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Abstract—This paper presents a fully electrical 40-Gb/s time-di- system (FA-10G system) in 1996 [1]. As a result of the broad-
vision-multiplexing (TDM) system prototype transmitter and  pand characteristics of EDFA's, progress in optical multiplexing
receiver. The input and output interface of the prototype are techniques such as optical TDM (OTDM) and wavelength-di-

four-channel 10-Gb/s signals. The prototype can be mounted . . - . . - oo
on a 300-mm-height rack and offers stable 40-GbJs operation VISION multiplexing (WDM) drastically increased transmission

with a single power supply voltage. InP high-electron mobility Pit rates beyond 1 Th/s [2]-[5]. These techniques will make
transistor (HEMT) digital IC’s perform 40-Gb/s multiplexing/de-  greater use of the ultrabroad bandwidth of optical fibers. For

multiplexing and regeneration. In the receiver prototype, realizing very-large backbone networks, high-speed TDM
unitraveling-carrier photodiode (UTC-PD) generates 1 \bp  gystems, which offer a basic bit rate of optical multiplexing,

output and directly drives the InP HEMT decision circuit (DEC) L . LS
without any need for an electronic amplifier. A clock recovery are quite important. High-speed TDM systems based on digital

circuit recovers a 40-GHz clock with jitter of 220 fs,, from a integrated circuit (IC) technology have great advantages in
40-Gb/s nonreturn-to-zero (NRZ) optical input. The tolerable terms of ease of operation, administration, and maintenance

dispersion range of the prototype within a 1-dB penalty from (OAM), compact size while increasing the single channel bit
the receiver sensitivity at zero-dispersion is as wide as 95 pS/nm’rate and low cost. Furthermore, high-speed TDM systems

and the clock phase margin is wider than 78 over almost all . - .
the tolerable dispersion range. A 100-km-long transmission C&N also effectively enhance the spectral efficiency in dense

experiment was performed using the prototype. A high receiver WDM systems. All these advantages are strong motivation to
sensitivity [-25.1 dBm for NRZ (27 — 1) pseudorandom binary investigate 40-Gb/s TDM systems. To date, we have presented
sequence (PRBS)] was obtained after the transmission. The and demonstrated the transmission techniques for 40-Gb/s
40-Gbrs regeneration of the InP DEC suppressed the deviation gystamg [6], [7]. Some promising techniques, automatic disper-
in sensitivity among output channels to only 0.3 dB. In addition, o . h . St
four-channel 40-Gb/s wavelength-division-multiplexing (WDM) SION equalization [8], [9], high-dispersion tolerant transmission
transmission was successfully performed. codes [10]-[13] have been presented to overcome the problems
of high-speed TDM systems, such as the dispersion limit of
optical fiber. The base of the 40-Gbh/s system will be consol-
idated through several system experiments that employ these
techniques. For such experiments, a stable 40-Gb/s transmitter
|. INTRODUCTION and receiver are indispensable.

HE recent explosive growth of the internet indicates !N this paper, we present a 40-Gb/s TDM system prototype,
T that a multimedia communication era is near at hanHansmitter and receiver circuits, based on InP high-electron
Very-large-capacity backbone networks are a step toward tR@bility transistor (HEMT) digital IC technologies. The input
establishment of multimedia networks. The development 8fid output interface of the prototype are four-channel 10-Gb/s
Er-doped fiber amplifier (EDFA) has made for a rapid increasdgnals. The prototype can be mounted on a 300-mm-height
of transmission bit rates and led to the implementation &tck and offers stable 40-Gb/s operation with a single power

the time-division-multiplexing (TDM) 10-Gh/s transmissiorSUPPIly voltage. In the transmitter and receiver, an InP HEMT
decision circuit (DEC) performs 40-Gb/s regeneration by using

a 40-GHz clock. In the receiver prototype, high-output power
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ular, D-type flip-flop (D-FF) or DEC, which performs the re- % 120 | ¢ @ 1) PRBS E
generation at 40 Gb/s, is quite important. To date, many D-FF'’s o 60 4 (": i PRIBS | | 1
designed for high-speed operation (Si bipolar [16], SiGe HBT 20 25 30 35 40 45

[17], GaAs HBT [18], and GaAs MESFET [19]) have been . .
reported. Fig. 1 shows the empirical relationship between the Bit rate (Gbit/s)
operating speed of the D-FF and a device figure-of-merit. InP ()

HEMT offers the highest cutoff frequencyx) and maximum fig, 2.
frequency of oscillation f,,.x) of all semiconductor devices margin.
[20], [21] and has the potential to achieve 40-Gb/s digital IC’s.
The InP HEMT has another advantage in that it can be intﬁ\v
grated with photonic devices such as photodiodes for a waw

length range from 1.3 to 1.56m [22], [23]. The integration 101!, For the clock phase margin, the edge drift of the output

reduces the number of electronic parts and high-speed int [ diagram of the DEC for a BER of better thar 10-° when

connection pa_ths and will realize cpmpact and Iow—cos.t PaGkle clock timing was shifted was measured. A high input sensi-
ages. We fabricate a super-dynamic type DEC [24] using | ity of less than 104 my/, and a wide phase margin of 212

