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Abstract: We demonstrate continuously tunable optical delays as large as
1.1 µs range for 10 Gb/s NRZ optical signals based on four-wave mixing
(FWM) process in silicon waveguide. The large delay range is made
possible by a novel wavelength-optimized optical phase conjugation
scheme, which allows for tunable dispersion compensation to minimize the
residual group-velocity dispersion (GVD) for the entire tuning range.
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1. Introduction
The capability of buffering or delaying information is highly desired in communication
networks. Specific applications include network buffering, data synchronization, and timedivision multiplexing. While information is transmitted using optical fibers in current
communication networks, components for data processing requires optical/electronic
conversion of information, creating a bottleneck for further increasing the data transmission
rate [1]. The ability to create precise all-optical delays, i.e., being able to control the arrival
times of data streams on the physical level, is then a critical requirement. Rather than discrete
optical delays that can be generated by combining a series of fixed delay lines with different
amounts of delay in parallel [2], fine and continuous tuning of the delay is required as the data
rate increases. The development of tunable optical delay lines is also important for other
applications such as optical coherence tomography [3], optical control of phased array
antennas for radio frequency communication [4], light detection and sensing (LIDAR) [5],
optical sampling [6], and pattern correlation [7].
Recent research efforts include the ability to reduce the speed of an optical signal by
several orders of magnitude, which takes advantage of the rapidly-varying refractive index
that accompanies an optical resonance [8]. However, the maximum delay that can be
generated in practical slow-light delay lines has been limited to a few pulse widths [9]. An
alternative technique for generating tunable delays utilizes wavelength conversion and
dispersion [10-16]. This scheme takes advantage of the group-velocity dispersion (GVD) in an
optical fiber for generating a wavelength-dependent optical delay. The wavelength of the
input signal is shifted and injected into a medium with a large GVD, which generates a delay
with respect to the initial unshifted pulse. The total delay is approximately a product of the
GVD parameter D, the length of the dispersive fiber Ld, and the wavelength shift ∆λ. To
achieve large delays, however, the necessarily large GVD inevitably results in severe
distortions to the delayed signal. The use of the inherent temporal phase conjugation
associated with four-wave mixing (FWM) can overcome the GVD-induced pulse broadening
and allows us to further extend the maximum achievable delay [17]. Such scheme consists of
three stages: a dispersive fiber, a FWM wavelength conversion, and a second dispersive fiber
which is typically the same fiber as the first stage. 243-ns delay for a 10-Gb/s NRZ signal has
been demonstrated based on this design. However, since dispersive fibers also possess nonvanishing higher order dispersion, the large residual dispersion between the original and the
converted wave limits the maximum delay range. A new scheme including a partial dispersion
slope cancellation is proposed, and the maximum tunable delay range has been extended to
400 ns at 10 Gb/s [18]. Unfortunately, residual dispersion at the output signal of more than
200 ps/nm still exists. Such a scheme has limited potential for further improvement in delay
range and data rate.
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In this paper we propose a novel tunable parametric optical delay system based on
wavelength-optimized optical phase conjugation, which allows one half of the delay system to
serve simultaneously as a tunable dispersion compensator with only fixed dispersion
elements. Zero residual GVD at the output signal can be obtained throughout the delay range.
Optical phase conjugation is realized in silicon waveguides. For fiber-based optical parametric
schemes, pump modulation is necessary in order to suppress stimulated Brillouin scattering
(SBS), which distorts the output if a single pump is used. Since the silicon waveguides do not
exhibit SBS, a single CW pump can be used without any phase modulation [19]. This paper
reports, for the first time to the best of our knowledge, continuously tunable optical delays at
10 Gb/s with greater than a 1-µs delay range.
2. Theory

Fig. 1. (a) Delay generator using two wavelength conversions via FWM and two dispersion
links. (b) The principle of zero residual dispersion based on the wavelength-optimized optical
phase conjugation.

The concept of the proposed system is illustrated in Fig. 1. The input signal is first
wavelength-converted from λ0 to λ1 (can be with or without phase conjugation) and then
transmitted along fiber I with a dispersion function χ1(λ). After the second wavelength
conversion to λ2 (with phase conjugation), the signal is transmitted along the second
dispersive link, fiber II with dispersion function χ2(λ). The principle of zero residual
dispersion at the output signal is shown in Fig. 1(b). As a result of the phase conjugation
process in FWM II, the signal broadening effect induced by fiber I can be compensated by the
dispersion in fiber II. In order to realize zero residual dispersion, the total dispersion that the
signal experiences in the two fibers are required to be the same, that is,
(1)
χ1 (λ1 ) = χ 2 (λ2 ) .
In order to achieve continuously tunable delays, λ1 must be tuned within the achievable
wavelength conversion range. The proposed design requires the signal wavelength within
fiber II to be determined by Eq. (1). In fact, in addition to providing dispersive delay, the
second dispersive link also serves as a tunable dispersion compensator. λ2 is the matched
wavelength point. Although such a dispersion compensation scheme is similar to that reported
in Ref. [20], the combination of delay generation and dispersion compensation in the same
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setup is advantageous for tunable optical delays. The tunable delay in the proposed system can
be expressed as
λ1

