeable rapidly (Within a feW microseconds—a speed 
unattainable by current laser technology) for effective imple 
mentation. 

[0009] In addition, tWo dimensional (2-D) extension archi 
tecture for such photonic true time delay systems as have 
been heretofore suggested could utiliZe further improve 
ments. Conventional image rotation has been accomplished, 
for example, by rotating a dove prism by an angle 0 around 
the optical axis, the output image thus being rotated by 20. 
Such conventional rotation thus requires mechanical move 
ment of components and is, therefore, inherently sloW and 
lacking adequate unreliability. 

SUMMARY OF THE INVENTION 

[0010] This invention provides a true time generating 
system and method for both one dimensional and tWo 
dimensional generation of time delayed gratings for use With 
phased array antenna systems. This invention includes a 
delay encoder operable With a broadband light source and 
utiliZing a single optical ?ber having an array of ?ber chirp 
gratings therein, an optical signal decoding device for 
receiving a Wavelength encoded light signal and providing 
as an output therefrom a time delayed grating, and image 
rotation utiliZing acousto-optics and Without moving 
mechanical parts. 

[0011] The delay encoder ?ber chirp gratings are con?g 
ured so that different Wavelengths of the light from the light 
source are re?ected at unique locations at each individual 
?ber chirp grating, the locations corresponding to different 
selected time delays, thereby providing a Wavelength 
encoded light signal output. The decoding device receives 
the Wavelength encoded light signal output and utiliZes this 
output to provide a time delayed linear grating as an output 
therefrom. 

[0012] An optical ampli?er ampli?es the Wavelength 
encoded light signal and an acousto-optic de?ector having a 
variable acoustic signal input is positioned to receive the 
ampli?ed light and disperse the light at selected diffraction 
angles variable by an acoustic signal at the input. AWindoW 
is positioned at the output plane from the de?ector for 
selection of an output spectrum from the dispersed light, 
spectrum selection controlled by diffraction angle selection 
at the acousto-optic de?ector. 



US 2002/0012500 A1 

[0013] The method for generating true time delays of this 
invention includes the steps of launching broadband light 
into an optical ?ber having a plurality of selectively located 
?ber chirp gratings therealong to provide a Wavelength 
encoded light signal output. The light signal output is 
dispersed at selected diffraction angles to provide multiple 
Wavelength spectra linearly arrayed at an output plane, a 
spectrum from the multiple Wavelength spectra at the output 
plane corresponding to a selected one of the ?ber chirp 
gratings at said optical ?ber being selected thereby provid 
ing a selected time delayed linear grating. 

[0014] UtiliZing this invention, the complexity of hereto 
fore knoWn systems can be signi?cantly reduced, requiring 
only a number of ?ber chirp gratings in a single ?ber 
providing the number of different time delays desired. The 
compact system alloWs a broad range of time delays that can 
be recon?gured Within a feW microseconds, and because of 
feWer or no mechanical elements and sWitches, is inherently 
more reliable. 

[0015] It is therefore an object of this invention to provide 
true time delay generation systems and method utiliZing a 
broadband light source and a ?ber chirp grating array in a 
single ?ber. 

[0016] It is another object of this invention to provide true 
time delay generation systems and method including fully 
optical delay selection and acousto-optic image rotation. 

[0017] It is another object of this invention to provide 
optical true time delay generation systems of reduced com 
pleXity, requiring only a number of ?ber chirp gratings in a 
single ?ber providing the number of different time delays 
desired. 

[0018] It is still another object of this invention to provide 
true time delay generation systems for phased array antenna 
systems Which are compact, alloW a broad range of time 
delays that can be recon?gured Within a feW microseconds, 
and are highly reliable. 

[0019] It is still another object of this invention to provide 
a true time delay generating system including a broadband 
light source, delay encoding means including an optical ?ber 
for receiving light from the broadband light source, the 
optical ?ber having at least a ?rst selectively located ?ber 
chirp grating de?ned therein so that different Wavelengths of 
the light from the light source are re?ected at unique 
locations at the ?ber chirp grating, the locations correspond 
ing to different selected time delays, thereby providing a 
Wavelength encoded light signal output, and decoding 
means for receiving the Wavelength encoded light signal 
output and utiliZing the Wavelength encoded light signal 
output to provide a time delayed linear grating as an output 
therefrom. 

