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Abstract—This paper describes an optical repeater circuit 100 . .
that uses an InAlAs/InGaAs HEMT digital integrated circuit I Super-dynamic D-F/E E
(IC) chip set. The chip set includes a 64-Gb/s 2:1 multiplexer r v
(MUX), a 40-Gb/s demultiplexer (DEMUX), a 46-Gb/s decision S

0
E - -
circuit (DEC), and a 48-GHz frequency divider (DIV). Electrically ('3_ | Si Bipolar - - .- GaAs HBT |
multiplexed and demultiplexed 40-Gb/s 300-km transmission is o e 3 GaAs MESFET
successfully demonstrated. 2 1| ¢ .0 ) .
a F ] HLO D-F/F 3
Index Terms—HEMT, optical communication, optical repeaters. o F HBT®
2 r Conventional D-F/F
£ FET
o i ® SiBipolar
I. INTRODUCTION a - O GaAs HBT 1
) ) o o] W GaAs MESFET
UCH effort is being devoted to expand the transmission 1 o N
bit rates of backbone networks to realize multimedia 10 100 1000
communication systems. We have developed a 10-Gb/s time Device figure-of-merit (GHz)

FET: fr

division multiplexing (TDM) system and brought it into com- Bipolar: 2 fr X fray / (fr+fmay)
" max max.

mercial use [1]. TDM systems based on fully digital technol-

ogy are the most practical and most mature in terms of accurbig 1. Relationship between operating speed of D-F/F's and device figure

phase matching, reliability, and cost. On the other hand, ™"

optical TDM (OTDM) and wavelength division multiplexing

(WDM) techniques have been reported as potential candidag@guit configuration using wide-band data and clock buffers

to increase the performance. OTDM techniques can increase proposed. Second, we describe IC performance beyond 40

the transmission bit rate to 400 Gb/s [2], [3] and WDMGb/s. Third, an optical repeater that uses the HEMT IC chip set

techniques yield throughputs beyond 1 Tb/s [4], [5]. Howeveis detailed. Electrically multiplexed and demultiplexed 40-Gb/s

it is true that the drastic increase in transmission capabili®00-km transmission is successfully demonstrated.

are based on high-speed electronic integrated circuit (IC)

technology, and some breakthroughs are needed to realize ,

practical systems. OTDM systems have difficulty in phase Il. InP HEMT For DieITAL IC's

matching, and WDM systems require significant advances inMany electrical IC’s reported for over 10-Gb/s transmission

photonic devices. Therefore, it is very useful to increase tigstems are Si-bipolar [6], GaAs MESFET [7], heterojunc-

single-channel bit rate with progress in TDM techniques. Ori@n bipolar transistor (HBT) [8], or high electron-mobility

of the major issues in implementing an ultra-high-speed TDWansistor (HEMT) devices. D-F/F is one of the most useful

system is ultra-high-speed electronic IC's. circuits and is used in digital IC’s frequently. However, D-
This paper describes a 40-Gb/s optical repeater that used=4n speed is a bottleneck in speed performance of digital

InP-based HEMT digital IC chip set. First, we describe devid€'s. Fig. 1 shows the empirical relationship between the

and circuit design technologies to achieve operation beyof@ximum operating speed of D-F/F’'s or decision circuits

40 Gb/s. A novel dynamid)-type flip-flop (D-F/F), and a (DEC’s) and the device figure of merit [9]. Roughly speaking,

a fr of 200 GHz is needed to achieve 40-Gb/s operation by
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Fig. 2. Schematic cross section of Q:in gate InAlAs/InGaAs HEMT. !
DATA El
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capacitanceCyq and feedback delay, the operating speed of
D-F/F's is not directly proportional to transistor performance. Y
InP HEMT has another advantage in terms of integration with 3
photonic devices such as photodetectors. The integration can v ] i
reduce connection parasitic loss between electronic IC’s and S 1 7
photonic devices, and is suitable for high-speed operation. 8
Novel circuit-design technology is another key. As shown @

in Fig. 1, the high-speed latching operation (HLO) [12] and

super-dynamic-type D-F/F [13] can achieve bit rates 1.5 times
and two times faster than the conventional one, respectively.
The combination of the InP HEMT process and advanced
circuit design technology promises ultrafast digital IC's for

40 Gb/s and beyond optical repeater circuits. In fact, our first
trial 1C’s, a 2:1 multiplexer (MUX) and a 1:2 demultiplexer

