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Abstract—Comparing with a lumped electroabsorption
modulator (EAM), we show the merits of a long EAM with
traveling-wave electrode with high radio-frequency (RF) gain
that could be used in high-frequency analog application. By
terminating the RF output port with the characteristicimpedance
of 30 €2, the device exhibited a large enhancement of 6 dB above
10 GHz in the electrical-to-optical response and a wide fractional
bandwidth as estimated from simulation. In addition, an input
impedance matching circuit of stub embedded on the device chip
was found to be very effective for improving RF characteristicsin
the narrow band of frequency.

I ndex Terms—Electroabsor ption modulators, electroabsor ption
modulator with traveling-wave electrode (TWEAM), impedance
matching, radio-on-fiber, traveling wave electrode.

I. INTRODUCTION

HE el ectroabsorption modul ator with traveling-wave el ec-

trode (TWEAM) was initially proposed to overcome the
bandwidth limitation of the lumped electroabsorption modu-
lator (EAM) [1]. Although velocity matching is not easy to ac-
complishwith InP material [2], aTWEAM isstill very attractive
for many applications, especially at high frequency. There have
been some reports on this device's use as an optical time-divi-
sion-multiplexed demultiplexing and detecting device [3] and a
short pulse generator [4]. Recently, many reports on the wire-
less fiber-optic link have been presented and paid much atten-
tion in anticipation for the last mile solution of the broadband
access network [5]-7]. However, few reports on TWEAM for
narrow-band application such asradio-on-fiber (ROF) exist. Fo-
cusing on alimited range of frequency band, TWEAM needs not
only a new approach to the RF termination but also the proper
impedance matching scheme.

In this paper, we investigated TWEAM modules in terms of
the proper termination and the matching scheme. The fabrica
tion of the devices and modules is presented in Section 11 and
their characterization in Section I11. In Section 1V, we discuss
the electrical properties relating traveling-wave electrodes and
investigated the performance enhancement of the modules by
both the output termination and the input impedance matching
circuits.
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Fig. 1. Fabricated TWEAM module.

Il. TWEAM DEVICE AND MODULE

The frequency response of TWEAM s related to structural
parameters such asthe epi and the el ectrode structure. Sincethe
epi structure directly affects the high-frequency response, not to
mention the extinction ratio [8], the epilayer was carefully de-
signed through the finite-difference time-domain simulation. A
0.5-pm-thick n* layer grown on asemi-insulating InP substrate
was designed for slow wave mode operation. A 0.3-x:m of in-
trinsiclayer contained the strain compensated multiple quantum
well (MQW) structure, which consisted of 13 pairs of wells (10
nm, —0.38% tensilestrained) and barriers (7 nm, 0.5% compres-
sive strained). The photoluminescence peak was at 1.50 ;:m.

To study the effect of electrode on the response, we prepared
three types of devices with 100-, 200-, and 300-um-long ac-
tive waveguide for comparison. The width of the active wave-
guidewas 2 um. At each side of the active waveguide there was
a 250-um-long passive waveguide butt-jointed. For high-fre-
guency operation, we employed the coplanar waveguide (CPW)
electrode and formed it by evaporation. It was varied in both
the width of signal electrode and the gap between signal and
ground electrodes. In addition, devices with lumped electrodes
were also prepared to prove the merit of a traveling-wave elec-
trode at high frequency. The details of the device fabrication
process were presented elsewhere [9].

TWEAM modules were assembled in a butterfly-type
housing with a V-connector as shown in Fig. 1. A CPW
electrode patterned a umina submount was located between the
V-connector and a TWEAM device chip. Due to its strong in-
fluence on the frequency response, the submount was carefully
designed through HFSS simulation in such a way that it had
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Fig.2. S-parametersof fabricated TWEAM chipswith varioustraveling-wave
electrode structures.

as low an electrical return loss as possible over a wide range
of frequency. In the full two-port S-parameter measurement,
we observed that Sy; of the submount was kept below —10 dB
at frequencies lower than 37.4 GHz while Sy; was above
—3dB at high frequencies up to 35 GHz [10]. A 50-£2 thin-film
resistor formed on an alumina substrate was used to terminate
RF power. The submount, the device chip, and the resistor were
interconnected with 2-mil-wide gold ribbons. Finaly, atapered
optical fiber was actively aligned at each facet of the device.

