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Abstract—This paper presents fully monolithically integrated
10- and 39-GHz-band InP/InGaAs heterojunction phototransistor
(HPT) oscillators that can be optically injection locked by directly
illuminating the HPT. When optical signals are modulated by
fundamental frequencies around free-running oscillations, the
10-GHz-band HPT oscillator integrated circuit (IC) achieves an
ultra-wide locking range of 1401 MHz (relative bandwidth of
13.6%), and the 39-GHz-band HPT oscillator IC achieves a wide
locking range of 768 MHz, which are records among the indirect
and/or direct optical injection-locked oscillators reported to date.
The 10-GHz-band HPT oscillator IC also achieves very wide
locking ranges of 618 and 160 MHz for third and fifth subhar-
monic modulated optical signal injection, respectively, which is
very useful for microwave photonics applications. Optoelectronic
clock recovery for optical transmission systems was tested by using
the 39-GHz-band HPT oscillator IC and a planar lightwave circuit
Mach—Zehnder interferometer. A 38.8-GHz electrical clock signal
was successfully extracted from 38.8-Gbit/s nonreturn-to-zero
optical data streams. To our knowledge, the 38.8-GHz clock
frequency is the highest ever reported as a clock extraction by
a fundamental oscillation spectrum for optical injection-locked
oscillators.

Index Terms—Clock recovery, heterojunction bipolar transistor
(HBT), injection-locked oscillator, microwave photonics, optical-
fiber communication, optoelectronic integrated circuit.

|. INTRODUCTION
PTICAL injection locking of an electrical oscillator

O

signal, is very attractive for components in both microwa

photonics and optical transmission systems. In microwa

photonics applications, the local oscillator (LO) embedded

the radio base station [8] could be significantly simplified. I?r

optical transmission systems, the application of an optoel

tronic clock-recovery circuit [4]—-[6], which is much simpler
and more suitable for higher bit-rate equipment than a fulfy

electrical circuit, is expected.

There are two types of optical injection-locked oscillato
(OILO): the direct type and indirect type. A direct optica
injection-locked oscillator (D-OILO) [1]-[5], whose active
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[1]-[7], which allows us to synchronize the frequenc
and phase of a free-running oscillator to the modulated optical

ec-

oscillator device (heterojunction bipolar transistor (HBT), etc.)
itself is directly illuminated for synchronization, is widely
preferred. This is because this type is much simpler and more
suitable for monolithically integration than an indirect one [6],
[7], which needs an external photodetector.

One of the most important characteristics required for an
OILO is a wide locking range. This is because the free-running
oscillation frequency of a practical electrical oscillator, espe-
cially in a low-Q monolithic integration, varies widely due to
the fabrication process and temperature fluctuations. Therefore,
a locking range at least wider than the oscillation frequency
fluctuation is required for practical use. The locking range for
electrical ILOs,Af, is expressed as [9]

(m)

where fosc is the oscillation frequencyext is the external
quality factor, Pinj is the electrical injection power, andosc
is the oscillation power.

For a D-OILO, Pinj corresponds to the generated RF power
from the photodetection of the active oscillator device itself.
Therefore, it is very difficult to achieve a microwave/mil-
limeter-wave D-OILO with a wide locking range because both
high maximum oscillation frequencyf(..) and excellent
photodetection characteristics (efficiency, bandwidth, etc.)
e required for the active oscillator device. To solve this

_ fosc
T Qext

Pinj
Posc

Af 1)

eroblem, we developed D-OILOs using heterojunction pho-
t%transistors (HPTs) [1], [4], [5]. The locking ranges of our
-OILOs approach the best results obtained by an indirect
ILO [7]. We have also reported the first-ever clock extraction
om nonreturn-to-zero (NRZ) optical data streams [4] and
considerable widening of the locking range by combining
D-OILO with a planar lightwave circuit Mach—Zehnder
iterferometer (PLC-MZIEX—0R [5]. In addition, error-free
clock and data recovery (CDR) operation for a 10-Gbit/s NRZ
éfﬂ — 1 pseudorandom bit sequence (PRBS) data signal has
een achieved [10].