(DEMUX), operate at over 40-Gb/s [14] and have successfully
achieved 40-Gb/s 300-km transmission [15], [16] even though -15

they represent a preliminary HEMT design. 0 10 20 30 40 50
Frequency (GHz)

] (i) conventional buffer
-10 F (i) wideband buffer
(iii) wideband buffer and amplifier

Voltage gain (dB)

Il. DEVICE TECHNOLOGY (b)

The device we employed is a Oudn gate-length In- Fig. 4. Wide-band data buffer. (a) Circuit configuration. (b) Simulated
AlAs/InGaAs HEMT [17], [18]. The schematic cross sectioifan-Pandwidth characteristics.
of the HEMT is shown in Fig. 2. A novel recess-etch stopper
reduces the standard deviation of the threshold voltigg to  A. Super-Dynamic D-F/F
around 30 mV in a 2-in wafer and enables the use of HEMT's The super-dynamic D-F/F is shown in Fig. 3. The circuit
in digital IC’s. Schottky diodes using the additional InAlAs/nfeatures are: 1) a series—gate connection to separate the current
InAlAs layers on the HEMT layers were used as level shifiaths of the reading and latching circuits; 2) a smaller latching
diodes because of their small size and low resistance. Th@rent (Iaten) than the reading currentl,..q); and 3) a
measuredfr and transconductandg,,,) values are 174 GHz source-coupled negative feedback pair (SCNFP) inserted in
and 950 mS/mm, respectivelyi,.x was estimated to be the first-level latching differential pair in a cascode manner.

400-500 GHz from the equivalent circuit parameters. The SCNFP’s drastically reduce the effective logic swing from
RpIcoq 10 Rr/2(Liead-Tiaten) Without any degradation in the
IV. CIRcuIT DESIGN signal transition slew ratdy;, is the load resistance. This is the

We designed a digital IC chip set including 2:1 MUX, 1:€Y 1o increasing F/F speed. To compensate source follower
DEMUX, DEC, and 1/2 frequency divider (DIV). To achieve!oss in the high-frequency region, capacitive peaking was used
a bit rate of 40 Gb/s and beyond, we need: 1) a faster D-F/B; the source followers.

2) a wide-band data buffer with high voltage gain; and 3) a .

wide-band clock buffer operating at over 40 GHz. Therefor8: Wide-Band Data Buffer and Amplifier

we introduce the super-dynamic D-F/F. To cover the D-F/F The wide-band data buffer we use consists of a two-
operating range, we introduce wide-band buffers employirsgage differential buffer. Fig. 4(a) shows the first stage of
peaking and feedback techniques. the data buffers. The data buffers employ capacitive feedback
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Fig. 5. Simulated eye patterns. (a) Wide-band data buffer and amplifier. (b) -15 0 1'0 2'0 3'0 4'0 5'0 GIO 70

Conventional data buffer.
Frequency (GHz)

at the differential buffer [19] and capacitive peaking at the (b)

source follower. _CapaC|tl\/_e feedback Cance'_s_ the mﬂl_'lenﬁﬁ. 6. Wide-band clock buffer. (a) Circuit configuration. (b) Simulated
of the gate-to-drain capacitancg,y, and capacitive peaking gain-bandwidth characteristics.

compensates the source follower loss in the high-frequency

region. As the feedback capacitor, gate-to-drain and gate-to-

source capacitance in a HEMT was used. The wide-band dg}gander inductor has a wider bandwidth and is suitable

amplifier used also employs the same configuration exce éhltghrekr‘ blt-ra;[ie r?pre\r/atllgon. An?rt]herr]dbliJffe; usngt?e sp;:ira\ll
for the source follower at the input stage. A performanc uctor has a higher vollage gain and 1S expected o achieve

comparison of this wide-band buffer and a conventional buﬁ%mter rise and fall times at the buffer output around 40 GHz.

s shown in Fig. 4(b). The bandwidih of the convendonglt P2 e T PEmE BEEEEE B IR e e e
buffer is insufficient for 40-Gb/s operation and its voltage gai 9n-sp P ' P

is not so high. On the other hand, the wide-band buffer offe'leux and.[')EMUX Tpr a tr’]e“ef r'et|m|ng| pin;ormance. Dflfje 'to
adequate bandwidth and the gain is still not so high. The da%e capacitive coup m_g,t € minimum clock frequency oftering
buffer with wide-band amplifiers increases the gain to 12 d§, equate amplitude is approximately 1 GHz.
and its bandwidth is 40% wider than the conventional one.