HE.MT’S [.25] that was capable of 40'G.b/5 operation. The DE ere obtained for 40-Gb/€{ — 1) PRBS. Degradation of the

.lC is configured with the super-dynamic D'_FF core, OIata/cIO(‘é%nsitivity and phase margin was observed for the data lengths
input buffers, and a data output buffer/driver. The super-d}g ger than 27 — 1). However, the sensitivity was still higher
namic D-FF is characterized by a source-coupled negative fe in 250 mV,,, and the phasé margin was as wide as’ 6%
back pair (SCNFP) inserted in the first-level latching differential,s; 1) PR)II?);’S. The degradation of the sensitivity and phase
pair in a cascode manner. The SCNFP drastically reduces grgin for PRBS's longer thar2{ — 1) may be caused by the

effective logic swing and increases FF operating speed. Wide:_~ - - - :
. ndwidth limit and unflat frequency characteristics of the input
band data and clock buffers were used to increase the DEC | g Y P

speed to the core D-FF speed limit. The data buffers consist o

a capacitive feedback differential buffer [26] with a source fol-

lower employing capacitive peaking. The clock buffer consists lll. CIRCUIT CONFIGURATION OF SYSTEM PROTOTYPE

of a capacitively coupled inductor-peaking differential buffer. A 40-Gb/s TDM system prototype based on InP HEMT dig-
The maximum operating speed of the DEC that could achieital IC’s [27] was fabricated. Fig. 3 is a block diagram of the
error-free operation was 46 Gb/s. Error-free operation at high@ototype. The transmitter consists of a 10-G/20-G 4 : 2 multi-
rates has not been confirmed yet due to the limitations of tpéexer (10/20-G MUX) unit, a 20-G/40-G multiplexer and trans-
experimental setup. Fig. 2 shows the measured input data seitter (40-G Tx) unit, and a clock distribution (CLK DIST)
sitivity and clock phase margin of the DEC at data rates frommit. The 10/20-G MUX unit consists of two GaAs MESFET
26-40 Gb/s. As the signal source, pseudorandom binary 2e-l selectors (SEL) and a GaAs MESFET clock distributor
qguence (PRBS) with an amplitude of 800 mvgenerated by IC’s, which are mounted in a 84-pin RF package by using a
a 4:1 multiplexer was used [27]. To measure the sensitivity, theultichip module technique. The MUX unit multiplexes the
amplitude of the PRBS was attenuated. The input data serfsidr 10-Gb/s data streams to two 20-Gb/s data streams. In the

DEC performance: (a) input data sensitivity and (b) clock phase

ity was measured by the difference between the centers of the
" and “0” levels for a bit error rate (BER) of better thanxl
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Fig. 3. Block diagram of the 40-Gb/s system prototype.

40-G Tx unit, the two 20-Gb/s data streams are multiplexed taaing 10-GHz clock signal. The maximum data skew among
40-Gb/s data stream by an InP HEMT SEL [28]. Regeneratiéour output channels was only 12 ps. The TIM unit recovers the
of the InP HEMT DEC eliminates the asymmetry between th#-GHz clock signal by using a differentiator and a half-wave
even and odd channel eye opening. External continuous-waeetifier. The differentiator is a microstrip ling/4 short stub
light is modulated by a LiNb@(LN) Mach—Zehnder modulator formed on an AJO5 substrate. An impedance matching circuit
with a low-driving voltage of 3.0 V [29]. An automatic bias conwith a 5042 resistor is placed in front of the short stub to
troller (ABC) is used to compensate for the DC drift of the LNestrict the reflection at the short stub. The bandpass filter is a
modulator. The CLK DIST unit generates 20 and 40-GHz clockaveguide-type cavity resonator. The measupedhlue of the
signals by using frequency doublers and distributes the signfilier is 700. The amplifier following the filter is a commercially

to other units. available and is not a limiting amplifier.

The receiver consists of a 40-Gb/s receiver (40-G Rx) unit, aAll the electrical input and output of the transmitter and re-
20-G/10-G 2:4 demultiplexer (20/10-G DEMUX) unit, and aeiver units use the source-coupled FET logic (SCFL) inter-
clock recovery (TIM) unit. The 40-G Rx consists of a UTC-PDface. The K-connector-type panel adapters are used for the data
an InP HEMT DEC, a 1: 2 demultiplexer (DEMUX) and 1:2and clock interface above 20 Gb/s and 20 GHz. Fig. 4 shows
frequency divider (DIV) [2]. The optical input is divided intophotographs of the 40-G Tx and Rx units. These units can be
two by a 3-dB optical coupler. One input is received by thmounted on a 300-mm height rack and operated under a fan-
UTC-PD, and the other one is introduced to the TIM unit. Theooling condition. Fig. 5 is a photograph of the system proto-
UTC-PD generates 1.0,)4 output and directly drives the DEC type mounted on the half-size standard racks.

