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We demonstrate a programmable optical delay generation scheme incorporating both single- and double-pass configurations. The generator uses fiber coils
with binary lengths separated by microelectro mechanical systems (MEMS)based optical switches and can provide a delay range of up to 80 and 160 s
for single- and double-pass configurations, respectively, with corresponding
resolutions of ⬃39 and 78 ns. The response time of the delay generation is
⬍1 ms with an output power variation of ⬍0.3 dB as the delay varies. The described approach can be applied to packet-switching optical networks, microwave photonic networks, and measurement systems. © 2006 Optical Society
of America
OCIS codes: 060.2360, 060.4250.

1. Introduction
Programmable time-delay lines with ranges from nanoseconds to milliseconds are key
elements in various applications, such as optical networking functions (buffering, dispersion management, slowing light, encoder–decoders, etc.), rf systems (radar, wireless communication, rf link emulation, cell site characterization, and calibration, etc.),
as well as measurement systems (laser linewidth, phase noise, etc.) [1–10]. Various
configurations have been proposed and demonstrated to generate tunable time delays,
including fiber coils [11,12], fiber Bragg gratings [8–13], integrated waveguide techniques [14,15], fiber loops [2], microelectro mechanical systems (MEMS)-switch-based
configurations [16–18], and other methods [19,20]. Most of the generated delays
(except fiber-coil-based ones) are limited to a range of picoseconds to nanoseconds. On
the other hand, the fiber-coil-based time-delay approach is an old concept and has
been demonstrated using either the square-root cascaded delay line configuration
(SRODEL) [11] or the binary delay line configuration (BIFODEL) [12]. The BIFODEL
architecture is the optimum choice for implementation of delay-compressive delay
lines [7].
In this paper, we demonstrate a BIFODEL-architecture-based programmable optical delay generation scheme incorporating both single- and double-pass configurations. The generator uses fiber coils with binary lengths separated by MEMs-based
optical switches and can provide a delay range of up to 80 and 160 s for single- and
double-pass configurations with corresponding resolutions of ⬃39 and 78 ns. The
response time of the delay generation is ⬍1 ms with an output power variation of
⬍0.3 dB as the delay varies. The double-path configuration has the advantages of
polarization-independent (i.e., polarization maintaining with single-mode fiber) and
saving fiber coils for less space (size) requirements. Furthermore, we also discuss the
applications of such approach into packet-switching optical networks, microwave photonic networks, and measurement systems.

2. Concept and Setup
The ODG setup is shown in Fig. 1. Twelve MEMS-based 2 ⫻ 2 optical switches are cascaded and controlled by a microprocessor. For each optical switch (except the last one),
one output is directly connected to the input of the following switch, while the other
output is connected through an optical fiber delay coil manufactured from standard
1536-5379/06/010013-6/$15.00
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Fig. 1. Configuration of the programmable delay generator (ODG), single-pass (input I
and output I) and double-pass (input II and output II); SWi, MEMs-based optical
switches; FRM, Faraday rotator mirror; VOA, Variable optical attenuator.

single-mode fiber (SMF). The lengths of the fiber coils are designed in a binary order
from ⬃7.8 m (corresponding to ⬃39 ns delay) to ⬃8.0 km; thus, the total generated
optical delay Ttotal is given by
N

