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Abstract. The optical true-time-delay line is a key building block for
modern broadband phased-array antennas, which have become one of
the most critical technologies for both military and civilian wireless com-
munications. We present our research results in developing an optical
polymer-based waveguide true-time-delay module for multilink phased-
array antennas by incorporating wavelength-division multiplexing (WDM)
technology. The demonstrated optical polymeric waveguide circuits can
provide a large number of optical true-time delays with a dynamic range
of 50 ns and a time resolution of 0.1 ps. Various fabrication techniques
are investigated for producing ultralong low-loss (0.02 dB/cm) polymeric
channel waveguides with tilted waveguide grating output couplers. Fast
photodiode arrays are fabricated and rf signals with frequencies of 10 to
50 GHz are generated through the optical heterodyne technique. A de-
tailed study of waveguide amplification to achieve loss-less polymeric
waveguide is conducted. The optical amplification of 3.8 dB/cm is
achieved at a wavelength of 1064 nm in a Nd31-doped polymeric wave-
guide. WDM techniques are also employed for potential multilink appli-
cations. The presented methodologies enable hybrid integration with a
reduced cost in optoelectronic packaging and an increased reliability and
decreased payload for the next generation of phased-array antennas.
© 2000 Society of Photo-Optical Instrumentation Engineers. [S0091-3286(00)00603-6]
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1 Introduction

The increasing demand on bandwidth and the reliability
airborne communications networks have stimulated the
placement of mechanically scanned antennas by pha
array antennas, which enable independent electronic
trol of each antenna element, thus increasing the flexib
and the speed of beam forming. In phased-array anten
the phase and amplitude of each radiating element are
ditionally controlled through switching the length of ele
trical delays feeding the antenna elements. However
provide broadband capability, future generations of phas
array antennas must be built by invoking the recently
veloped optical true-time-delay~TTD! technology. Optical
TTD lines provide phase shifts to each phased-array
tenna element through optical delays via the optical fibe
the waveguide that serves as a carrier for rf signals.

The mechanism of phased-array antennas emplo
electronically driven antenna elements with individua
controllable phase shifts can be described as follows.
wavefront direction of the total radiated carrier wave
controlled through a continuously and progressively var
phase shift at each radiating element, achieving a cont
ous steering of the antenna. For a linear array radia
elements with individual phase control, the far-field patte
along the direction ofF can be expressed as1
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E~F,t !5 (
n50

N

An exp~ ivmt ! exp@ i ~cn1nkmL sinF!#,

~1!

where An is pattern of the individual element,vm is the
microwave frequency,km5vm /c is the wave vector,cn is
the phase shift,L is the distance between radiating el
ments, andF is the direction angle of the array beam rel
tive to the array normal. The dependence of the array fa
on the relative phase shows that the orientation of the m
mum radiation can be controlled by the phase excitat
between the array elements. Therefore, by varying the p
gressive phase excitation, the beam can be oriented in
direction. For continuous scanning, phase shifters are u
to continuously vary the progressive phase. For example
point the beam at an angleF0 ,cn is set to the following
value:

cn52nkmL sinF0 . ~2!

Differentiating Eq.~2!, we have

DF52tanF0S Dvm

vm
D ~rad!. ~3!
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It is clear that for a fixed set ofcn’s, if the microwave
frequency is changed by an amountDvm , the radiated
beam will drift by an amountDF0 . This effect increases
dramatically asF0 increases. This phenomenon is the s
called ‘‘beam squint,’’ which leads to an undesirable dr
of the antenna gain in theF0 direction.

For wideband operation, it is necessary to implem
optical TTD steering technique such that the far-field p
tern is independent of the microwave frequency.2 In the
approach of optical TTD, the path difference between t
radiators is compensated by lengthening the microw
feed to the radiating element with a shorter path to
microwave phase front. Specifically, the microwave exc
ing the (n11)’th antenna element is made to propag
through an additional delay line of lengthDn5nL(F0).
The length of this delay line is designed to provide a tim
delay of

tn~F0!5~nL sinF0!/c ~4!

for the (n11)’th delay element. For all frequenciesvm ,cn
is given by

cn52vmtn~F0!. ~5!