λ2

λ10

λ20

τ (λ1 ) = ∫ χ1 (λ )dλ + ∫ χ 2 (λ )dλ ,

(2)

where λ10 is the reference point, and λ20 and λ2 are determined by λ10 and λ1, respectively, as
shown in Eq. (1).
We present here a brief theoretical analysis of the phase distortion that the signal suffers
in propagating through the entire delay system. Generally the dispersion function of the fiber
can be expanded at a particular wavelength and described by its second order (i.e. the GVD)
and higher order dispersion, i.e., β2, β3, β4… Due to temporal phase conjugation after the first
dispersive link and FWM II, the dispersion that the signal experiences is then effectively -β2,1,
β3,1, -β4,1…, i.e., the signs of all the even terms are changed while the odd terms are kept
unchanged [21-23]. As a result, at the output of the system the phase distortion of the signal
(in the frequency domain) is
∆ω 2
∆ω 3
ϕ (∆ω ) =
β 2 , 2 (ω2 )L2 − β 2,1 (ω1 )L1 ] +
[
[β3,2 (ω2 )L2 + β 3,1 (ω1 )L1 ],
2
6
(3)
∆ω 4
[β 4,2 (ω2 )L2 − β 4,1 (ω1 )L1 ]+ ⋯
+
24
where L1 and L2 are the fiber lengths, and ω1 and ω2 are the optical frequencies of the signal in
the two fibers.
In previous work [17,18], where FWM I is not used, ω1 is fixed at the input signal
frequency and ω2 is determined by the required delay value. Due to the non-zero higher order
dispersion in the fiber, the first term in Eq. (3) is generally non-zero and dominates the phase
distortion of the output signal. In order to minimize such residual GVD, a pre- or postcompensation can be used to optimize the system performance. The best value of such a preor post-compensation is the mean residual GVD when ω2 is tuned through the wavelength
conversion range (∆ωC) in order to produce the delay. When fiber I and fiber II are the same
or have nearly identical dispersion properties [17, 18], for example, the maximum residual
phase distortion can be estimated as

ϕ max (∆ω ) =

∆ω 2
β 3 L∆ωC ,
4

(4)

where β 3 L is the mean third order dispersion (TOD) of the two fibers, which can be large
when the fiber length is long. As a result, the large GVD variation in the wavelength
conversion range [ β 3 L∆ωC in Eq. (4)] ultimately limits the achievable maximum delay range
and the highest data rate the system can support.
In our proposed system, however, the first term in the phase distortion is zero throughout
the wavelength conversion range when Eq. (1) is satisfied, and the dominant phase distortion
is now the second term. Similarly, a pre- or post-compensation with the optimized value of the
mean residual TOD can be used to minimize the phase distortion, and then the maximum
residual phase distortion is
∆ω 3
(5)
′ (∆ω ) =
ϕ max
β 4 L∆ωC ,
6
where β 4 L is the mean fourth order dispersion of the two fibers. Equation (5) shows that the
system performance is now limited by the fourth-order dispersion instead of the TOD, which
significantly increases the maximum delay range and the highest data rate that parametric
delay system can support.
Equation (1) shows that λ1≡λ2 if the two fibers are identical, indicating wavelengthshiftless phase conjugation. Since phase conjugation is usually accompanied by wavelength
conversion, three FWM stages (or FWM with polarization-multiplexed dual pumps) may be
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needed for such a wavelength-shiftless scheme, which greatly increases the system
complexity. Note that even in such a wavelength-shiftless phase conjugation scheme, the
maximum phase distortion is still governed by Eq. (5), the same as the proposed wavelengthoptimized phase conjugation with only one FWM. Thus, the proposed scheme achieves nearly
identical system performance, when compared to wavelength-shiftless phase conjugation, but
without the added complexity. In practice, the same DCF is usually used in the first and
second dispersive link in order to maximize the achievable tunable delay range with a given
fiber length. In such a case, a dispersive medium with a small dispersion value can be used
before or after the DCF to slightly shift the dispersion curve of one of the dispersive links (an
example is shown in section 3).
3. Experiment
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Fig. 2. Experimental setup for the delay scheme based on wavelength-optimized optical phase
conjugation. C: coupler; TBF: tunable bandpass filter; SSMF: standard single mode fiber, PC:
polarization controller. NF: notch filter. Each of the four Raman amplifiers consists of four
semiconductor LDs. Polarization multiplexing is used to combine the pump diodes, and the
pump power for each amplifier is 23 dBm. The spectrum after each waveguide is inset. The
resolution in the measurement is 0.1 nm.

