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SUMMARY  This paper describes recent progress in research on wave-
Jength converters that employ guasi-phase-matched LINDO; (QPM-LN)
waveguides. The basic structure and operating principle of these devices
are presented. The conversion efficiency in difference frequency genera-
tien (DFG), second harmonic generation {SHG) and an SHG/DFG cascade
scheme are explained. Device fabrication technelogies such as periodic
poling, and those used for annealed proton-exchanged (APE) waveguides,
and direct bonded waveguides are introduced. An APE waveguide is used
to demonstrate the wavelength conversion of broadband (> 1 Thit/s) WDM
signals. The low penalty conversion of high-speed (40 Gbit/s) based WDM
_ signals is also reported. Excelient resistance to photorefractive damage
in a direct bonded waveguide is presented. This high leve] of resistance
enabled highly efficient wavelength conversion. A new design concept
is introduced for a multiple QPM device based on the continuous phase
modulation of a perfodically poled siructure. This multiple QPM device
enables the variable wavelength conversion of WDM signals. High-speed
wavelength switching between ITU-T grid wavelengths using a finely tuned
multiple QPM device is also reported. QPM-LN based wavelength con-
verters have several advantages, including the ability to convert high-speed
signals of 1 THz or greater, no signal-to-noise (S/N} ratic degradation, no
modulation format dependence, and they are capable of the simultaneous
conversion of broadband WDM chanaels. They will therefore be key de-
vices in future photonic networks.

key words: wavelengih conversion, waveguide, lithium niobate, quasi-
phase matching

1. Imtroduction

In recent years, progress has been made on the development
of technology for constructing large-capacity optical com-
munications systems by the wavelength division multiplex-
ing of high-speed optical signals. The flexible and efficient
use of a future network requires photonic retwork technol-
ogy that allows optical signals to be processed in a sim-
ple manner without the need to convert them to electrical
signals. Much is expected from wavelength conversion de-
vices in terms of making such technology possible. Various
types of wavelength conversion device have been proposed

and studied, but the device described here, which employs

quasi-phase-matched LiNbQ3 (QPM-LN) waveguides, has
superior features to these other devices, including the abil-
ity to convert high-speed signals of 1 THz or greater, no sig-
nal to noise (§/N) ratio degradation, no signal format de-
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pendence, and the capacity to convert a group of broadband
wavelengths simultaneously [1].

Here, we describe the operating principle and report
recent advances in wavelength conversion realized using the
QPM-LN waveguide. '

2. Principle of Wavelength Conversion

Wavelength conversion using QPM-LN waveguides is based
on difference frequency generation (DFG). By injecting a
signal light that has a frequency «y (wavelength 4; =
2rcfex) and a pump light that has a frequency wsz (wave-
length A3 = 2nc/w;) into a second-order nonlinear mate-
rial, this effect can be used to generate a converted light
that has a wavelength (1 = 27c/w»), which is equiva-
lent to the difference between the frequencies of the two
beams, w; = w3 — wi. 'To achieve highly efficient conver-
sion, it is essential to satisfy the phase matching condition.
(Quasi-phase-matching (QPM) is a technique that relaxes the -
phase matching constraint and allows the wavelength con-
version of arbitrary wavelength combinations in the wave-
length region where the material is transparent. With the
QPM wavelength conversion technique, the nonlinear coef-
ficient is modulated with period A, so that the valne of the
phase mismatch, AB, satisfies the following equation.