This paper presents 10- and 39-GHz-band D-OILO inte-
grated circuits (ICs) utilizing an InP/InGaAs HPT [4], [5].
Firstly, photoresponses of an InP/InGaAs HPT are discussed

from the D-OILO application point-of-view. Next, the per-

formance of the 10-GHz-band D-OILO IC is discussed for a
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Fig. 2. Measured photoresponses of the HPT. Photoresporfex log[R], (b)

where /2 is in unit of A/W. Fig. 3. Circuit diagram and microphotograph of the 10-GHz-band HPT

D-OILO IC. (a) Circuit diagram. (b) Microphotograph. Chip size: 0.7 nxm
microwave photonics application. In such an application, %4 MM
subharmonic injection-locking ability is important because the

transmission frequency in a fiber-optic microwave link capetween the Tr and PD modes represents internal gain. The
be decreased as the subharmonic factor increases. Therefgtgrnal gains are approximately as high as 20 dB (at 10 GHz)
the costly high-speed laser diode (LD) or external opticahd 10 dB (at 40 GHz), respectively. This is due to the HPT's
modulator can be eliminated in an optical transmitter. Finallgxcellent RF characteristics4: 153 GHz, fumax: 94 GHZ).
application of the 39-GHz-band D-OILO IC to optoelectroniqrhjs extremely high internal gain is very effective for widening
clock extraction is presented to demonstrate 40-Gbit/s-clagg |ocking range of the D-OILO through the increasePimj
optoelectronic clock recovery. The configuration for angh (1). Although Pinj could be increased by increasing optical
principle of the optoelectronic clock recovery is described ifput power, the large internal gain greatly reduces the optical
detail. A 38.8-GHz electrical clock signal was successfullyyput power required. This optical power reduction ability is
extracted from 38.8-Gbit/s NRZ optical data streams by usigfective in keepingPinj high without dc saturation of the

the 39-GHz-band D-OILO IC and a PLC-MZI. HPT. Therefore, we can achieve millimeter-wave D-OILOs
with a wide locking range by using the HPT. Another excellent
Il. InP/InGaAs HPT BRFORMANCE feature of the HPT is that it is quite easy to monolithically

Fig. 1 is a cross-sectional view of the top-illuminated Hpfhtegrate it with ultrahigh-speed digital/analog circuits that use
which is fully compatible with the high-performance InP/In—the HBT [4].
GaAs HBT [11]. Such layer compatibility enables us to achieve
an HPT with both highf.... and an excellent photodetection ll. OPTICAL INJECTION-LOCKING PERFORMANCE
characteristic [4]. Fig. 2 shows the measured photoresponses OF HPT D-OILO IC
of the fabricated HPT, whose emitter and photo-couplin
window are 34um? and 5um¢ in size. Photoresponses weré " 10-GHz-Band HPT D-OILO IC
measured by using a Cascade Microtech lightwave probe and\ 10-GHz-band D-OILO IC utilizing the HPT described
an HP83467C lightwave component analyzer< 1.55 um). above was designed and fabricated. Fig. 3(a) and (b) shows a
The two curves (PD and Tr modes) were obtained from tloércuit diagram and microphotograph of the IC, respectively.
same HPT when the base was®Q@erminated using different The chip size is only 0.7 mm 0.54 mm. This circuit is based
bias conditions. The collector load resistor was 80 The on the common-emitter series feedback configuration. The
PD mode was measured in which the base and emitter wetBT in the feedback circuit is utilized as a variable resistor
shorted, and/cg (Ves) = 1.3 V and the photocurrent wasto control the free-running oscillation frequency and quality
60 pA. Therefore, it corresponds to the photoresponse ftactor of the oscillator circuit [1], [5]. Passive components
base/collector-junction photodiode operation. The dc resparensist of spiral inductors and metal-insulator-metal (MIM)
sivity of the PD mode is 0.22 A/W. The bias condition of theapacitors. A collector bias for the HPV {c) was supplied
Tr mode wasVcg = 1.3 V and I = 25 mA. The difference through an external bias tee attached at the RF output port. The
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Optical injection Iogkmg was measured using the experi- S RFin~2.1G 1
mental setup shown in Fig. 4. The fundamental (around 10 [ RFin-1.5G]
GHz) or subharmonic signals from the signal source modulated (] 1 1 X
the 1.55xm optical output from the LD at the LiNbO(LN) 1 3 5 7

Mach—Zehnder optical intensity modulatdr4 = 4.1 V @ Subharmonic Factor

1 kHz, optical 3-dB bandwidte= 19.3 GHz). The modulated Fig. 7. Locking range versus the subharmonic factor.
optical signal then directly illuminated the HPT in the D-OILO

