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avelength control of tunable dense wavelength-division
ultiplexing sources by use of a Fabry–Perot etalon

nd a semiconductor optoelectronic diode

hun-Liang Yang, San-Liang Lee, and Jingshown Wu

A high-resolution tunable-wavelength controller is achieved by use of an etalon for control of wavelength
drift and a semiconductor optical diode �SOD� for channel recognition. The etalon provides a stable
wavelength reference, and the SOD can detect mode-hopping and incomplete-tuning problems in tuning
a laser. With the help of a Fabry–Perot etalon as a precise wavelength reference, the usual concern with
the temperature stability of a SOD can be relaxed at least tenfold compared with wavelength control with
a single SOD. We demonstrate the feasibility of monitoring tunable lasers by using a Fabry–Perot laser
diode �FPLD� or a semiconductor optical amplifier �SOA�. The induced voltage of the FPLD and that of
the SOA are modeled with analytic expressions that can help to optimize the operation of a SOD sensor.
© 2004 Optical Society of America
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. Introduction

unable laser sources �TLS’s� are critical components
f dense wavelength-division multiplexing �DWDM�
etworks as spare sources or fast wavelength-
witching devices.1,2 The wavelength monitor for
ontrolling a tunable-laser diode must cope with mul-
iple output wavelengths and the required tuning
peed. The tuning curve of a TLS might change be-
ause of aging or variation in temperature.3 This
hange may give rise to mode hopping and incomplete
uning of a TLS.4 The most popular components for
avelength control of DWDM lasers are Fabry–Perot

FP� etalons because they are stable and compact.3–5

owever, a FP etalon whose free spectral range
FSR� is usually chosen to be the same as the channel
pacing cannot distinguish among different channels
ecause it has a periodic wavelength.3 This makes
t difficult to detect mode hopping and incomplete
uning. Etalons with special tuning mechanisms6,7
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r array waveguide gratings8,9 were also proposed for
onitoring tunable lasers, but they either have lim-

ted response speed or require expensive components.
The monitoring of tunable DWDM lasers requires a
avelength-sensitive characteristic that has a steep

lope about the wavelength grid to lock the wave-
ength precisely and that can distinguish among
hannels. The monitoring functions can be split into
wo parts, one for wavelength locking and the other
or channel recognition. In the first path, the wave-
ength of a TLS can be locked to a DWDM wavelength
rid specified by the International Telecommunica-
ion Union �ITU� by use of a FP etalon. The second
ath is used for resolving the channel position among
ifferent channels; this requires optoelectronic com-
onents with channel-dependent characteristics.
ossible candidates include various optical filters,3,10

unable FP etalons,6,7 arrayed waveguide gratings,8,9

ach–Zehnder interferometers,11 long-period fiber
ratings,12 and spectral filtering detectors.13,14

Here we propose to use the voltage induced across
semiconductor optoelectronic diode �SOD� for chan-
el recognition. The SOD referred to here can be a
P laser diode �FPLD�, a semiconductor optical am-
lifier �SOA�, or a light-emitting diode �LED�. Be-
ause the transparency of a SOD is wavelength
ependent, the induced voltage is a function of wave-
ength. In principle, a FP laser diode alone can be
sed for both wavelength locking and channel recog-
ition. With the help of cavity resonance, its
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oltage-versus-wavelength curve has a steep slope,
hich is good for wavelength locking. The voltage

esonance is not truly periodic, however, and can be
sed to distinguish among channels of different
avelengths. A SOD for channel recognition is at-

ractive because the wavelength sensor is compact
nd can be integrated monolithically with the tun-
ble laser. However, to achieve satisfactory resolu-
ion for DWDM applications with a single FPLD
equires precise temperature control, usually with
etter than a 0.01 °C margin of error, and high-
esolution scanning current.15

When the role of a SOD is for channel recognition
nly, the induced voltages between two adjacent
hannels are relatively far apart and can tolerate
ertain voltage fluctuations. Therefore the required
emperature stability can be significantly relaxed.
ne can thus achieve a high-resolution monitoring

echnique by combining the advantages of the stable
emperature properties of a FP etalon filter with the
ow cost and versatility of a SOD. One can easily
une a SOD to monitor different wavelength bands by
djusting its bias current. We describe and compare
he performance of different types of SOD. The
echnique can also be applied in optical networking
nits for monitoring wavelength paths in a scanning
ode.