Ry Ap l
wulpggal) o

(Here, n; is the refractive index at the signal light wave-
length A;, 1y is the refractive index at the converted Tight
wavelength, A3, and s is the refractive index at the pump
light wavelength, 43.) This is the quasi-phase-matching con-
dition. Using this technigue, we can achieve highly effi-
cient conversion between varions wavelengths by varying
the modulation period. The basic structure of the device is
shown in Fig. 1(a). An optical waveguide is formed on a
substrate on which a QPM structure has been formed by
periodically reversing the spomntaneous polarization of the
LiNbQ;. Figures 1(b) and (c) show a typical arrangement
of the signal light, the pump light and the converted Lght
on the wavelength axis. For conversion from the 1.55um
band to the 1.58 pm hand, for example, the signal light and
a 0.78 ym pump light are injected into the waveguide. The
wavelength conversion efficiency as a function of the phase
mismatching of Eq. (1) is given by Eq. (2).

ght © 2005 The Instifute of Electronics, Infonnat_ion and Communication Engineers
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{fhmax is the efficiency under the QPM condition and L is
waveguide length.)

Figure 1 also shows the dependence of the wavelength
conversion efficiency on the pump and signal wavelengths
when a 30mm long LN waveguide is used. As seen in
Eq.(2), the bandwidth of the device is determined by the
condition whereby (A — 2m/A)L remains between —x to
+m. When the pump wavelength changes, the AB changes
sharply due to the dispersion in the refractive index of LN.
Thus, the bandwidth for the pump wavelength, as shown
in Fig. 1¢h), is as narrow as 0.2 nm. By contrast, when the
pump wavelength is fixed and the signal wavelength be-
comes longer, for example, the converted signal wavelength
becomes shorter. Thus, the changes in the refractive index
at the signal and converted signal wavelengths cancel each
other out and result in a small change in AB. This is why
conversion is possible over a very wide signal wavelength
range (60 nm), as shown in Fig. 1(c). This sufficiently wide
bandwidth makes the batch conversion of the WDM si gnal
possible. In addition, conversion can be accomplished eas-
ily, even for high-speed signals of, for example, 40 Ghit/s or
more,

(2)

nr = Hmax

Furthermore, because the phase information of the in- .

put signal light is preserved in the conversion process, it is
independent of the modulation format, even for si gnals that
take full advantage of phase modulation. Another merit of
the QPM-LN device is that low noise is added to the opti-
cal signal in the wavelength conversion process, because the
device itself produces virtually no spontanreous emission.
For 1.55 um band wavelength conversion as described
above, a 0,78 um lght source is required for the pump fight.
However, there are few laser diodes that emit a single wave-
length in this wavelength band. It is possible, however, to
use a 1.55 um light source as an external pump light with a
cascade scheme [2]. In that scheme, a 1.55 pm light injected

IEICE TRANS. ELECTRON., VOL.E§8-C, NO.3 MARCH 2005

- into the waveguide as an external pump light is converted

into a 0.78 um internal pump light by second harmonic gen-

B eration (SHG). Wavelength convérsion is achieved by the

DFG of that internal pump light and the signal hight. As
regards the SHG process, the wavelength of the 1.55um
pumyp light is consistent with the degenerative wavelength,
at which the signal and converted signal wavelengths con-
verge in the DFG process. Thus, the QPM conditions for
the SHG and DFG processes are satisfied simultaneously by
the same poling period, and the generation of the internal
pump light by SHG and the wavelength conversion by DFG
can be accomplished in the same waveguide,

Next, we consider the wavelength conversion effi-
ciency. If the attenuation of the pump light in the DFG pro-
cess is negligible (small signal approximation), the power
of the converted light, P, is given by Eq. (3) in terms of the
signal light power, Py, and the pump lght power, Ps.

_ pL*PiP;
100

Here, 5 represents the conversion efficiency per unit
fength of the device, and is expressed in units of %/ Wiem?,
The overall efficiency of the device, 7L2, improves in pro-
portion to the square of the waveguide length, and is ex-
pressed in units of %/W.

If we disregard the mode overlap between the three
interacting waves, the conversion efficiency is given by
Eq. (4).

