
Conclusion: We have shown that MBE is a viable technique to 
grow GaN and InGdN layer sequences for LED applications. We 
demonstrated blue and green photoluminescence as well as bright 
electroluminescence from GaN/InGaN heterostructures, which to 
the best of our knowledge, is the first time this has been achieved 
with MBE grown material. 
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Continuously tunable optoelectronic 
millimetre-wave transmitter using 
monolithic mode-locked semiconductor 
laser 

D.T.K. Tong a n d  M.C. Wu 

Indexing ternis: Laser mode locking, Semiconductor junction lu~sess 

The authoi-s demonstrate a continuously tunable optoelectronic 
transmitter which uses a monolithic mode-locked semiconductor 
laser. Millimetre-wave subcarrier frequencies up to 300GHz can 
be generated by photomixing a microwave subcarrier frequency 
with the selected harmonics of the mode-locked frequency, using 
an electro-optic modulator. A subcarrier frequency which can be 
tuned continuously from DC to 43GHz is achieved 
experimentally. 

Introch~fion: The intrinsic advantages of optical fibre allow cffi- 
cienl transportation of microwave and millimetre-wave (MMW) 
subcarriers for applications such as remote antenna implementa- 
tion, fibre-based cellular telephone networks, indoor wireless com- 
munication networks, cable television distribution and phased 
array antennas. In addition to the direct modulation of high-speed 
semiconductor lasers and the use of the travelling-wave optical 
modulator, several optical modulation techniques have been 
reported [ 1-31. Mode-locking and resonant modulation of a semi- 
conductor laser results in an enhanced transmission window at the 
harmonics of the cavity round-trip frequency and is suitable for 
narrowband systems with a fixed subcarrier frequency in the 
MMW range [l,  21. Alternatively, external modulation of an exter- 
nal cavity mode-locked (ML) laser diode [3] can generate a tuna- 
ble subcarrier frequency < 10OGHz. However, MMW subcarrier 

transmission using an external cavity ML laser source is disadvan- 
taged by low detected power at high harmonic frequencies, due to 
low repetition frequency and broad pulsewidth. To extend the fre- 
quency beyond 100GHz, monolithic ML semiconductor lasers [4] 
with high repetition frequency and sub-picosecond pulsewidth are 
required. Optical filtering [5] in conjunction with an optical ampli- 
fier can be used to increase the power at the desired harmonics 
owing to large mode-spacing. In this Letter, we propose and 
experimentally demonstrate a continuously tunable optoelectronic 
MMW transmitter using a monolithic colliding-pulse mode-locked 
(CPM) semiconductor laser. We show that a microwave subcarrier 
frequency can be upconverted to the MMW range by photomixing 
with a selected harmonic of the ML frequency from a niono- 
lithic ML semiconductor laser, using an electro-optic modulator 
(EOM). Because of the monolithic cavity length, the harmonics of 
the ML frequency lie in the MMW range and this technique is 
capable of allowing continuously tunable subcarrier frequencies 2 
300GHz. 

tunable 
optical MMW 

bandDass subcarrier 
EDFA controller 

CPM laser 

oDtlcal bandoass 
bandpass A ’ f I Iter 

f~ iter micro wave 

Fig. 1 Scheniutic diagrum of continuously tunable optoelectronic 
M M  W transmitter 

subcarrier Aw /51611/ 

Experiment: Fig. 1 illustrates the experimental setup for the con- 
tinuously tunable MMW optoelectronic transmitter demonstra- 
tion. A 38GHz hybrid monolithic CPM InGaAshGaAsP 
quantum well laser [4] provides an array of phase-locked optical 
frequencies, {a,, w, ..., a,<}, which collectively form an ML super- 
mode. The ML supermode is first amplified using an erbium- 
doped fibre amplifier (EDFA) before being split into two branches 
by a 3dB coupler. A desirable harmonic of the ML frequency U,, 
can be selected by optically filtering two appropriate optical 
modes (e.g. a, and wk) from the ML supermode for the upconver- 
sion of the microwave subcarrier frequency. The centre mode of 
the mode-locked supermode w, is extracted in the lower branch 
using a fibre Fabry-Perot (FP) filter with 10GHz bandwidth. A 
second EDFA is used to further amplify w, before being fed to the 
EOM. The EOM used in this experiment is an LiNbO, Mach-Zeh- 
nder intensity modulator with 5GHz bandwidth. A microwave 
subcarrier frequency Am is modulated on w, using the EOM. Two 
40GHz bandwidth FP filters are used to remove the amplified 
spontaneous emission (ASE) noise introduced by the EDFAs. The 
F P  filter in the upper branch also functions as an optical bandpass 
filter to select the other ML mode U/( for optical heterodyning. 
The polarisation controller ensures proper alignment of the sig- 
nals’ polarisations where they are mixed. The detected signal is 
down-converted by a microwave harmonic mixer, amplified and 
then displayed by a microwave spectrum analyser. The photocur- 
rent generated by photomixing w, and the modulation sidebands 
of w, is proportional to 

IX Ai + m2A: + 2rriAzAI; c o s ( n u ~ ~  i Au)t (1) 
where A, and A,L are the field amplitude coefficients of o, and a,< at 
the photodetector, respectively; m is the modulation index for a,, 
and n is an integer since both w, and w,< belongs to the ML super- 
mode. The first and the second terms in eqn. 1 are DC compo- 
nents and can be neglected. The third term is the upconverted 
MMW subcarrier frequency = n.y,f,.fao. 