With such a delay setup, when the phase termnkmL sinF
in Eq. ~1! is changed due to frequency ‘‘hopping,’’ th
phase termcn will change accordingly to compensate f
the change such that the sum of the two remains
changed. Thus, constructive interference can be obtaine
the directionF0 at all frequencies. In other words, the e
emental vector summation in the receiving mode or in
transmit mode is independent of frequency, which is cruc
for ultrawide and operation for future phased-array ant
nas~PAAs!.

The existing PAA technologies include microstrip r
flecting array antennas with mechanical phasing,3 fiber
grating prisms,4 and thermo-optically switched silica-base
waveguides circuits.5 These attempts have demonstrat
the low-weight potential and some good performance ch
acteristic. Mechanical phased microstrip antennas do
require expensive beam-forming transmission-line n
works and/or phase-shifting circuits. The beam steerin
provided by the mechanical rotation of each antenna
ments. In fiber Bragg grating prism technology, hig
performance reflection gratings can be easily fabricate
ultra-low-loss optical fibers, but they require very expe
sive fast wavelength tunable laser diodes. The therm
optically switched silica-based waveguide circuit offers e
cellent delay time control in a compact structure where
length of waveguide is defined by photolithography.

There are several severe problems of these existing
proaches. Existing approaches fail to provide high-sp
beam steering due to the speed limitation of mechan
driving motors, wavelength-tunable laser diodes, and/o
3 2 thermo-optic switches. The existing approaches a
require a large number of expensive components suc
miniaturized motors, wavelength-tunable laser diodes,
2 3 2 thermo-optic switches, which makes the system
practical for commercial applications. The techniques
improving these existing approaches demonstrated so
644 Optical Engineering, Vol. 39 No. 3, March 2000
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in general, add to system complexity, employ very exp
sive devices, and/or require extremely difficult fabricati
processes.

2 Polymeric Waveguide Circuits for Optical
True-Time Delay

Optical polymers have recently shown great potential
fabricating practical photonic waveguide devices. Beca
polymeric waveguide technology is conceptionally hybr
it opens up the possibility for a large-scale optoelectro
integration on any substrate in a cost-effective manner
this paper, we present a new approach for developing o
cal TTD lines for wideband PAAs using polymeric wav
guide technologies.6 In this approach, optical TTD lines ar
composed of photonic polymeric waveguide circuits a
electrically switched high-speed photodetectors, as sho
in Fig. 1. This PAA system uses an ultralong photon
polymeric channel waveguide circuit on a semiconduc
substrate, where a high-speed photodetector array is pre
ricated. The photonic polymeric waveguide circuits cons
of ~1! polymeric channel waveguides,~2! waveguide grat-
ing couplers, and~3! waveguide amplifiers. Such a poly
meric waveguide circuit is capable of providing optic
TTDs from 1 ps to 50 ns for wideband multiple commun
cation links in a compact miniaturized scheme. Note t
the bandwidth of this approach is currently limited by t
bandwidth of photodetectors at 60 GHz. The optical amp
fication along the waveguide is important to compens
the optical loss due to the waveguide propagation and g
ing fanout. The optical heterodyne technique is used
generating an optical rf carrier by employing two cohere
laser diodes with slightly different wavelength. A larg
number of TTD combinations can be provided for the PA
simultaneously by electronic switching the photodetec
array fabricated under the polymeric waveguide circu
This system eliminates the need for fast wavelength tuna
laser diodes, long bulky bundles of fibers, and/or expens
optical 23 2 waveguide switches. Unlike any conve
tional approach where one TTD line can provide only o
delay signal at a time, this TTD module is capable of ge
erating all required optical TTD signals simultaneously
all antenna elements.

