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Abstract. A monolithically integrated high-speed true-time­
delay line with embedded electrical ly switchable Bragg grat­
ings was developed and characterized. Such a monolithi­
cally integrated device structure leads to a significantly 
reduced device size and allows a more precise RF phase 
contro l. A 40 ps reprogrammable optical true-time delay in­
crement was acheived with a very fast switching speed of 
< 50 µ,S. © 2005 Society of Photo-Optical Instrumentation Engineers. 
[DOI : 10. 111 7/1.1906208] 
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1 Introduction 

Optica l true-time-delay (TID) techniques are e pected to 
provide frequency-i ndependent Lime delays over a w ide op­
eration bandwidth and thus enables multiband (UHF, P, L , 
X. and Ku-bands) squint-free beam steering for phase array 
antenna (PAA) and synthetic aperture radar (SAR) 
app li cations_ 1.

5 A variety of optical time-delay technologies 
have been developed, incl uding detector-sw itched optical 
waveguide delay lines,2 fiber-gra ting p1ism based wave­
length tunable laser diodes3 and LiNbO3 sw itches over fi ­
ber di stributi on networks.4 

009 I -3286/2005/$22.00 (D 2005 SPI E 

In thi s paper, we present a monolithica ll y integrated op­
ti ca l waveguide true-t ime-delay line with embedded high­
speed electri ca lly switchable Bragg *ratings based on 
polymer-di persed li quid crystals (L C). We have demon­
strated ( I ) I 6-cm-long polymeri c waveguides with low 
propagation loss (0.2 dB/cm). (2) electri ca lly switchable 
B ragg gratings with hi gh switchi ng speed ( < 50 µ,s) and 
large di ffraction effic iency (> 99%), and (3) prec ise ly digi­
tal control lable time delays with 40-ps increments. 

2 Device Physics 

The digital opti cal true-time-delay line. shown in Fig. I , 
consists of a 16 cm-long polymeri c channel waveguide fab­
ri cated on a 4 cm long si l icon substrate. The polymeric 
channel waveguide has a 6X 6 µ,m cross section and an 
effecti ve refracti ve index of 1.575. l t is sandw iched be­
tween top and bottom polymeri c cladding layers wi th a 
refracti ve index of 1.562. The polymeri c channel wave­
guide contains holographi ca lly defined Bragg grating struc­
tures w ith polymer-dispersed liquid crystal (LC) nanocom­
posites (HPDLC). T he fabrication of HPDLC has been 
presented elsewhere.7 The orientation of the LC molecules 
can be electrically aligned by an ex ternal electri c fie ld. The 
refracti ve indices of randomly ori ented LC and electrically 
aligned LC (for TM polarized l ight beam) are 11 0 = 1.56 1 
and nc= 1.777, respecti vely. T he top cladding is covered 
with patterned electrodes to apply an electric fi eld for 
electro-optical orientations. 

The mechani sm of the electri cally switchable Bragg 
grat ing (ESBG) is based on the index matching and mi s­
matching between the liquid crysta l region and the polymer 
region in the B ragg gratings formed by holography technol­
ogy. Since the refracti ve indices are di fferent for different 
LC orientations, an electric fie ld al igns the LC directors and 
thu changes the refracti ve indices in droplets but does not 
affect surrounding polymers, which results in switchable 
B ragg gratings controlled by an ex ternal electric fi eld .6 The 
electri ca lly switchable Bragg grating is a volume phase 
grating w ith we ll -pred icted di ffraction properties by the 
Kogelnik model.8 Since the diameters of the liquid crysta l 
droplets (- 100 nm) are considerably less than the operat­
ing wavelength of light (600 to 1600 nm). the c louds of 
droplets are "seen· · as a homogeneous region wi th an av­
erage index ( 11 LCM) different from that of the inte rspersed 
polymer reg ions ( 11 ,,). The di ffrac tion properties of an 
ESBG can be modeled by assuming an index modu lation 
given by: 

