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All-fiber connectorized compact fiber optic
delay-line modules using three-dimensional
polarization optics

Nicholas Madamopoulos Abstract. Compact and all-fiber connectorized photonic delay-line mod-
Nabeel A. Riza, FELLOW SPIE ules based on three-dimensional bulk polarization optics are proposed
Photonic Information Processing Systems and experimentally demonstrated. The modules are built on a single

(PIPS) Laboratory optical microbench and demonstrate optical leakage noise performance
School of Optics/Center for Research and of —40 dB at switching speeds of 10 us. Insertion loss analysis is also

Education in Optics and Lasers performed. A special gradient-index lens fiber optic collimator design is
University of Central Florida proposed to further reduce the optical insertion loss of the delay-line
P.O. Box 162700 module. A wavelength-dependent design is also proposed for expanding
Orlando, Florida 32816-2700 the applicability of the PDL module to multichannel operation. © 2000
E-mail: riza@creol.ucf.edu Society of Photo-Optical Instrumentation Engineers. [S0091-3286(00)00809-6]

Subject terms: photonic time delay; ferroelectric; phased array antenna; fiber op-
tic applications; polarization.
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2000; accepted for publication Mar. 8, 2000.

1 Introduction lens FO collimators and standard FC/P@ FC/APC for

Reversible rapidly variable photonic delay lin@DLs are ~ reduced backreflectionconnectorized fiber optics. Two

a powerful and important tool for many photonic different FO-collimator technologies are tested. The first

information-processing applications. One key application is 2250:15 d %"’:]See?s %gss’e%hiﬂcalr;g'igﬂ?:j@gﬁ) ?:r:tss’c(‘;"lﬂfj the
true-time-delay steering for phased array anteriridsre mators. A compact sin Iegmicro—o tical-bench PDL is ex-

recently, PDL applications have spread to other fields such ' P 9 P

as laser radars, ultrasound® optical memorieé, and per! enta]ly 1,12de onstrated for ~each of these
technologies:
astronomy’

During the past few years we have concentrated our 5 ajternative Compact PDL Module Designs
work in the implementation dfl-bit multichannel PDL sys-

tems using electrically controllable polarization switching
devices, such as millisecond-response-time nematic liquid
crystal (NLC) device§ and microsecond-response-time
ferroelectric liquid crystalFLC) devices'® Nevertheless,
these early bulk-optic and free-space—solid-optic systems
were rather large in size and required careful alignment and
fabrication of high-quality large-area multichannel NLC

. 10 .
and FLC deviceS:® Hence, these systems are appropriate be implemented via a 1:2 FO switch that routes the signal

for gpplications where overall system size and weight are to either the delay or the nondelay path, and a FO combiner
not important. , (or 2:1 FO switch that combines the two independent
Compact PDL modules are necessary for fielded systems;annels into one before the signal propagates to the next
where space and volume on the application platféen., bit. Possible approaches to a compact PDL module include
satellity are limited. Thus, an important issue for the glectromechanical FO switches and integrated electro-optic
implementation of PDLs that use two-dimensioriaiD) switches. Two possible PDL configurations based on the
polarization switches is packaging. So far, no ultracompact ghove switching technologies are shown in Fig. 2. The first
PDL design based on polarization bulk optics has been Pro-technology can provide very good optical isolatieng., 60
posed. In addition, no polarization-based fiber PDL has ¢B) and low insertion los¢~0.5 dB per switch, or 1.5 dB
been proposed that is easily adaptable to generate any useffor the PDL), but rather slow switching speeds 57 ms!3
desired optical delay. Current fiber opiEQ) cable and  On the other hand, the integrated electro-optic switches of-
connector technology is an excellent candidate for intercon- fer faster switching speed®.g., 100 ps but they have
necting environmentally robust and well-engineered delay poor optical isolation of~22 dB, and inherently high in-
control modules. In this paper, a PDL module that meets sertion loss(~4 dB).}* This high loss, in conjunction with
the above-mentioned requirements, i.e., compactness andhe ~3.5-dB loss of a 2:1 FO combiner, leads to a PDL
time-delay adaptability, is proposed and demonstrated. Ourmodule with insertion loss of~7.5 dB for both PDL set-
approach for achieving this PDL involves the use of micro- tings. Our compact PDL module using bulk polarization