I1l. DEVICE CHARACTERIZATION

TWEAM modules for digital and analog applications differ
not by the device chip but by an impedance matching scheme.
Thus, we studied the characteristics of chips used in broadband
modules. For comparison, we prepared three kinds of CPW
electrode, which differed in the width of signal electrode and
in the gap between signal and ground electrodes. We observed
the return loss S;; and the insertion loss S5; from the devices
of 100-.:m length as presented in Fig. 2. It was found that the
S1; of the devices became small with the narrow electrode
width. For a given width, the device exhibited lower return loss
with the wider gap. Since a narrow €electrode width and a wide
gap means high characteristic impedance in CPW structure,
these results agreed well with the fact that the characteristic
impedance of InP TWEAM was lower than 50 €2 [2]. On the
other hand, the insertion loss S55; was observed to be less than
—2.5 dB in the range of frequency up to 65 GHz for al the
electrode structures.

Fig. 3isthe Dc electrical-to-optical transmission characteris-
tics of the modules. The transfer curve in Fig. 3(a) shows high
Dc extinction ratio of 28 and 38 dB at —2 V bias voltage for the
modules of 100- and 200-m-long devices, respectively. The
devices revealed optimized operation at 1550 nm. Even though
the optical insertion loss at 0 V was slightly higher at 1550 nm
than at 1570 nm, the Dc extinction at —2 V was much higher by
more than 10 dB regardless of the device length. On the other
hand, the slope efficiency » of the transfer curve is an impor-
tant parameter particularly in analog application, which is di-
rectly related with RF link gain in ROF system [11]. It isgiven
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Fig. 3. DC transmission characteristics of modules (a) transfer curves and
(b) slope efficiency 7.

asthederivative of transfer function 7;; 5 with respect to the bias
voltage V' as follows:

d1yp
dv -

Fig. 3(b) shows the slope efficiency at 1550 nm. As the device
was long, the maximum gain became large at low bias voltage.

Electrical-to-optical (E/O) frequency response was measured
using an Anritsu 37 397C vector network analyzer and a pho-
todetector with known frequency response. Fig. 4 shows the
small signal E/O responses of the modules of 100- and 200-.:m
-long devices measured at the wavel engths of 1550 nm with var-
ious bias voltages. The modules were packaged with the same
submount and with 50-€2 termination. The resonances at 24 and
39 GHz in the response were observed for both devices of 100
and 200 ;:m and they were proved to be the microstrip (MSL)
mode-like paralld plate (PPL) mode [12] through HFSS sim-
ulation. The PPL mode was generated by the phase delay in-
duced in the CPW waveguide of input submount and causes
power leakage in the waveguide. It could be significantly sup-
pressed by packaging schemes. In addition, we observed thefre-
quency rolloff in the response at low frequency below 3 GHz.
There are origins presented for the feature such as the imperfect
passive optical waveguide [13] and the impedance mismatching
between the electrode and the probing pad. Considering the de-
vice fabrication [9], we believe that the frequency rolloff re-
sulted from the impedance mismatching at the tapered region of
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Fig.4. E/Oresponse of modulesof 100- (line) and 200-p:m-long (symbol line)

devices.

electrode. Excluding the low-frequency rolloff, the small signal
3-dB bandwidth was about 38 and 32 GHz for the modul es of
100- and 200-:m-long devices, respectively.

1IV. TWEAM IN ROF APPLICATION

In the following, we describe some approaches to design
an analog EAM associated with a traveling-wave electrode.
To begin with, we investigated the electrical properties of a
TWEAM compared with a lumped EAM in order to verify
its traveling-wave effect. Then the RF termination matched to
the characteristic impedance of the device and the embedded
matching circuit were considered as the methods of accommo-
dating TWEAM modules for analog application

A. Traveling-Wave Effect in TWEAM

When awaveguide device is a considerable fraction of an RF
wavelengthinsize, it isregarded asatransmission linewith con-
stant characteristic impedance rather than alumped element. In
such a device, the return loss S is not increased with the fre-
guency beyond acertain limit value, unlike a capacitive device.
Its specific behavior is mainly determined by the impedance
matching with aload [8].

