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Abstract—We developed a hybrid integrated optical module for circuit by experiments and simple calculations. In Section II,
1.3/1.55pm wavelength-division multiplexing (WDM) full-duplex  we propose an optical circuit configuration for an optical
operation. The optical circuit was designed to suppress the optical transceiver module for the ATM-PON using PLC platform
and electrical crosstalk using a wavelength division multiplexing . L
filter. And an optical crosstalk of —43 dB and an electrical crosstalk technology. In Section _I l_l' V\{G eva_luate the CrOSSt_alk criterion
of —105 dB were achieved with a separation between the trans- for the ATM-PON specification. Finally, we describe module

mitter laser diode and the receiver photodiode of more than 9 mm. fabrication and performance in Sections IV and V, respectively.
We used the optical circuit design to fabricate an optical module

with a bare chip preamplifier in a package. This module exhibited

a full duplex operation of 156 Mbit/s with a minimum sensitivity [I. PROPOSEDOPTICAL CIRCUIT CONFIGURATION

of —35.2 dBm at a bit error rate of 10~1°. . . , .
) _ _ Fig. 1 shows the single fiber ATM-PON system that is the ap-
Index Terms—Electrical crosstalk, full-duplex operation, optical

crosstalk, optical hybrid integration, optical transceiver module, plication target of our optical module. Our module is used as an

passive optical network (PON), planar lightwave circuit platform. ~ OPticaltransceiver calledan opticalnetwork unit(ONU) or optical
line terminal (OLT). The ATM-PON employs an optical WDM

signal in which 1.3 and 1.5pm wavelength lights are used for
. INTRODUCTION the upstream and downstream signals, respectively. To utilize the
ULL-DUPLEX optical modules are key devices forWWDM system, the transceiver must be capable of full duplex op-
1.3/1.55um bidirectional wavelength-division multi- eration in addition to having a WDM circuit. The system has a
plexing (WDM) optical subscriber systems and reducingassive double star (PDS) configuration to accommodate many
their cost is particularly important [1]. We have alreadpubscribers. The optical module for this configurationis required
developed an optical module for use in the optical netwofR have a high optical output power and a high sensitivity since
units of synchronous transfer mode passive optical network§as to receive a divided signal from an optical splitter. There-
(STM-PONSs) by using planar lightwave circuit (PLC) platfornfore, we must suppress the crosstalk from the transmitter LD to
technology [2], [3]. The module cost is lower than that ofhe receiver PD caused by the high output power operation, to
conventional optical modules because we have integratedaghieve high sensitivity in full duplex operation. The crosstalk
optical functions and simplified its assembly. The module ifketweenthe LD andthe PDinamodule canbe dividedinto optical
cludes a 1.3/1.5:m WDM splitter, an optical Y-branch circuit, crosstalk and electrical crosstalk. For an integrated optical trans-
a transmitter laser diode (LD) and a receiver photodiode (pg&;iver module, the LD and PD are assembled in a small area, and
on a3 x 15 mm planar waveguide substrate. With full duplexhe optical crosstalk is caused by uncoupled stray light from the
operation, the receiver performance is degraded by optical ddd at the LD-waveguide butt coupling. Therefore, we designed
electrical crosstalk from the LD, which is integrated near th&n optical circuit using a PLC platformto isolate the PD from the
PD in a small area. This becomes a severe problem, especigify light with a 1.3/1.5m WDM filter [5]. Fig. 2 shows the
for asynchronous transfer mode passive 0ptica| netwomgticaj module configuration. Inan ONU for ATM-PON, 1.3 and
(ATM-PON)[4], which require high receiver sensitivity for1.55¢mwavelengthlights are usedasoutputandinputlights, re-
full duplex operation. With a view to realizing a full duplexspectively. The circuit consists of a 1.3/1.50 WDM circuit, a
operation optical transceiver for 1.3/1.5&m bidirectional 1.3pmLD,a1.3um PD asapower monitor photodiode (M-PD)
WDM optical subscriber systems, we propose an optical circi@ the LD, and a 1.5m receiver PD (R-PD). The WDM cir-
configuration designed to suppress the optical and electri€litis composed of a silica waveguide and a WDM film inserted
crosstalk from the LD to the PD, and optimize the opticah @ groove formed on the waveguide. The film, which is fixed
. . , in the groove with an adhesive, reflects 118 light and allows
Manuscript received July 11, 2000; revised August 3, 2000.
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defined asP,. = I,./«.
The optical crosstalk was effectively suppressed by the WDM
R-PD. First, the WDM filter optically isolates the R-PD fromflef and was less thap 43 dB when the LD-PD distance was