[0020] It is yet another object of this invention to provide 
a true time delay generating system including a broadband 
light source, delay encoding means including an optical ?ber 
for receiving light from the broadband light source, the 
optical ?ber having at least a ?rst selectively located ?ber 
chirp grating de?ned therein so that different Wavelengths of 
the light from the light source are re?ected at unique 
locations at the ?ber chirp grating, the locations correspond 
ing to different selected time delays, thereby providing a 
Wavelength encoded light signal output, and decoding 
means for receiving the Wavelength encoded light signal 
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output and utiliZing the Wavelength encoded light signal 
output to provide a time delayed linear grating as an output 
therefrom, the decoding means including an acousto-optic 
de?ector for light dispersion at diffraction angles selectable 
by variation of an input signal. 

[0021] It is still another object of this invention to provide 
an optical signal decoding device for receiving a Wavelength 
encoded light signal and providing as an output therefrom a 
time delayed grating for utiliZation in a phased array antenna 
system, the device including an acousto-optic de?ector for 
receiving an ampli?ed light signal and dispersing the light 
signal at selected diffraction angles to an output plane, and 
a WindoW at the output plane for selection of an output 
spectrum from the dispersed light signal. 

[0022] It is yet another object of this invention to provide 
a method for generating true time delays including the steps 
of launching broadband light into an optical ?ber having a 
plurality of selectively located ?ber chirp gratings thereal 
ong to provide a Wavelength encoded light signal output, 
dispersing the Wavelength encoded light signal output at 
selected diffraction angles to provide multiple Wavelength 
spectra linearly arrayed at an output plane, and selecting a 
spectrum from the multiple Wavelength spectra at the output 
plane corresponding to a selected one of the ?ber chirp 
gratings at the optical ?ber to thereby provide a selected time 
delayed linear grating. 

[0023] With these and other objects in vieW, Which Will 
become apparent to one skilled in the art as the description 
proceeds, this invention resides in the novel construction, 
combination, arrangement of parts and method substantially 
as hereinafter described, and more particularly de?ned by 
the appended claims, it being understood that changes in the 
precise embodiment of the herein disclosed invention are 
meant to be included as come Within the scope of the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The accompanying draWings illustrate a complete 
embodiment of the invention according to the best mode so 
far devised for the practical application of the principles 
thereof, and in Which: 

[0025] FIG. 1 is a schematic illustration of a 2-d true time 
delay generation system architecture in accord With this 
invention; 

[0026] FIG. 2 is a chart illustrating ?ber grating position 
and Bragg Wavelength correlation; 

[0027] FIG. 3 is a functional illustration of the time 
delayed linear grating generation system of this invention 
including encoding and decoding; 

[0028] FIG. 4 is another functional illustration of the 
system substantially in accord With FIG. 3; 

[0029] FIG. 5 is a chart illustrating Bragg Wavelength 
distribution along the ?ber With reference to FIGS. 2 and 3; 

[0030] FIG. 6 is a functional illustration of acousto-optic 
image rotation architecture in accord With this invention; 
and 

[0031] FIG. 7 is a functional illustration of another 
embodiment of the system of this invention. 
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DESCRIPTION OF THE INVENTION 

[0032] True time delay control architecture 13 of this 
invention for generation of a one dimensional (1-D) diffrac 
tion grating light pattern Whose period (temporal time delay 
in the true time delay case) and orientation (2-D extension) 
can be changed rapidly is schematically illustrated in FIG. 
1. As may be appreciated from FIG. 1, the complexity of this 
true time delay system is signi?cantly reduced compared 
With conventional systems in Which provision for all the 
possible delays are required for each microWave radiating 
element of a phased array antenna system. 

[0033] In FIG. 1, RF input signal 15 is modulated by CW 
light source 17 at electro-optic modulator 18 providing light 
having a broad spectral lineWidth (for example, 50 nm), and 
is launched into single optical ?ber 19 having an array of 
?ber chirp gratings 21 de?ned therealong (see FIG. 3). 
Formation of such gratings in optical ?ber may be done 
using knoWn techniques. Each ?ber chirp grating 21 de?ned 
in ?ber 19 has a unique chirp ratio, and thus de?nes unique 
time delays. The light from each ?ber chirp grating is 
dispersed along the X direction, or axis, by acousto-optic 
beam de?ector 23 and is stretched along the y direction, or 
ax1s. 

