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Abstract

In this paper, we propose a novel technique to
generate variable trie time micro-delay for fibre-based
optical coherent tomographv (OCT) using hvo Opto-
VLSI processors. The technique offers broadband high
resolution scanning depth without moving parts. The
beam steering and multicasting capabilities of the Opto-
VLSI processors provide a valuable scanning tool
allowing the delav  generator to jump befveen
nonadjacent depths and realising multiple delays
simultaneously. Experimental results achieved maxinium
500 o delay with 3dB bandwidth is more than 55 nm at
centre wavelength 1550nm.

1. Introduction

Optical coherence tomography (OCT) is a non-
invasive  technique  that  uses  low-coherence
reflectometry to detect the interference between a probe
optical signal and a delayed reference signal. thus
achieving optical imaging of detecting target. The low
coherent broadband source makes the optical image very
sensitive to path different between probe signal and
delaved reference signal. so this technology can achieve
high resolution along image depth [1]. There are many
different ways to generate variable optical delay in OCT
systems.  most  fibre-based  OCT  systems use
mechanically-scanned optical components to delay the
reference signal over a few millimetres with a few
micron resolution [2-5]. However. to realise a robust
OCT svstem. it is desirable to scan the reference path
length with no moving parts. N. A. Riza demonstrated an
acousto-optic (AO) scanning heterodyne interferometer
[6] coupled with an acousto-optically switched high
speed optical delay lines [7] for OCT system. The
system can achieve sub-micro-second per data point
sampling rate speed. but it is hard to obtain high
scanning resolution. because a fixed step multi mirror
assembly is used in the reference arm [8]. The use of 3-
D electronic holography with fixed reference mirror [9].
[10] has also been reported for OCT. It used a stationary
Fourier-transform spectrometer in conjunction with an
acousto-optical scanner to scan in both the transverse
and depth dimensions. This technique requires a diode-
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array spectrometer. rather than a single photodiode. to
record a correlogram. whose Fourier transformation
yields the reflectivity profile of the tissue in the depth
dimension.

In this paper. we present a novel broadband motion-
free micro-delay generator for OCT. which uses two
Opto-VLSI processors operating in the steering mode to
generate variable true time delays suitable for high

“resolution OCT imaging. The multicasting capability of

the Opto-VLSI processors provides a valuable diagnostic
tool allowing multiple delavs to be realised
simultaneously [11].

2. Opto-VLSI processor

An Opto-VSLI processor is an array of liquid crystal
(LC) cells whose crystallographic orientations are
independently addressed by a Very-Large-Scale-
Integrated (VLSI) circuit to create a reconfigurable.
reflective. holographic diffraction grating plate.
Application of voltage between the electrodes of the
VLSI circuit induces a phase hologram in the LC laver.
resulting in optical beam steering and/or beam shaping.
Fabricated Opto-VLSI devices are electronically
controlled. software-configured. polarisation
independent. cost effective because of the high-volume
manufacturing capability of VLSI as well as the
capability of controlling multiple fibre ports in one
compact Opto-VLSI module. and very reliable since
beam steering is achieved with no mechanically moving
part. These features open the way for numerous
reconfigurable optical components. Fig. I(a) shows a
typical lavout of an Opto-VLSI processor. Also shown is
tvpical LC cell design. Usually Indium-Tin Oxide (1TO)
is used as the transparent electrode. and evaporated
aluminium is used as reflective electrode. The ITO laver
is generally grounded and a voltage is applied at the
reflective electrode by the VLSI circuit below the LC
layer. Opto-VLSI processors can generate stepped
blazed grating for optical beam steering. as well as
multicasting grating for arbitrary beam splitting. where
the diffraction orders are deliberately enhanced to
generate an arbitrary beam splitting profile [11]. Recent
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advances in nematic LC materials and Layer thickness
control have allowed the incorporation of a thin quarter-
wave-plate (QWP) layer between the LC and the
aluminum mirror to accomplish polarization-insensitive

inulti-phase-level — Opto-VLSI — processors. — These
altractive capabilities of Opto-VLS] processors make
them ideal platforms for reconfigurable optical

components. Fig. 1(b) illustrates the steering and
multicasting capability of Opto-VLSI processors.
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Fig. 1 (a) Typical Opto-VLSI processor and an LC cell
structure design, (b) Steering and multicasting
capabilities of an Opto-VLSI processor.

For a small incidence angle, the maximum steering
angle of the Opto-VLSI processor is given by:

A

7 e, e
M-d

max

(1)

Where M is the number of phase levels, d is the pixel
size, and /4 is the wavelength. For example, an 8-phase
Opto-VLSI processor having a pixel size of 1.8 microns
can steer a 1550 nm laser beam by a maximum angle of
around 5.6° with a diffraction efficiency of 94%. The
.maximum diffraction efficiency of an Opto-VLSI
processor depends on the number of discrete phase levels
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that the VLSI can accommodate. The theoretical
maximum diffraction efficiency is given by [12]

= sincz(mJ
7 M

Where n = gM +1 is the diffraction order (17 =1 1is
the desired order), and g is an integer. The higher
diffraction orders (which correspond to the cases g # 0)
are usually unwanted crosstalks, which must be
attenuated or properly routed outside the output ports to
maintain a high signal-to-crosstalk performance.

)

3. Micro delay generation

Fig. 2 shows the broadband motionless micro-delay
generator. It uses two Opto-VLSI processors without
mechanical movable parts, in conjunction with an input
fibre collimator that collimates the input beam, and an
optical substrate that integrates the optical components
in a robust assembly.