[30]. This direct driving reduces the number of electronic parts

and reIaXeS the gain f|atneSS pI’Ob|emS in equalization. The |V EXPER|MENTAL RESULTS AND D|SCUSS|ON

UTC-PD module has a 3-dB bandwidth of higher than 35 GHz

with a response flatness less than 1 dB. The DEC regenera%esOOCk Recovery

a 40-Gb/s signal using a 40-GHz clock signal recovered atin the TIM unit, a 40-GHz clock was recovered by a differen-
the TIM unit. The output of the DEC is demultiplexed to twdiator and a half-wave rectifier. This configuration offers reliable
20-Gb/s data streams by the DEMUX. The 20/10-G DEMUXlock recovery. The differentiator was\d@4 short stub vertically
unit consists of four Si bipolar DEC's, a GaAs MESFET DIVconnected to a 50 microstrip line formed on an AD3 sub-
and a clock distributor (DIST). Each 20-Gb/s data stream frogtrate. The short stub differentiates the input NRZ signal prop-
the 40 G-Rx unit is divided into two by using power dividersagated on the microstrip line by eliminating the dc and low-fre-
and demultiplexed to four-channel 10-Gb/s data by the DEGjsiency spectra of the signal. However, the short stub causes se-
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Fig. 4. Photographs of (a) 40-G Tx and (b) 40-G Rx.

rious reflections because its input impedance matche@ &0

only 40 GHz. To suppress the reflection, an impedance matching ™ 20/10-G DEMUX
circuit using a high-impedance microstrip line and a thin-film

502 resistor were formed in front of the short stub; as a result, Receiver

the return loss was restricted to less than 9 dB up to 40-GHz. To (®)

confirm the effect of the matching circuit, the reflection at thg_ 5 Ph h of the 40-Gb/
differentiator was monitored. The experimental setup is showiy > Fhotograpn of the S System prototype.

in Fig. 6(a). The input 40-Gb/s signal was divided into two. One

was introduced to the differentiator, and the other one was maonterface. Fig. 7 shows the output eye diagrams of the differen-
itored by a sampling oscilloscope. The reflection from the difiator and the rectifier. Good eye openings were obtained at a
ferentiator distorted the monitored signal. The monitored egata rate of 40 Gb/s.

diagram of the differentiator is shown in Fig. 6(b). For compar- The output of the rectifier, via the bandpass filter, was ampli-
ison, the eye diagram of a differentiator without the matchirfged by a narrowband amplifier. The mark ratio dependence and
circuit is shown in Fig. 6(c). The reflection from the differeninput amplitude dependence of the output clock amplitude of
tiator without matching circuit seriously distorted the monitorethe TIM unit are shown in Fig. 8(a) and (b), respectively. Here,
signal. The serious reflection could cause clock jitter, and it naa-40-Gb/s 23! — 1) PRBS generated by the InP SEL was intro-
rowed the operating margin of the prototype. On the other hartljced to the differentiator. The clock amplitude was normalized
the differentiator with the matching circuit restricted the refleddy the output amplitude for the 13y input with a mark ratio

tion, and the monitored eye diagram was clear. The low-refleaf 1/2. No significant decrease of the clock amplitude was ob-
tion differentiator with 502 resistor enables the direct connecserved when the mark ratio was changed from 1/2 to 1/8. The
tion to electronic IC’s such as data distributor having an SCRimplitude decreased as the decrease of the input amplitude. This
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is because the rectifier does not work as the input amplitude de- g
creases. In an actual transmission system, the input amplitude is o
varied by pulse compression or broadening due to dispersion. To center: 39.81312 GHz
prevent input amplitude fluctuation, an amplifier was inserted span: 1 MHz
between the UTC-PD and the differentiator. The phase devia- (®)

tion of the recovered clock was large against the change of ffig 9. Measured rmsjitter and power spectrum of the TIM unit: (a) data length
mark ratio because the phase deviation of the amplifier strondfpendent of the jitter and (b) power spectrum.

depended on the input power. A limiting amplifier is needed to

suppress the phase deviation. A full-wave rectifier is also rand full-wave rectifier effectively recovers the clock signal and
quired to relax the dynamic range requirements of the limitinglaxes the dynamic range requirements of the limiting ampli-
amplifier. The use of an exclusive-OR circuit as a differentiatdier [31].
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The rms jitter of the clock signals recovered from optical 12 i
PRBS signals ranging in length from"(— 1) to (23! — 1) €[ 25.1 dBm
[the number of pseudo-random noise (PN) stages from 7 to 31] 13 -21.8dBm
was measured by a jitter measurement system (EUROPTEST Lo T b 1o
PN9000 series) and is shown in Fig. 9(a). Here, the rms jitter -30 -25 -20 -15

of the 40-GHz clock for the InP DEC in the 40-G Tx was 150
fs;ms. Measured jitter did not depend on the data length and was
as small as 220 fs,s. Fig. 9(b) shows the spectrum of the clock (b)

signal measured by a spectrum analyzer. A high signal-to-nofde 11. Bit-error-rate performance: (a) 0 km and (b) after 100-km-long DSF
ratio (SNR) was obtained. transmission.