A fiber connectorizedN-bit PDL approach offers ease in
assembly ofN bits, ease in maintenance and repair, and
compact size via fiber delay paths. A typical fiber-optically
interconnected PDL system can be formed by a cascade of
single-bit compact PDL$Fig. 1). This modular approach
gives the flexibility to the system designer to choose from a
wide range of available time delays and their combinations.
A typical fiber-optically connectorized PDL module can
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Connector Bit 1 Connectors Bit 2 Connectors BitN

Fig. 1 A fiber-optically interconnected PDL system using a cascade of single-bit compact PDL
modules.

optics and FLC polarization switches provides a system different time delays by simply changing the SMF lengths.
trade-off with 10us switching speeds>42-dB optical The PDL module using fiber optic microlenses is expected

isolation!® and an expected loss ef5.4 dB. to have optical losses of 3.2 dB for the nondelay path, and

5.4 dB for the delay path. The higher insertion loss for the

3 The Bulk-Optics Ferroelectric Liquid Crystal delay path is due to the insertion loss of the FRM and the
Based Compact PDL Module additional FC/PC connectors. These estimates are based on

optical-component loss numbers given by the manufactur-
ers and expected FLC device losses of 0.45(diB10%.

The following sections describe two experimental dem-
onstrations of the switched PDL. The first one uses spheri-
cal microlenses, and the second one uses GRIN-lens FO
collimators.

Figure 3 shows the proposed bulk-optics FLC-based PDL
module. Polarization-maintaining fibe(® MF9 must be
used at the input and output ports, since the module is
based on polarization switching. On the other hand, a non-
PMF is used at the delay path. The PDL is based on a
reflective design that allows the use of Faraday rotator-
mirror (FRM) connectorized single-mode fibéEMF) in

the delay path with no signal degradati§rThus, shorter
fiber lengths are required. Note that using FC/PC connec-
tors for ease indis)connection allows the user to achieve

4 Switched Compact PDL Based on Spherical-
Microlens Fiber-Optic Collimators:
Experimental Demonstration

The experimental setup of the bulk-optics FLC-based

switching fabric is shown in Fig. 4. An externally modu-
Electronic Contol Ports FCIPC lated FO link with a diode-pumped Nd:YAG laser at 1319
comneetors nm and a Mach-Zehnder electro-optic modulator is used.

ST ozsap 4 The modulated light is coupled into the PDL via a Fujikura
— wou FO Switch PANDA-type PMF that can be used at 1319-nm wave-
0.5dB €5 mm length. This light is collimated using a microlens positioned
Reversible Design in an OFR fiber porfPAF-X), which has three translation
Electiomechanical (x, y, 2 and two tilt microcontrols! A linear polarizer is
¥ ol o sz; . SMEAME attached at the input port and is set to let only horizontally
. S § polarized(p-polarized light into the system. FLC devices
oo are used as polarization switchéBSs. PS1 acts as a
(@)
come Electronic
Electronic Contol Ports connectors Contol Ports FC/PC

connectors ?

Integrated Electro- 0.25 dB

Optic Switch

—> In In/Out

3.5dB 50 mm —

Bulk Optics

Non-Reversible

FLC based

Desi: ') .
e Optical Combiner Reversible Switching | 85 mm
+— Om 3.5dB Design Fabric
= =1 0.3dB v
100 mm Out/In
—
(®) v
Fig. 2 (a) Electromechanical PDL, and (b) integrated electro-optic- 85 mm
switch PDL. (SMF: single-mode fiber; MMF: multimode fiber; PMF:
polarization-maintaining fiber.) Fig. 3 The reversible bulk-optics FLC-based compact PDL module.
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Table 1 Expected and measured optical insertion loss.

. PS1
Input/Output Microlens
In Mot T PMF Micro-optic-based PDL GRIN-lens-based PDL
Light * - <=
Out FC/PC Expected Measured Expected Measured
optical loss optical loss optical loss optical loss
PDL setting (dB) (dB) (dB) (dB)
Fiber-port——
T Delay 4.9 6.2 5.6 6.9
Output/Input FOPC S Nondelay 31 46 46 57
In PMF Jumper
Light out <—|
FC/PC
FR-M Table 1 shows the measured optical losses for the two
settings as well as the optimum projected loss. The ex-
Fig. 4 The experimental setup of the compact PDL module based pected losses fOI’_ our experimental PDL _have been calcu-
on spherical-microlens fiber ports. lated from the optical-component losses given by the manu-