[0034] By adjusting the frequency of acoustic signal 
applied to acousto-optic beam de?ector 23 (for example, 
using an rf signal adjustable in a range from 30 MHZ to 60 
MHZ under program control to an rf generator or frequency 
synthesiZer), the spectrum from the desired ?ber chirp 
grating 21 is selected and positioned on output WindoW 25. 
The time-delayed grating thus obtained is subsequently 
rotated to the desired angle by ultrafast image rotator 27 
before output at NxN light to microWave converters 29. In 
the folloWing, a more detailed explanation the 1-D true time 
delay system of this invention and its extension to a 2-D case 
in accord With this invention is provided. 

[0035] In the system of this invention, an array of equally 
spaced N time delays is generated by a single ?ber chirp 
grating 21. As shoWn in FIG. 2, the Bragg Wavelength of a 
?ber chirp grating varies linearly as a function of position, 
from )ts to KL With the center Wavelength )tc, over the length 
Al. The Wavelength chirp ratio I'=A>\,/A1, (A>\,=)\.L—>\.S), is kept 
constant Within a ?ber chirp grating. The resultant relative 
time delays arising from various portions (i.e., single fre 
quency ?ber Bragg gratings) of the ?ber chirp grating 
distribute uniformly ranging from 0 to the maximum value 
At=2~11 ~Al/ C, Where 1] is the refractive index of the ?ber core 
and C is the speed of light in vacuum. Each of these time 
delays is encoded by the corresponding Wavelength, While 
keeping the ratio At/A)» constant. 

[0036] One should also note that ?ber chirp gratings can 
be superposed to reduce the total ?ber length oWing to the 
phase matching selection property of a volume grating, as 
long as the total refractive index change does not exceed the 
maximum limit of the ?ber. When the ?ber chirp grating is 
long, it can be discretiZed to form an array of N short 
sinusoidal gratings. 

[0037] The 1-D true time delay control system of this 
invention includes ?ber chirp grating encoder architecture 
31 and acousto-optic spectrometer decoder architecture 33 
as shoWn in FIGS. 3 and 4 (each illustrating different 
aspects of and/or alternatives for the implementation of this 
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invention). Both encoding and decoding are achieved by 
Wavelengths. Fiber chirp grating encoder 31 includes a light 
pulse generator (either 17/18 as shoWn in FIG. 1 or utiliZing 
another broadband source such as LED 35 (FIG. 4), or an 
ampli?ed spontaneous emission source, modulated by an 
external electro-optic modulator) With broad spectral band 
Width and single ?ber 19 (terminated at one end) With an 
array of ?ber chirp gratings 21 in it. Light is circulated at 
circulator 37 in a conventional fashion (see FIG. 4). 

[0038] FIG. 5 (referring to FIGS. 2 and 3) illustrates 
Bragg Wavelength distribution inside ?ber 19 as a function 
of position. The i th ?ber chirp grating 21 has the length 
Al(i)=A(l)~i, and all ?ber chirp gratings 21 have the same 
amount of Wavelength bandWidth, A)t(i)=A)tFcG=constant. 
Therefore, the Wavelength chirp ratio of the i th ?ber chirp 
grating 21, r(i), is given by the relation r(i)=r(1)/i, (or 
At(i)=i~At(1), Where r(1) and At(1) are de?ned for the ?rst 
?ber chirp grating 21. 

[0039] If light from pulsed source 35 (or, alternatively, 
CW source 17, or the like, modulated by electro-optic 
modulator 18 using pulsed microWave signal 15 as shoWn in 
FIG. 1) With a Wide spectral bandWidth, Also, is launched 
into ?ber 19, each particular Wavelength of the input light is 
re?ected at a corresponding unique ?ber chirp grating 21 
location to give the desired time delay. In this Way, each time 
delay is encoded by the corresponding Wavelength. 