Average received power (dBm)

B. Single-Carrier 40-Gb/s Transmission

The 40-Gb/s transmission experiments that used the systéhe input power for the transmission line was 10 dBm. After the
prototype were performed. A four-channel 10-Gb/s NRZ PRBB)0-km-long transmission, the 40-Gb/s optical data was ampli-
from a pulse pattern generator (PPG), in which the relative delfigd by using another EDFA followed by 5-nm optical bandpass
against each channel was exactly adjusted to a quarter of fitter (OBPF) and then was received by the receiver. In the re-
data period, was used as the signal source. These input sigoelser, the transmitted signal was regenerated and was demul-
were multiplexed up to 40 Gb/s PRBS and regenerated by tifdexed to four-channel 10-Gb/s signals by the clock signal re-
InP HEMT DEC in the transmitter. Continuous-wave light frontovered from the optical input at the TIM unit. Fig. 10 shows the
a DFB-LD with a wavelength of 1552 nm was modulated witkye diagrams obtained by a sampling oscilloscope. The 40-G Tx
the 40-Gb/s NRZ PRBS. The output of the transmitter was amenerated clear 40-Gb/s optical data [Fig. 10(a)]. The UTC-PD
plified by an EDFA and was launched into a 100-km-long trangienerated a clear eye diagram with an output amplitude of 1
mission fiber that had a zero-dispersion wavelength of 1552 ni,;, [Fig. 10(b)] and directly drove the following InP HEMT
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t 2 ) ) ) ) ' mated by a counting dial shift of the 40-GHz clock phase shifter
% L 95 ps/nm | | (Anritsu G5N1) attached to the front panel. The receiver sensi-
E -22 f tivity without dispersion was-24.5 dBm. Note that this sensi-
S —hmmmme oo N A tivity was in good agreement with the back-to-back sensitivity
Z*‘,E, 24 [ | : 1 (—24.6 dBm) shown in Fig. 11(a). This result shows a stable
S 1 1 40-Gb/s operation of the prototype. As the dispersion shifted
® -26 ¢ P! b into the anomalous region, the sensitivity was improved due to
9 ' ! ' the pulse compression, and the prototype achieved its highest
'§ 28 ! ! . sensitivity: —27.4 dBm for a dispersion of 40 ps/nm. The pulse
& 30 Pt . . . o compression in the anomalous dispersion region was due to the
20 0 20 40 60 80 100 negative chirp of the LN modulator. The tolerable dispersion
Dispersion D (ps/nm) range Wlt_hln 1-_dB power penalty from the receiver sen3|_t|V|ty
@ at. zero-dispersion was 95 ps/nm.. The glock phase margin was
wider than 70 over the tolerable dispersion range.
= 180 ! | As shown in Figs. 11 and 12, the prototype achieved high re-
3 i | ceiver sensitivity. The issue is the penalty against the longer data
€ 150 | . length. To reduce the penalty, further improvements to the com-
g | ! ponents in the prototype in terms of their speed are required.
g 120 I r In particular, the input sensitivity of the DEC is quite impor-
e : | tant. The sensitivity at 40 Gb/s degraded from 104 to 166V
s 9% ' P with the data length became longer frof (- 1) to (21> — 1)
:' .- [Fig. 2(a)]. This degradation is one of the causes of the power
8 60 \ 70 deg i penalty. A higher sensitivity that does not depend on the data
o ) length will reduce the penalty and will achieve higher receiver
30 20 6 2 0 4'0 6I0 8I0 100 sensitivity. For this, broadening the bandwidth of the data buffer
i Dispersion D (ps/nm) using analog techniques and optimizing the circuit parameters
are quite important. Accumulation of pattern jitter and inter-
() symbol interference in the process of electrical-to-optical (E/O)
Fig. 12. Dispersion dependence of (a) receiver sensitivity and (b) clock phasenversion in the transmitter and optical-to-electrical (O/E) con-
margin. version in the receiver seems to be another cause of the penalty

because the clock phase margin after the E/O and O/E conver-

DEC. The average input power for the UTC-PD was 16 dBrﬁlon [Flg 12(b)] was less than half that without the conversion
Fig. 10(c) and (d) show the output eye diagrams of the InP DEEIg- 2(b)]. Therefore, broadening the bandwidth of the trans-
and DEMUX modules observed at the monitor ports. Thesgaitter and front-end in the receiver is also important.
modules successfully performed the 40-Gb/s regeneration and o
demultiplexing operation by using the recovered clock signal®: 160-Gb/s WDM Transmission