Ttotal = ⌬T

兺 关1 − 共− 1兲

dn

兴2n−2 ,

共1兲

n=1

where ⌬T is the delay of the minimum length coil 共7.8 m兲, N is the total number of
switches, and dn共=0 , 1兲 is the binary value of the nth switch condition, which determines whether or not the fiber coil following the nth optical switch is incorporated
into the optical path.
To enhance the delay generation capability without complicated hardware modification, we simply incorporate an optical circulator and a Faraday rotator mirror (FRM)
into the setup to create a double-pass configuration. This approach can significantly
reduce the required package space of the delay line without adding another switch
and a much longer delay coil (two times longer of the most significant coil). The result
is two possible modes of operation: (i) For single-pass delay generation, light enters
from one input port of the first switch and passes through all of the other switches
and/or fiber coils, then exits from one output port of the last switch. (ii) Alternatively,
light can be input from the first port of the circulator, which connects to the other
input port of the first switch, then go through the other 11 switches and/or coils. After
output from the last optical switch, the light is reflected at the FRM, passes back
through the same optical path, and finally exits from the third port of the circulator.
This configuration doubles the generated optical delay using the corresponding logic
control.
Using the single- and double-pass configurations described above, delay ranges of
up to 80 (corresponding to ⬃16 km SMF) and 160 s are achieved. Note that the FRM
in the setup provides the additional advantage of eliminating polarization-dependent
effects along the optical path. The state of polarization (SOP) is maintained for the
input and output light without the use of PM fiber; therefore, the delay generator can
provide a low-cost solution for applications that require stable polarization. In addition, variable optical attenuators (VOA) are used to dynamically tune the insertion
loss at different delay states, allowing the output power to remain relatively constant
during delay switching.

3. Experimental Results
Insertion loss is one of the key parameters for programmable delay lines. Its variation
with changes in delay is of particular interest. Figure 2 illustrates the insertion loss
variation of the delay generator with delay and wavelength change. Figures 2(a) and
2(b) show the loss variation with delay change at 1550 nm for the single-pass case.
Before the output power balancing using the VOA, the output power changes a lot at
different delays. The typical loss ranges from ⬃3.4 to 8.5 dB including both the fiber
coils and switches [Fig. 2(a)]. In our design, the VOA is automatically controlled by
the microprocessor, using a look-up table to balance the output power at different logic
states (delays). Therefore, the loss variation is limited to ⬍0.3 dB over all delay states
[Fig. 2(b)]. This feature ensures a stable performance for the applications that are
sensitive to optical-signal-to-noise ratio (OSNR). Figure 2(c) shows the insertion loss
profile of our delay generator over different wavelengths at a single switching condi-
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Fig. 2. (a), (b) Insertion loss variation at different delay settings (2048 logic states for
the single-pass configuration at 1550 nm): (a) without automatic power balancing (b) using the VOA to automatically control the overall loss, thus the total variation ⬍0.3 dB.
(c) Insertion loss variations of the ODG at different wavelengths (single pass at 40 s
and double pass at 80 s).

tion (40 and 80 s delay for single- and double-pass. At 1550 nm, the typical insertion
losses for single and double passes are ⬃9.1 and 18.5 dB with the VOA’s automatic
balancing. Since the optical switches are broadband devices 共⬎400 nm兲, the insertion
loss variation in the single-pass configuration is mainly due to the fiber coil itself (the
range of wavelengths measured is limited by the experimental setup). However, there
are two narrowband devices in the double-pass configuration: the optical circulator
and the FRM; thus, the insertion loss of the double-pass configuration is much higher
than twice that of the single-pass configuration at 1310 nm. The insertion loss of the
single- and double-pass configurations at 1310 nm are ⬃10.0 and 28.4 dB, respectively. Note that the loss variation at different wavelengths is not necessary to be corrected using VOA due to the extremely high loss at certain wavelengths.
As mentioned, incorporating the FRM into the double-path configuration has
another advantage, i.e., reducing the polarization-dependent effects, which is a desirable feature for some field applications (e.g., airborne systems). This is shown in
Fig. 3(a), where the output polarization state keeps stable on the Poincaré sphere
even under strong polarization perturbation on the delay line. Moreover, a fast
response time is also required for dynamic applications. The delay generation speed of

Fig. 3. (a) Polarization stability of the double-path configuration with external polarization perturbation; (b) measurement result of the response time for the ODG: ⬍1 ms
共⬃700 s兲.