Output eye patterns of the buffers were simulated and &be Circuit Configuration for High Bit-Rate Operation

shown in Fig. 2. A 4O,'Gb/$27_ 1) pseudorandom bit st_ream The block diagram of the DEC and other IC’s, 2:1 MUX,
(PRBS) with an am_plltL_Jde _Of 150 my was used as the input, ., DEMUX, and DIV are shown in Fig. 7. All the inputs and
data._The €ye opening 1s still clear at 40. Gl/s andf'ilarge_OUtBﬁ'iputs employ an SCFL interface. The interfacing require-
amplitude, 2.3 times that of a conventional one, is Obta'neqﬂents for the clock inputs are relaxed because of the capacitive
) coupling of the clock buffer. All the data and clock inputs are
C. Wide-Band Clock Buffers single-ended. To confirm the effect of the wide-band buffer and
The circuit configuration of the clock buffer is shown inamplifier, the input data sensitivity of the DEC was simulated
Fig. 6(a). The clock buffer consists of a two-stage inductday HSPICE. In this simulation, a repeated “1000” pulse was
peaking differential buffer. A capacitively coupled resistiveised as the input data. We defined the input data sensitivity as
DIV was introduced as a low-loss passive RF level shiftéhe minimum data amplitude at which the DEC could achieve
instead of source followers. The inductors have meandeutput amplitude larger than 700 gy, For comparison, the
and spiral structures. The equivalent circuits of the inductoisllowing three types of DEC’s were simulated: a DEC with a
were fitted by using an electromagnetic-field simulator ar@bnventional data buffer, a DEC with a wide-band data buffer
a microwave-circuit simulator. The simulation results prediend an amplifier, and a DEC with a wide-band data buffer, an
that the inductors act as inductive elements up to arouachplifier, and an output amplifier [shown in Fig. 7(a)]. All of
60 GHz. The simulated frequency characteristics of the clothkem employ the wide-band clock buffer shown in Fig. 5. The
buffers are shown in Fig. 6(b). The clock buffer using theimulation results (Fig. 8) show that the sensitivity of the
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Fig. 7. Block diagram of InP HEMT IC chip set. (a) DEC. (b) 2:1 MUX. (c) 1:2 DEMUX. (d) DIV.

1000 T . ' T . TABLE |

"& OPERATING SPEED AND POWER DissIPATION OF IC CHIP SET
>
E 800 | ) IC on wafer module power dissipation
> -
3 o0} @ 1
= DEC 15 - >40 Gbit/s 15- 46 Gbit/s 1L7W
g B 2:1 MUX 1 - ~ 64 Gbit/s 1- 52 Gbit/s 22W
8 a0} (i) i 1:22DEMUX 2- 40 Gbit/s 2 - 40 Gbit/s 3.8W
g DIV 2- 46GHz 2- 45 GHz L1IW
o
5 200 ... 4
3 (iti)
£

Y : * . ' : and amplifier are very effective for high-speed operation. The

20 30 40 S50 60 70 80 same effect was also confirmed in other IC’s. The chip sizes

were 2x 2 mn? for the DEC, MUX, DIV, and 3x 2 mn?
Fo. 8. Simulated inbut dat ity of DEC (i with donal d tfor the DEMUX. The power supply voltagé/{s) is —5.2 V.
bufter. (i) with wide-band daa?asé)eu?fselrl\gr%/d%mplifief,l)a\:mnd (i) with wido-bana N€ fabricated IC chip set was embedded in a package that
data buffer and amplifier, and wide-band output amplifier. can accommodate up to six RF ports withband connectors
[20]. The package minimizes the inner cavity in order to shift

. . . the cavity resonance outside the transmission bandwidth. The
convent|onal data buffer is relatively _IOW due to th?_ POYC's were mounted on a thin-film multilayer interconnection
voltage gain of the buffer. The degradation of the sensitivity iy hstrate using ribbon wire. Photographs of the fabricated IC’s
the low-frequency region is due to the logic swing reductiofa shown in Fig. 9.
caused by the SCNFP’s in the super-dynamic D-F/F. The
conventional data and output buffer cannot compensate for the
reduction so its output amplitude falls under 700 gp\éven V. IC PERFORMANCE
though the DEC accurately generates the “1000” output. TheThe performance was measured for devices on the wafer
wide-band data buffer and amplifier achieve higher sensitivighd after packaging. Initially, we measured the maximum
and keep it in the higher bit-rate region. The wide-band outpgperating speed of the IC’s. For the signal source, comple-
amplifier also compensates for the logic swing reduction amgentary PRBS’s from a pulse-pattern generator (PPG), one of
keeps the sensitivity high from the lower to higher bit-ratevshich was delayed, were multiplexed by a GaAs MESFET
region. These simulations confirmed that the wide-band buff@lUuX and two HEMT MUX modules. Fig. 10 shows the eye