. Principles of Operation

igure 1 is a schematic of the proposed technique of
avelength control of a tunable laser module. The

aser output is first collimated and dithered at a spe-
ific frequency with an optical intensity modulator.
he signal dithering is utilized to improve the mon-

toring sensitivity because it allows a narrow-
andpass filter to be used to eliminate detector noise.
or easy packaging with tunable lasers, modulators
f simple structure and easy alignment, such as those
ade from liquid crystals16 or normal surface modu-

ators,17 are particularly favored for such applica-
ions. The dithered signal is then divided into two
aths, one to a FP etalon and the other to a SOD. As
he TLS is tuned to output a given DWDM wave-
ength, the etalon must monitor the wavelength’s de-

ig. 1. Schematic of the proposed wavelength-control approach
or a tunable laser.
iation from the wavelength grid and feed the
eviation back to the laser control unit to adjust the
avelength to the closest wavelength grid. Wave-

ength accuracy better than 0.01 nm is usually spec-
fied for a commercial DWDM source that uses an
talon as the wavelength locker. Therefore the
avelength-locking path should be able to register

he TLS wavelength at one of the wavelength grids
ith this degree of accuracy. Then the SOD will

ecognize the channel and detect whether mode hop-
ing or incomplete tuning problems exist. If one of
hese problems does occur, the SOD unit must calcu-
ate the wavelength distance between the current
hannel and the expected channel and then instruct
he control unit to adjust the wavelength further to
he correct channel. This procedure will help the
LS control unit to make a tuning diagnosis because
ost TLSs suffer from drift in the tuning map as a

esult of aging or a change in ambient conditions.18,19

In addition to having a wavelength-locking func-
ion, a FP etalon can act as a precise wavelength
eference because of its high resistance to tempera-
ure variation. One can achieve channel recogni-
ion, however, by detecting the induced junction
oltage across the diode for a fixed bias current. Be-
ause the transparent current of a SOD varies with
he incident wavelength, the voltage level in response
o the dithered input power can indicate the wave-
ength if the bias is fixed.20 Although the detection
f transparent current can also be used for channel
ecognition, detection of junction voltage is preferred
ere to simplify the detection circuit as well as to
chieve rapid response. One can easily adjust the
peration point of a SOD to match that of the etalon
y tuning the bias current such that the two sensors
an share the same temperature controller. Inas-
uch as the SOD can easily be integrated with the
LS chip, the whole TLS module can still be pack-
ged into a compact form. In the following sections
he characteristics of the key components, including
he FP etalon and SODs, are investigated and dis-
ussed.

. Wavelength Locking with a Fabry–Perot Etalon

SR and thermal stability are two critical parame-
ers for a FP etalon that is used as a wavelength
ocker. The channel spacing of the monitored
WDM TLS is usually an integer multiple of the FSR

uch that one etalon can monitor many ITU channels.
n our experiments the FSR is chosen to be 50 GHz,
hich is equal to half of the channel spacing of the

unable laser. This selection doubles the sensitivity
o wavelength drift by means of a compromise in the
avelength-locking range.
The thermal characteristic of the etalon must be a

ompromise between stability and agility. The eta-
on needs to be thermally tuned to align multiple ITU
avelengths at intersection points of the transmitted
nd reflected curves. As shown in Fig. 2�a�, the in-
ersection point varies at a rate of 0.011 nm�°C. If
he tolerance on the wavelength deviation is 0.01 nm,
his etalon can tolerate as much as a 0.9 °C temper-
20 March 2004 � Vol. 43, No. 9 � APPLIED OPTICS 1915
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ture change. To align the etalon to an ITU grid,
owever, needs a wavelength tuning of at most half of
he etalon FSR �0.2 nm for our experiments�, which
eeds a maximal temperature change of �18 °C.
ecause temperature control is required in our ap-
roach to stabilizing the SOD sensor, the etalon can
hare the same temperature control. Thus an eta-
on of lower thermal expansion is not needed.