IC on a wafer after the intensity was adjusted by the Er-

bium-doped fiber amplifier (EDFA). The RF power input to thé/OIt":lge change of the LN modulator. Egtremely wide locking
LN modulator was kept constant at18 dBm. LN modulator '2N9€S of 618 and 160 MHz are achieved at 10-GHz-band

bias was adjusted at around 05 Vr by using a monitor frequencies for third subharmonic (around 3.5-GHz input) and

photodetector so as to maximize the detected power at the mESEI? subharomonic (around 2.1-GHz input) injection, respec-
i

modulation frequency. The output signal was observed with gely. These subharmonic injection-locking abilities enable
spectrum analyzer. us to greatly reduce the modulation frequency of the optical

Fig. 5 shows the measured locking range and output pov\;@nsmitter for microwave photonics systems. Therefore, we
as a function of average optical input powdtopt) when a can achieve a cost-effective and simple fiber-optic microwave

fundamental (around 10 GHz) optical modulation signal wa&k component to implement a remote LO in a radio base

input atVee = 1.3 V. An extremely wide locking range of Station [8].
1401 MHz (relative bandwidth of 13.6%) is achieved at the
Popt of +4.8 dBm. This locking range is state-of-the-art for inB- 39-GHz-Band HPT D-OILO IC
direct and/or direct OILOs reported to date [7]. Even when the A 39-GHz-band D-OILO IC utilizing the HPT described
Popt is reduced te-3.6 dBm, the locking range is still as wideabove was designed and fabricated. Fig. 8(a) and (b) shows a
as 61 MHz. The output power of overl.2 dBm was obtained circuit diagram and microphotograph of the IC, respectively.
for all the Popt values. The output power increased to approxiFhe chip size is only 0.6 mnx 0.5 mm. This circuit is also
mately+9 dBm whenV cc = 2 V. Fig. 6 shows the spectrum forbased on the common-emitter series feedback configuration,
the locking condition observed with the maximum hold functiobut without a variable resistor HBT. Passive components are
of the spectrum analyzer. The spectra for two unlocking casasplanar waveguides and MIM capacitors.
when an out-of-locking frequency was injected are also shown.Fig. 9 shows the measured locking frequency edge (lower
The D-OILO output is nearly flat across the locking bandwidthnd upper) versuBopt when a fundamental (around 39 GHz)
without notable spurious signals. optical modulation signal was input &tcc = 1.3 V. The wide

Fig. 7 shows the measured locking range when subhéseking range of 768 MHz is achieved at tRept of +5.8 dBm.
monically modulated optical signals were input at tARept This is 54 times wider than that obtained by a 38-GHz-band
of +4.8 dBm. Data from even-order subharmonic injectiomP HEMT D-OILO [3]. The output power was0.5 dBm at
are omitted here because these were very sensitive to the Bias = 1.3 V.
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& ol i OILO for NRZ-format optical transmission systems.
2
= Vee=13V : :
= 5F Ie(dark) = 16mA - that frequency. Fig. 11 shows our optoelectronic clock-recovery
2 circuit [5], [10]. When half-bit delayed data is combined with
8‘ 10k lower limit | thru-path data out-of-phase in an optical carrier, the PLC-MZI
A upper limit works as an edge detector due to the subtraction function, as
§ [T I T S TR T shown in the time chart. Therefore, the clock signal component
Z 384 386 388 390 392 2394 can be generated from the NRZ optical data stream. When the
Locking Frequency (GHz) clock frequency is within the locking range of the OILO, the
_ _ electrical clock signal can be successfully extracted.
Fig. 9. Measured locking frequency edge versg:t. We have already reported successful extraction of

10-GHz-band electrical clock signals from 10-Gbit/s-class NRZ
Fig. 10 shows measured phase noises at 10-, 50- and 100-kMRBS optical data streams by combining the 10-GHz-band
off-carrier versus?opt when an optically modulated 38.8-GHzD-OILO IC and a PLC-MZI with delay timer = 50 ps
signal was input. Those of the signal source utilized in the mgd0], and extremely low jitter and high output voltage swing
surements are also shown. Phase noise degradation fromdaracteristics with error-free CDR operation for #hé — 1
signal source is less than 1.4 dB in tiept range of over PRBS data signal were achieved. Here, the experimental results
—6.4 dBm. Therefore, we can expect a low-jitter performander the 39-GHz-band D-OILO IC and a PLC-MZI with delay

for clock-recovery application. timer = 12.5 ps, which is suitable for clock extraction from
the 40-Gbit/s-class NRZ signal, are presented to demonstrate
IV. CLOCK-RECOVERY APPLICATION 40-Gbit/s-class optoelectronic clock recovery.