Results and discussion: Fig. 2 shows the upconverted MMW sub- 
carrier frequency against modulation microwave subcarrier fre- 
quency. The lines with positive and negative slopes represent the 
MMW subcarrier frequency equal to multiples of the ML fre- 
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quency, plus and minus the microwave subcarrier frequency, 
respectively. As shown in Fig. 2, the maximum required tuning 
range of the modulating microwave subcarrier frequency Aa is 
equal to half the ML frequency. Thcrcfore, by varying Aa (up to 
w,,/2) ,And by appropriate selection of the optical modes (e.g. w, 
and a,), a continuously tunable subcarrier frequency across the 
entire bandwidth of the mode-locked spectrum is possible. A typi- 
cal CPM laser has a transform-liniitcd pulsc of -Ips pulsewidth 
and 0.3 1 time-bandwidth product. This provides a continuous tun- 
ing range of 300GHz. Further reduction of pulsewidth can extend 
the tuning range. For the 38GHz CPM laser, a commercially 
available EOM with 19GHz bandwidth can be used. The EOM 
used in our experimental setup has a bandwidth of only 5GHz, 
and for the purpose of demonstrating the continuous tuning of the 
MMW subcarrier frequency, the overdrive technique as described 
in [6] is used. The EOM is low-biased to generate second or fourth 

-. 

harmonics of the modulating microwave frequency, while keeping 
lower harmonics null. Owing to the limitation on the bandwidth 
of the photodetector (HP 83440D, BW = 34GHz), the microwave 
amplifier and the harmonic mixer used in our experiment, the 
MMW subcarriers with frequencies up to 43 GHz are measured. 
The measured frequencies agree well with the theoretical predic- 
tion. 

Fig. 3 shows the R F  spectra of the generated MMW subcarriers 
at various frequencies. The measured CNR for the MMW subcar- 
rier, generated by the tundamental, the second and the fourth har- 
monic of the modulating frequency, are 75, 73 and 70dB (lHz), 
respectively. Eqn. 1 indicates that, since the current at the MMW 
subcarrier frequency is proportional to mA,A,, the power of the 
generated MMW subcarrier can be maintained by increasing 
either A, or A,, thus avoiding potential signal distortion when IZ is 
large. 

Conclusion: A continuously tunable optoelectronic transmitter is 
demonstrated for broadband, multichannel millimetre-wave sub- 
carrier transmission. This scheme is capable of transmitting a sub- 
carrier frequency I 300GHz with two relatively low frequencies: 
(38 GHz) for mode-locking the laser diode, and (5 19 GHz) for con- 
tinuously tuning the millimetre-wave subcarrier. 
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0 fundirmental 
0 second 
A fourth 
(i) 2 0 ) ~ ~ ~ ~  + Am, (ii) 2 0 , ~ ~  - Aw, (iii) a,,, + Am, (iv) awl - Am, (v) AO 

Fig. 3 RIMW .subcarrier (it various fkquencies 

Subcarrier frequencies: 
a 35GH7 
b 40GHz 
The C h R  is 75dB (1Hz) 

ELECTRONICS LETTERS 10th October 1996 Vol. 32 

0 IEE 1996 
Electronics Letters Online No: 19961345 
D.T.K. Tong and M.C. Wu (UCLA,  Electrical Engineering 
Department, 405 I-lilgard Avenue, Los Angeles, CA 90095-1594, U S A )  

27 August 1996 

References 

1 NAGARAJAN, R ,  LEVY, S., MAR, A., and BOWERS. J.E.: ‘Resonantly 
enhanced semiconductor lasers for efficient transmission of 
millimeter wave modulated light’, IEEE Photonics Technol. Lett., 
1993, 5, pp. 4 -~6  
GEORCIES, .I.B., KIANG, M.-H., HCPPELL, K., SAYED. M., and LAU, K.Y.: 
‘Optical transmission of narrow-band millimeter-wave signals by 
resonant modulation of monolithic semiconductor lasers’, IEEE 
Photonics Technol. Lett., 1994, 6, pp. 568-570 

mode-locked laser diodes for microwave transmission links’, 
Electron. Lett., 1989, 25, pp. 1291-1293 

4 CHEN. Y.K. ,  and WU. M.C : ‘Monolithic colliding-pulse mode-locked 
quantum-well lasers’, IEEE J. Quantum Electron., 1992, 28, pp. 
21 76 ~ 2 1 8 5  
NOVAK. D., AI-IMED. z , WATERHOUSE, R., and TUCKER, R.s.: ‘Signal 
generation using pulsed semiconductor lasers for application in 
millimeter-wave wireless links’, IEEE Trans. Microwave Theory 
Tech., 1995, 43, pp. 2251-2262 

6 S U N .  C.K , ORAZI, R.J , and PAPPERT, s A : ‘Efficient microwave 
frequency conversion using photonic link signal mixing’, IEEE 
Photonics Technol. Lett., 1996, 8, pp. 15&156 

2 

3 LAM. B.C., KCLLNER, A.L., and YU. P.K.L.: ‘Externally modulated 

5 

Integrated electrostatic micro-switch for 
optical fibre networks driven by low voltage 

E. Ollier and P. Mottier 

Indexing mms: Electrostatic &vices, Optical swi1ehe.s 

An improved microswitch for optical networks is presented. Fully 
integrated on silicon substrate by means of integrated optics 
technology, it is wcll suited for mass production. It is 
characterised by low insertion losses, very low polarisation and 
wavelength dependence and low driving power. 
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