[0040] The Wavelength encoded light signal output from 
circulator 37 is optically ampli?ed in a single ?ber channel 
by erbium doped ?ber ampli?er 39 (or an equivalent means 
of ampli?cation), and is connected With free space acousto 
optic spectrometer decoder 33 including spherical lenses 41 
and 43 and acousto-optic beam de?ector 23. Acousto-optic 
spectrometer decoder 33 disperses the incoming light like a 
normal prism, the primary difference betWeen acousto-optic 
spectrometer decoder 33 and a normal prism being that the 
diffraction angle can be rapidly (Within a feW microseconds) 
varied by simply changing the acoustic frequency applied to 
acousto-optic beam de?ector 23. In acousto-optic spectrom 
eter decoder 33, the light With wavelength A is focused to a 
point separated from the optical axis by x=)vfAO.fL/VAO, 
Where f A0, fL and V A0 represent acoustic frequency applied 
to acousto-optic beam de?ector 23, focal length of lens 41 
and acoustic velocity inside the acoustic medium (for 
example, focal length of lenses 41 and 43 are typically about 
5 cm and 20 cm, respectively, and acoustic velocity is 
typically about 600 m/s in the medium). The spatial extent 
of the spectrum generated by each ?ber chirp grating 21 is 
given by Ax=A)vfAO.fL/VAO. 

[0041] The temporal delay over each spectrum is At(i)= 
2~n~Al(i)/C. Since At A)» and Ax A)», it folloWs that Ax 
At. In other Words, time delay is uniformly distributed 
along x providing a suitably time delayed linear grating. At 
the output plane, WindoW 25 is placed to select the spectrum 
from the desired ?ber chirp grating only. By varying the 
acoustic frequency ?AO such that f AO(i)~)tc(i)=constant, the 
desired i th spectrum can be centered at output WindoW 25 
(other spectra being centered at the WindoW by adjusting the 
frequency accordingly; see FIG. 4). 

[0042] Also, multiple beam forming can be easily 
achieved by applying many acoustic sinusoidal frequencies 
simultaneously to acousto-optic beam de?ector 23, Without 



US 2002/0012500 Al 

the need for any hardware changes. Window 25 is charac 
teriZed by a slit With an aperture siZe of about 0.5 mm to 5 
mm depending upon the number of radiating elements. 

[0043] In this Way, time delays encoded to Wavelengths in 
encoder 31 are decoded back to time delays. OWing to ?ber 
chirp gratings 21 and acousto-optic spectrometer decoder 33 
combined With output WindoW 25, N element encoding/ 
decoding is achieved simultaneously in parallel in a simple 
and compact free space system. One great advantage of this 
free space spreading over the heretofore knoWn dispersive 
?ber method is that it can avoid the complicated N2 long 
?ber bundles. In addition, adequate room for optical ampli 
?cation or means for compensation for misalignment due to 
temperature changes remains Without making the system 
overly cumbersome. The compact l-D decoder 33 of this 
invention can also be integrated using integrated Waveguide 
optics. 
[0044] The components utiliZed above may be any of 
those knoWn to skilled practitioners in the art. For example, 
modulator 18 may be a Mach-Zehnder electro-optic modu 
lator or multiple-quantum-Well based electro-absorptive 
modulator, and ?ber 19 may be formed from optical ?ber 
having germania-doping to increase light sensitivity. Circu 
lator 37 may be a three port device using Faraday isolators 
to alloW reverse signal entering one of the tWo output ports 
to be transmitted to the other output port as a usable signal 
While being completely isolated from the input signal, ?ber 
ampli?er 39 is an Erbium-doped ampli?er, and lenses 43 are 
preferably spherical lenses With doublet elements to reduce 
aberrations. Acousto-optic beam de?ector 23 is preferably 
characteriZed by large time-bandWidth product (de?ned by 
aperture time multiplied by the frequency bandWidth; more 
than 1,000) and high diffraction efficiency (for instance, 
utiliZing sloW shear-mode TeO2 material; more than 30% 
ef?ciency preferred) at the 1.55 micron Wavelength region. 

[0045] The above-described l-D true time delay system 
could be extended to the 2-D case by cascading as heretofore 
knoWn. In such case, advantages remain in that only N+1 
?bers, as opposed to N2 ?bers utiliZed by previous systems, 
Would be required. Moreover, the free space acousto-optic 
spectrometer 33 can be shared among N elevation elements 
(typically up to at least about 1,000). 