The experimental setup is shown in Fig. 2. A CW DFB laser centered at 1534 nm is
modulated using a pattern generator and a Mach-Zehnder modulator to generate NRZ signal at
10 Gb/s. The signal is combined with CW pump I and amplified to 250 mW. The signal
power is kept approximately 5 dB below the pump power for optimal wavelength conversion.
The signal and pump are then coupled into a silicon (Si) waveguide for the first wavelength
conversion. The Si waveguide is 1.1-cm long and has a cross section of 600 nm by 300 nm.
By tuning the wavelength of pump I, the wavelength of the idler can be tuned continuously
from 1535.5 nm to 1572 nm, limited entirely by the gain flattening range of the EDFA. The
on-off conversion efficiency is around -20 dB and the output OSNR is around 35 dB after
conversion. The OSNR performance is improved from previous experiments [17] by using a
notch filter before the waveguide, which eliminates the ASE noise at the band where the idler
will be generated. Custom notch filters based on fiber Bragg gratings are used in the following
BER test experiment. A continuously tunable notch filter (e.g., OTF-960 from Santec) is also
commercial available. A DCF (four 15 km spools of HFDK, OFS Denmark) with a total
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dispersion of approximately -15 ns/nm at 1550 nm and 40 dB loss is used to achieve a large
tunable delay range. Since the same DCF is used for both dispersion links, a 5-km SSMF is
used before the first circulator to shift the first dispersion curve by 85 ps/nm. The signal after
the second circulator is wavelength shifted again by FWM II (the setup for FWM II is
identical to that of FWM I). The wavelength shift in FWM II is determined by Eq. (1). After
FWM II, the idler is pre-amplified, sent back into the second circulator, through the same
DCF, and into the first circulator. Finally, the output is filtered and detected by a standard 10Gb/s receiver. Four broadband Raman amplifiers are used within the DCF to achieve lossless
transmission in the DCF throughout the wavelength conversion range. If it is required, a third
wavelength conversion stage can be implemented at the output to convert the signal to the
desired wavelength [16]. This third wavelength conversion will have no impact on the
dispersion management and the delay range. It has been demonstrated previously that the
additional wavelength conversion based on the Si waveguide will result in a small power
penalty (~ 1 dB) to the system [24].
The signal delays at various conversion wavelengths λ1 can be directly observed by an
oscilloscope when a long, slow data pattern with 100 Mb/s is used. As shown in Fig. 3, a
tunable delay range of 1088 ns is achieved when λ1 is tuned over a range of 36.5 nm. Since the
tuning of λ2 acts as a tunable dispersion compensator to cancel the phase distortion for the
output signal, we obtain a much larger tunable delay range than in previous demonstrations
[17, 18]. We are currently limited by the gain flattening range of the EDFAs in our system.
The maximum wavelength conversion range, and thus, the maximum delay range allowed by
the Si waveguide and the dispersion management scheme is significantly beyond what we
have demonstrated.

1000
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Fig. 3. Measured delay as a function of λ1. Inset: the measured delay for λ1 = 1535.5 nm (top)
and 1572 nm (bottom).

Figure 4 shows the bit-error-rate tests and the eye diagrams measured at the two edges
and center point in the delay generator. A (223-1) pseudo-random bit sequence (PRBS) is used.
The measured power penalty is around 3.3 to 4.5 dB for a BER of 10-9. The power penalty can
be attributed in part to the degradation of the optical signal-to-noise ratio (OSNR) in the
wavelength conversion process. Both linear propagation loss and nonlinear loss due to twophoton absorption and free-carrier absorption reduce the efficiency of the FWM process in the
silicon waveguides.
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BER

Fig. 4. Measured eye diagrams and BER curves of back-to-back (B2B) signals and delayed
signals when λ1 is at different wavelengths.

The PMD of the system is estimated to be 6 ps, which shows no impact on a 10 Gb/s
signal, but it will distort the signal at much higher data rate. A possible solution for this issue
is to shorten the fiber length while enlarging the wavelength tuning range to keep the same
tunable delay range. Furthermore, the polarization-dependent response of the Si-waveguide
can be mitigated by two orthogonal pumps. For example, by injecting a single pump into both
polarization states of the waveguide, we achieved wavelength conversion efficiency with less
than 0.5 dB polarization sensitivity.
4. Conclusion

We proposed a novel parametric tunable delay system with a wavelength-optimized optical
phase conjugation that allows for tunable dispersion compensation. Theoretical analysis
showed that zero GVD can be obtained throughout the tuning range and predicts the potential
of an even larger range of delays and operation at higher data rates. More than 1 µs
continuously tunable delay was experimentally demonstrated at 10 Gb/s.
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