(1) 

where 11 0 is the average refracti ve index. K is the grat ing 
vector. and ,: is a position coordinate. In Eq. ( I ), 11 1 is the 
index modulation amplitude given by 

(2) 

where f c is the volume frac tion of the phase-~eparated l iq­
uid crystal in the ESBG, 11 11 is the polymer index. and a is 
the fraction of grating period A occupied by the liquid cry. -
ta ! droplets. By properl y contro lling f,. and a. a refractive 
index modu lation amplitude of - 0. 1 can be achieved . 

For an in-line refl ection hologram. the equations of dif­
fraction effic iency for T E and T M polarizations are identi­
cal to that predicted by K ogelnik as well. given as8 
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Fig. 1 Electrical block diagram of a photonic wideband phased ar­
ray using switched optical waveguide true-time-delay lines. 

(3) 

where R is the peak re fl ecti on, cl is the grating length , and A 
is the Bragg wave length . T he e lectri ca ll y switchab le Bragg 
gratings fabri cated have a grating length cl = 30 µm and 
11 1 = 0.02 at a low sw itching vo ltage of 20 Y. A re fl ecti on 
effi ciency > 99% was obtained . 

Since each grating can be e lectri call y switched on-and­
off to-all ow the signal to e ithe r refl ect or bypass the wa ve­
guide, an array of de lay times T can be generated at any 
va lue at a n increment of 2~ 7, up to the max imum va lue 
Tniax= N*(2~ 7) , where N is the number of indi vidual grat­
ings, ~ 7= n LI c, L is the spati a l separati on between every 
two gratings , 11 is the effecti ve index of waveguide, and c is 
the speed of li ght in a vacuum . A polyme ric waveguide 
delay line with 4-mm separati ons between the embedded 
switchable Bragg gratings was deve loped, which corre­
sponds to 40-ps optica l time-de lay increments. 

3 Device Characterization 

The performance of the TTD is characteri zed employ ing a 
mode- locke d fi ber (Calmar FPL-0 I) laser system, which 
generates naJTow optica l pulses (< IO ps) that were subse­
quentl y launched into the TTD line. The re fl ected output 
signa ls are routed th rough a fibe r-optic circul ator and se­
quenti a ll y sampled by a dig ita l sampling osc illoscope. The 
whole syste m was synchro ni zed by the tri gger system­
.Characteri zation of the setup can be fo und e lsewhere. 7 

When the e lectrica l sw itch control unit turns on the elec­
tricall y switc hable Bragg gratings in the delay-line wave­
guide, a refl ected optical signal is di splayed on the sam­
pling scope at "zero" position. If the electrical switch 
control unit turns on another e lectricall y switchable Bragg 
grating, the second refl ected pulse will show on the scope 
screen at a di fferent pos ition, corresponding to a true time 
de lay of - 40 ps, which is in line with the round trip di s­
tance between the two electricall y switchable Bragg grat­
ings (4 mm) on the waveguide delay- line module. By 
switching on different gratings , various true time de lays 
can be readil y obtai ned. Figure 2 illustra tes 40-ps time de­
lay inte rvals, corresponding to the 4-mm separations of the 
three g ratings in the polymeri c waveguide de lay line. In 
Fig . 2, the secondary peaks fo llowing the main re fl ected 
pul se are due to the narrow re fl ection bandwidth of the 
sw itchable Bragg grating. which. when transfe rred into 
time do main. present s a sine fun c ti on profil e. Deta iled 
ana lys is can be fo und in Re f. 9. 
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Fig. 2 Demonstration of 40-, 80-, and 120-ps optical true time de­
lays by switching on the first three gratings with separations of 4, 8, 
and 12 mm , respectively, in the polymeric waveguide delay line. The 
input pulse is located at 22 ps. 