[0046] HoWever, a better means in accord With this inven 
tion for extending to 2-D true time delay, and Which sig 
ni?cantly reduces complexity because of elimination of 
moving parts, provides ultrafast image rotation utiliZing 
acousto-optic image rotator 27 (a dove prism-like arrange 
ment) as shoWn in FIG. 6. The system includes a pair of 
xy-acousto-optic beam de?ectors 55 and 57 and circular 
cylindrical mirror 59 to generate the required inversion 
operation. 

[0047] In principle, the rotating Wedge prism portions of a 
conventional dove prism have been replaced by xy-acousto 
optic beam de?ectors 55 and 57, each consisting of a pair of 
acousto-optic beam de?ectors 61/63 and 65/67, respectively, 
sandWiched together With transducers along orthogonal 
directions (sloW shear mode TeO2 crystals could be utiliZed; 
hoWever, a more compact (10 mm><10 mm><2 mm) crossed 
de?ector With both transducers on the same crystal is 
preferable). By adjusting the frequencies of acoustic signals 
applied to the acousto-optic beam de?ector pairs 61/63 and 
65/67, beam direction can be changed along arbitrary direc 
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tions, just as a Wedge prism does. Since circular cylindrical 
mirror 59 is rotationally symmetric, its rotation is not 
required. HoWever, to prevent unWanted mirror distortion 
oWing to the curvature of the circular mirror surface, the 
cylindrical mirror is preferably discretiZed to multiple fac 
ets. Also, incoming light is focused to have a minimum siZe 
on the mirror surface. Therefore, by simply varying the 
acoustic frequencies, an image can be rotated to arbitrary 
selected angles, Without any moving parts While yet pre 
serving optical transparency. 

[0048] The rotation angle of an image output from Win 
doW 25 can be recon?gured (for example, rotated by 180°) 
Within a feW microseconds in a programmable manner 
utiliZing frequency synthesiZers 69 and 71 (for example, a 
frequency synthesiZer With a frequency sWeep range of 30 
MHZ to 70 MHZ, With frequency accuracy of less than 1 HZ 
and drive output poWer of up to 1 Watt, interfaced With a PC 
for With fast parallel connectors to alloW fast access time, 
preferably on the order of microseconds). To prevent the 
unWanted distortion oWing to the curvature of the circular 
mirror surface, the cylindrical mirror is discretiZed to mul 
tiple facets. Also, incoming light is focused to have a 
minimum beam siZe on the mirror surface by using lens 73. 
Lens 75 is used to form an image at output plane 83 (for 
example, lenses 73 and 75 are spherical doublet lenses 
having a 20 cm focal length and opposite orientation to 
compensate for the aberration With each other). Special lens 
designs could, alternatively, be conceived to compensate for 
the ?xed distortion due to the circular cylindrical mirror 
surface. It should be recogniZed that lenses 73 and 75 as 
shoWn in the FIGURE could be alternatively positioned 
relative to beam de?ectors 55 and 57, respectively, With each 
positioned adjacent to opposite ends of mirror 59. 

[0049] In operation, light representing the time delayed 
linear grating is located at the front focal plane of lens 73, 
and is de?ected by the crossed acousto-optic beam de?ector 
pair 55 to a selected output angle under control of the 
acoustic signal input. At the de?ected angle, the light is 
focused on the surface of cylindrical mirror 59. After re?ec 
tion thereat, the light is de?ected again by crossed acousto 
optic beam de?ector pair 57 (again under control from 
program controlled frequency synthesiZer 71 output acoustic 
signal) forming a selectively rotated image at output plane 
83 (to NxN light to microWave converters 29 of FIG. 1). 

[0050] The system described hereinabove provides sig 
ni?cant advantage over noW knoWn conventional systems. 
For example, conventional systems, including highly dis 
persive ?ber delay systems, require signi?cantly more time 
delay generators sWitches and/or ?ber bundles (and/or sig 
ni?cantly greater ?ber length, i.e., translating into much 
greater total ?ber volume) than is required for this invention. 
These advantages are summariZed in Table 1. 