the LD by reflecting uncoupled stray light from the LD as welfor€ th?n 9hmr\r}\./gfl\1/lef?lrnpr_ov?rn_ent rﬁgged;f 20d—3r? dB was not
as the output signal light. This reduces the optical crosstalk bq_ennca tot M liter isolation o ana the suppres-
rectly. Second, the LD and PD are separated on the small s jon of the opt|_cal_ crosstalk was saturafced at d|_stances greater
strate by placing the LD on the opposite side of the WDM filte ahq % m”:j' -Ir;h's 'Sh bﬁcause thgdstra:yélglht, which prgpag?ated
to the PD. This effectively reduces the electrical and optic phindered through the waveguide cladding, was randomly re-

crosstalk because the crosstalk decreases greatly with dista 8g[ed at the WDM_ filter and pass_ed through it with a Iarg_e
incident angle. In this case, the optical crosstalk was almost in-

dependent of the LD-PD distance. When the LD-PD distance
was 6 mm, the stray light included other propagating lights in

To fabricate an optical module with the above configuratiomddition to the cladding mode and this also propagated to the
we first determined the LD-PD distance by investigating the réer while it was eliminated at greater distances.
lationship between distance and optical and electrical crosstalkFig. 4 shows the relationship between the electrical crosstalk
We fabricated three types of optical module with LD-PD disand the LD-PD distance. The measurement was carried out with
tances of 6, 9, and 14 mm for the experiment. In all the modulés) ¢ impedance matching as shown in Fig. 5. The electrical
the LDs and R-PDs were encapsulated in a transparent silicanesstalkX ;.. [dB] is defined as
resin in the same way as an actual module. We used a WDM
filter, which had an isolation of more than 50 dB between 1.3
and 1.55;m.

Fig. 3 shows the relationship between optical crosstalk amghereV; [V] is the applied voltage at the LD signal port, a¥id
LD-PD distance before and after WDM filter installation. Th¢V] is the measured voltage at the loaded resistance to the PD.
optical crosstalky,,,; [dB] is defined as When the LD-PD distance was more than 9 mm, the crosstalk

was below—100 dB at 130 MHz.
) Since the optical and electrical crosstalk occur simultane-
ously during a full duplex operation, the total crosstalk affects
the module sensitivity. To estimate the total crosstalk, we use the

I1l. CROSSTALK ESTIMATION

Xetee =20 10810(‘/7/‘4) (2)

I./a
X, =10 log =
pt 210 < P,
=10 10g10(Pr/Pt) 1)
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Fig. 6. Conversion chart from electrical crosstalk to equivalent optical

LD-PD distance [mm] crosstalk.

Fig. 4. Relationship between LD-PD distance and electrical crosstalk.
equivalent optical crosstalk 6f54 dB is much smaller than the

v, R, actual yalue of-43 dB and this means that_the optical crosstalk
@ N ) 3\0/6 Optical module |/ [ is dominant when this module used practically.
~\J % } vy Using Figs. 3—6, we can estimate the total crossiélk =
g - 5§rg Xopt + X, for a given LD-PD distance. .
Next we evaluate the total allowable crosstalk noise power
Package GND range for the required minimum sensitivity for full duplex op-
+ Cu laminated substrate eration. With the simple calculation given in the Appendix, the

minimum sensitivity for full duplex operation is obtained from
the minimum sensitivity without LD operation and the total
crosstalk noise power [see (7)]. Here, we calculated the total
calculation below to convert the electrical crosstalk into equigrosstalk noise powePx [dBm] by using the optical output
alent optical crosstalk. power P, [dBm] and the total crosstalk,,, [dB] as Px =