Compared to expensive electro-optic switches a
wavelength-tunable laser diodes, high-performance ph
detectors are inexpensive and can be cost-effectively fa

Fig. 1 Schematic diagram of the compact multilink optical TTD line
based on a polymer-based photonic waveguide circuit.
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Fig. 2 Electrical diagram of a detector-switched optical waveguide TD line for photonic phased-array
antennas.
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cated into a large array based on the technologies origin
developed for optical imaging and fiber-optic communic
tions. High-speed Newport MSM photodetectors have
bandwidth up to 60 GHz or a rise time of 7 ps. The ele
trical diagram of the detector-switched optical TTD modu
is shown in Fig. 2. Such a hybrid integration of detectors
the optical waveguides eliminates the most diffic
optoelectronic-packaging problem associated with the d
cate fiber-detector interface and/or fiber-switch interface
not only reduces the cost associated with optoelectro
packaging, but also reduces the system payload with
improved reliability for airborne applications. The TTD
for multiple communication links can be simply provide
by employing multiple optical rf modulated beams at d
ferent wavelengths over the same delay line based
wavelength-division multiplexing technique.

The unique optical amplification feature of photon
polymers enables us to fabricate an ultralong optical ch
nel waveguide with a large number of fanout gratings.7 The
optical propagation loss and fanout loss are compens
by the optical gain throughout the waveguide delay line.
a result, a large number of time delays can be obtained
using a single laser diode for advanced photonic radar
tems that often have 103 to 105 antenna elements. The op
tical gain is provided within the photonic polymeric wav
guide doped with rare-earth ions such as Nd31 and pumped
by a third laser (l3) from another end of the waveguid
circuit. To obtain uniform fanout, the optical gain in th
waveguide section between two fanout gratings can be
gineered to exactly compensate the sum of the waveg
propagation loss and optical fanout loss. The delay at e
detector is equal to the time of flight along the wavegu
circuit to the selected waveguide grating coupler. Beca
the length of waveguides is defined by photolithograp
the optical polymeric waveguide delay lines can provid
0.1-ps TTD resolution over a 50-ns dynamic range. T
thin-film nature of polymers enables us to fabricate
TTD module ~made of waveguide circuits and wavegui
gratings! on any substrate of interest, using standard v
large scale integration~VLSI! technologies originally de-
veloped for microelectronics industries.
-

d

-

-
e

3 Ultralong Polymeric Channel Waveguide

A high-performance PAA with dynamic range of 50 n
requires the optical polymeric waveguide to be over 10
to provide sufficient optical TTD. To fabricate such ultr
long polymeric waveguide circuits, we have develop
three waveguide fabrication technologies:8–10 ~1! the
compression-molding technique,~2! the VLSI lithography
technique, and the~3! laser-writing technique. Our experi
mental results indicate that high-performance polyme
waveguide circuits with a waveguide propagation loss l
than 0.02 dB/cm can be produced by using these th
polymeric waveguide technologies. The compressi
molding technique has demonstrated its uniqueness in
ducing three-dimensional~3-D! tapered waveguide circuits
which are crucial for obtaining efficient optical couplin
between the input laser diode and the waveguide circ
Mass-producible waveguides with excellent repeatabi
have been obtained by using the VLSI lithography tec
nique, originally developed for fabricating very large sca
integrated circuits on silicon wafer. The laser writing wav
guide technology has shown its flexibility in fabricatin
high-performance large-scale polymeric waveguide c
cuits.

Due to the excellent repeatable results, standard V
lithography techniques was selected for fabrication of
10-m-long polymeric waveguide circuits. Since the leng
of waveguides is defined by photolithography, the wav
guide length can be precisely controlled and circled
more than 10 m with accuracy in the submicrometer ran
As a result, the polymeric waveguide delay circuits can
fabricated with a 0.1-ps TTD resolution over a 50-ns d
namic range. We successfully fabricated a 10-m-long po
meric waveguide circuit using the VLSI lithography tec
niques. Figure 3 shows the 10-m-long polymeric chan
waveguide circuit with a waveguide dimension of
35 mm. The waveguide propagation loss is about 0
dB/cm measured atl51064 nm. Ultra-low-loss optica
polyimides were employed for the waveguide fabricatio
These polyimides have shown excellent optical transm
sion characteristics with good thermal and chemical sta
645Optical Engineering, Vol. 39 No. 3, March 2000
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ity over time and temperature. They have been proven to
silicon complementary metal-oxide semiconduc
~CMOS! process compatible.