) ) o ) Fig. 12 shows the experimental setup. NRZ PRBS data
A. Configuration and Principle of the Optoelectronic streams of approximately 39 Ghit/s are generated from a pulse
Clock-Recovery Circuit pattern generator (PPG), then the data signal is amplified by
Direct clock extraction from NRZ signal at the data-rate frea 40-Gbit/s driver amplifier (SHF 806P). The 1.p&-band
quency is quite difficult because there is no power spectrumaitical carrier from a wavelength variable LD is modulated
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= L ooo ©O o o o
by the data signal at the same LN optical modulator described
in Section Ill. The modulated optical signal is input to the Y% (1| NI WP PR I DU
PLC—MZI, and the output optical signal is then amplified by 5 10 15 20 25 30 35
an EDFA. After its intensity is adjusted with a variable optical PRBS Word Length

attenuator, the HPT in the D-OILO IC is illuminated directly.
The output electrical signal is observed with a digitizingig- 151- Locking frequency edge versus PRBS word length (f26m- 1 to
sampling oscilloscope triggered by the PPG. -1

Firstly, the PLC-MZIEX—OR effect was evaluated. Fig. 13 ) ) ] )
shows the measured optical insertion loss of the PLC-MZI h's_slnternal gain, which corresponds to the difference shown in
a function of wavelength. The input optical signal was modd=9- 2-
lated by a 38.8-Gbit/s NRZ2?* — 1 PRBS data. The tempera- ) ) )
ture of the PLC—MZI module was kept constant (450 during B. Clock Extraction From 40-Gbit/s-Class NRZ Optical Data
measurements. The maximum insertion loss is observed at #jE#am
wavelength of 1550.12 nm. This means that delay- and thru-pathClock extraction was evaluated by combining the PLC-MZI
optical carriers are out-of-phase at 1550.12 nm. Therefore, wih delay timer = 12.5 ps (described above) and the
can expect a maximumx—oR effect at 1550.12 nm when the39-GHz-band HPT D-OILO IC in the experimental setup
module temperature is 49°&. The optimal optical wavelength shown in Fig. 12. The optical wavelength was set to 1550.12
is not limited to this particular one. It can be changed by adim, where the maximunex—oR effect was obtained at the
justing the Peltier heater embedded in the PLC-MZI modulemodule temperature of 49.5C.

Next, the output optical signal from the PLC-MZI was Fig. 14 shows the input and output waveforms when a clock
photodetected by the discrete HPT described above. An ingignal is extracted from a 38.8-Gbit/'s NRZ — 1 PRBS optical
optical signal was modulated by a 38.8-Gbit/'s NB22 — 1 data stream. The upper waveform represents the 38.8-Gbit/s
PRBS data. The temperature of the PLC—MZI module was kegdta signal from the PPG &) in Fig. 12. The middle wave-
constant (49.5°C) during measurements. Fig. 13 also showerm represents the photodetected 38.8-Gbit/s data sigi@dl at
the photodetected 38.8-GHz output power from the discrateFig. 12 by a unitraveling-carrier photodiode module with a
HPT under both Tr- and PD-mode bias conditions as a functi@rdB bandwidth of over 50 GHz. The eye opening is not very
of wavelength. The illuminated average optical input powédarge because performances of the driver amplifier and the LN
was kept constant at3.6 dBm for all wavelengths by adjustingmodulator are insufficient for 40-Gbit/s-class optical modula-
the variable optical attenuator. As expected, a maximution. The lower waveform represents the electrical clock signal
photodetected output power was achieved at the wavelenggtracted by the 39-GHz-band HPT D-OILO IC@tin Fig. 12
of 1550.12 nm. This confirmed that a clock frequency signalhen Popt = +1.6 dBm. A 38.8-GHz clock signal synchro-
component was successfully generated and its power enhantieed to the input data signal was successfully obtained with
by the PLC-MZI. The difference between the Tr and PD modeshigh-output voltage swing of 714 mVp-p Bice = 1.3 V.
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This output swing is high enough to drive digital circuits di- [6] K. Murata, K. Sano, T. Akeyoshi, N. Shimizu, E. Sano, M. Yamamoto,

rectly. These characteristics are applicable to 40-Gbit/s-class and T. Ishibashi, “Optoelectronic clock recovery circuit using resonant
CDR . h ith ad lock si L Ji tunneling diode and uni-travelling-carrier photodiodg|éctron. Lett,
equipment that operates with a data-rate clock signal. Jitter ;| 34 no. 14, pp. 1424-1425, July 1998.