The module output poweP, at an applied voltagd’, is F; + X, This relationship is shown in Fig. 7 as a contour plot
described a®, = nV,;/R,, whereR, [] is the resistance of of the minimum sensitivity for full duplex operation (contour
the transmitter part, ang[W/A] is the efficiency of the module line) to the minimum sensitivity without LD operation (vertical
output power against the injection current. The electricakis) and the total crosstalk noise power (horizontal axis). In
crosstalk voltagd’, corresponds to the electrical signal causetie calculation, the bit error rate (BER) is fixed at20 which
by the equivalent optical signal powe?* [W] defined as corresponds to the ATM-PON system requirements. Using the
Pr = (1/a)V,/R,. The equivalent optical crosstalk;,, of chart, we can estimate the allowable crosstalk power as de-
the electrical crosstalk is reduced by substituting the equivaleeribed below. When, for example, we require a minimum sen-
optical signal power of the electrical crosstalk* for the sitivity of —33 dBm for duplex operation, we start-a83 dBm
optical crosstalk nois@,. in (1). By using these equations, thelopen circle) on the left side vertical axis and move along the
relationship between the electrical crosstalk and the equivaleantour line (thick curve). And if we can accept a power penalty

Fig. 5. Electrical crosstalk measurement system.

optical crosstalk is described as of 1 dB, we stop at the point 1 dB below the starting point (open
square) and read the total crosstalk power value at the point in-
Xopt = Xetee/2+ 10 logyo[(1/an) R/ R, (3) dicated by the dotted line with the arrow. Then, the allowable

crosstalk power range is determined as being below the total
Fig. 6 shows this relation. Here the other parameters are setmatsstalk power value, which is below40 dBm in this case.

n = 0.1 WA, « = 0.65 AIW and R, = 50 €. In actual As another example, when the minimum sensitivity without LD
use, the module includes a preamplifier, which as~ 1 k2  operation is given, the allowable total crosstalk power is shown
impedance, while the crosstalk was measured Wjth= 50 ©2. by the left side region from the point of the given minimum sen-
Therefore, the measurement value should be converted usingsiigity without LD operation on the contour line of the required
loaded resistance. When the distance between LD and the RfRDimum sensitivity. For example, when the minimum sensi-
was more than 9 mm, the equivalent optical crosstalk was maigty without LD operation is—40 dBm and we require a min-
than—41 dB for 130 MHz operation ak,. = 50 2. This value imum sensitivity of—33 dBm for full-duplex operation, the ac-

is estimated to be-54 dB for actual use by converting from theceptable maximum crosstalk power point is the filled square on
R, = 50 Q point (square) to th&?,. = 1 k2 point (circle). The the —33 dBm contour line.



1544 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 11, NOVEMBER 2000

Minimum sensitivity [dBm]

(full duplex operation) o _ 14-10

-20 ——-20dBm LD,M-PD R-PD Preamp.IC
Optical fiber
-25 —-25dBm ——l— : o
1 (1 11
SRR
Smm ~ WDM filter
-30 — -30 dBm

Minimum sensitivity [dBm]
(without LD operation)

Ny Y “\“ i
\\ \\ \ Vi “ | Fig. 8. Photograph of module housed in ceramic package with preamplifier
- Power penalty ! IC.
e T
35 U
AR TABLE |
i ‘\ ‘ \ | ‘ MODULE CHARACTERISTICS
nin
LT : | “ ‘ ! | Operating wavelength 1.3 ym
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Fig. 7. Minimum sensitivity for full duplex operation against minimum Power deviation in APC during
sensitivity without LD operation and crosstalk noise power. operation between -20°C and 70 °C 1.0 dB
Operating wavelength 1.55 ym
IV. OPTICAL MODULE FABRICATION Responsivi
; ponsivity
Receiver (without pre amp. IC) 0.65 A/W
i ini < Capacitance
_ _The average optical output power and the minimum sens (wghoutpre amp. 1C) 0.7 pF
tivity of the optical module are specified as 2 an@3 dBm, re- ;
. . i . Optical crosstalk -44 dB
spectively, in the class C specification of the ATM-PON syster D iarivred -
. . . Inactivated operation -
[4]. Considering the above relation between the crosstalk POW  winimum sensitivity P 359 dBm
and the minimum sensitivity and the required performance « Full duplex operation -35.2 dBm