For a PAA with element-to-element spacing ofd5l/2,
wherel is the wavelength of the rf radiation, the maximu
possible delay time is11

Ti max5 il sinfm/2c i51,2,3,. . . ,K, ~6!

where um is the maximum scan angle,c is the speed of
light, and K is the number of elements of a PAA. Th
minimum delay corresponding to the antenna angular re
lution uR is

Ti min5 il sinuR/2c. ~7!

Equations~6! and ~7! determine theTi max and Ti min and
the total numberR of different delays required for steerin
the antenna overum with resolutionuR .

For example, for the designed antenna operating af
511 GHz ~or l527.3 mm!, with um545 deg, uR

50.7 deg, a 6-bit delay line (R526564) is required with
Tmax52.06 ns andTmin535.6 ps. These correspond to
maximum delay line ofLmax5Ti maxc/n542 cm, and a mini-
mum delay step ofLmin5Ti minc/n57.1 mm, respectively.
Here n51.5 is the optical refractive index of polymeri
waveguide. The antenna element separation isd5l/2
513.65 mm. The required dimension of the 2-D PAA
S5(dR)25(13.653 64)25873.63 873.6 mm2. As many
as 643 6454096 antenna elements may be required. S
a 2-D PAA can electronically scan in two dimensions a
can cover at least nine satellites at all times in all locatio

4 Tilted Waveguide Grating Couplers for Optical
Fanout

To obtain optical TTD, output couplers must be fabricat
along the polymeric waveguide at an interval determin
by the minimum delay step sized as already described.
optical waveguide grating coupler is an ideal candidate
coupling out the rf modulated optical waves into photod
tectors, which propagate through the polymeric wavegu
circuit. The unique nonblocking feature of gratings enab
us to have a large number of optical fanouts along
waveguide propagation, where each fanout corresponds
TTD. Since the proposed photonic polymer-based wa
guide delay lines are fabricated in a planarized geome
while the photodetector array employed receives opt
signal perpendicular to the substrate surface, surfa

Fig. 3 Photographs of (a) the 10-m-long polymeric waveguide cir-
cuit and (b) the waveguide cross section.
646 Optical Engineering, Vol. 39 No. 3, March 2000
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normal optical grating couplers are required. To provi
effective surface-normal coupling, the microstructure
grating coupler should be tilted for creating the requir
Bragg phase-matching condition just for one output dir
tion. Such surface-normal waveguide grating couplers
achieved by using tilted-surface relief microstructure.9,10

The tilted waveguide grating coupler is fabricated
using the reactive-ion etching~RIE! technique. In this pro-
cess, the optical channel waveguide is first fabricated us
photolithography. The fabricated channel waveguide ha
thickness of 10mm and a width of 50mm. For simplicity, a
glass substrate is selected where waveguide cladding is
required due to the low refractive index of glass. A th
aluminum metal mask is further required on top of t
channel waveguide. Then a 500-Å aluminum layer
coated on top of the waveguide using electron-beam eva
ration, followed by a layer of 5206E photoresist with sp
speed of 3000 rpm. The grating pattern on photoresist
patterned by a photomask, which was then transferred
the aluminum layer by wet etching, to open a grating-li
windows on top of the waveguide. We used an RIE proc
with a low oxygen pressure of 10 mtorr to transfer t
grating pattern on the aluminum layer to the polyimi
layer. A Faraday cage12 was used in the RIE process. T
form the tilted grating pattern on the polyimide waveguid
the sample is placed at a tilted angle of 40 deg with resp
to the incoming oxygen ions inside the cage. The final s
was to remove the aluminum mask by another RIE proce
The waveguide tilted grating couplers were successfu
fabricated. Figure 4 shows the scanning electron mic
scope picture of the tilted waveguide grating fabricated

The gratings are designed to surface-normally couple
laser beam out of the waveguide at an operating wa
length of 1060 nm. A large number of gratings can
fabricated on top of the waveguide simultaneously. T
output coupling efficiency is measured at 5% when a YA
laser with output wavelength of 1060 nm is employe
Coupling efficiency can be well controlled by adjusting t
grating depth from 1 to 8%. The nonblocking nature of t
waveguide grating enables a large number of fanouts al
the waveguide propagation. In other words, a large num
of optical TTDs can be generated along the wavegu
propagation with the delay time equal to the time of flig
along the waveguide circuit.