In our experiments the intersection point of the
ransmitted and reflected curves is used as the mon-
toring point. Figure 2�b� shows the responses of the
talon to eight wavelengths of 100-GHz channel spac-
ng at the same temperature, 26 °C. As the channel
pacing is twice the FSR, the ratio of voltage to wave-
ength deviation is almost identical among the chan-
els. Therefore the monitoring circuit needs to
emorize only one of these curves. The maximal

uctuation among the curves results in a wavelength
eviation of �0.005 nm, which is satisfactory for 50-
r 100-GHz-spaced channels.

. Channel Recognition with Semiconductor
ptical Diodes

e classify the SODs into two categories, resonant
nd nonresonant devices, as illustrated in Fig. 3.
he former includes most types of laser diode, and the

atter includes SOAs and LED’s. The gain material
or these active components has a transparent cur-
ent that decreases as the wavelength moves to the

ig. 2. Characteristics of the FP etalon: �a� temperature varia-
ion of the locking point and �b� ratio of the transmitted signal to
he reflected signal for eight ITU wavelengths.
916 APPLIED OPTICS � Vol. 43, No. 9 � 20 March 2004
ong-wavelength side. Acting as a wavelength sen-
or, a SOD must be biased below threshold. Under
uch conditions the optical property inside a SOD is
ominated by spontaneous emission when there is no
nput light. It becomes abundant in stimulated
mission when sufficient light whose wavelength
alls within the gain spectrum is injected upon the
iode. Thus the dithered incident light causes car-
ier modulation and results in voltage modulation
cross the diode junction. This voltage is a function
f the incident wavelength. We have addressed the
peration principles of wavelength sensing, using the
ransparent properties of a SOA.20 High-resolution
avelength discrimination by differential detection
f FPLD voltage was demonstrated.15 As the re-
uirements for the SOD characteristics for applica-
ions as wavelength lockers are different from those
or channel recognizers, we discuss in detail the SOD
haracteristics for channel recognition. The perfor-
ance of resonant and nonresonant types of SODs

re compared.
For use as a wavelength sensor, the facet reflection

f a FPLD causes a variation in the resonance of the
nduced voltage that is related to the wavelength.
he channel number can be resolved by comparison
f the induced voltage and a threshold voltage �Vth�,
s indicated in Fig. 3. Figure 4 shows the induced
oltage relative to frequency and temperature for a
.55-�m FPLD. The wavelength spacing between
he resonant peaks, i.e., a 97-GHz FSR, is equal to the
avity mode spacing of the FPLD. Therefore the
PLD must be carefully cleaved to match the cavity
ode spacing to the DWDM channel spacing. For

xample, 1% error in the cleavage position results in
GHz of error in the cavity mode spacing for a FSR

f 100 GHz. This corresponds to a cleavage error of
�m for a 400-�m long FPLD. The required cleav-

ge accuracy can be achieved by use of a standard
aser cleavage tool.

The error in the FSR of a FPLD will limit the
umber of channels that can be monitored by a
PLD. The number is determined by the ratio of

ocking range to error. The locking range for the
urves shown in Fig. 4 is �0.25 nm �or 31 GHz� for the

ig. 3. Illustration of the induced junction voltage for resonant
nd nonresonant SODs. The decision threshold Vth is also shown.
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ositive slope, and the error in the FSR is 3 GHz.
hus this FPLD can monitor �11 channels. The

ocking range is larger for aligning the channel posi-
ion at the negative slope. Note that the data shown
n Fig. 4 are measured from a commercial FPLD that
as not been specially made for channel sensing ap-
lications. If the FPLD is carefully cleaved to have
ess than 4 �m of error, it can monitor �30 channels.