was not measured. However, the oscillator has low phase-noisg] D. Sommer, N. J. Gomes, and D. Wake, “Optical injection locking of

characteristics. as already shown in Fig. 10. microstrip MESFET oscillator using heterojunction phototransistors,”
’ Electron. Lett. vol. 30, no. 13, pp. 1097-1098, June 1994.

Fig. 15 shows the measured Iocking range as a function Of[8] H. Kamitsuna and H. Ogawa, “Monolithic image-rejection optoelec-
PRBS word length at &opt of +1.6 dBm. Nearly constant tronic up-converters that employ the MMIC proced&EE Trans. Mi-
locking range is achieved up 85! — 1 PRBS. Locking ranges crowave Theory Tegivol. 41, pp. 2323-2329, Dec. 1993.

; . . . . 9] R.Adler, “A study of locking phenomena in oscillator®toc. IRE vol.
are slightly smaller than those for the optical sinusoidal mput[ ! 34, pp. 351_35% June 19%8 .

shown in Fig. 9. This is most likely due to the insufficient perfor- [10] H. Kamitsuna, T. Shibata, K. Kurishima, and M. Ida, “10- and

mance of the optical transmitter (driver amplifier and LN modu- 39-GHz-band InP/In_GaAs direct optical injection—locked oscillator
lator) for 40-Gbit/s-cl tical dulati tilized in th ICs for optoelectronic clock recovery circuits,” i EEE MTT-S Int.
ator) for 40-Gbit/s-class optical modulation utilized inthe mea-  jicrowave Symp. DigJune 2002, pp. 1699-1702.

surements. [11] M. Ida, K. Kurishima, H. Nakajima, N. Watanabe, and S. Yamahata,
“Undoped-emitter InP/InGaAs HBTSs for high-speed and low-power ap-
plications,” inInt. Electron Devices Meeting Tech. Dipec. 2000, pp.
854-856.

[12] H. Nosaka, E. Sano, K. Ishii, M. Ida, K. Kurishima, T. Enoki, and T.

Thi h ted full lithicallv int ted Shibata, “A fully integrated 40-Gbit/s clock and data recovery circuit
IS paper has presente ully monolithically integrate using InP/InGaAs HBTSs,” iHEEE MTT-S Int. Microwave Symp. Djg.

10- and 39-GHz-band InP/InGaAs HPT D-OILOs with an June 2002, pp. 83-86.
extremely wide locking range. Subharmonic optical injection
locking ability enables us to implement a compact and cost-ef-
fective LO in a radio base station and a fiber-optic subharmonric
signal transmission link for synchronization of the LO. A
38.8-GHz clock extraction from 38.8-Gbit/s NRZ optical dat
stream has been achieved by combining a PLC-MZI and t
39-GHz-band HPT D-OILO IC. To our knowledge, this is
the highest frequency ever reported as a clock extraction
the fundamental oscillation spectrum for OILOs. The HP,
D-OILO IC promises to lead to 40-Gbit/s-class CDR OEIC]

where he was engaged in research on MMICs for

that operate with an optoelectronically extracted data_rafh?ure personal communication systems. In March 1993, he returned to the

clock signal owing to its ability to monolithically integratenTT wireless Systems Laboratories, where he was engaged in research and
an over-40-Gbit/s digital circuit [12] and its extremely widelevelopment of microwave photonics including monolithically integrated pho-

locking ran low wer nsumption. high W preceivers,_l_\/lMICs fc_)r satellite on-board phased-array systems, and MMIC
ocking range, low power consumption, high output po e’oweramphﬁersforwwelessIocalareanetworks(LANs). Since August 1999,

small chip size, and excellent handling ability for consecutig has been with the NTT Photonics Laboratories, Atsugi, Japan, where he is
identical digits. currently a Senior Research Engineer. His current interests are ultrahigh-speed
optical and electronic devices/ICs for optical communication systems.
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