5 Polymeric Waveguide Amplification for
Lossless Operation

Optical waveguide amplification provides a convenient w
to amplify optical signals without the need for optoele
tronic conversion. Due to the large number of optic
fanouts in a very long waveguide delay line, an optic

Fig. 4 Scanning electron microscope picture of tilted waveguide
gratings.
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waveguide amplifier is highly desired for fabricating
detector-switched optical waveguide TTD module. The
sulting signal amplification is crucial to compensate the
tical fanout loss and propagation loss for creating a ‘‘lo
less’’ optical waveguide delay line.8,13–18 Realization of
lossless optical waveguides based on photonic polym
represents a new technology that may create a new cla
photonic devices with superior performance at a redu
cost. The application of the lossless photonic polymer
the optical TTD module would eliminate the necessity u
ing multiple input laser diodes that must be operated coh
ently not only in frequency but also in phase. It also enab
uniform optical outputs to each photodetector by adjust
the optical gain of the waveguide equal to the sum of
tical propagation loss and fanout loss. Such a lossless
tonic polymer is obtained by doping rare-earth ions such
Nd31 in a host polyimide.

To develop a photonic polymeric amplifier, the rar
earth ions must be doped uniformly in the host polym
Since organic solvents are often used to prepare the p
imide solution, while rare-earth ions such as NdCl3 are
highly soluble in water, it is reasonable to use a mixture
water and an organic material as the solvent. Figur
shows the developed preparation procedure for photo
polymers. The host polyimide is first dissolved in an o
ganic solvent and kept in hot bath for 4 h at 40°C. The
NdCl3•6H2O is dissolved in pure water solvent, and kept
hot bath for 4 h at 40°C. Then, the two solutions wer
mixed together and put in hot water bath at 40°C for a
other 4 h. A uniform solution containing Nd31 ions is thus
formed. The quality of the solution is pivotal to make hig
performance optical waveguide amplifiers. Polymeric th
films are obtained by spin-coating the polymer on silic
substrate, and dried in vacuum at 80°C. The thicknes
the film can be well controlled within 1 to 10mm by ad-
justing the spin speed and/or polymer concentration.

To optimize the optical amplification efficiency, th
fluorescence lifetime of the metastable states of do
Nd31 ions must be kept long. It is well known that the mo
serious quenchers are the admixed O–H groups from w
molecules for glass waveguides.19,20 The underlying
mechanism is due to the vibronic coupling between
effective phonons and the metastable electronic state
Nd31 though overtone vibration. If the energy gap betwe

Fig. 5 Fabrication procedures for preparing a lossless photonic
polymeric waveguide film.
s
f

-

-

-

f

r

f

the excited state and the ground state of Nd31 is less than
four times of the phonon frequency, the fluorescence of
metastable state will be fully quenched.20,21 Therefore we
developed an effective dehydration process to eliminate
water molecules within the polymer.8,13,14The transmission
spectra of two samples, a pure polyimide film and
Nd31-doped polyimide film, are shown in Fig. 6, measur
by a Lambda spectrometer. Within the range of 500 to 12
nm, three main absorption bands of Nd31 were observed,
centered at 578, 745, and 796 nm. The absorption spec
due to Nd31 is very similar to that of Nd31-doped silica
fibers.21

We experimentally demonstrated the optical amplific
tion in the photonic polymeric waveguides fabricated. F
ure 7 shows the setup for optical gain measurement.
waveguide under test was mounted on a prism coup
stage. The pumping beam at wavelength of 796 nm, fro
tunable Ti:sapphire laser, was coupled into the wavegu
using prismP1 . The 1064-nm signal beam was provide
by a Nd:YAG laser and coupled into the waveguide us
prism P2 . Note thatP1 also functions as the output prism
for the signal beam. The pumping beam and the sig
beam were carefully aligned to ensure the overlap w
each other to achieve the optimum amplification. A las
beam analyzer and an IR CCD camera were employed
the alignment. The 1064-nm amplified signal was detec
after passing through a wavelength-filtering system c
taining rejection filterF1 and a laser bandpass filterF2 ,
both working at 1064 nm.