Opto-VLSI
Processor 1

Input
Fibre

Fig. 2 Broadband motionless micro-delay generator

The first Opto-VLSI processor is placed face to face
to the second opto-VLSI processor. Both Processors are
driven by phase holograms that steer the optical beam by
different angles. With no phase holograms on both
Opto-VLSI processors, the input collimated optical beam
is reflected horizontally from the surface of first Opto-
VLSI along the path AB and reflected back from the
surface of second Opto-VLSI along the same optical
path BA, thus resulting in a minium round-trip optical
path length. The minimum delay time corresponding to
that minimum round-trip optical path length is taken as a
reference delay. To generate a differential true-time
delay, L;, the collimated beam from the input fiber is
steered an angle 0; by the first Opto-VLSI processor
while the second Opto-VLSI processor is driven with an
appropriate phase hologram that steers the optical beam
anticlockwise by an angle 26, thus reflecting the beam
back along the incidence direction. The differential
length delay, L;, is given by:

Opto-VLSI
Processor 1
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Where D is the beam separation on the second Opto-
VLSI processor. ¢} is beam steering angle from the first
Opto-VLSI processor, and » is the substrate refractive
index between the two Opto-VLSI processors. Equation
(3) shows that the maximum achievable differential
delay time is determined by the maximum steering angle

of the Opto-VLSI processor, 0. and its active length D.

If O = 5.6° and D=10mm. then the maximum
differential delay length is around 1 mm. Note that the
proposed micro-delay generator allows any scanning
depth to be dynamically generated without the need to
go through intermediate depths. This is simply done by
driving the Opto-VLSI processors with appropriate
steering holograms. Note also. that the proposed
structure can achieve multi-depth scanning using the
multicasting capability of the Opto-VLSI processor [11].

4. Experimental setup

Fig. 3 shows the experimental setup for a proof-of-
concept variable micro-delay generator. The two Opto-
VLSI processors used in the experiment are
commercially available one-dimensional liquid crystal
devices produced by Boulder Nonlinear System. Inc
(BNC). each consists of 4096 individually addressable
nematic-phase liquid crystal pixels (pixel pitch is 1.8um
and length 7.3 mm). and has a maximum steering angle
of around 3.5° for 16 available discrete phase levels.
Note that of the Opto-VLSI processors have a theoretical
maximum steering angle of around 6°. however. the
maximum steering angle was limited to 3.5° due to the
flyback effect in liquid crystal pixel array [13].

We used a tunable light source (Agilent 81689A)
followed by a 10 GHz electro optical modulator (JDS
Uniphase) which modulates the tunable laser light with
an RF signal generated by the network analyser
(HP8703A). A 3dB splitter splits the modulated optical
signal into two signals: the first is delayed using a fixed
fibre length, and the second is fed through a polarization
controller and circulator to the micro-delay generator
where it is delayed and coupled back into the third port
of the circulator, and combined via another 3dB coupler
with the first delayed signal. Within the micro-delay
generator. the optical beam is collimated at 1 mm
diameter by a fibre collimator and arbitrarily delayed by
the first Opto-VLSI processor by generating appropriate
phase hologram on the Opto-VLSI surface. The beam is
then reflected back by the second Opto-VLSI processor
along its incident path and the delayed signal is
combined with the input non-delayed signal via the
second coupler and detected by the photoreceiver of the
network analyser. The RF spectrum of the interference
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between these delayed signals is a notch filter response
of centre frequency inversely proportional to the time
delay differential between the combined signals. that is

c
1, =_L . where » is material refractive index. ¢ is
n

speed of light in vacuum. Therefore. the micro-delay
can be calculated by measuring the notch frequency of
the RF response measured by the network analyser.

Opto-VLSI
Processor 1

Opto-VLSI
Processor 2

Lightwave
Network

Analvzer

Intensity
Modulator

Laser

Source

Fig. 3. Experimental setup for micro delay generation.

5. Experimental results

Figure 4 shows the RF responses measured by
network analyser (HP8703A) for three different micro-
delays corresponding to steering angles 6 = 0°. 6_./2
and O, =3.5°. The measured RF frequencies are: f;
=2x9.95GHz, f» =2x9.82GHz. f; =2x9.67GHz.
respectively. These correspond to differential path
lengths of L, =15.075 mm (no steering). L,= 15.275 mm
(steering angle of 0,,,/2). and L; =15.512 mm (steering
angle of B,.). respectively. Therefore. the generated
micro-delays are AL, = L,- L, = 0.2 mm. AL;; = Ls- L;
=0.437 mm.
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Fig. 4 Measured RF responses for three different
microdelays.
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In OCT system, a broadband low-coherence light is
crucial to obtain high spatial resolution. Figure 5 shows
the measured spectral response of the micro-delay
generator operating at maximum steering angle. A 3dB
bandwidth of 55nm was measured, which is well above
the 30 nm bandwidth required for OCT systems. Note
that the bandwidth was limited by the round-trip
dispersion of the Opto-VLSI processors.
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Fig. § Spectral response of micro-delay generation

6. Conclusion

A new high resolution motion-free micro-delay
generator for Optical Coherence Tomography (OCT)
applications has been presented. The generator uses two
Opto-VLSI processors to steer optical beams. A
theoretical analysis has shown that the design concept
has some advantages such as micro depth scanning, high
spatial resolution (in micron), broadband spectrum
response, flexible scanning depth exchange and multi-
depth measurement simultaneously. Proof-of-concept
experimental results have demonstrated a. maximum
delay of 0.5 mm and measured 3dB bandwidth of more
than 55 nm.
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