Bit-error-rates before and after transmission were measured-our-channel 40-Gb/s WDM transmission was performed.
by using error detectors (ED’s) and are shown in Fig. 11. For thide experimental setup is shown in Fig. 13. Four 200-GHz
(27—1) PRBS, the prototype showed a high-receiver sensitivitgpacing optical carriers [1552 nmhk), 1553.6 nm £2), 1555.2
—24.6 dBm before transmission and5.1 dBm after transmis- nm (A3), 1556.8 nm £4)] were simultaneously modulated with
sion. Small anomalous dispersion in the fiber improved the se48-Gb/s NRZ £7 — 1) PRBS. The output of the transmitter
sitivity after transmission. When the data length increased was amplified to +16 dBm by an EDFA and was launched
(2% — 1), a penalty of about 3 dB was observed. However, theto a 100-km long-transmission fiber with a zero-dispersion
sensitivity was still high—21.9 dBm before transmission andwavelength of 1540 nm. To reduce the total dispersion, a DCF
—21.8 dBm after transmission, and no error floor was observeeb0 ps/nm) was connected to the end of the transmission fiber.
in all channels down to a BER of better thadr 2. The DEC The wide tolerable dispersion range (95 ps/nm) of the receiver
regeneration in the 40-G Tx achieved the small deviation in se(fig. 12) achieved the simultaneous dispersion compensation.
sitivity among the four 10-Gb/s channels after transmission: 083ter the transmission, the WDM wavelength channel was
and 0.6 dB for 27 — 1) and @'° — 1) PRBS, respectively. selected by a 1-nm OBPF and was received by the receiver.

Back-to-back receiver sensitivity and clock phase margin &fg. 14 shows the measured BER before and after transmission.
the prototype were measured for various dispersions inducedHigre, the BER of each wavelength channel was the average
standard side-mode fibers (SMF’s) or dispersion compensatioithe four 10-Gb/s data channels. High receiver sensitivities,
fibers (DCF’s). Fig. 12 shows the measured receiver sensitivitpm —25.7 to—24.6 dBm before transmission and fref7.2
and clock phase margin for a BER . The input data was to -25.3 dBm after transmission, were obtained at a BER of
NRZ (27 — 1) PRBS with a wavelength of 1552 nm. The average x 102, The improvement in the sensitivity after transmis-
input power for the EDFA was set to B0 dBm when the clock sion was caused by pulse compression due to the anomalous
phase margin was measured. The clock phase margin was eisipersion.
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Fig. 13. Experimental setup for 160-Gb/s WDM transmission.
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unit, four-channel 10-Gb/s input signals were multiplexed
to 40-Gb/s signal and were regenerated by the InP HEMT
DEC to eliminate the asymmetry between the even and odd
channel's eye openings. In the receiver unit, the UTC-PD
module generated 40-Gb/s input with an amplitude of 1,0 V
and directly drove the following InP HEMT DEC without
any need for electronic amplifiers. The DEC regenerated the
40-Gb/s signal by using the 40-GHz clock recovered at the
clock recovery unit. The regenerated signal was demultiplexed
to four-channel 10-Gb/s signals by the InP HEMT DEMUX
and Si bipolar DEC’s. The rms jitter of the recovered clock did
not depend on data length and was as small as 220.fShe
tolerable dispersion range of the prototype within 1-dB penalty
from the receiver sensitivity at zero-dispersion was 95 ps/nm,
and the clock phase margin was wider thafl G@er almost all

the tolerable dispersion range.

A 100-km-long DSF transmission experiment that used
the prototype was performed. A high receiver sensitivity,
-25.1 dBm for ¢ —1) PRBS and-21.8 dBm for @' —1)
PRBS, was obtained. The 40-Gb/s regeneration in the trans-
mitter successfully suppressed the deviations in sensitivity
among the four 10-Gb/s channels: 0.3 dB faf £ 1) PRBS
and 0.6 dB for £!* — 1) PRBS. The power penalty for
longer data length is caused by the sensitivity degradation
of the DEC and an accumulation of pattern jitter and inter-
symbol interference in the process of the E/O and O/E con-
version. Four-channel 40-Gb/s WDM transmission was also
performed using the prototype, and a high receiver sensitivity
(from -27.2 t0-25.3 dBm) was obtained after 100-km-long
DSF transmission.

ACKNOWLEDGMENT

The authors would thank to I. Kobayashi, K. Yamasaki, K.
Hagimoto, E. Sano, Y. Yamabayashi, and Y. Ishii for their en-

Fig. 14. BER performance of 160-Gb/s WDM transmission: (a) 0 km and (§ouragement throughout this work. They also thank K. Yone-
after 100-km-long DSF transmission.

V. CONCLUSION

naga, A. Sano, A. Hirano, and S. Kuwahara for their valuable
discussions and technical support, H. Kikuchi and K. Murata,
Y. Umeda, and T. Enoki for providing the InP HEMT IC'’s,
N. Shimizu for providing UTC-PD’s, and O. Mitomi and K.
Noguchi for providing the modulator.

We fabricated a fully electrical 40-Gb/s TDM system

prototype based on InP HEMT digital IC technologies for

REFERENCES

40-Gb/s system experiments. The prototype transmitter and

receiver units were mounted on a 300-mm-height rack and[l]
operated with a single power supply voltage. In the transmitter

K. Hagimoto, Y. Kobayashi, and Y. Yamabayashi, “Multi-gi-
gabit-per-second optical transmission systemslO@C’'95 Tech. Dig.
June 1995, paper WC1-1.