Toinvestigate weather aTWEAM operatesinasimilar way to
atransmission line, we compared the electrical response of the
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Fig. 5. Fabricated devices with (a) traveling-wave electrode, (b) lumped
electrode, and (c) traveling-wave electrode with stub.
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Fig. 6. Comparison of S-parameters of the devices with traveling wave
electrode and lumped electrode. (8) S1; and Szz; (b) Si2 and Sey.

devices with a traveling wave and a lumped electrode shown
in Fig. 5(a) and (b). The lumped device was assumed to have
the same capacitance as the one with atraveling-wave el ectrode
because it was fabricated with the identical optical waveguide
and the same passivation structures. The devices of 100- and
300-:m length were prepared for the study. For al types of de-
vices, the CPW electrode consisted of an electrode strip width
of 6 m and a gap distance of 3 m.

Fig. 6 shows measured S;; and S22, and S; and Sio of
the devices. Despite the same device capacitance for both
lumped EAM and TWEAM, as the frequency increased, S;1
of TWEAMSs decreased at high frequency while that of lumped
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Fig. 7. Characteristic impedance of the devices with 100- and 200-pm-long
electrode.

devices monotonically increased as usual. It showed a distinc-
tive feature in the high frequency and varied markedly with
the device length. At 60 GHz, the difference of S;; between
the lumped EAM and the TWEAM of 300 ym was as large
as 12 dB compared to a mere 5 dB for 100 ;zm. The behavior
of S, reflected the feature of S;;. The decline of S5; of the
lumped device of 300 :m with respect to TWEAM was drastic
up to 3 dB, while it deviated only by 0.5 dB for 100 zm. The
rapid drop of Sy in the 300-.:m device was attributed to the
device capacitance.

The observation indicates that for a given device capac-
itance, a TWEAM yields low return loss at relatively high
frequency and eventually provides better RF power transfer in
the frequency compared with a lumped device. The transmis-
sion-line-like properties are significant even for the device with
only a few hundred micrometer long traveling-wave electrode
a the frequency above a few tens of gigahertz. At the high
frequency near 60 GHz, it iseasier for traveling-wave electrode
structure to achieve low return loss with a long device up to
300 m. With the high RF slope efficiency of along waveguide
device as described in Section 11, it is advantageous to use
TWEAM not only for digital application but also for analog
application.

B. RF Termination

In broadband digital applications, the terminating impedance
of TWEAM was proposed to be lower than 50 2 [2], [14], and
its broad frequency response was estimated with a termination
matched to the characteristic impedance of the chip [15]. If we
carefully design aTWEAM that operatesin slow wave mode, it
is possible to obtain constant characteristic impedance at high-
frequency region [8]. Fig. 7 shows the characteristic impedance
calculated from the measured S-parameters of the fabricated
chips as a function of frequency. The characteristic impedance
was about 30 €2 regardless of the device length.

In order to study the response of the impedance matched
TWEAM, asubmodule was prepared with a 100-m-long chip
and a 30-Q2 thin-film resistor. RF signal was directly applied
through an on-wafer probe to the chip without both an input
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Fig. 8. (a) E/Oresponse and (b) S1; of aTWEAM with both a 30- and 50-£2
termination.

RF submount and a connector. Fig. 8 shows the relative E/O
response and the S1; observed in the submodule, and the re-
sults for the module with a 100-;:m-long chip and a 50-€2 ter-
mination is included for comparison. Unlike the module tested
in Section 11, no resonance was observed in the E/O response
of the submodule. Thisis because the submodule without input
submount induced no phase delay. The TWEAM with 30-2 ter-
mination showed a distinctive behavior in the E/O response and
S11, compared with the module with 50 2. Even though the
reflection S1; wasrelatively high at low frequency, the E/O re-
sponse showed a large enhancement of more than 6 dB in the
frequency range above 10 GHz due to the low return loss at
around 25 GHz. Our observation implies that in a given de-
vice, we could obtain improved response at high frequencies by
proper characteristic impedance matching.