TABLE 1 

Complexity of various systems: 

Proposed 
Conventional IID Fiber FCG/AOBD 

<1) <2) <3) 

# Delays NZR N2 NR 
# Switches NZR 2 2 
# Bundles N2 N2 1 
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TABLE l-continued 

Complexity of various systems: 

Proposed 
Conventional IID Fiber FCG/AOBD 

<1) <2) <3) 

# Spliters (1 to N) 2N2 N + 1 0 
100 nsec length 20 m 20 Km 10 m 

Total ?ber volume 3 m x 3 m x 0.1 x 0.1 x 0.001 x 

20 m = 20,000 = 0.001 x 10 = 

180 m3 (4) 200 m3 10’5 m3 

(1) Conventional Photonic Systems, 
(2) Highly Dispersive ?ber systems, and 
(3) this invention; where N = elements along one direction and R = reso 
lution (Note: 10 cm x 10 cm x 1000 is approximated to 3 m x 3 m) 

[0051] The maximum number of wavelength channels (or 
time delays) in the architecture of this invention is deter 
mined by such factors as the passband of ?ber ampli?er 39 
(typically 50 nm), the bandwidth of an FBG (i.e., ?ber Bragg 
grating, for example, typically 0.04 nm for a 10 cm long 
FBG) and the resolution of acousto-optic spectrometer 33. 
Normally, more than 1,000 time delays can be generated 
utilizing the invention as illustrated heretofore. 

[0052] For dense systems, requiring signi?cantly more 
than 1,000 different time delays (for example up to at least 
about 10,000), multiplexing architecture 85 as shown in 
FIG. 7 may be employed, for example, using r optical 
switches 87 and r circulators 89 in conjunction with r ?bers 
19 having ?ber chirp gratings 21 therein (r equalling the 
selected extensions required to achieve the desired number 
of time delays). In this case, ?ber chirp gratings 21 are 
distributed in several ?bers and the desired ?ber is selected 
by the corresponding optical switch 87 (for example, under 
program control from a PC). Even for the system shown in 
FIG. 7, the number of switches required is determined by 
the multiplexing number (typically 10) instead of Nr (typi 
cally 1,000) to NZR (typically 107) as would heretofore have 
been required in conventional systems. An alternative way 
of multiplexing using optical switches is to employ the 
conventional binary ?ber optical delay line concept by 
cascading the ?bers in series. 

[0053] As may be appreciated from the foregoing, true 
time delay control utilizing a specially designed array of 
?ber chirp gratings in a single ?ber with a broadband light 
source input, and that requires no intermediate photon-to 
electron conversion processes, is provided for phased array 
antenna systems. Each ?ber chirp grating in the array is 
designed to provide a unique linear chirp ratio, and wave 
lengths do not overlap. Generation of time delays from 
wavelengths (i.e., utilizing the decoder of this invention) is 
rapidly accomplished along a wide tuning range and pro 
vides a tailored array of selected linear chirp time delays in 
parallel. 2-D extension is accomplished with far fewer 
elements than heretofore known and with no moving parts. 

What is claimed is: 
1. A true time delay generating system comprising: 

a broadband light source; 

delay encoding means including an optical ?ber for 
receiving light from said broadband light source, said 
optical ?ber having at least a ?rst selectively located 
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?ber chirp grating de?ned therein so that different 
wavelengths of said light from said light source are 
re?ected at unique locations at said ?ber chirp grating, 
said locations corresponding to different selected time 
delays, thereby providing a wavelength encoded light 
signal output; and 

decoding means for receiving said wavelength encoded 
light signal output and utilizing said wavelength 
encoded light signal output to provide a time delayed 
linear grating as an output therefrom. 

2. The true time delay generating system of claim 1 
further comprising a plurality of selectively positioned sec 
ond ?ber chirp gratings de?ned in said optical ?ber of said 
delay encoding means. 

3. The true time delay generating system of claim 2 
wherein said decoding means includes means for spectrum 
selection as said time delayed linear grating, selected spec 
trum corresponding to a selected ?ber chirp grating time 
delays. 

4. The true time delay generating system of claim 2 
wherein wavelength chirp ratio is constant within any one of 
said ?ber chirp gratings, with each different said ?ber chirp 
grating having a unique wavelength chirp ratio. 

5. The true time delay generating system of claim 1 
wherein said broadband light source provides either one of 
a pulsed or rf modulated broadband light output. 