42

(2]

(3]

(4]

(5]

(6]

(7]

(8]

&)

(10]

(11]

(12]

(13]

[14]

(18]

[16]

(17]

(18]

(19]

(20]

[21]

(22]

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 1, JANUARY 2000

E. Yamada, E. Yoshida, T. Kitoh, and M. Nakazawa, “Generation of [23]
terabit per second optical data pulse traiBléctron Lett, vol. 31, no.

16, pp. 1342-1344, 1995.

T. Morioka, H. Takara, S. Kawanishi, O. Kamatani, K. Takiguchi, K.
Uchiyama, M. Saruwatari, H. Takahashi, M. Yamada, T. Kanamori, and[24]
H. Ono, “100 Gb/s x 10 channel OTDM/WDM transmission using a
single supercontinuum WDM source,”®FC’96, San Jose, 1996, post-
deadline paper, PD21.

Y. Yano, T. Ono, K. Fukuchi, T. Ito, H. Yamazaki, M. Yamaguchi, and [25]
K. Emura, “;2.6 Terabit/s WDM transmission experiment using optical
duobinary coding,” irECOC’96 Tech. Dig.Oslo, 1997, paper ThB.3.1.

Y. Miyamoto, K. Yonenaga, A. Hirano, N. Shimizu, M. Yoneyama, H.
Takara, K. Noguchi, and K. Tsuzuki, “1.04 Thit/s DWDM transmission [26]
experiment based on alternate-polarization 80-Gb/s OTDM signals,” in
ECOC’'98 Tech. Dig.Madrid, Spain, 1998, postdeadline papers, pp. [27]
53-57.

K. Hagimoto, M. Yoneyama, A. Sano, A. Hirano, T. Kataoka, T. Otsuji,

K. Sato, and K. Noguchi, “Limitations and challenges of single-car-

rier full 40-Gb/s repeater system on optical equalization and new cir{28]
cuit design,” inOFC’'97 Tech. Dig. Dallas, TX, 1997, paper ThC1, pp.
242-243.

M. Yoneyama, A. Sano, T. Kataoka, A. Hirano, T. Otsuji, K. Sato, H. [29]
Miyazawa, and K. Hagimoto, “40 Gb/s optical repeater circuit using In-
AlAs/InGaAs HEMT digital IC modules,Electron. Lett, vol. 33, no.

23, pp. 1977-1978, 1998.

A. Sono, T. Kataoka, M. Tomizawa, K. Hagimoto, K. Sato, K. Wakita,
and K. Kato, “Automatic dispersion equalization by monitoring
extracted-clock power level in a 40-Gb/s, 200-km transmission,”
in ECOC'96 Tech. Dig. Oslo, Norway, 1996, paper TuD.3.5, pp.
2.207-2.210.

M. Tomizawa, A. Sano, N. Hirayama, T. Kataoka, and K. Hagimoto,
“Automatic dispersion equalization by tunable laser for installation of
high-speed optical transmission systemsOIRC’'97 Tech. Dig.Dallas,

TX, 1997, paper TuT2, pp. 96-97.

X. Gu and L. C. Blank, “10 Gb/s unrepeatered three-level optical trans-
mission over 100 km of standard fibefZlectron. Lett, vol. 29, pp.
2209-2211, 1993.

A. J. Price and N. Le Mercier, “Reduced bandwidth optical digital inten-
sity modulation with improved chromatic dispersion tolerandggc-
tron. Lett, vol. 31, no. 1, pp. 58-59, 1995.

K. Yonenaga and S. Kuwano, “Dispersion-tolerant optical transmissic
system using duobinary transmitter and binary receivkrllightwave
Technol, vol. 15, pp. 1530-1557, Aug. 1997.

K. Yonenaga, A. Hirano, M. Yoneyama, Y. Miyamoto, K. Hagimoto,
and K. Noguchi, “Expansion of tolerable dispersion range in a 40-Gb
optical transmission system by using an optical duobinary siga¢-
tron. Lett, vol. 34, no. 4, pp. 385-386, 1998.

T. Ishibashi, N. Shimizu, H. Ito, T. Nagatsuma, and T. Furuta, “Uni-tra
eling-carrier photodiodesTech. Dig. on UEO'97pp. 166-168, 1997.
K. Hagimoto, Y. Miyamoto, T. Kataoka, H. Ichino, and O. Nakajima,

(30]

(31]

= =Y

[4
"‘ -

H. G. Bach, W. Schlaak, G. G. Mekonnen, R. Steingruber, A. Seeger, T.
Engel, W. Passenberg, A. Umbach, C. Schramm, and G. Unterborch, “50
Gb/s Inp-based photoreceiver OEIC with gain flattened transfer charac-
teristics,” InECOC’98 Tech. Dig.Madrid, Spain, 1998, pp. 55-56.

T. Otsuji, M. Yoneyama, K. Murata, and E. Sano, “A super-dynamic
flip-flop circuit for broadband applications up to 24 Gb/s utilizing pro-
duction-level 0.24m GaAs MESFET,” inTech. Dig. GaAs IC Symp.
1996, E.6.

