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Microwave Band Demonstration of
a Reflective Geometry Fiber and
Free-Space Binary Photonic Delay Line

Nabeel A. Riza and Nicholas Madamopoulos

Abstract—For the first time, a modulated 2-b, one-channel time-multiplexed antenna scanning node [8]. We have recently
binary switched, photonic time delay system (PTDS) is demon- conducted a 25-channel NLC-based time delay unit charac-
strated that is based on a compact reflective optical delay path terization experiment demonstrating low channel-to-channel

geometry that consists of one free-space delay line and one ) . . .
non-polarization-maintaining (PM) fiber delay line. Polarization ~€lectrical crosstalk (e.g-42 dB) values when imaging optics

switching using birefringent-mode nematic liquid crystals and IS used in the unit [9].
a polarization noise-reduction technique are used to minimize  An important issue with our three-dimensional (3-D) pho-

t(g% gpt)ical nQiSZ \_Nhtin Usilng tt_he cube p:)lar(ijz?tion_rt?]eam_splitt;ehrs tonic time delay architectures is mechanical stability and size,

S) requirea In the reflective geometr elay. IS gives the : H :

high electr?cal signal-to-noise ratigs meas)l/Jred f?lom 52 gt;o 89 dB partlpularly In cases Wh_erg _Iong “!’“e delay§5( ns) a_re

for the four settings of the delay line. requwgd for th'e most significant bit (MSB) in the binary
delay line architecture. Recently, we have proposed [10] and

demonstrated [11] a novel reflective geometry photonic delay

line design that uses a shorter/compacter optical delay path

for time delay implementation. Using this reflective design

I. INTRODUCTION with a special polarization noise reduction scheme and a fiber-

PTOELECTRONICS has been proposed for makinlairefringence comp'ensat'ion method, it bepomes po'ssib'le. to

photonically controlled phased array systems [1]-[5]. IHS® free-space,_ solid-optics, and non-polanzatlon-malntamlng
particular, at high electrical signal frequencies, such as tfier-pased optical delay paths that are smaller, lighter, and
microwave and millimeter-wave bands, photonic processirg@m_e compressed (in volume) than previous transmissive
can offer significant advantages such as large instantanedG§i9NS- AS such, we can expect greater mechanical stability
and tunable signal processing bandwidths, along with coffiom our new reflective designs that use the cube PBS's.
pact and lightweight processing modules and protection from|N this letter, we demonstrate for the first time a 2-b structure

electromagnetic interference (EMI). Over the past few yea, the compact reflective geometry delay line, using a 1-GHz

we have proposed a variety of optically incoherent (imensi{p?crowave band optical modulation of the input laser beam.

modulation-based), multichannel, free-space, solid-optics, diéFrowave frequency optical modulation via an acoustooptic

fiber-based photonic time delay architectures for reversigigodulator (AOM) system is introduced for characterization of
transmit-receive mode phased array antennas [6]. These (3 Photonic time delay system (PTDS) in the radio frequency
chitectures are based on two-dimensional (2-D) pixelatégF) domain using RF spectrum analyzer measurements, and
optical arrays based on polarization optical switching. Wg€se results are described in this letter [12].

have successfully demonstrated high on/off optical isolation

(>35 d_B)_Iight beam switching using birefringen_t-mode ne- Il. EXPERIMENTAL 2-B PTDSAT 1 GHZ

matic liquid crystals (NLC’s) [7]. These NLC switches also _ _
demonstrated moderately fast optical switching (e.g., 1 ms)The experimental setup for the 2-b one-channel PTDS is
using the transient nematic effect employing high voltagéepicted in Fig. 1. A 632.8-nm 10-mW CW He-Ne laser is
(€.9., 10V,,eai) Switch drive electronics. These moderately¥Sed as an input to the dual AOM-based optical modulation
fast NLC optical switches form the basis of our proposetStem, as described in earlier work [8]. To obtain the 1-
photonic time delay architectures using spatial light moduls2HZ optical modulation that is transmitted through the PTDS,
tors (SLM’s) where moderately fast(000 beams/s) antennalh® tWo AOM's are fed by a 500-MHz signal, resulting in