Vol. 6, No. 1 / January 2007 / JOURNAL OF OPTICAL NETWORKING

16

the ODG was characterized by measuring the transient traces from one delay to
another, as shown in Fig. 3(b). The control signal is the electronic signal from the
microprocessor, while the optical switch response is measured using a fast photodetector. If all 12 switches respond simultaneously (in parallel), the total response time is
⬍700 s, suitable for most applications.

4. Applications
As mentioned in Section 1, the programmable optical delay generator can generate a
series of digitized delay values for various applications, while it cannot provide continuous tuning for some special applications. In addition, the resolution of the ODG is
limited by the “ability to manufacture” the minimum optical fiber length for fusion
splicing (typically several tens of centimeters, with corresponding delays of hundreds
of picoseconds), which may also be inadequate in some application. The demonstrated
ODG can find its applications in the following areas:
(i) Optical networking functions: Due to the dynamic nature of optical packetswitching networks, programmable optical delay lines are essential for applications
[1–4] such as optical buffering, temporal encoding to decoding, or even the management of optical dispersive effects. Buffers with tunable size are desirable to handle
different packet sizes or variable bit rate (VBR) for optical networks (Fig. 4). Compared with previous looplike configurations, the ODG approach has the advantages of
easier control and higher resolution. In addition, network carriers or equipment
manufactures may use the ODG as an environmental emulator to evaluate the performance of the equipment or the system tolerance assuming data traffic from different
nodes.
(ii) Microwave photonic networks: Optical delay lines have many applications for
microwave photonic networks, such as phased-array antenna systems, optical wireless
networks, signal processing (transversal filters), wireless (radar) ranging and calibration, and so on. Fixed delay arrays are used for some applications, while programmable delay lines are valuable to calibration procedures of wireless (cell) stations. An
illustration of such an application is shown in Fig. 5. The wireless signal is separated
into two paths: one is transmitted normally through the air and received by a wireless
receiver, while another path is first converted into an optical signal using electro-optic
modulator, and then transmitted through the programmable ODG. After ODG, the
signal is converted back to the rf signal through optical-to-electronic conversion. The
two rf signals will be combined and analyzed; therefore the ranging, noise, and related
information of the wireless signal can be retrieved.
(iii) Measurement systems: Fiber delay lines are also very useful for some measurement systems, especially the linewidth of a laser source, phase noise, and so on.
Figure 6 shows a typical diagram of a delayed self-heterodyne method to measure the
linewidth of a laser source. It is an interferometric technique that incorporates a certain length of fiber delay coil in one arm. The superimposed beams from two arms are
detected through a photodetector and thus analyzed using a spectrum analyzer. If the
time delay is larger than the coherence length of the laser (normally at least five
times longer is recommended for measurements), the phases of two beams are essen-

Fig. 4. Using ODG as a tunable optical buffer for a dynamic packet-switching network.
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Fig. 5. Illustration of a rf ranging or calibration system utilizing the ODG platform.
EOM, electro-optic modulator.

Fig. 6.

Diagram of a delayed self-heterodyne measurement of a laser linewidth.

tially uncorrelated. Therefore the final output spectrum is a simple self-convolution of
the spectrum of the laser itself, from which the linewidth can be readily obtained. As
examples, a tunable laser with 50 kHz linewidth has a coherence length ⬃1.9 km,
while the coherence length of a regular distributed feedback (DFB) laser with 50 MHz
linewidth is approximately 190 m. Due to the variety of current available laser
sources (Tunable, DFB, feedback positive, etc.), and the corresponding linewidth
ranges from tens of kilohertz to gigahertz, a tunable (or programmable) optical delay
generator certainly will facilitate such measurements.

5. Conclusions
The single- and double-path configurations of the above-demonstrated optical delay
generator provide programmable optical delays with uniform output power, which is
desirable for most of the applications. Advantages also include fast response time,
large number of control bits, and high resolution. The potential delay range up to
0.25 ms with the same package size is under design and evaluation using the similar
approach. When incorporating delay lines with more precise tuning resolutions [21], a
widely and fully tunable delay generation is possible for various applications.
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