T. Enoki, H. Itoh, K. lkuta, and Y. Ishii, “0.1#m InAlAs/InGaAs
HEMT'’s with an InP-recess-etch stopper grown by MOCVD,” in
Tech. Dig. Int. Conf. Indium Phosphide and Rel. Mater. Conf. Rroc.
Hokkaido, Japan, 1995, WB2.4.

M. Vadipour, “Capactive feedback technique for wide-band amplifiers,”
IEEE J. Solid-State Circuits/ol. 28, pp. 90-92, Jan. 1993.

M. Yoneyama, A. Sano, K. Hagimoto, T. Otsuji, K. Murata, Y. Imai,
S. Yamaguchi, T. Enoki, and E. Sano, “Optical repeater circuit design
based on InAlAs/InGaAs HEMT digital IC technologyEEE Trans.
Microwave Theory Techvol. 45, no. 12, pp. 2274-2282, Dec. 1997.

T. Otsuji, K. Murata, T. Enoki, and Y. Umeda, “An 80-Gb/s multiplexer
IC using InAlAs/InGaAs/InP HEMT's,” inTech. Dig. IEEE GaAs IC
Symp, 1997, pp. 183-186.

K. Noguchi, O. Mitomi, and H. Miyazawa, “Low-voltage and broadband
Ti:LINbO3; modulators operating in the millimeter wavelength region,”
in Tech. Dig. OFC'96 1996, ThB2.

Y. Miyamoto, M. Yoneyama, K. Hagimoto, T. Ishibashi, and N. Shimizu,
“40 Gb/s high sensitivity optical receiver with uni-traveling-carrier pho-
todiode acting as decision IC driveElectron. Lett, vol. 34, no. 2, pp.
214-215, 1998.

K. Murata, T. Otsuiji, T. Enoki, and Y. Umeda, “Exclusive OR/NOR IC
for over 40 Gb/s optical transmission systentsiéctron. Lett, vol. 34,

no. 8, pp. 764-765, 1998.

Mikio Yoneyama (M'93) was born in Nagano,
Japan, on September 28, 1965. He received the B.S.
and M.S. degrees in instrumentation engineering
from Keio University, Yokohama, Japan, in 1988
and 1990, respectively.

In 1990, he joined Electrical Communication Lab-
oratory, NTT, Kanagawa, Japan, where he has been
engaged in research and development on broad-band
electronic and optoelectronic IC design. His current
interests include high-speed optical communication
systems.

A
&
fat

“Twenty-Gb/s signal transmission using a simple high-sensitivity optical Mr. Yoneyama is a member of the Institute of Electronics, Information, and

receiver,” inOFC’92 Tech. Dig. 1998, paper Tul3, p. 48.
A. Felder, R. Stengl, J. Hauenschild, H.-M. Reain, and T. F. Meister,
“25 to 40 Gb/s Si IC’s in selective epitaxial bipolar technology,” in
ISSCC’'93 1993, paper TP 10.3, pp. 156-157.

T. Masuda, K. Ohhata, E. Ohue, M. Tanabe, H. Shimamoto, T. Onai, and
K. Washio, “40-Gb/s analog IC chipset for optical receiver using SiGe
HBT’s,” in ISSCC’98 1997, paper 19.7.

Y. Kuriyama, T. Sugayama, S. Hongo, J. Akagi, K. Tsuda, N. lizuka,
and M. Ohba, “A 40 GHz D-type flip-flop using AlIGaAs/GaAs HBT's,”
GaAs IC Symp. Tech. Digop. 189-192, 1994.

K. Murata, T. Otsuji, M. Yoneyama, and M. Tokumitsu, “A 40 Gb/s
superdynamic decision IC fabricated with 0.i2 GaAs MESFET's,”
IEEE J. Solid-State Circuitsol. 33, no. 10, pp. 1527-1535, Oct. 1998.
M. Wojtowicz, R. Lai, D. C. Streit, G. |. Ng, T. R. Block, K. L. Tan, P. H.
Liu, A. K. Freudenthal, and R. M. Dia, “0.Am graded InGaAs channel
InP HEMT with 305 GHzf+ and 340 GHzf,,.x,” |IEEE Electron De-
vice Lett, vol. 15, pp. 477-489, Nov. 1994.

P. M. Smith, S.-M. J. Liu, M.-Y. Kao, P. Ho, S. C. Wang, K. H. G. Duh, S
T. Fu, and P. C. Chao, “W-band high efficiency InP-based power HEM
with 600 GHz f...x,” IEEE Microwave Guided Wave Lettol. 5, pp.
230-232, July 1995.

Communication Engineers (IEICE) of Japan.

Yutaka Miyamoto (M’'93) was born in Tokyo, Japan,
on December 8, 1963. He received the B.E. and M.E.
degrees in electrical engineering from Waseda Uni-
versity, Tokyo, Japan, in 1986 and 1988, respectively.
In 1988, he joined the NTT Transmission Systems
Laboratories, Yokosuka, Japan, where he engaged
in research and development on high-speed optical
communications systems including the 10-Gb/s ter-
restrial optical transmission system called FA-10G
system. His current research interests include
ultrahigh-speed communication systems and their

(1

related devices.