Bit rate (Gbit/s)
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900 mV 900 mV

+—>

50 ps

©

Fig. 10. Observed eye patterns at the maximum operating bit rate. (a) 2:1 MUX (on wafer), 64(Zb/s; 1) PRBS. (b) DEC module, 46 Gb/s,
(215 — 1) PRBS. (c) 1:2 DEMUX module, 40 Gb/&?3 — 1) PRBS input.

patterns observed by a sampling oscilloscope. The maximumie measured the input data sensitivity and clock-phase
operating speeds and power dissipation are shown in Tablenargin of the DEC module for PRBS’s having lengths of
We confirmed a clear eye opening of the MUX output up t@7 — 1) and (2!> — 1). The experimental setup is shown
64 Gb/s (on wafer). For the DEC module, we confirmed an Fig. 11(a). Four-channel PRBS, delayed by a quarter data
error-free operation up to 46 Gb/s. For wafer measurementgriod against each other, were generated from a PPG. They
we confirmed clear eye opening up to 40 Gb/s; however, there multiplexed by two GaAs MESFET MUX'’s, and further
maximum bit rate is not yet confirmed due to the limitationsultiplexed using the HEMT MUX module. A part of the

of the experimental setup. We think the maximum operatirggnerated 40-Gb/62” — 1) PRBS observed by a sampling
speed of the DEC is higher than 46 Gb/s. For the DEMUXscilloscope is shown in Fig. 11(b). It is confirmed that the
error-free operation was confirmed up to 40 Gb/s. To o®RBS has a series of seven “1” bits. Tf#° — 1) PRBS
knowledge, the eye opening of the MUX at 64 Gb/s, and th& too long to confirm the series of fifteen “1” bits is in the
error-free operation of the DEC at 46 Gb/s are the fastest dd&ta by the sampling oscilloscope. However, the 15 “1” bits
ever reported. must be in the data stream because the four PRBS channels

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 04,2010 at 20:49:46 EST from IEEE Xplore. Restrictions apply.
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Fig. 11. (a) Experimental setup to measure input data sensitivity and clock
phase margin and (b) a part of a 40-Gt2$ — 1) PRBS (input for DUT).
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Fig. 12. Measured input data sensitivity and clock-phase
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0O8S: optical sender, OR: optical receiver

Fig. 13. 40-Gb/s optical repeater.

the sensitivity, the amplitude of the PRBS was attenuated
by combinations of 3-, 6-, 10-, and 20-dB attenuators. A
bias network (HP11612B; 0.045-50-GHz bandwidth) was used
to provide an optimum operating voltage level for an input
amplitude of less than about 100 i)/ The output of the DUT
was demultiplexed by another HEMT DEC module to half the
rate, and then further demultiplexed to a quarter of the rate to
measure the bit error rate (BER) with an error detector (ED).
We defined the input data sensitivity as the difference between
the centers of data “Hi” and “Low” levels for a BER of better
than 1x 10~!L. For the clock phase margin, we measured the
edge drift of the output eye pattern of the DUT for a BER of
better than 1x 10~° when the clock timing was shifted by

a phase shifter. Measured sensitivity and clock-phase margin
are shown in Fig. 12. For PRBS length(@ — 1), high input
sensitivities of less than 66 my up to around 35 Gb/s and
104 mV,,, at 40 Gb/s, and a wide phase margin of 246

30 Gb/s and 212 at 40 Gb/s were obtained. The difference
between measured sensitivity and the simulation result (Fig. 8)
may be for the following reasons. In the simulation, we used
a very simple repeated “1000” pattern with ideal rise and fall
times as input data. We could not estimate interconnection
and structure-dependent parasitic impedance accurately. The
package performance had limitations. The degradation of the
sensitivity and phase margin for PRBS lengti{(f — 1) may

be caused by the bandwidth limitation and/or unflat frequency
characteristics of the input buffers. The bias network we used
seems to be another degradation factor because it does not
dave enough bandwidth in the low-frequency region.