Thermal stability depends also on where the chan-
els are aligned to the curve. From Fig. 4, if the
onitored channel is aligned to the positive slope of

he induced voltage curve the voltage increases as the
emperature rises. The voltage decreases with in-
reasing temperature, however, as the channel is
ligned at the negative slope. To achieve better
hermal stability and wavelength discrimination, one
sually chooses the monitoring point at the middle of
ositive slope, which has a smaller thermal change
ate.

Ideally, the transparent properties of a SOD should
e free from the influence of facet resonance. How-
ver, because of amplified spontaneous emission
ASE� the carrier density is nonuniform along the
ongitudinal direction. The measured transparent
urrent is an average over the laser length, so the
etected voltage for a given bias current is the aver-
ge induced voltage across the cavity. The incident
ight affects the carrier distribution along the SOD,
o the voltage depends on the optical power distribu-
ion in the cavity. This causes the induced voltage of

FPLD to be resonant and gives rise to a higher
esolution at the middle of slope than in nonresonant
iodes.
A SOD can provide gain �loss� to the incident light

f the input wavelength is larger �smaller� than the
orresponding transparent current for the bias cur-
ent. The bias current of a SOD can be quickly
uned to monitor different wavelength bands. For a
PLD sensor, additional fine tuning is required for

ig. 4. Temperature variation of the induced junction voltage for
FPLD.
ligning the monitored channel to the middle of the
ositive slope. The resonance is stronger in the gain
egime. The operation of a nonresonant SOD is sim-
ler and can be achieved in both regimes. The mon-
tored wavelength range for a given bias is larger
hen a phase-sensitive detector, such as a lock-in
mplifier, is used because the responses for the gain
nd loss regimes can be distinguished.

. Wavelength Sensitivity of Semiconductor
ptical Diodes

he induced junction voltage across a SOD is linearly
roportional to the average optical power inside the
iode. The average photon density and the effects of
SE on the characteristics of SOAs were addressed in
ef. 21. As the facet resonance and the ASE are

ncluded, the voltage for a SOD can be approximated
n the form

V � �V�I � Itr�� PinGs

1 � � sin2��� f � fr�	FSR�
� � VASE,

(1)

here �V is a conversion factor, Itr is the transparent
urrent; Pin is the incident optical power, and 	FSR
nd fr are the FSR and a reference frequency for a
esonant SOD, respectively. VASE is the voltage off-
et that is due to the ASE and the source’s
pontaneous-emission noise. The � factor indicates
he resonance strength and is zero for a SOA with
erfect antireflection coatings. Gs � exp��� f � fr�

s the single-pass gain. Figure 5 shows that curve
tting with Eq. �1� matches well the measured data

or a FPLD and a SOA. The input power for both
easurements is Pin � 0.316 mW. The fitting pa-

ameters for the FPLD are 	FSR � 97 GHz, �V �
3.29 �V mA�1 mW�1,  � 2.78 � 10�13 Hz�1, � � 4,

r � 195057.5 GHz, and VASE � �3 �V with a bias
urrent of I � 16.5 mA. For the SOA the fitting
arameters are �V � 12.658 �V mA�1 mW�1,  �
.22 � 10�13 Hz�1, � � 0, fr � 194240 GHz, and
ASE � 0 with a bias current of I � 29.2 mA. Be-
ause � is zero, the curve for the SOA is monotonic.
ote that the FPLD has approximately five times

arger �V than the SOA. Although �V depends also
n the material parameters of the SOD, the larger �V
f the FPLD is due mainly to the increase in the
verage photon density inside the cavity as a result of
he resonant effect.