K. Takahata, Y. Miyamoto, Y. Muramoto, H. Fukano, and Y. Matsuoka, Mr. Miyamoto is a member of the Institute of Electronics, Information, and
“50-Gb/s operation of monolithic WGPD/HEMT receiver OEIC Communication Engineers (IEICE) of Japan. He received the Best Paper Award
module,” inECOC’'98 Madrid, Spain, 1998, postdeadline papers, ppof the First Optoelectronics and Communication Conference (OECC'96) in
65-69. 1996 from the IEICE.



YONEYAMA et al: FULLY ELECTRICAL 40-Gb/s TDM SYSTEM PROTOTYPE

A a

Taiichi Otsuji (M'91) was born in Fukuoka, Japan, ¥
in 1959. He received the B.S. and M.S. degree|
in electronic engineering from Kyushu Institute of|

Technology, Fukuoka, Japan, in 1982 and 1984
respectively. He received the Ph.D. degree ir

electronic engineering from Tokyo Institute of =

Technology, Tokyo, Japan, in 1994. ;
From 1984 to 1999, he worked for NTT Lab- |

oratories, Kanagawa, Japan, where he developeg

high-speed LSI test systems, ultrahigh-speed optic;
communication IC’s, and ultrafast optoelectronic

43

Yasuro Yamane(M’'93) was born in Hyogo Prefec-
ture, Japan, in 1954. He received the B.S. and M.S.
degrees in mechanical engineering from Kyoto Uni-
versity, Kyoto, Japan, in 1978 and 1980, respectively.
In 1980, he joined the Musashino Electrical

Communication Laboratories, Nippon Telegraph and
Telephone Corporation (NTT), Tokyo, Japan, where
he was engaged in research on GaAs high-speed
device and process technologies. He is currently
a Senior Research Engineer/Supervisor in charge
of the research of heterostructure devices at NTT

measurement systems. He joined the Department of Computer Science Rhdtonics Laboratories, Atsugi-shi, Kanagawa Prefecture, Japan.
Systems Engineering, Faculty of Control Engineering and Science, KyushuMr. Yamane is a member of the Japan Society of Applied Physics.

Institute of Technology, Fukuoka, Japan, in April 1999, where he is currently
His current research interests include terahertz
electronics, ultrafast optoelectronic measurement technologies, and fiber-optic

an Associate Professor.

transmission technologi

es.

Dr. Otsuiji is the recipient of the Outstanding Paper Award of the 1997 |IEE

GaAs IC Symposium. He is a member of Institute of Electronics, Informatio
and Communication Engineers (IEICE) of Japan, and the Optical Society

America (OSA).

dih

Innovation Laboratories.
Dr. Toba is a member of the Institute of Electronics, Information, and Co

Tadao Ishibashi was born in Sapporo, Japan, in
1949. He received the M.S. and Ph.D.degrees in
applied physics from Hokkaido University, Japan, in
1973 and 1986, respectively.

Since joining NTT Laboratories in 1973, he has
been involved in research of submillimeter-wave
Si-IMPATT'’s, LPE, and MBE growths of llI-V
materials and their device applications, and HBT
integrated circuits based on GaAs and InP. From
1991 to 1992, he stayed at Max—Planck-Institute,
Stuttgart, Germany, as a Visiting Scientis. His cur-

rently interested in high-speed optoelectronic devices including photodetectors,
optoelectronic switches, and related integration technologies.

Hiromu Toba (M’90) received the B.S., M.S., and
Ph.D. degrees from Osaka University, Osaka Japan
in 1978, 1980, and 1992, respectively.

In 1980, he joined NTT Yokosuka Electrlcal

Communications  Laboratories, Kanagawa-ken

Japan, where he was engaged in research on optic
transmission systems. His main research interests il
clude WDM/OFDM technology, photonic networks
and optical modules for optical access systems
and high-speed lightwave transport systems. He i
currently a Research Group Leader in NTT Network

Hiroshi Miyazawa received the B.E. and M.E. de-
grees in electrical and electronics engineering from
University of Chiba, Chiba, Japan, in 1982 and 1984,
respectively.

After joining the Electrical Communications
Laboratories, Nippon Telegraph and Telephone
Corporation (NTT), Tokyo, in 1984, he worked on
optical components such as laser diode modules,
external optical modulators and optical switches for
optical transmission systems. He is now a Senior
Research Engineer of NTT Photonics Laboratories.

munication Engineers (IEICE) of Japan (IEICE). He has served as a Programyir, Miyazawa is a member of the Institute of Electronics, Information and
Co-Chair of OAA98 in Colorado, USA, and a General Co-Chair of OAA'99 inCommunication Engineers (IEICE) of Japan and the Japan Society of Applied

Nara, Japan. He received the Achievement Award from IEICE in 1991.

Physics.



