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Standing-Wave Enhanced Electroabsorption
Modulator for 40-GHz Optical
Pulse Generation

Hsu-Feng Chou, Yi-Jen Chiu, and John E. Bowers

Abstract—Compact 40-GHz optical pulse generators are quantum-well design. The traveling-wave operation of the
crucial to the implementation of practical 160-Gb/s optical device was demonstrated experimentally and supported by a
time-division-multiplexing systems with 40-Gb/s electrical theoretical model [3]. The pulsewidth and the output power of

time-division-multiplexing tributaries. In this letter, we report on th ted pul f d to be limited by th .
a novel standing-wave enhanced mode of the electroabsorption € generated pulses are tound to be imited by the microwave

modulator (EAM) which can improve the performance of a amplitude inside the EAM, which is lower than the applied
single EAM for 40-GHz pulse generation. Both experimental and amplitude due to the microwave coupling loss. To increase the
theoretical results indicate that the distributed effect plays an mjcrowave amplitude in the device, a dual-drive scheme [4]
important role in the high-frequency operation of the EAM and a5 hroposed where two synchronized microwave amplifiers
the length of the microwave termination line must be adjusted ith h lati d to drive the EAM f
properly to maximize the performance. with a proper phase relation are used to drive the EAM from
. o i both ends of the coplanar waveguide (CPW) line. Equivalently,
Index Terms—Electroabsorption, optical fiber communication, the dual-dri h f tandi it | th
optical pulse generation, simulation, traveling-wave devices. € uf”‘ -arve sc eme ormsas an' Ing-wave p.a em along ) €
CPW line and thus increases the microwave swing in the active
waveguide.
. INTRODUCTION In this letter, we propose a novel standing-wave enhanced

S A RESULT of advances in high-speed electronics, finode of the EAM that can reduce both the number of high-fre-
A ture optical time-division-multiplexing (OTDM) systemsduency amplifiers and the number of. microwave conneptions
over 160 Gb/s per wavelength may be constructed with 40-Gbi half when compared to the dual-drive scheme [4]. This can
electrical time-division-multiplexing (ETDM) tributaries to9reatly reduce the system complexity and cost. A comprehen-
minimize the complexity of these systems. Several demonstfie theory is presented to model the standing-wave operation.
tions were reported recently using electroabsorption modulatdfde good agreement between theory and experiment verifies
(EAMs) as key components both in the transmitter and tﬁl@e operation qf this new design. The dIStI’I.buted effect, Wh!Ch
receiver design [1], [2]. The functionality of the EAM in thesdS Very critical in the high-frequency operation of the EAM, is
160-Gb/s OTDM systems includes optical pulse generatigifearly demonstrated in this work. Recently, we also demon-
data encoding, optical demultiplexing and clock recover§irated using the standing-wave enhanced mode to reduced the
Except for data encoding, which is broad band in nature, &iquired microwave driving voltage for 80- to 10-Gb/s OTDM
these functions require 40-GHz single frequency operatid#gmultiplexing [5]. We believe that this newly proposed design
In particular, the requirements for the pulse generator are t#l have a far .reachmg impact on a wide range of single-fre-
most stringent, which demand optical pulses with a pulsewid@y/€ncy operations.
less than 3 ps and an extinction ratio of more than 30 dB to
avoid intersymbol interference when optically multiplexed to
160 Gh/s. Currently, these requirements can only be satisfied [l. STANDING-WAVE MODE AND THEORETICAL MODEL
with two EAMSs in a tandem configuration [1], [2] or one _ ) )

EAM followed by a 2R regenerator [1], both degrading the The EAM used in this study has traveling-wave electrodes
compactness of the pulse generator. (CPW lines). For the transverse magnetic (TM) mode, the av-
Recenﬂy' we reported on 40-GHz Optica| pu|se genergrage mOdUlatlon efﬁCiency is Over.20 dB/V i-n the 0 to 2 V
tion using only one traveling-wave EAM with an improved€Verse bias region and the total extinction ratio can be as high

as 47 dB [3], [6]. The EAM is 30@m long and the CPW line is
, _ _ _ 10004m from one end to the other. As illustrated in Fig. 1(a),
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Fig. 1. (a) Schematic plot of the EAM in the standing-wave enhanced mode. © (d)
(b) Microwave transmission line and the related parameters in the theoretical
model. Fig. 2. Pulsewidth and the average power of the generated pulses obtained

from the experiment (circle) and the theory (triangle) for the four devices:

(@ L = 510 um, Vpp = 2.8 V; (b) Ly = 790 um, Vpp = 2.4 V;
changing the length of the termination CPW line with a bondd@) L. = 980 zm, Vpp= 1.5 V; and (d) L, = 1050 zm, Vpp= 1.0 V. Solid
extension lines: pulsewidth. Dotted lines: average power.