In addition to the enhancement of the E/O response, from
the viewpoint of bandwidth, it is highly desirable to obtain
the termination matched to the characteristic impedance of
TWEAM. In principle, any value of termination could be used
for an analog TWEAM, aslong asthe reflection at the RF input
port is sufficiently suppressed with matching electronics at the
frequency of concern. The termination, however, affects the
design of an input impedance matching circuit and eventually
determines the fractional bandwidth of the module. Thereis a
parameter known as the @ of the circuit, which is the ratio of
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Fig. 9. Caculated S;; of a 100-uzm-long TWEAM device with various
terminating resistors.

the center frequency f, to the fractional bandwidth according
to [16]
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~ Tractional bandwidth'
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For a given center frequency, the lower the value of Q) is, the
wider the fractional bandwidth becomes. Fig. 9 shows the S
simulated using measured device parameters with various ter-
minating resi stors assuming no impedance matching el ectronics
at the input port. Constant () contours were also drawn on the
Smith chart. When we design theinput impedance matching cir-
cuit, we try to move a point on the loci at the frequency of in-
terest toward the center of the Smith chart. Thetrace of the point
should be remained in the low @ region to achieve the wide
fractional bandwidth. In Fig. 9, the loci for the devices with a
termination less than 30 €2 showed behaviors of rotating clock-
wise toward the center of the Smith chart or the matching point
as the frequency increased. Among others, the loci of the 30-$2
termination waslocated in low () region lessthan 0.3 inthe en-
tire frequency range of 50 MHz to 60 GHz. According to our
calculation, it was the best to have the TWEAM matched with
a 30-C2 termination for achieving a wide fractional bandwidth.
The result impliesthat the characteristic impedance matching at
the output of TWEAM is of particular importance to the analog
device.

C. Embedded Impedance Matching Circuit

After determining aproper RF output termination, impedance
matching electronics at the input RF port of the device should
be designed to transport the maximum signal power from an
outside signal source to the module. The impedance matching
circuit on an input submount is usually employed. The circuit
is constructed with balancing capacitors of stub for the accurate
impedance adjustment [17]. However, the trimming of the stubs
with alaser is neither simple nor cost-effective. Therefore, it is
worth employing the impedance matching circuit embedded in
adevice chip as the most possible alternative.
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Fig. 11. E/O response of the devices with and without stub.

We fabricated devices with an asymmetric shunt stub at the
RF input port as shown in Fig. 5(c) [18]. Fig. 10 showsthe mea-
sured Sy ; of the TWEAM swith and without the stub circuit. The
dipsin S1; were shown at the frequency of 38, 46, and 55 GHz
for devices of 300, 200, and 100 ;zm length, respectively. The
relative E/O response shown in Fig. 11 was measured with the
100-;zm-long devices from on-wafer probing. The terminating
resistance was 50 2. We found that the response of the device
with the stub showed an enhancement at the frequency over 10
GHz and maintained the gain up to 40 GHz, whereasit gradually
decreased with the frequency for the device without the stub.
About 5 dB was the E/O response improved at 30 GHz. The ex-
periment suggeststhat the impedance matching stubs embedded
in the device are very helpful for the high-frequency character-
istics of TWEAM in terms of S1; and the E/O response.

V. CONCLUSION

We proposed and demonstrated a TWEAM as a very
promising device for high-frequency analog applications such
as an ROF system. Comparing with a lumped electrode EAM,
along TWEAM showed a high RF gain and a low RF return
loss at high frequency. We found that unlike a lumped EAM,
TWEAM should be thought of as a transmission line even for
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a device only a few hundred micrometers in length. For our
TWEAM, characteristic impedance matching of 30 €2 proved
to be very important to obtain an improvement of E/O response
and a wide fractional bandwidth. In addition, the impedance
matching circuit formed with a stub embedded in the device
would be avery effective way of improving the high-frequency
response in narrow-band frequency.
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