P, 3)

8x2d?, ‘ .
n? = 10— p2 S @
niR2n3CE0 AT Ay
Here, dop = 2d33/nm is the effective nonlinear coefficient, ¢
is the velocity of light, &g is the vacuum permittivity, and
A 18 the effective mode area. If we assume the nonlinear
optical coefficient da3=28 pm/V, L=50 mm, A,5=19.6ym?
(mode diameter=5.0um), and 2;=1.55 ym, we can expect
a conversion efficiency as high as 5000%/W. In actual de-
vices, the conversion efficiency is affected by several factors
including the mode overlap between three interacting waves,
nonlinearity degradation during waveguide processing, and
the non-uniformity of the waveguide. x

With the SHG process, if we assume that the attenu-
ation due to the wavelength conversion of the fundamen-
tal wavelength can be disregarded (small signa) approxima-
tion), the power of the SH light, P, is given in terms of the
power of the fundamental wave, Py, by Eq. (5).

L2p?
Py= 14
100

The efficiency in the SHG process is the same as in the
DFG process. Therefore, SHG conversion efficiency is used

&)

.l evaluate the conversion efficiency of the device.

In the cascade scheme the power of the converted light,
P, is given by Eq. (6).
_LPL'PiPy
T4 002

. (6)
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Here we assumed a small signat approximatioﬁ'. Tﬁe .
internal SH pump fight is proportional to the square of the -

external pump light power, and so the increase in the power
of the converted light with the cascade scheme is propor-
tional to the square of the pump light power.

Most QPM-LN waveguide devices utilize the nonlin-
ear optical coefficient of dss, which is the largest component
in LINbOs5. Thus the pump and signal polarizations should
coincide with the Z axis of the crystal. This means the wave-
fength converter is polarization dependent. To overcome this
problem, polarization diversity vsing two identical waveg-
vides [1], single waveguide in a loop configuration {1], and
single waveguide with polarization rotation have been pro-
posed [3].

3. Device Fabrication and Wavelength Conversion
Characteristics

3.1 Fabrication Technology

LiNbO, with a periodically reversed polarization is called
periodically poled lithium niobate (PPLN). Various methods
have been used in attempts to fabricate such structures, but
in recent years a method has been established that involves
the direct application of an electric field to the substrate [4].

We have been employing two waveguide fabrication
methods. One is the annealed proton exchange (APE)
method [3]. With this method, first a mask pattern of S5i0;
or other such material is formed photolithographically on
the LN substrate, and then the substrate is immersed in a
proton donor such as benzoic acid at a high temperature to
form a high-index layer on the substrate by the exchange of
Li* and H* ions. Excessively exchanged proton causes a
crystal phase transition, which reduces the nonlinearity of
the crystal. To recover the nonlinearity, the exchanged pro-
tons are diffused by annealing. With this method we can ob-
tain a large change in the refractive index and thus achieve
strong optical confinement. This method features a rela-
tively simple process and provides the ability to fabricate
waveguides over a large surface drea with good uniformity.
We have already succeeded in fabricating a 5 cm long wave-
guide device that has an SHG efficiency of 1300%/W. Re-
cently, a more efficient device has been developed by using
the reverse proton exchange method £6]. The APE method

is also known to have betrer robustiiess against photorefrac- .

tive damage than the Ti diffusion method used for LN opti-
cal modulators [7]. To date, most LiNbQO; waveguides for
wavelength conversion applications have been fabricated by
the APE method [11, [5], [6]. Although this method is well
established, additional defects could be induced in the crys-
tal during the process. In general, defects in nonlinear opti-
cal crystal reduce the robustness of the device against pho-
torefractive damage.

To solve this problem we tried to make a waveguide
using the crystal without proton exchange [8]. Figure 2
shows our fabrication process based on the direct bonding
technigue. Z-cut non-doped or Zn-doped LN is used for the

" - {‘Electrical poling | §
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Fig.2  Waveguide fabrication using direct bonding technology.
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Fig.3  Spectrum of broadband wavelength conversion.