the module, we set our target optical crosstalk value at less than
—42 dB. This provides a power penalty of less than 1 dB for a
sensitivity value of~34 dBm. This crosstalk value means that
the LD-PD distance must be more than 9 mm based on Fig. 3
since the optical crosstalk is the dominant crosstalk in our op-
tical module. We determined 14 mm to be the distance needed
to ensure that we achieved the above crosstalk value. We then
fabricated an optical module using this LD-PD distance. The
module configuration was identical to that described in Sec-
tion Il. The waveguide of the module had a<7 ;m core with

a refractive index difference of 0.45%. The substrate was 2.5
x 20 mm. A 1.3;m spot size converter integrated laser diode
(SS-LD) [7] was used as a transmitter LD and a /im3 wave-
guide photodiode (WGPD) [8] was used as a power monitor 0 60
photodiode (M-PD) for the LD. We used a J.th WGPD for the HmA]
receiver PD (R-PD). All the optical semiconductor chips wefigg o Module output light power.
flip-chip bonded on the PLC platform with AuSn solder. The
R-PD wiring was formed on the undercladding to reduce the . . .
parasitic capacitance [9]. We inserted a WDM filter in a slof short wire. After wire bonding, the LD, the PDs and the am-

20 um wide and 15Q:m deep, that we formed in the PLC plat_plifier IC were encapsulated in a transparent silicone resin. A

form substrate using a diamond dicing saw, and fixed it in plagéngle-mode optical fiber was connected to the PLC.
with an epoxy adhesive. The filter was a dielectric multilayer
film formed on a polyimide film [5]. The PLC substrate was
fixed in a ceramic package (Fig. 8). A trans-impedance ampli-We measured the performance of the module. The charac-
fier [10] was also installed in the package. The R-PD pad forméetistics are summarized in Table I. Fig. 9 shows a typical op-
on the undercladding of the PLC platform and trans-impedantieal output power against injection current during CW opera-
amplifier were connected with wire bonding, less than 1 mm on. The driving current for a 5-dBm output power, which cor-
length, to reduce the parasitic capacitance. The LD and M-P&sponds to the peak power of a 2-dBm average output power
electrodes and the ceramic package were also connected withdulation, was 43 mA and no saturation was observed. The
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3 | ] coupling losses were estimated to be 3.9 and 0.9 dB, respec-
tively, and this value means the estimated WDM filter insertion
E i M\% loss was Iess_than 1dB for_the output light and almost negligible
2 y, {7/ for the input light. The optical crosstalk wast4 dB.
: 2 / w os an We measured minimum sensitivity for 156 Mbit/s operation
& . I as shown in Fig. 12. Since our optical module configuration cor-
=
£ responds to that of the ONU for ATM-PON, we used a con-
e . | ] tinuous 156 Mbit/s signal. The minimum sensitivity at a BER
of 10719 was—35.9 dBm without LD operation (circle). Even
when the LD was operated at 156 Mbit/s with a 2 dBm average
output power, we achieved a sensitivity-085.2 dBm (square).
0 The power penalty resulting from the simultaneous LD oper-
-20 0 20 40 60 80 100 . .
Temperature [C] ation was only 0.7 dB. This value matches the power penalty
estimated from Fig. 6 using the minimum sensitivity-685.9
Fig. 11. Auto power control dependence on temperature. dBm without LD operation and the optical crosstalk noise power

of —42 dBm (optical crosstalk of44 dB and LD modulation

fabrication yield for this module depends mainly on the acciioer of 2 dBm). This indicates the crosstalk was well sup-