It is clear from Fig. 4 that resonant effects can
nhance the local wavelength resolution if the chan-
el is aligned to the middle of a slope in the voltage-
ersus-frequency �or -wavelength� curve. Thus a
PLD can be used for wavelength sensing with high
esolution if the requirement for precise temperature
ontrol can be overcome. For applications in chan-
el recognition, the channel-to-channel variation of

nduced voltage is of major concern. For SOAs the
20 March 2004 � Vol. 43, No. 9 � APPLIED OPTICS 1917
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nduced voltage change between the adjacent chan-
els is

�V � �V Pin��Gs�I � Itr�

��
���, (2)

here �� is the channel spacing. For a FPLD the
oltage changes for two special conditions are consid-
red. The first occurs when all the monitored chan-
els are aligned to the resonant peak, i.e., when f �

r � m	FSR, where m is an integer. Under this con-
ition the channel-to-channel change in the induced
oltage can be expressed in the same form as Eq. �2�
ut with a larger �V. The other condition occurs at
he middle of the slope, where f � fr � �m � 1�7�	FSR.
n this condition the local change rate of the induced
oltage reach its maximum, while the voltage change
etween two adjacent channels is approximately

�V � 0.6�V Pin��Gs�I � Itr�

��
���. (3)

ig. 5. Curve fitting to match the measured data for �a� a FPLD
nd �b� a SOA.
918 APPLIED OPTICS � Vol. 43, No. 9 � 20 March 2004
ASE is neglected in Eqs. �2� and �3� because the
ajor effect of the ASE and the source’s spontaneous

mission on the induced voltage is the shift in the
ero-voltage frequency.22 Despite the fact that VASE
s slightly wavelength dependent, spontaneous emis-
ion has a negligible effect on the slope of the voltage-
ersus-frequency curve because of the relative small
oltage effect. Therefore the channel-to-channel
avelength sensitivity can be expressed as

�V
��

� b�V�I � Itr� Pin

�Gs

��
� b�V Gs Pin

�Itr

��
, (4)

here b � 1 for SOAs and FPLDs with peak detec-
ion, whereas b � 0.6 for monitoring by use of the
iddle of the slope. The transparent current of a

ain material varies with wavelength in the form20

�Itr

��
� �

E
�kT

Itr

�
, (5)

here E is the photon energy that is inversely pro-
ortional to �, � is the ideality factor for the wave-
ength dependency, and kT is the thermal energy.
hus Eq. �4� can be rewritten as

�V
��

�
b�V Gs Pin

�
�c1�I � Itr� � c2 Itr
, (6)

here c1 � f and c2 � E��kT. The two terms in
rackets in Eq. �6� have the same sign when the SOD
s biased at the gain regime �I � Itr�, and they have
pposite sign in the loss regime. The values of c1
nd c2 are comparable. Therefore the induced volt-
ge can have a larger slope relative to wavelength in
he gain regime than in the loss regime, although the
atter case usually has a larger differential gain.

The resonance of a FPLD enhances the signal level.
n the ideal case, the voltage change between two
djacent channels is maximal when all channels are
ligned to the resonant peaks of a FPLD. Moreover,
ne can recognize the channels by locating the volt-
ge peak where the signal-to-noise ratio is better.
owever, to do so requires the channel spacing to be

xactly equal to the cavity mode spacing of the FPLD
o permit multiple DWDM channels to be monitored.
he V-versus-� curve for a nonresonant SOD is mono-
onic, however, so the control circuitry can be simpler
nd a larger number of channels can be monitored.

. Demonstration and Discussion

n the proposed method the output wavelength of a
unable laser is locked to a DWDM channel by use of
FP etalon, so the channel recognizer does not need
igh wavelength resolution. The decision threshold

s usually placed at the intersection of the responses
or two adjacent channels, as indicated in Fig. 3.
herefore a larger tolerance of wavelength or tem-
erature variation can be achieved.
To demonstrate the feasibility of our tunable-
avelength controller we used a commercial fiber-
igtailed FPLD with a cavity mode spacing of 97
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Hz. A packaged FPLD was used for obtaining sta-
le and repeatable results. If the FPLD were spe-
ially cleaved for applications as a channel sensor, its
avity mode spacing should be close to 100 GHz, the
hannel spacing. Its frequency-dependent voltage
haracteristic is shown in Fig. 4. Inasmuch as the
7-GHz cavity mode spacing is slightly less than the
00-GHz channel spacing, the channels are aligned to
he negative slope �I � 15.7 mA, T � 25.04 °C�. The
nduced junction voltage of the negative slope is more
ensitive to temperature variation than that of the
ositive slope. The results are summarized in Table
. To minimize the temperature variation for oper-
tion at the negative slope, the channels are allocated
t the bottom half of the slope. That is, the first
hannel is aligned near the bottom of the negative
lope and the last channel is operated toward the
iddle of the negative slope. Thus the lower-