facturer and FLC insertion losses of 0.45 @ 10%. The

difference between the optimum loss and the experimen-
switch to change the polarization to verti¢apolarization ta_IIy measured data is due to the h|gher mse_rtlon loss of the
when it is set in its on state, or leave the input polarization Dlsplaytech((!_ongmont,o CO FLC devices—viz., 0.96 and
unchanged if it is set in the off state. When the light is 0-75 dB (20% and 16%—used in our experiment. This
p-polarized, it passes through the polarization beamsplitter igher FLC-device loss leads to a 0.7-dB-higher insertion
cube(PBS and follows the fiber delay path. On the other 0SS for our prototype. Additional losses0.7 dB) are due
hand, when PS1 is set in its off state, thpolarized lightis [0 our imperfect alignment. In our experiments a 1319-nm
deflected from the PBS and travels through the nonde|ayd|rect—modulated semiconductor laser was used as the
path. The polarization of the light rotates by 90 deg after SOurce. .
propagation through either of the two paths, and is directed SO far, researchers have used costly and sensitive
through the PBS towards the output port. For example, this mlcrowave—band test instrumentation to characterize the
happens when vertically polarized light is deflected by 90 time delays obtained from PDLs designed for radar and
deg from the PBS. PS2 and an additional polarizer form the @nténna control applications. As we show perhaps for the
active noise filter to suppress any leakage noise comingirst time, time-delay measurements on a PDL can also be
from PS1 or the PB® Output light is coupled via the PMF ob'ta|ned using a low-frequency .techmqge that does not re-
jumper to the photoreceiver. The delay path consists of a duire costly microwave test equipméfitTime-delay mea-
FC/PC-connectorized 10-cm-length SMF connected with a SUrements on our PDL were also obtained using this low-
FC/PC-connectorized 3-m-long SMF terminated with a fréquency technique. For the nanosecond time delays
FRM. The SMF is a Corning SMF-28 that can be used at required in fadar applications, high-frequency signal gen-
1319-nm wavelength. erators, oscilloscopes, and network analyzers are required

Figure 5 shows photographs of our compact PDL mod- for accurate measurement of the time delays. In our simpler
ule built in the laboratory. The compact PDL was built on a &PProach, a low-frequency square-wave generator can be
4x4-cm aluminum optical bench. The OFR fiber ports used to drive the laser source. In this case, the light is

were mounted at its sides. The overall size of the compact(rjnotdu,:aBEd with tlhe ?quare pulse, _I?nd the ge!{aysk_canthbe
PDL, including the FC/PC connectors attached on the fiber 9€1€CtEd USING & low-irequency 0SCIlloSCope by tracking the
ports, is 8x8 cm. onset or the offset of the square pulses instead of the very

high (gigahertz frequencies used in phased array radar ap-
plications. Figure 6 shows the low-frequency square-wave
signals that are used to drive the microwave analog inten-

1 OUT/IN sity modulator(top traces. Figure 6 also shows the photo-
detected signal at the output of the PDL module for both of

FL.C its settings(bottom tracgé We can conclude that the ob-

Switches tained time delay is 54.90 r23.90 ns=31 ns, which is in
3 / agreement with the expected time delay from our 3.1-m
Fiber Delay ] SMF delay.

Port The optical leakage noise was also measured for our
compact PDL module. The optical leakage noise is defined

as 10<log[(leakage-noise optical powéisignal optical
powen]. We define the signal power as the optical power in

TOP VIEW

pr/* the beam of the desired polarization that travels through the
desired delay or nondelay path of the module. All other
Mirror Port T optical power measured at the output is regarded as leakage

noise optical power. For the nondelay setting the optical
leakage noise was measured-aB9.7 dB, while for the
Fig. 5 Photograph of the compact photonic delay line based on delay setting it was-38.0 dB-_ The higher Ieakagg noise
spherical microlens fiber ports. observed for the delay path is due to the lower insertion
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Insertion Loss Band

Optical Insertion Loss (dB)

@ ®

o

_ _ , 0 5 10 15 20 25 30 35 40 45 50
Fig. 6 Oscilloscope traces showing (a) the nondelayed and (b) the

delayed signal. Top traces: signal driving the external modulator; GRIN-to-GRIN distance (cm)
bottom traces: photodetected signal at the output of the PDL mod- (a)

ule. The markers have been positioned at the onset of the pulse,

where the pulse attains 10% of its maximum value.