The relationship among the optical gain, pumpi
power, Nd31 doping concentration, and the interactio
length of the signal and pump beams was experiment
investigated. Figure 8 shows the variation of optical ga
versus the pumping power with a Nd31 doping concentra-
tion of 6.731019/cm3. The interaction length of the signa
and pumping beams in the waveguide was fixed to 1.8
A saturated gain of 3.8 dB was observed, correspondin
a pump power of 4.9 mW. The relationship between
gain and the concentration of Nd31 is further illustrated in
Fig. 9. The optimized concentration of Nd31 for amplifica-
tion was;6.73 1019/cm3. Gain quenching occurred ser
ously when the Nd31 doping concentration was determine
at ;7.83 1019/cm3.

Nd31 has two broad absorption bands centered at
and 796 nm, as indicated in Fig. 6. These absorption ba

Fig. 6 Transmission spectra of polymeric waveguide films for pure
polyimide film and polyimide film doped with 2.1% (by weight)
NdCl3.
647Optical Engineering, Vol. 39 No. 3, March 2000
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Fig. 7 (a) Schematic of the test setup for demonstrating optical amplification in polymeric waveguides
and (b) photograph of the experiment setup and test parameters.
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were further confirmed by the measuring the gain ver
pumping wavelength, as shown in Fig. 10. The pump
efficiency reached maximum around 745 and 796 nm
decreased slowly when the pump wavelength was detu
away from the peaks. This result confirms that the ene
levels of Nd31 in amorphous polymer are similar to these
amorphous glasses. In short, the rare-earth ions of N31

were successfully doped into the host polymer. Optical a
plification of a photonic polymeric waveguide were dem
onstrated with 3.8 dB net gain atl51064 nm in a 1.8-cm-
long planar waveguide.

6 Generation of Wideband rf Signals Using the
Optical Heterodyne Technique

To provide the ultrawideband operation from 11 to 40 GH
several rf techniques can be employed with differe
bandwidth-tunable capabilities. These include harmo
generation in a Mach-Zehnder modulator,22 heterodyne
mixing of two lasers,23 resonance enhanced modulation o
laser diode24 ~LD!, and a dual-mode distributed feedba
~DFB! laser in mode-locked operation.25 Direct modulation
of the LD seems straightforward to generate a millime
wave. However, the high insertion loss, high drive volta
nonlinear response, and small modulation depth limit
usefulness of this technique.26

Compared with direct modulation of an LD or usin
external modulators, the optical heterodyne technique is

Fig. 8 Measured optical gain in Nd31-doped polymeric film at l
51064 nm as a function of optical pumping power at l5796 nm.
neering, Vol. 39 No. 3, March 2000
d

-

pable of providing hundreds of gigahertz base bandwid
while maintaining a high modulation depth. We have su
cessfully generated up to 50-GHz rf signals using two tu
able LDs oscillating at single longitudinal mode based
optical heterodyne technique. Figure 11 shows the sc
matic diagram of the experimental setup. The outputs fr
these two lasers with slightly different wavelengths a
combined by a two-to-one polarization maintaining fib
beam combiner and then sent to wideband photodetect

Suppose that the outputs of these two lasers are give

E1~ t !5A1 exp~ j v1t !, ~8!

E2~ t !5A2 exp~ j v2t !5A2 exp@ j ~v11Dv!t#, ~9!

whereDv is the beat frequency. The output of the phot
detector is given by23

i d~ t !5
eh

hn
@A1

21A2
212F~Dv!A1A2 cos~Dv!t#, ~10!

wheree is the electron charge,h is the quantum efficiency
of the detector,hn is the photon energy, andF(Dv) is the
frequency response function of photodetector.