core wafer and Z-cut Mg-doped LN is used for the cladding
wafer. First, a periodically poled structure is formed on the
core wafer by using the electrical poling method. Then, the -
two wafers are brought into contact in a clean atmosphere
and annealed at 500°C to achieve complete bonding at the
atomic level. The thickness of the core layer was reduced to
a few microns by lapping and polishing. The ridge waveg-
uides were then fabricated by using a dicing saw. The in-
set in Fig. 2 shows a cross-sectional view of the fabricated
ridge wavegunides. By choosing an ultra fine diamond blade
for the dicing, we succeeded in obtaining a flat and smooth
waveguide surface without the need for chemical etching or
polishing. Recently, we successfully used this method to
fabricate a 50 mm-long waveguide with an SHG efficiency
of 560%/W [9]. B

3.2 Wavelength Conversion Demonstration Using An-
' nealed Proton Exchange (APE) Waveguide

In this section, we introduce recent progress on a wave-
length converter that employs the APE method. To facilitate
stable wavelength conversion, we have fabricated a QPM-
LN wavegiide module that has fiber pigtails for the input
and output as well as a temperature control function for
QPM wavelength adjustment [10]. We used the module in
an attempt to demonstrate the mérits of a wavelength con-
verter based on the QPM-LN waveguide. Figure 3 shows the
spectrum of our broadband wavelength conversion experi-
ment. Here, 1.03 Thit/s (103 x 10 Gbit/s), 25 GHz-spaced

. DWDM signals {(1531-1551 nm) were generated by modu-
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lating a supercontinuum light source [11]. Broadband sig-
nals in the C-band were converted to the T-band in a pig-
tailed QPM-LN module by using a cascade scheme. The
wide signal bandwidth made large-capacity signal wave-
length conversion possible in a single device, If the signal
wavelength is assigned within the QPM bandwidth for the
pump, parametric crosstalk may degrade the signal quality.
The narrow putnp bandwidth allowed us to achieve conver-
sion with a narrow guard band of § nm.

To confirm the ability to convert high-speed signals we
also attempted the wavelength conversion of WDM signals
on six 40-Gbit/s channels [10]. Figure 4 shows the input op-
tical signal, the eye pattern of the converted light, and the
bit error rates before and after wavelength conversion. As
seen in this diagram, there was no waveform degradation af-
ter wavelength conversion in this device. Furthermore, the
power penalty after wavelength conversion was 0.3 dB, that
is, barely within the limits of measurement, which confirms
that the noise introduced by the wavelength conversion pro-
cess is negligible.

3.3 Highly Damage Resistant Device Using Direct
Bonded Waveguide

In this section, we introduce recent progress on a device that
uses a direct bonded waveguide, One of the most signif-
icant features of the direct bonded -waveguide is its strong

resistance to photorefractive damage. When a high-power -

light is injected into a second-order nonlinear crystal such
as LN, a change in the index of refraction occurs because
of a photorefractive effect in which the carrier is excited,
mainly as a result of the presence of defects in the Crys-
tal. If there is a change in the index of refraction in a de-
vice that employs QPM, the QPM conditions obtained with
Eq. (1) change and this leads to a change in the QPM wave-
length. In DFG wavelength conversion, the pump wave-
length band is relatively narrow, as shown in Fig. 1, so the
change in the QPM wavelength may reduce the conversion
efficiency. Even in APE waveguides slight photorefractive
daniage causes a QPM wavelength shift. It is known that
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and (b) QPM wavelength shift as a funetion of irradiation time,

doping LN with Mg or Zn increases the robustness against
photorefractive damage by compensating for the carrier cre-
ated by the defects [7]. However even if an MgO- or ZnO-
doped LN substrate is used, the QPM wavelength shift of the
APE waveguide cannot be eliminated at room temperature
[11].