The switching speed of the switchable Bragg gratings 
was characteri zed by sending a cw lase r into the waveguide 
and measuring the time de lay between the e lectri ca l 
switch-on s ignal and the returned opti ca l sig na ls. S ince the 
propagati on time of the optica l signal in the waveg uide is 
much shorte r (- 40 ps) than the grating response time (µ s) , 
the de lay is essenti a ll y the response time of the electrica ll y 
switc hable B ragg gratings, which was measured to be 50 
µ s. The inserti on losses were measured to be 0 .3, 0 .4, and 
0.5 dB for the first three Bragg gratings , respecti ve ly. when 
they were indi vidua lly switched o n. 

4 Conclusion 

We have successfull y demonstra ted an integrated optical 
true-time-delay line based on ultra-low-loss po ly meri c 
waveg uides and electri call y switchable Bragg gratings. A 
re fl ection e ffi c iency > 99% was obtained at a low dri ving 
vo ltage of 20 V with a very fas t switching _speed ( < 50 µs) 
that is at least ·J 00 times fas ter than any ex isting commer­
c ia l optical switch. Reprogrammable optica l true time de­
-lays of 40 ps were achieved. The linear phase-freque ncy 
re lati ons were verifi ed over a wideband frequency range. 

Acknowledgment 

Thi s research is supported by AFRL and NASA. 

References. 
I . N. A. Riza, Ed .. Selected Papers 011 Pho1011ic Control Systems f or 

Phased Array A11ren11as , SPI E Milestone Series, Vol. M S I 36, SPIE 
Press . Bellingham. WA (1997). 

2. S. Tang, R. T. C hen, and J. Foshee, " Po ly meric wavegu ide circuits for 
airborne photonic phased array ante nnas," IEEE Circuirs and De vices 
16( 1), 10- 16 (2000). 

3. H. Zmuda, R. A . Soref, P. Payson, S. Jo hns, and E. N. Toughli an, 
" Photo nic beamformer fo r phased array antennas using a fiber grating 
pri sm," IEEE Phoronics Technol. Leu. 9(2), 24 1- 243 ( I 997). 

4 . E. J. Murphy, T. F. Adda, W. J. Minfo rd. R. W. Lrin. E. I. Ackerma n, 
a nd S . B. Adam s, ·'Guided-wave optical time de lay network ," IEEE 
Phntonics Tec/1110 /. Leu . 8(4), 545- 547 ( 1996). 

5. A. P. Goutzouli s and R. P. Go use, "Comparison of convent ional a nd 
fibe r optic mani fo lds for a dua l band (UHF and S) phased -array a n­
te nna." IEEE Trans. Antennas Propag. 45(2). 246 - 253 ( 1997). 

6 . T. J . Bunning, L. V. Nataraj an, V. P. Tondig lia, and R. L. S utherl and , 
·' Switchab le ho lograph ic gratings fo rmed using po ly mer dispersed 
liquid crystals," Proc. IEEE Lasers and Electro-Oprics Sociery A1111 ual 
M eeting 1, 358- 359 ( I 996). 

7 . .I . Foshee , J. Co legrove . Y. Tang . Z. Shi , X. Zhang. and S. Tang, 
" Switched optica l po lymeri c wa veguide true- time-de lay lines fo r 
w ideband photonics phased array antennas ." Proc. SPIE 5356. 65 - 73 
(2004) 

8. H. Koge ln ik . ·'Coupled wa ve theory fo r thi ck ho log ra m g ratings .' ' 
Bell S rst. Tech. J. 48. 2909- 2947 ( I 969). 

9. L. Do.ng and S . Fo rti er. ··Formu lation of time-do ma in a lgo rithm fo r 
fibe r Bragg grat ing simulat ion a nd reco nstruc tion.·· IEEE .I. Q 11 a 11111 111 

Eleoron. 40. 1087- 1098 (2004). 

Optical Engineering 050505-2 May 2005/Vol. 44(5) 