racy of both the laser and the WDM filter assembly. In parti&ressed in this module.
ular, there is a WDM filter loss for the reflection part, which
is the LD side waveguide in this module (Fig. 2). We therefore
confirmed the assembly yield by examining the LD drive cur- We developed a low crosstalk optical module. We achieved
rent of 35 modules. Fig. 10 shows a histogram of the LD driwvedectrical and optical crosstalk values e#3 and —105 dB
current during 2-dBm CW operation. The average current amdhen the LD and PD were more than 9 mm apart. We evaluated
the deviation were 19.3 and 1.99 mA, respectively. All opticdhe total crosstalk using the equivalent optical crosstalk of the
modules needed a drive current of below 30 mA for 2 dBm CWlectrical crosstalk and it was less thad3 dB with an LD-PD
operation. This indicates that the modules were modulated wilstance of 9 mm. We fabricated an optical module to examine
a drive current of 40—60 mA for a 2-dBm average output powehe performance during full duplex operation with our module
We also measured the automatic power control characteristiomfiguration. We measured the minimum sensitivity at a BER
of the module using an monitor M-PD. The monitoring currerdf 10~1° for 156 Mbit/s operation, and the module exhibited
of the MPD was 0.8 mA when the module output power was\@lues of—35.9 and—35.2 dBm for receiver only and full du-
dBm. We set the monitoring current at 0.8 mA, and measurptex operation, respectively. This means that full duplex opera-
the output power deviation betweerll0 and 80C. As shown tion was successfully achieved with a compact optical module
in Fig. 11, the output power deviation was 0.85 dB throughousing a PLC platform.

the temperature rang. We measured the responsivity and paraFhese performance results confirm that hybrid integration
sitic capacitance before bonding the module to the preamplifiesgchnology can provide a compact, low crosstalk, and cost-ef-
They were 0.65 A/W and 0.7 pF, respectively. The LD and Pfctive optical module for optical subscriber systems.

VI. CONCLUSION
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APPENDIX |
CROSSTALK POWER AND MINIMUM SENSITIVITY

The BER is described as

/3—#/&( x) |2 /D
227 ’ o1 J oo
1
_l’__
a0

dS o~ (S1-5+X)?/(209)

is e—(50—5+X)2/(203):| @

D

where
S; (j = photo current level for a mark or space signal;
0,1)
S ando; noise of the photo receiver system and its deviatio
X and crosstalk current and its distribution;
p(x)
D decision level [11]-[13].
When we assume that the crosstalk current distribution is a
level Gaussian distribution as
20)2< )

1
X)=—=——|exp| —
PX) =3 oo [ p<
X — 2
+ exp <—w
wherey; is the crosstalk signal level and, is the deviation of
the crosstalk signal, we obtain

(X —x1)?

202 ®)

[j — erfc M + erfc L
2(0?2 +03) 2(02 +03)

+ erfc 5= + erfd] (6)
2(02 +03) 2(0? +03)

where we also assume that = o1 = 0, Sp = x90 =0, S1 =

s, x1 = x. To simplify Eq. (6), we assume the additional con-

ditionso,, — 0andD = (s + x)/2. Then
Q+q

i) o5

p=2 <4
where@@ = s/(20) andg = x/(20). @ andq corresponds to

L {erfc < )

4 V2

signal noise ratio and crosstalk noise ratio. Equation (7) indi-

cates thaty for a fixed 3 is a function ofg asQ = Q(g; 3).
Therefore, the signal power penafty to satisfy/3 in a full du-
plex operation is determined as

Q(0; /3)>

where we assume that the receiver PD is a pin-PD and the

ceived current is proportional to the input power. The crosstalk

noise ratiog is written as

_ QX
1 Rnin

whereX is the crosstalk noise powep, = Q(0; 3), andPyin

is the minimum sensitivity without LD operation. The unit of
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X and P,;, is the watt. Using these relations, we estimate the
minimum sensitivity for full duplex operation as
) @

Then the minimum sensitivity for full duplex operati@t{>'*

is expressed as a function of the minimum sensitivity without
LD operation P;, and the crosstalkX. Fig. 6 shows this
relation at a BER of 10'°. When the crosstalk noise power is
smaller than the minimum sensitivity without LD operation,
where the ratio is about/Q(0; 3) = 1/6.4 = —8 dB, the
Bbwer penalty is almost negligible. And when the crosstalk
noise power is close to the minimum sensitivity without LD
operation, the power penalty is close to 3 dB. This is because
the system noise is negligible in this case and the optical

Pdupleac

min

= Rnin + 6P

= Imin + 10 1Og10 <Q(Q0X/Rnin; [3)

Qo

tV\&%sstalk signal makes the signal level fluctuate and almost

overlap the decision level.
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