To evaluate the improvement in robustness against pho-
torefractive damage, we measured the change in the QPM
wavelength when we injected a light with a short wavelength
near that of the pump. The experimental setup is shown in
Fig.5(a) [12]. When the broadband ASE from an erbinm-
doped fiber amplifier (EDFA) is injected into the QPM-LN
device, only the wavelength component that matches the
QPM wavelength is converted by SHG. Accordingly, by
observing the spectrum in the .78 ym band with an opti-
cal spectrum analyzer, a QPM curve, such as that shown in
Fig. 1(b), can be measured instantaneously, The temporal
change in the QPM wavelength can be measured by mon-
itoring the SH spectrum at constant intervals while iject-
ing a 784 nm light bearn, which is slightly detuned from the
QPM wavelength. Figure 5(b} shows the temporal change
in QPM wavelength at room temperature. We compared an
APE wavegnide made of non-doped LN and with a direct
bonded waveguide made of non-doped LN as a core layer
[8]. The APE waveguide exhibited an appreciable wave-
length shift of 3nm with an irradiation power of 20mW.
In contrast, the direct bonded ridge waveguide showed no
wavelength shift even with an irradiation power of 64 mW,
This very high resistance to photorefractive damage will be
beneficial in terms of realizing practical QPM-LN wave-
length converters. -

In the DEG process, if sufficient pump power is in-
Jected, the intensity of the converted signal can reach the sig-
nal input level. If a larger pump power is injected, paramet-
tic amplification of both the signal and the converted signal
is possible. We conducted a wavelength conversion exper-
iment using a direct bonded wavegnide. made of Zn-doped
LN as acore layer [9]. A 1535 nm signal light and & 1546 nm
pump light amplified by the EDFA were combined by a fiber
coupler and injected into the waveguide. The output spec-
frum with a pump power of 150 mW is shown in Fig. 6(a).
The difference between the output levels of the signal and
converted signal was as little as —1.3 dB. Figure 6(b) shows

i
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e output intensities of the signal and converted signal as a
ction of the pump power. The converted signal increases
i proportlon to the square of the pump power. Thanks to
i& high damage resistance of the Zn-doped direct bonded
saveguide, there was no safuration in the conversion effi-
iency caused by the QPM wavelength shift [13]. Although
e SNR of the converted signal in Fig. 6(a) is limited by the
\SE generated from he EDFA, low loss wavelength conver-
jon without SNR degradation will be possible by using an
ppropriate band pass filter.

Another advantage of the direct bonded waveguide
g-that it can confine both the TE and TM modes. The
PE wavegunides can confine only the TM mode when the
ubstrate is Z-cut LiNbOs3. If the waveguide can confine
oth polarizations, polarization-independent operation can
e achieved by polarization diversity using a polarization ro-
ation [3]. In addition, it is known that excessive proton ex-
hange induces a “dead layer” whose nonlinearity is largely
egraded [5]. The direct bonded waveguide does not suffer
yom nonlinearity degradation. We expect to achieve more
flicient wavelength conversion by optimizing the wave-
nide structure.

Variable Wavelength Conversion Usmg Multiple
© QPM Device

A conventional periodically poled structure provides a phase
~matching curve with a single QPM peak. If we have multi-
:ple QPM peaks, we can change the destination wavelength
:by changing the pump wavelength. Several engineered do-
- main structures have been proposed with a view to realiz-
- ing a multiple QPM device. These include a periodic phase

structure [15]. Recently we devised a novel technique that
-can achieve multiple QPM with better efficiency than that
~provided by the previous technique [16]. Figure 7(a) shows
- a’schematic of the domain structure. In this structure, the
Sign of @ is alternated witha period Ag, whereas the phase
- of ¥ alternation is continuously modulated with a period
~Apn, as shown in Fig. 7(b). Fourier transform analysis shows
‘that this structure provides multiple QPM when the phase
mismatch AS satisfies the following condition:

ABZQ?T(A—O +7\;) (7}
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where n is an integer number.