requency channel has larger sensitivity in the in-
uced voltage for wavelength drift and temperature
ariation. Though the voltage difference is not con-
tant for all channels, each channel has nearly the
ame wavelength tolerance, �0.15 °C, and wave-
ength tolerance, 0.02 nm. The wavelength toler-
nce is relatively easy to achieve with the FP etalon.
When a nonresonant component such as a SOA is

sed as the wavelength sensor, its monotonic
-versus-� curve simplifies the procedure for channel
ecognition. The induced voltage is relatively insen-
itive to wavelength change, but 100-GHz channels
an still be clearly resolved from the voltage. Oper-
ting the sensor at the gain regime can produce an
nduced junction voltage that is more sensitive to
requency change than operation in the loss regime,
ut the former condition is also more sensitive to the
esidual cavity resonance. If the phase-sensitive de-
ector is used to obtain the induced voltage, the sig-
als for operating at the gain regime and the loss

Table 1. Induced FPLD Voltages for Eight Channels a

Channel 1 Channel 2 Channe

Channel Frequency �THz� 193.4 193.5 193.6
Induced voltage ��V� 32.2 25.3 19.7
Wavelength slope ��V�nm� 191.9 129.9 112.8
�V for �� � �0.02 nm

��V�
�3.9 �2.6 �2.3

Temperature slope ��V�°C� �23.5 �18.4 �15.8
�V for �T � �0.15 °C ��V� �3.5 �2.8 �2.3

Table 2. Induced SOA Voltages for Eight Channels an

Channel 1 Channel 2 Channe

Channel frequency �THz� 193.7 193.8 193.9
Induced voltage ��V� 14.2 12.3 10.7
Wavelength slope ��V�nm� 4.1 3.8 3.7
�V for �� � �0.03 nm ��V� �0.13 �0.12 �0.1
Temperature slope ��V�°C� �3.2 �3.1 �3.0
�V for �T � �0.25 °C ��V� �0.8 �0.8 �0.7
egime can be distinguished from each other. The
unction voltage induced in response to the wave-
ength and temperature drift for eight channels has
early the same slope, as listed in Table 2.
The wavelength tolerance of channel recognition is

elaxed to half of the channel spacing for a nonreso-
ant sensor. For instance, the temperature stability
ust be kept within 0.006 °C to produce a wave-

ength stability of 0.01 nm for using a 1.55-�m SOA
s a wavelength sensor.20 The temperature toler-
nce increases to �0.25 °C, as shown in Table 2,
hen the SOA is used for channel recognition for a

unable laser of 100-GHz channel spacing. For com-
arison, the temperature tolerance for using a FPLD
n the same applications is smaller ��0.15 °C� be-
ause of the resonant effect.

Finally, in Fig. 6 we demonstrate tunable-
avelength monitoring with a combination of a FP
talon and a FPLD. An external-cavity tunable la-
er was tuned to eight DWDM channels in 100-GHz
teps. The junction voltage of the FPLD changes in
staircase form in response to wavelength tuning.
tiny signal appears at the output of the etalon

ircuit because the wavelengths are allocated at the
avelength grid. The etalon signal indicates a max-

mal wavelength deviation of 0.008 nm. The wave-
ength tuning unit of a tunable laser can use the
talon signal to adjust the wavelength further with
etter accuracy. As the channel wavelength falls
ithin the locking range, the channel number can be

learly recognized from the induced voltage. When
SOA is used and the tunable laser is tuned over 35

hannels, Fig. 7 shows that the channel wavelengths
an be clearly resolved from the junction voltage. In
he experiments the SOA is biased at the transparent
urrent for the 1548.134-nm channel. Phase-
ensitive detection is employed to yield a voltage such
hat the channels that reside in the gain regime of the

ltage Deviations for Wavelength or Temperature Drift

Channel 4 Channel 5 Channel 6 Channel 7 Channel 8

193.7 193.8 193.9 194.0 194.1
15.4 11.1 7.8 5.1 2.4
92.9 37.4 34.5 33.8 1.5
�1.9 �0.8 �0.7 �0.7 �0.04