beam switching is adequate for the antenna application using"é’ collinear beams with a relative Doppler shift of 1 GHz.
ence, 1-GHz (frequency modulated) CW light beam enters

the PTDS.
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Fig. 1. The experimentally demonstrated 2-b, one-channel switched photonic delay line setup using the compact reflective geometry in the délay paths
experiment is performed at a 1-GHz optical modulation frequency using a 633-nm visible input light beam.

The cube PBS (PBS1) acts as a path selector, directing light
depending on the polarization of the incident beam. When
p-polarized light hits the PBS 1, it travels straight through
toward the SLM2. SLM2 is set in the “on” state and thug
changes the incideng-polarization tos-polarization, which | component
then passes through the second vertical polarizer toward the;
second bit of the PTDS. On the other hand, when SLM1 is s¢t
in its “off” state, the light stayss-polarized and is deflected |
from PBS1 toward the quarter-wave plate (QWP), which hafs
its axis at 45 with respect to the incident-polarization. The
s-polarized light hits the QWP, and after reflection from the
mirror, the beam is redirected through the QWP and becomgs-;
p-polarized. Then, this light passes through PBS1 and hiIEC5
another QWP that has its axis at®4%ith the incidentp- -
polarization. After reflection from the mirror (M2), passes
through the QWP and becomespolarized. Thiss-polarized
light is deflected by an angle of 9Grom the PBS 1 toward TABLE I

the SLM2. This SLM is set in the “off” state, which does noExrecTep AND MEASURED OPTICAL LOSS FOR THEFOUR SETTINGS OF THEPTDS

TABLE |
MEASURED TRANSMISSIONREFLECTION
EFFICIENCIES OF THEOPTICAL COMPONENTS

Optical Efficiencies Optical Efficiencies Optical Efficiencies

(%) component (%) component {%)

8255 PBST straight 887 QWP 96.0

reflected 97.0

88.89 PBS2 straight 82.0 Fiber Istbit straight

reflected 89.0 coupling 25.0

LC3 88.80 TBS 90.0 system Istbit delay

220

91.10 TIR prism 92.97 Faraday

89.97 Lenses Ll 90.8 ]| Rotator 96.0

88.00 L2 92.2|[ Mirror 97.0

change the incident polarizatiog-polarization passes through — - - : =
the vertical polarizer (P2) toward the second bit of the PTDS. || 770° Scttines | Fxpected Qptieal Loy | Measured Qptical Loss
The same procedure can be applied for the second bit. Thef 2.5} Sag s 405
difference in this bit is that the delay path consists of a fiber gd%f{fﬁﬁém 08 1050
delay, and thus, instead of a QWP, a Faraday rotator is use é;dlgit{_sggg;t 2077 015

as this can compensate for any induced birefringence of thg[T -y

fiber [11]_ 2" Bit - delay 2443 2085

The components used in the experiment include paraIIeI—r* pectgd loss data were calculated us.ing measured optical component efficiencies.