Due to the limitation of the bandwidths of microwav
amplifier and the spectrum analyzer, this 50-GHz sig
cannot be detected directly. To solve this problem, a th

Fig. 9 Measured optical gain at l51064 nm as a function of Nd31

concentration in an optical polyimide waveguide.



ing
l to
ent
ri-
is

ent
m-
he

D
ve-

a
ti-

ide
o-
de
e-
he

de-
m-
sur
for
In
e-

ire

am-
e

es
ith
ous
but
all
kes
until
to
are
lay
the
is

un-
for

by
ias
se
c-
lse
ed
out-
f 1
the
D

Tang et al.: Ultra-low-loss polymeric waveguide circuits for optical . . .
tunable diode laser with wavelength between the preced
two lasers is used to down-convert this 50-GHz signa
two signals at about 25 GHz. This 50-GHz signal was s
directly through the optical waveguide delay line fab
cated. The optical fanout from the waveguide TTD line
combined with the output of the third laser and is then s
to an ultrafast photodetector with a 25-GHz microwave a
plifier, which is connected to an rf spectrum analyzer. T
measured signals ofDv5v12v25(v12v3)1(v32v2)
524.85125.90550.75 GHz is shown in Fig. 12.

7 Detector-Switched Optical True-Time-Delay
Lines

Figure 13 shows a photo of a polymeric waveguide TT
line fabricated on an 8-cm-long glass substrate with wa
guide thickness of 10mm and width of 50mm. Surface-
normal waveguide grating couplers are fabricated with
50-mm coupling length and a 10-mm separation. The op
cal rf signals, propagating through the channel wavegu
are coupled surface-normally into a high-speed tw
photodetector array, placed right under the waveguide
lay line. The electrical output of two high-speed photod
tectors are electrically combined with a single output. T
bandwidth of these detectors is;60 GHz with a 5-V bias
voltage. The output of the electrical response from the
tectors is first amplified through a 20-GHz microwave a
plifier and then connected to a sampling scope for mea
ing the optical true delay times. The schematic diagram
measuring the optical TTDs is also illustrated in Fig. 13.
the experiment, the delay time interval of the optical wav
guide TTD line is measured by employing a Ti:sapph

Fig. 10 Variation of optical gain at 1064 nm versus pumping wave-
length. The optical pumping power is fixed at 5 mW in the measure-
ment.

Fig. 11 Generation of rf signals using the optical heterodyne tech-
nique.
,

-

-

femtosecond laser system. Sequential equivalent time s
pling technique is employed for measuring the small tim
delay~;50 ps!. Since the delay signal is repetitive, sampl
can be acquired over many repetitions of the signal, w
one sample taken on each repetition. When a synchron
trigger is detected, a sample is taken after a very short,
well-defined delay. When the next trigger occurs, a sm
time increment is added to this delay and the scope ta
another sample. This process is repeated many times
the time window is filled. This enables the oscilloscope
accurately capture signals whose frequency components
much higher than the scope’s sample rate. A 50-ps de
interval, corresponding to a 10-mm fanout separation of
polymeric waveguide delay line, is obtained using th
setup and the result is also illustrated in Fig. 13. The
certainty due to jittering is estimated to be less than 5 ps
this experiment.

The detector bias switching is successfully obtained
lunching a short electrical pulse into the photodetector b
circuit while monitoring the photodetector output respon
under cw optical rf illumination. Figure 14 shows the ele
trical diagram of the experiment. A 500-ps electrical pu
is coupled into the detector bias circuit. A high-spe
electro-optic response is obtained at the photodetector
put end. The output pulse is measured with a linewidth o
ns, which implies a nanosecond switching speed for
photodetector-switched optical polymeric waveguide TT
line.

Fig. 12 Indication of a 50.75-GHz optical rf signal generated by
optical heterodyne technique.