loss of the nondelay path, which allows higher leakage _ 104
noise to reach the output of the PDL than for the delay 2 ]
setting. However, the-38-dB leakage noise is highly de- Y 8
sirable for phased array antenna applications. ]
= 64
g
5 Switched Compact PDL Experimental Setup §
Based on GRIN-Lens Fiber Optic =4
Collimators 8
2 24
The design of a PDL module based on a GRIN-lens FO © J
collimator is similar to the one presented in the previous 0

section except that the spherical-microlens fiber ports are 0 5 10 15 20 25 30 35 40 45 50
replaced by the GRIN-lens FO collimators. Light from an GRIN-to-GRIN distance (cm)
externally modulated FO link is fed via a PMF into the
PDL. This light is collimated using a GRIN-lens FO colli- (b)
mator frpm QZ—OptiQS. The collimator i-S pO-Sitioned n an Fig. 7 Measured optical insertion losses for (a) pairs of <0.25-pitch
OZ-Optics fiber collimator f_Iange. for tllt. mlcrocontré?s GRIN-lens FO collimators as a function of their distance from each
and on a standarxty translation micropositioner from Op-  other (these collimators are designed to have the beam waist at the
toSigma CorporatioR’ A linear polarizer is attached at the exit surface of the GRIN lens); (b) optimized coupling efficiency for
input port and is st to et oniy horizontaly polarized light (0, SFIv0 CRIY S8 63, 25 o) fono speey oo
|nto.th¢ PDL. FLC de_v|ces are used as PSs that either rotat€, i .+ ihe exit surface of the GRIN lens.
the incident polarization by 90 deg when they are set on, or
leave the input polarization unchanged when they are set
off. Depending on the polarization, the light can follow
either the nondelay path or the deldiper) path. The out- tems, Inc., Lafayette, CO, and these devices have been used
put GRIN-lens FO collimator collects the optical signal and as PS devices in our 7-bit PDL systéfThus, using these
delivers it to the photoreceiver. lower insertion losses, the total module insertion loss for
The optical loss for the two settings of our PDL was the delay and nondelay settings can be reduced to 6.0 and
measured at 6.9 and 5.7 dB for the delay and nondelay4.8 dB, respectively.
paths, respectively. The expected optical loss for the delay The insertion loss can also be improved if the coupling
path is 5.6 dB, while that for the nondelay path is 4.6 dB. efficiency of the GRIN-lens FO-collimator assemblies can
This expected loss has been calculated from the optical-be improved. Although GRIN-lens collimator technology is
component losses given by the manufacturers, the FLC in-rather mature, there are tolerances related to the fabrication
sertion losses of 0.45 dBor 10%), and the expected FO  of the fiber and its alignment with the GRIN-lens intercon-
coupling efficiency using GRIN-to-GRIN distances com- nects that limit the coupling efficiency, especially at sepa-
patible with our PDL. Additional losses=0.5 dB) are due rations of>5 cm. We have experimentally found that these
to imperfect alignment. Again the insertion loss of our PDL loss numbers are highly dependent on the specific pair of
is mainly due to the triple-cell Displaytech, Inc., FLC de- fiber collimators used for the experiment. Experiments have
vices and the limited coupling efficiency of the GRIN-lens shown that maximum coupling efficiency varies with dif-
FO collimator. The optical insertion loss of these PDLs can ferent collimators and for each pair occurs at a different
be improved by~0.9 dB if single-cell FLC devices with ~ GRIN-to-GRIN separation. Figure(@ shows the experi-
higher-birefringence FLC materidé.g., >0.12 are used. mental data for the optical insertion loss versus the GRIN-
Single-cell, lower-insertion-los&.g., 0.3 dB FLC devices to-GRIN distance. This optical insertion loss can be found
have recently been fabricated by Boulder Nonlinear Sys- within a band~0.7 dB wide. Note that the beam propa-
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GRIN GRIN ' - M =
0.25 pitch 0.25 pitch . r‘_"j_“_ QWP
SMF SMF PMli\/hcrolens PMF Jumpe 1?
J’“—'lal__/_—D_T iy B = A e .
GRIN Beam waist GRIN i
@
GRIN GRIN Output/I t
<0.25 pitch Beam waist <0.25 pitch ! {iin e |
D — In i FCPC
1 e ‘
—— gk nght '
= a ] d \ out
Air-gap ) g Air'gap
® , , .
Fig. 9 Single-physical-channel, wavelength-dependent, compact
Fig. 8 (a) 0.25-pitch GRIN lens; (b) <0.25-pitch GRIN lens with an PDL for multichannel operation using FBGs. (P: polarizer; M: mirror;
air gap between the lens and the fiber. PMF: polarization-maintaining fiber; QWP: quarter-wave plate; FBG:

fiber Bragg grating; PS: polarization switch.)