For example, if we choose a parabolic phase modula-
tion function as shown in Fig. 8(a), the phase matching curve
exhibits multiple peaks with unequal efficiency as shown in
Fig. 8(b}. To achieve multiple QPM with high efficiency,
we began with the parabolic function and then optimized
the phase modulation function so that only the efficiency
with the desired n numbers was maximized. Figures 8(c)
and (d) show examples of the phase modulation.amnd the
phase matching curves optimized for 4-ch pumping. The ef-
ficiency was normalized using that of a uniform phase struc-
ture with the same interaction length. In this case, efficien-
cies with four odd r numbers (n = -3, -1, 1, 3) were max-
imized to obtain even peaks. The normalized efficiency of
each peak is 23.5%, which means the sum of the efficien-
cies for the desired peaks is 94%. As shown in Fig. 8(d),
unwanted side lobes in the phase maiching curve are ef-
fectively suppressed. This suppression results in better ef-
ficiency than that achieved using previously reported tech-
niques. Figures 8(e) and (£) provide another example of the
phase modulation and phase matching curves. Here, we op-
timized the phase modulation so that the efficiencies with
asymmetrically arranged peaks (n = —1, 0, 1, 2) were max-
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imized [17]. By employing the asymmetric phase modu-
lation function, we can halve the peak interval using the
same phase modulation period. In the same manner, this
technique can be extended to any number of pump wave-
lengths by obtaining an appropriate optimum phase modu-
lation function. Based on this design concept, we fabricated
a prototype wavegunide-device using the conventional APE
method.

Figures 9a) and (b) show normalized SHG funing
curves for a conventional periodically poled sample and
a phase modulated sample. Both samples were 34.5 mmn
long. The peak SHG efficiency of the conventional peri-
odically poled sample was 680%/W. The experimental and
calculated tuning curves of the phase modulated sample are
in good agreement (Fig. 8(d)}, and an SHG efficiency of
160%/W was obtained from each peak.

For conversion between two waves on the ITU-T gnd
the pump frequency should be on the grid or in the middie
of the grid. Consequently, each multiple QPM peak should
fit the ITU-T grid or the middle. Recently, we fine-tuned the
multiple-QPM device [18] and then used it to demonstrate
conversion between ITU-T grid wavelengths and the high-
speed switching of the converied wavelength. Figure 10
shows the experimental setup. C-band 4-channel DFB-LDs
with a 100 GHz spacing were multiplexed and modulated
at 40 Gbit/s. Two-channel DFB-LDs with a 200 GHz spac-
ing were directly modulated to generate a complementary
pump pulse. The pump and signals were amplified by ED-
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FAs, combined by a WDM coupler, and then launched into
the multiple-QPM LiNbO; waveguide.

Figure 11(a) shows output spectra with four different
pump wavelengths. By changing the pump frequency by
200 (GHz, we were able to demonstrate the variable and si-
multaneous wavelength conversion of 4-ch 100 GHz spac-
ing signals. Next, we tried high-speed wavelength switching
using complementarily modulated pump light, Figure 11(b)
shows the averaged output spectrum. In this case, a 4-ch
100 GHz spacing signal is complementarily converted into
two ‘groups of 4-ch 100 GHz spacing signals. Figure 12
shows the temporal waveforms of converted signals. The 4-
ch signal was properly converted to 2 x 4-ch signals on the
ITU-T grid frequency. High-speed switching between 4-ch
100-GHz-spacing signal groups is also successfully demon-
strated. Taking the transition effect into account, fast wave-
length switching would be possible with a guard time as
short as 100ps. These fast wavelength switching charac-
teristics would be vseful in achieving burst/packet routing
based on high-speed signals.

The multiple QPM device technology may play an es-
sential role in the wavelength routing of grouped WDM sig-

nals in future photonic networks.

5. Conclusion

We have provided an overview of QPM wavelength conver-
sion devices and the current state of research. Although
we have introduced QPM-LN devices from the viewpoint
of wavelength conversion, a wide variety of other applica-
tiohs such as dispersion compensation, [1] and time divi-
sion multi/demultiplexing [19] have been reported. We be-
lieve that the high efficiency, broad bandwidth, high SNR,
transparency and other excellent characteristics possessed
by these devices ensure that their importance will continue

to grow.
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