Fig. 13 Schematic diagram for measuring the optical TTDs using a
femtosecond Ti:sapphire laser system.
649Optical Engineering, Vol. 39 No. 3, March 2000



ng
uc-
to
for
re

rom
Be
at-
d t
ng
th-
its
ni-

p-
lers

eri-

,
de
al
ers

re-

al o
ach
eve
s

ber
or
ned

a-

nal-

to
in-
ion
m

sed
fi-
nc-
e-

ic
th-
ed
liz-
es.
tes
e-
p-
lec-
ith

y,
of
tri-
er-

se

g,’’

lian,

Tang et al.: Ultra-low-loss polymeric waveguide circuits for optical . . .
8 Wavelength-Division Multiplexing in Polymeric
Channel Waveguides

To provide the multilink optical TTD functionality, the
wavelength-division multiplexing~WDM! technique can be
employed in conjunction with polymeric waveguide grati
couplers. Waveguide grating couplers are ideal for prod
ing a large number of optical rf modulated TTD signals
photodetectors when the WDM technique is employed
multilink communications. The unique nonblocking featu
enables us to have a large number of optical fanouts f
multiple laser beams along the waveguide propagation.
cause of the strong wavelength selectivity of optical gr
ings, waveguide gratings can be designed and fabricate
diffract light at a desired wavelength by adjusting grati
period. In other words, it can function as a waveleng
division demultiplexer in the waveguide delay line circu
when multiple laser beams are used for multiple commu
cation links.

To demonstrate the concept of a simple multilink a
proach, a set of waveguide surface-normal grating coup
with operating wavelengths ofl351550 nm were fabri-
cated over a polymeric waveguide delay line. In the exp
ment, three laser beams with output wavelength atl1

5950 nm, l251300 nm, andl351550 nm, respectively
were employed and coupled into the testing waveguide
lay line, as shown in Fig. 15. To determine the optic
crosstalk among the multiple channels, three input las
were further amplitude modulated at three different f
quencies~0.9, 0.7, and 1.1 MHz!, respectively. This en-
abled us to separate the measured crosstalk and sign
the display screen simultaneously. The input power of e
modulated laser beam was adjusted at the same l
~;500mW!. The optical output from a grating coupler wa
detected by a fiber pig-tailed photodetector through a fi
graded-index~GRIN! lens. In the experiment, the detect
was positioned at the waveguide grating coupler desig
for surface-normal coupling atl51550 nm. The fabricated
waveguide grating has a 30-mm interaction length with a
coupling efficiency of 5%. The optical crosstalk was me

Fig. 14 Electric diagram for measuring the switching speed of bi-
ased photodetectors.

Fig. 15 Schematic of a multilink waveguide delay line using the
WDM technique.
650 Optical Engineering, Vol. 39 No. 3, March 2000
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sured by an rf spectrum analyzer~Model hp 8566B!. The
channel crosstalk was successfully determined at a sig
to-noise ratio~SNR! of 32 dB, as shown in Fig. 16. A
tunable laser with a wavelength tuning range from 1470
1650 nm was further used to determine the coupling w
dow of waveguide gratings. The measured transmiss
spectrum had a 40-nm, 3-dB linewidth with a 100-n
wavelength separation between the first two minima.

9 Conclusions

We successfully demonstrated a photonic waveguide-ba
TTD line using polymeric waveguides, waveguide ampli
ers, and wavelength-selective grating couplers in conju
tion with bias-switched photodetectors. Polymeric wav
guide technology, including ultra-low-loss polymer
waveguides, optical waveguide amplifiers, and waveleng
selective grating couplers in conjunction with bias-switch
photodetectors, offers a unique hybrid integration in rea
ing advanced photonic PAAs based on optical TTD lin
Such a hybrid integration of photonic devices elimina
the most difficult optoelectronic packaging problem in d
veloping advanced photonic PAAs. This integrated a
proach not only reduces the cost associated with optoe
tronic packaging, but also reduces the system payload w
an improved reliability for airborne applications. Currentl
all of the building blocks essential for the fabrication
wideband PAAs are becoming available, while the elec
cally switched optical polymeric waveguide delay lines c
tainly present a very promising technology in this field.
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