VI. 40-Gb/s 300-km RANSMISSION

maintain a delay of a quarter data period, relative to eachWe fabricated an optical repeater using the HEMT IC
other. The generated PRBS was fed into the device under testdules and performed 40-Gb/s 300-km transmission. The
(DUT) HEMT DEC module as the input data. To measurexperimental setup is shown in Fig. 13. Four-channel 10-Gb/s
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240 mV
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25 ps 25 ps
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Fig. 14. 40-Gb/s eye patterns of (a) 2:1 MUX, (b) OS, (c) receiver module, and (d) DEC.

PRBS (27 — 1) signals from a PPG were multiplexed t0 -4 1 -4 T T
40 Gb/s using two GaAs MESFET MUX’'s and the HEMT 10 Gbit's 10 Gbit's
MUX module. The 40-GHz optical pulse train was directly | o ch#l st oh. #1
generated by a monolithic mode-locked laser diode (ML-LD) ) #3 #3
module [21] and was encoded by a Mach—Zehnder modulator -6 } A iy #4
[22]. The modulated 40-Gb/s return-to-zero (RZ) optical S|gna:t
was amplified by an erbium-doped fiber amplifier (EDFA)ﬂn
and injected into the transmission line. The transmission ImE 8r ]
was comprised of four 75-km-long dispersion shifted fibers -9 | . 9
(DSF's) connected by three EDFA’s. Each EDFA accommo- -10 ¢ 1 -10
dated a dispersion compensator to cancel the dispersion in!! | 7 A
each section. The transmitted signal was amplified by another:}g I i |
EDFA, followed by a dispersion equalizer module [23]. The o S
; : _ . -30 25 -20 -30 -25 -20
signal was received by the newly developed optical receiver
module comprised of a waveguide-type pin-photodiode and a Received power, Pj, (dBm)
GaAs MESFET distributed amplifier [24]. The received signal () (b)
was fed into the HEMT DEC module, then demultiplexed to 18g. 15. BER performance at 40 Gbrs. (a) Back-to-back. (b) After 300-km
Gb/s by another HEMT DEC module and an Si-bipolar DEQ@ansmission.
The observed 40-Gb/s eye patterns are shown in Fig. 14. The
HEMT DEC module generated a clear eye pattern even though
intersymbol interference (ISI) was observed in the receivgfion of the DEC module at 46 Gb/s are the fastest data
output. The BER performance of the four 10-Gb/s channels igtes ever reported. The DEC has shown a high input data
the 40-Gb/s data stream was measured by adjusting the clg§h3|t|v|ty of 104 my,, and wide clock-phase margin of
timing of the DEC's, as shown in Fig. 15. The average receive > for a 40-Gb/s(2’ — 1) PRBS. The optical repeater
sensitivities at the BER of 10 before and after transmissionysing the HEMT IC modules has successfully demonstrated an
were—24.8 dBm ¢ = 0.2 dB) and—24.3 dBm ¢ = 0.6 dB), electrically multiplexed and demultiplexed 40-Gb/s, 300-km
respectively. To improve the sensitivity, reducing the ISI afansmission. These results show that InP-based HEMT is a
the receiver module is important. potential candidate for 40-Gb/s digital IC’s. It is also verified
that the super-dynamic D-F/F and wide-band buffer using
peaking and feedback techniques are usable for bit rates of
VII. CoNCLUSION 40 Gb/s and beyond, and provide high input data sensitivity
We have developed a 0;Am gate InAlAs/InGaAs HEMT’s and wide clock-phase margin. At the same time, these results
digital IC chip set for a 40-Gb/s optical repeater. We haviadicate that time-division multiplexed 40-Gb/s transmission
proposed a novel dynamic D-F/F with wide-band buffersystems are feasible. However, we cannot conclude that the
and fabricated a 64-Gb/s 2:1 MUX, a 40-Gb/s DEMUXprocess and circuit design techniques are sufficient. Larger
a 46-Gb/s DEC, and a 48-GHz frequency DIV. The eyscale integration is needed to reduce the number of modules.
opening of the MUX at 64 Gb/s and the error-free opeffhe integration with electronic and photonic devices will

mocoe

logyg BER

Received power, Pj,, (dBm)
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also be needed to reduce the packaging process as wel[185 S. Kuwano, N. Takachio, K. Iwashita, T. Otsuiji, Y. Imai, T. Enoki,

interconnection paths via RF connectors and cables. Higher
input data sensitivity and a wider clock-phase margin will be
needed to implement the IC’s into practical systems. For this,
further work is required to improve and optimize the circuit!’!
design and packaging technologies.
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