�12.1 �8.8 �8.0 �6.0 �4.3
�1.8 �1.3 �1.2 �0.9 �0.7

ltage Deviations for Wavelength or Temperature Drift

Channel 4 Channel 5 Channel 6 Channel 7 Channel 8

194 194.1 194.2 194.3 194.4
9.3 7.6 6.2 4.9 3.7
3.3 1.8 2.3 2.0 1.9

�0.11 �0.07 �0.06 �0.06 �0.06
�2.8 �2.5 �2.5 �2.1 �2.2
�0.7 �0.6 �0.6 �0.5 �0.5
nd Vo

l 3
d Vo

l 3

1
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OA can be distinguished from those in the loss re-
ime. Note that, as a nonresonant SOD is used, the
hannel positions can be determined from the junc-
ion voltage without the need to wait for the etalon to
ring the wavelength to the closest wavelength grid.

. Comparison and Conclusions

mong various types of SOD used for monitoring
WDM tunable lasers in the 1.55-�m wavelength
and, a FPLD may currently offer the solution that is
asiest to obtain at lowest cost. This is so because of
he large volume of FPLDs used as light sources for
ransmitting signals over optical fibers. The reso-
ant effect of a FPLD can also enhance the induced

unction voltage, but this requires relatively precise
ontrol in the operation condition. With a 1% error
olerance on cleavage position, a FPLD can monitor
30, 100-GHz spaced channels. Monitoring a widely

unable laser that can output much more channels
equires a nonresonant sensor with monotonic wave-
ength variation of junction voltage. A SOA for this
pplication can be inexpensive because it does not re-
uire precise antireflection coating as is required for
onventional optical amplifier applications. The

ig. 6. Tunable monitoring of eight 100-GHz-spaced channels
ith a FPLD and a FP etalon. The light is modulated at 1 kHz.

ig. 7. Output voltage of a SOA for 35 channels of 100-GHz
pacing. The induced voltage was amplified by 2 � 105.
920 APPLIED OPTICS � Vol. 43, No. 9 � 20 March 2004
ther choice is an edge-emitting LED �ELED�. The
ypical structure of an ELED in a 1.3- or 1.55-�m
avelength band requires antireflection coating and
n absorber at one end to eliminate the resonant effect.
n ELED needs more fabrication steps than a FPLD,
o its price falls between those of a SOA and a FPLD.
n principle, a SOA for wavelength-sensing applica-
ions does not need two-end optical coupling, whereas
n ELED for this application requires temperature
ontrol. A surface-emitting LED has a relatively sim-
le fabrication procedure and is geometrically symmet-
ic, which gives rise to polarization-insensitive induced
unction voltage. However, a surface-emitting LED
t the 1.55-�m wavelength band is relatively hard to
btain in the current commercial market because it is
ot the favorite choice as a signal source for optical
ommunications. This situation should be reversed
fter the application of a surface-emitting LED as a
avelength sensor becomes widespread.
In summary, we have proposed and demonstrated
wavelength-control technique for tunable lasers by

ombining the frequently used FP etalon with a SOD.
he etalon provides stable wavelength locking, and
he SOD performs channel recognition to detect prob-
ems of mode hopping and incomplete tuning. These
omponents can be integrated into a compact module
o further reduce cost and improve reliability. The
pproach can have a fast response speed, so it can be
sed to monitor the fast tunable lasers that are key
evices for optical burst switching and optical packet
witching. The required temperature control is re-
axed to a practical range because the SOD is simply
sed for channel recognition.

This research was supported in part by the Com-
uter & Communications Research Laboratory, In-
ustrial Technology Research Institute, Taiwan,
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