. . . xperimental data were calculated using rf spectrum analyzer measurements.
birefringent mode NLC devices LC1, LC2, LC3, LC4, LC5,
and LC6, which are inserted with their NLC directors af 45
with the incidents or p linear polarization. LC1, LC2, LC3, 632.8 nm. A GRIN collimator-lens is attached to one end of
and LC4 act as high-performance polarization rotators. LGBe fiber and the other end is cleaved.
and LC6 act as QWP’s. Two broad-band cube PBS’s are usedBased on the measured transmission/reflection efficiencies
with a specified extinction ratiop(s) for the straight port of the optical components (Table 1), the expected and mea-
of >1000:1. The extinction ratias({p) for the reflected port sured optical losses for the four settings of the PTDS are
was measured ag50:1. Thompson beamsplitting (TBS’s)shown in Table Il. For the delay paths, a higher loss is
polarizers with a high extinction ratio 0f~10000:1 are anticipated due to the greater number of nonantireflection
also used at both ports. 40 and 20 cm focal length (FIAR)-coated optical components used in this path. In addition,
biconvex spherical lenses are used for 2:1 imaging of tliee second bit delay path fiber-coupling assembly has a low
beam for better coupling efficiency into the cleaved fiber faceear 25% optical transmission, which plays a significant role
In addition, the objective lens isx@40, NA = 0.65,FL = 4.3 (>12-dB RF loss) in the overall loss budget. Thdand signal
mm device and the fiber is a non-PM single mode fiber atodulation is photo-detected using a high-speed New Focus
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TABLE Il up from the surrounding test environment, as the RF spectrum

RF SNRFOR THEFOUR SETTINGS OF THEPTDS WITH AND WITHOUT floor over the entire RF spectrum analyzer bandwidth (outside
THE NoISE-REDUCTION SCHEME. (A: MEASURED AT THE OUTPUT OF th ter f . th it hich of th

THE FIRST BIT; B: MEASURED AT THE OUTPUT OF THESECOND BIT) e center reql_JenC)_/) remains the _Same no matter which or the

four PTDS settings is selected. This floor was measured to be

PTDS Output Electrical SNR at 1GHz | Electrical SNR at 1GHz lower than—128 dBm. The major effect of the optical system
Measurement (dB) {dB) . . .
Setting without noise_reduction with noise_reduction is the attenuation of the |I-GHZ-band optically modulated
1" Bit - straight, A 49.3 89.8 H H H He H
BT —defay, A SR =7 carrier signal, and this limitation can be overcome by the use
2™ Bit -straight - i i i i
R B 620 610 of .A.R coatgd optlcal' components and, in particular, higher
2 Bit -straight efficiency fiber-coupling.
(1* Bit - delay), B 64.0 62.5
2™ Bit - delay
(1* Bit -straight), B 23.68 48.40
27 Bit “delay IIl. CONCLUSION
(1" Bit - delay), B 49.4 52.33

In conclusion, we have demonstrated laband, for the

, first time, a 2-b, one-channel, NLC-based PTDS using the
Model 1601 photoreceiver. Spectrum analyzer measuremeRfse| compact reflective geometry for one free-space and one
are used to determine electrical loss values-6£9, —21.0, ,on-PM fiber delay path. Worst case RF SNR’s of around
—40.3, and—41.7 dB for the first, second, third, and fourthsy 4B were obtained. High losses were present in our test
settlng, respectively. Since the spectrum analy_zc_er gives dlrg%tem due to the non-AR-coated optical components with
electrical power measurements, we hr_;lve to divide the ab(ﬁ’?ypical 90% efficiency, and more importantly, via the low
measurements by two to get the optical power values thake, {ransmission of the objective-to-fiber coupling system.
except for the fourth case, are very close to the expected opti¢abse |osses can be minimized by the use of AR-coated optical
losses. All expected loss values are calculated assumingtha[:g}hponems and better fiber-coupling optics, giving higher
the input light energy travels through the selected optical palygna| power and thus higher SNR. Our noise reduction scheme
in the delay line. In the experimental scenario, the finite on/gff,ys 3 critical role in suppressing noncoherent (or orthogonal
optical switching ratios for the SLM’s causes some input ligho|arization) noise in the PTDS, resulting in higher RF SNR's.
to travel through the unselected paths. For the four differegf,,,re work relates to building a lower loss single-bit PTDS
delay line settings, this unwanted leakage light, which adds gg realizing N-bit M-channel systems and work to study
the final output desired light energy, can have different energypearent (or same polarization) noise effects.
levels. In our fourth setting, this leakage light is relatively
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