gates as a Gaussian beam with a specific beam divergenc
thus expanding as it propagates in free space. A GRIN-len
FO collimator typically requires a 0.25-pitch GRIN lens.
Often a smaller-lengtke.g., 0.23-pitchGRIN lens is used,
leaving an air gap between the lens and the fiber, in order to
reduce the backreflectidh. This air gap can also be ad-
justed to set the beam waist at a specific distance from the

face of the GRIN lenS as shown in Fig. 8. This can result time delays are obtained for the different wavelengths.

in a maximum coupling efficiency for a larger GRIN-to- An alternative approach for the delay path consists of
GRIN separation. The plots of Fig(aj correspond to the long PMFs (with nopFI):BGs and short Pl)\//llgs with FBGs

maximum and minimum insertion losses for a range of dif- (Fig. 10. Al the short PMFs are of the same length.

ferent GRIN-lens FO collimators using &0.25-pitch ; ; ; ;
. P Hence, the desired time delays can be obtained with appro-
GRIN lens for reduced backreflection. The position of the _ : - -
fiber with respect lio the GRIN Ienls has beFe):n :';djusted Sopnate choice of th_e long PMFs. This approach gives greater
time-delay flexibility to the end user, since the time delays

that the beam waist is at the exit surface of the lens. If the : : :
L ; o depend mainly on the length of the PMFs. A typical dimen-
fiber is adjusted so that the beam waist is further away from sion of a PMF-pigtailed FBG is 15 to 20 cm from each

the exit surface of the lens, maximum coupling efficiency is side? The grating size is~5 mm and depends on the

obtained for larger GRIN-to-GRIN distances. The experi- e ;
I~ : - specification of the wavelength, the FWHM bandwidth, and
mental data in Fig. (b) show that the best coupling effi- the desired reflectivity.

ciency occurs for a 5.5-cm GRIN-to-GRIN distance. Thus, Important issues with FBG-based fiber delay are the in-

:ifngva\(?ofsln\:\llli?r?{hf:i?r\llge?itsetgi\(t).giig?grk:cgffgm_ltigslgnos ‘;Cr)le' terchannel isolation and the effect of the Qistributed reflec—
. > © . L ; tion of wavelengths from the FBGs. The interchannel iso-
used_, maximum or aptimized COUP'”_‘Q eff'c'e_”cy will be lation depends on the reflectivity of each FBG for the
obtained for a GRIN-to-GRIN separation ofi2Fig. 8(b)]. desired wavelength and on its transmission characteristics
Hence, it is possible to design and manufacture GRIN-Iens ¢, 1he wavelengths outside its FWHM bandwidth. The dis-
FO collimators optimized for the free-space propagation of i e reflection happens because the FBG is not a thin
our PDL paths, leading to improved insertion losses for our jnterface mirror, but rather a 3-D structure, and it arises

:In this PDL version, a quarter-wave plai@®@WP) needs to

be used in the fiber delay path. The QWP is placed in the
fiber delay path so that there is a 90 deg rotation of the
polarization of the light as it propagates through the QWP,
the fiber, and the QWP again. Figure 9 shows such a de-
sign. The fiber Bragg grating$BG9 have to be recorded
at specific distances from each other such that the desired

PDL designs. from constructive or destructive multiple-beam interfer-
) ) ence. Nevertheless, it is expected that the distributed reflec-
6 Multichannel Operation of the Compact PDL tion will not cause significant time jitter errors, in view of
Module the small size of the FBGs. The worst case will be when

The proposed single-physical-channel PDL module can bepart of the light incident on the FBG is reflected from the
combined with wavelength-multiplexing techniques to ob- front end of the grating while the rest of it is reflected from
tain multichannel operation. This can be accomplished if a the back end of the FBG. Thus a 10-mmX3 mm) path-

PMF with Bragg gratings is used in the fiber delay p&th. length difference exists between the two portions of the

PMF PMF PMF PMF
with FBGs PMF with FBGs with FBGs
for A, for A, for Ay

== el

Light
FC/PC absorber
connectors

Fig. 10 Delay-path option based on alternating long PMFs without FBGs and short PMFs with FBGs.
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Fiber delay option ,,;” SM-Fiber \\\

forextralong’,/" Jig { , \
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L W75
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G: GRIN Lens; P: Polarizer; S: Polarization Switch

PBS: Polarization Beamsplitter
In/OuW/ PM-Fiber M: Microvibromotor actuator for translation
N: Micromachined Alignment Groove/Slot
L: Microvibromotor actuator for rotation

Fig. 11 FLC switching response at 1319 nm: (a) a 9.84-us rise time
and (b) a 10-us fall time.