A theoretical model based on the transmission theory is de-
veloped to simulate the device operation, taking distributed efxperimental results, which, respectively, accounts for the mi-
fectsinto account [3], [7]. In this model, the traveling-wave ele@rowave coupling loss and the uncertainty jrdue to the ribbon
trodes of the EAM are modeled by three sections of transmisending and possible imperfections of the open.
sion line, each with different microwave properties, as shown in
Fig. 1(b). The microwave parameters are obtained ffopa-
rameter measurements. The microwave voltage distribution in
the active waveguide can be expressed as 1. RESULTS AND DISCUSSION

Four devices are prepared with different extension lengths,
ranging from 0 to 75Qum. A 2-dBm continuous wave (CW)
optical input at 1555 nm and a 5.6-Vpp microwave input at
40 GHz are sent into the EAM. The average power of the output

where V* is the amplitude of the forward-propagating mi_pulse is measured directly while two stages of EDFA preampli-

. . - . fication are used to measure the pulsewidth with an autocorre-
crowavg;l“ IS th_e reflection coefficient at the e.nd of the a.Ct'V‘?ator. The absorption curve which determines the relationship
wavegwdg which depends or1,l_th§ termination CPW I!ne betweenAa and the local voltage, is measured for each EAM
Iengt_h; Vs the cqmplex propagatlon constant, and z is t ﬁdividually even though there are only minor differences in the
position in the active waveguide. The open at the end of t

L L : . fgh extinction (high bias) region, which can be attributed to
terr_mnanon CPWline is assumed t(.) be ideal. The |_nstantane % coupling of substrate modes. The experimental and the the-
optical output power can be derived by summing over al|

the | the light tered during th X retical results for the four devices are shown in Fig. 2, in the
€ losses the ligntwave encountered during the propagalighye, of increasing extension length. Close agreement between
through the active waveguide

the theory and the experiment is observed. The shortest pulse
generated is 3.4 ps. The termination CPW line lengttob-
tained by matching the experimental results with the theoret-
ical model is 510, 790, 980, and 10&én for the four devices,
P(t) — P. L. Aalzt) - d 2 respectively. The peak-to-peak amplitude of the forward-prop-
(1) = Pla - exp _/0 azt)-dz 2) agating microwavé2V*) can also be obtained, which is 2.8,
2.4,1.5, and 1.0 },, respectively.
where B, is the initial optical power, |. is the length of the ac-  An interesting point of these results is that the EAM with
tive waveguide, 'tis the time when the lightwave propagates ta.5 V,,, microwave amplitude performs better than the EAMs
position z, andA« is the incremental loss at position z whichwith higher microwave amplitudes, in terms of the shortest pos-
can be obtained from Fig. 1 in [3] as a function of local voltageible pulsewidth and the power level with the same pulsewidth.
The local voltage is the sum of the bias voltage and the nihis can only be explained by the distributed effect as shown in
crowave voltage. Only V and L, are adjusted to match theFig. 3. In this figure, the microwave envelope along the active

V(z) = VT -Ree“t - (672 + -2y (1)
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Position () Position (x«m) both the pulsewidth and the average power of the EAM with
© (@ 1050:m termination CPW line length at several microwave
Fa 3 Mi looe in the acti e obtained by matchi tampIitudes. To generate less than 3-ps pulses, the peak-to-peak
1g. o. ICrowave envelope In the active waveguide obtaine y matching - . H .
experimental results with the theoretical model for the four devices:(axL quclrowave ,amp“tUde has to b.e over 2 V. This Ca.n be done with
510 um, Vpp = 2.8 V: (b) L, = 790 um, Vpp = 2.4V; (c) L, = 980xm, @& higher driving power or an impedance matching network at

Vpp = 1.5V;and (d) L = 1050 #m, Vpp=1.0V. the microwave input port.
IV. CONCLUSION
>

g 0.2 {7 In conclusion, a novel standing-wave mode of the electroab-
£ ﬁ sorption modulator is proposed and demonstrated to generate
g ) short optical pulses at 40 GHz. A theoretical model is used to
B Time (ps) analyze the distributed effects in the device, which indicates
qc, 0.1 the importance of choosing a proper termination length for the
§ 40-GHz pulse generation. The proposed design can also be ap-

plied to other single frequency applications such as optical de-

00 . . ' . ' multiplexing and clock recovery in a 160-Gb/s OTDM system.
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