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Electrically Tunable Delay Line Using an Optical
Single-Side-Band Modulator

Tetsuya Kawanishi, Satoshi Oikawa, Kaoru Higuma, and Masayuki Izutsu

Abstract � The authors propose a tunable delay line using an
optical single-side-band modulator and an optical fiber loop. The
number of times light circulates in the loop can be controlled by 
the electric signal fed to the modulator. Packets of any lengths can 
go through the proposed delay line without any collisions, even if 
the length of the packet is larger than that of the delay loop. 

Index Terms � Delay line, optical modulation, single-side-band. 

PTICAL buffers that are composed of delay lines are key
components in optical packet switching systems. To pre-

vent packets from colliding, it is necessary to vary the delay at 
the buffer. There are two types of configurations for tunable op-
tical delay lines [1]-[2]. One is comprised of an optical switch 
and a fiber loop, where the operation of the switch must be
synchronized with the propagation cycle of the packet in the 
loop. The other consists of an array of several delay lines of 
various lengths connected to an optical switch by which we 
can select one from the array delay line. Each line has an op-
tical amplifier and an optical switch, which results in a compli-
cated setup. In this letter, we propose a novel electrically tunable
delay line that has a simple setup. Oursystem consists of an op-
tical single-side-band (SSB) modulator, a fiber Bragg grating
(FBG), and an optical fiber loop. An optical amplifier is used to
compensate for conversion loss at the modulator. The number 
of times a lightwave circulates in the loop depends on the fre-
quency of the electric signal applied to the modulator. Thus, we 
can control the delay by switching the frequency without using
delay lines of various lengths. In addition, it is not necessary to
synchronize the switching timing with the cycle of the packet
propagation. 

II. PRINCIPLE OF OPERATION

Our system is comprised of a loop with an optical SSB mod-
ulator. As shown in Fig.1, the system has an optical port con-
sisting of two optical circulators and an FBG placed between 
them. A lightwave whose optical frequency is out of the reflec-
tion band of the FBG can pass through the port, while a light-
wave in the band cannot. Thus, an input lightwave whose fre-
quency is out of the reflection band comes into the loop. When 
the modulator is not in operation, the lightwave goes through the 

loop once, and then it exits from the port. Consider that the SSB
modulator is in operation and that the input optical frequency 
(f0) is slightly lower than the edge of the reflection band, as 
shown in Fig. 2, where fm denotes the frequency of the electric
signal fed to the modulator and fr is the reflection band width of 
the FBG. The input optical frequency can be shifted at the SSB
modulator [3]-[5]. We assume that the dc-bias voltages for the
modulator are tuned to generate the upper side-band. Of course, 
we can use the lower side-band instead of the upper side-band 
when f0 is slightly higher than the upper edge of the reflec-
tion band. The f0 lightwave, coming into the loop through the 
port, is input to the SSB modulator, and then its frequency is 
shifted to the reflection band ( f0 + fm ), Thus, the lightwave is
reflected by the FBG and circulates in the loop again. During 
the successive circulation steps, the optical frequency is shifted 
at the modulator. After n times circulation, the frequency of the
lightwave becomes f0 + nfm. We call such a spectral compo-
nent an nth-order channel. After circulating several times, the
lightwave exits the reflection band, where the number of circu-
lation steps p is given by pfm >  fr > (p - 1)  fm. In this letter, 
we call the spectral component of f0 + pfm the prime channel, 
which is the lowest order channel in the channels whose fre-
quency is higher than the reflection band. The output lightwave
contains some other components resulting from the nonlinear-
lity of the modulator and residual transmittance in the reflection
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Fig. 1.    Setup for our proposed delay line.
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band. However, the prime channel would be dominant when we 
can consider that fm is larger than the edge slope width of the
reflection band, and that any high-order harmonic generation at 
the modulator is negligible. The propagation delay of a circu-
lation step is given by � = l/c, where l denotes the effective 
optical length of the loop and c is the speed of light. The delay 
of the prime channel at the loop is dependent on fm, as follows: 
p� = � � Int(fr /fm), where Int(x) gives the smallest integer 
larger than x. Thus, we can change the delay p� by switching 
the frequency of the electric signal fm. The frequency can be 
switched at any time except when a packet is passing the SSB
modulator, thus it is not necessary to synchronize the switching
timing with the propagation cycle of the packet. In addition, we 
note that pulses longer than the optical length l can pass the 
delay loop without any collisions owing to frequency shift at 
the modulator. 

When the input lightwave is modulated by a base-band signal 
such as a nonreturn-to-zero (NRZ) signal, fm should be larger

than the bandwidth of the signal ( fs ), in order to reduce crosstalk
between different order channels. Thus, fr should be slightly 
smaller than fs � pmax, where pmax is the greatest number 
of circulation steps. The output optical frequency is shifted to 
be f0 + pfm ,  when the SSB modulator generates the upper 
side-band. However, we can compensate the shift by using an 
additional delay line, whee the lower side-band is used. 

lll. RESULTS

Figs. 3 and 4 show the frequency-domain spectra and the 
time-domain envelopes of the output lightwaves. The input
lightwave was intensity modulated by a train of pulses whose 
period and duty ratio were, respectively, 4 µs and 20% as 
shown in the plot at the bottom of Fig. 4. An FBG was placed 
at the optical output port to eliminate the spectrum component 
of the input lightwave reflected at the FBG located between 
the two circulators. The reflection band width fr was 22.5 
GHz full-width at half-maximum (FWHM), and the edge slope
width ∆fr was 6.0 GHz. ∆fr was defined by the width of 
the slope where the reflectivity is from 10% to 90% of the
maximum. We used an x-cut lithium niobate optical SSB 
modulator, as the optical frequency shifter. The modulator has 
a pair of balanced Mach-Zehnder interferometers [6], where

Fig. 2.    Principle of the operation.

Fig. 3.    Optical sectra of the output.

Fig. 4.    Time-domain envelopes of the output. 



1456 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 14, NO. 10, OCTOBER 2002

Fig. 5.    Eye diagram of  an input ligtwave. Fig. 6.   Eye diagram of an output lightwave, where fm = 18.0 GHz (second
channel). 

IV. CONCLUSION 

The authors described an electrically tunable delay line that is
composed of an optical SSB modulator, an FBG, and an optical
fiber loop. The number of times a lightwave circulates in the 
loop can be controlled by the electric signal fed to the modulator.
Packets of any lengths can go through our proposed delay line
without any collisions, even if the length of the packet is larger 
than that of the delay loop. We demonstrated that the delay at the
100p can be changed by switching the frequency of the electric
signal fed to the modulator. 
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