Fig. 12 An ultracompact PDL module based on MEMS technology.
Both ultrashort and extra-long time-delay options are shown.

light. Hence, a time jitter 0k20 ps is expected.
This single-channel wavelength-dependent PDL ap-
proach can also be used in large photonic control systems ,
for phased array antennas where antenna partitioning is8 Alternative Compact PDL Module Based on
used. In this case, the photonic controller can consist of two ~ Microelectromechanical System Technology
subsystems, one to give the time delays required for theIn the previous sections, we described compact PDL de-
within-subarray antenna elements, and the other to providesigns based on bulk micro-optic technology. In this section
the required bias delays from one subarray to andther. we propose an alternative approach for the implementation
The within-subarray time-delay subsystem can be imple- of ultracompact PDL modules based on the microelectro-
mented using the single-channel wavelength-dependentmechanical systen®MEMS) technology. The optical ele-
PDL module, while a larger wavelength-independent sys- ments can be positioned on top of a silicon surface-
tem can be used for the bias delay lifés. micromachined optical bench. Such a mechanical structure
has the functionality, stability, and accuracy required for
o o active micropositioning control of the optical elements via
7 Switching Speed of a Ferroelectric Liquid electromechanical microvibromotor actuat&tsThis tech-
Crystal nology can lead to modules of very small si@g., 2.5
In the previous sections we demonstrated two compact X 1x0.5cm and light weight(e.g.,<0.3 Ib).
PDL modules based on two different FO-collimator tech- Figure 12 shows a possible design for an ultracompact
nologies. Optical isolation 040 dB and optical insertion ~ PDL. The micromirrors can be moved along the direction
losses of<7 dB were obtained. These insertion losses are of the optical beams, and thus a relative time delay between
much better than the projected numbers for a compact in-the two optical paths can be obtained. An alternative option
ertialess switching PDL based on integrated electro-optic is also shown in Fig. 12, where a GRIN-lens FO collimator
switches. We have also shown that they can be further re-connectorized to a SMF is used when extra-long time de-
duced by proper design, and by eliminating the FO connec- lays are desirable.
tors with fiber splices. The optical isolation of our PDL is
20 dB better than for the integrated electro-optic approach,
but not as good as for an electromechanical switch. Never- .
theless, electromechanical switches are rather siy., 9 Conclusion
>7 m9.2® Thus a challenge is to obtain high switching In conclusion, we have proposed and experimentally dem-
speeds at 1319 nm for our FLC-based PDL modules. Figureonstrated, for the first time, single-microbench fiber-
11 shows the switching response of our FLC devices. A connectorized compact PDL modules using spherical-
9.84-us rise time and a 1@s fall time are observed. Here  microlens and GRIN-lens FO collimators, 3-D polarization
we define the rise tim@all time) as the time it takes for the  optics, and FLC devices. Insertion losses<of dB were
signal to rise(fall) from the 10%(90%) to 90% (10%) of measured for both PDL modules. Important GRIN-to-
the maximum signal power. The FLC devices used were GRIN coupling-loss data are presented. An approach using
fabricated by Displaytech Inc., Longmont, CO, and consist specially designed non-quarter-pitch FO-collimators is sug-
of three cells stacked together. This is because the FLCgested for higher GRIN-to-GRIN coupling efficiency for
material used at Displaytech does not have enough birefrin-the designed distances in our PDL, which can lead to fur-
gence for the 1319-nm band, and the preparation of a thickther insertion-loss improvement. A low-frequency tech-
enough single cell using this material is at present not fea- nique was used to make time-delay measurements at high
sible. RFs, thus not requiring costly microwave test equipment.
Thus, the FLC-based compact PDL gives a trade-off be-  Future work relates to further PDL miniaturization and
tween switching speed, optical isolation, and loss. In gen- multiwavelength multichannel tests using the proposed
eral, our approach gives better overall performance, as itsingle-physical-channel wavelength-dependent PDL. Other
combines the fast response tirfl) ws) and high optical work to be conducted includes implementations using mi-
isolation (e.g., 40 dB required for phased array antenna cromachined silicon optical benches based on MEMS tech-
applications. nology.
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