6. The true time delay generating system of claim 1 
wherein said delay encoding means includes a circulator 
connected with said optical ?ber and having as an output 
therefrom said wavelength encoded light signal output. 

7. A true time delay generating system comprising: 

a broadband light source; 

delay encoding means including an optical ?ber for 
receiving light from said broadband light source, said 
optical ?ber having at least a ?rst selectively located 
?ber chirp grating de?ned therein so that different 
wavelengths of said light from said light source are 
re?ected at unique locations at said ?ber chirp grating, 
said locations corresponding to different selected time 
delays, thereby providing a wavelength encoded light 
signal output; and 

decoding means for receiving said wavelength encoded 
light signal output and utilizing said wavelength 
encoded light signal output to provide a time delayed 
linear grating as an output therefrom, said decoding 
means including an acousto-optic de?ector for light 
dispersion at diffraction angles selectable by variation 
of an input signal. 

8. The true time delay generating system of claim 7 
wherein said acousto-optic de?ector is characterized by 
large time-bandwidth product and high diffraction ef?ciency 
at the 1.55 micron wavelength region. 

9. The true time delay generating system of claim 7 
wherein said optical ?ber includes an array of ?ber chirp 
gratings de?ned therealong, said decoding means further 
including a window at an output plane from said acousto 
optic de?ector for selection of a selected spectrum of said 
dispersed light as said time delayed linear grating, said 
selected spectrum corresponding to a selected ?ber chirp 
grating time delays. 

10. The true time delay generating system of claim 9 
wherein said ?ber chirp gratings in said array are suf?cient 
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in number so that up to at least about 1000 time delays 
corresponding to Wavelength re?ection locations are pro 
vided. 

11. The true time delay generating system of claim 9 
further comprising a plurality of second optical ?bers at said 
delay encoding means each having an array of ?ber chirp 
gratings de?ned therealong, and rnultipleXing rneans asso 
ciated With said optical ?bers so that up to at least about 
10,000 time delays corresponding to Wavelength re?ection 
locations are provided. 

12. The true time delay generating system of claim 9 
further comprising amplifying means for optically amplify 
ing said Wavelength encoded light signal output, Wherein 
said acousto-optic de?ector provides multiple Wavelength 
spectra linearly arrayed at said output plane for selection at 
said WindoW, and Wherein said selection of a selected 
spectrum at said WindoW is controlled by diffraction angle 
selection at said acousto-optic de?ector. 

13. A method for generating true time delays comprising 
the steps of: 

launching broadband light into an optical ?ber having a 
plurality of selectively located ?ber chirp gratings 
therealong to provide a Wavelength encoded light sig 
nal output; 

dispersing said Wavelength encoded light signal output at 
selected diffraction angles to provide multiple Wave 
length spectra linearly arrayed at an output plane; and 

selecting a spectrum from said rnultiple Wavelength spec 
tra at said output plane corresponding to a selected one 
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of said ?ber chirp gratings at said optical ?ber to 
thereby provide a selected time delayed linear grating. 

14. The method for generating true time delays of claim 
13 further comprising the steps of serially selecting different 
spectra from said rnultiple Wavelength spectra at said output 
plane corresponding to selected different ?ber chirp gratings 
to selectively provide different time delayed linear gratings. 

15. The method for generating true time delays of claim 
13 Wherein the step of selecting a spectrum includes the step 
of selectively periodically changing said diffraction angles 
of dispersion of said Wavelength encoded light signal output 
to serially present selected spectra at an output WindoW at 
said output plane. 

16. The method for generating true time delays of claim 
13 further comprising the steps of launching broadband light 
into a plurality of second optical ?bers each having an array 
of ?ber chirp gratings de?ned therealong so that up to at 
least about 10,000 time delays can be provided. 

17. The method for generating time delays of claim 13 
further comprising the step of con?guring said ?ber chirp 
gratings so that Wavelength chirp ratio is constant Within any 
one of said ?ber chirp gratings, With each different said ?ber 
chirp grating having a unique Wavelength chirp ratio. 

18. The method for generating true time delays of claim 
13 Wherein the step of dispersing said Wavelength encoded 
light is characteriZed by provision of a large tirne-bandWidth 
product and high diffraction efficiency at the 1.55 micron 
Wavelength region. 


