
The relative trammission of THz 
pulses is also measured with respect to 
the gate voltage and is shown in Fig. 3. 
The transmission decreases linearly pro- 
portional to the positive voltage. The best 
fit to this transmission versus voltage 
plot is obtained with a damping rate of 
10 THz. Consequently, it gives a mobility 
of 110 cm~/v-sec. 

We have shown that the MOS inver- 
sion layer mobility can be measured 
without s o m e  and drain contacts using 
freely-propagating THz electromagnetic 
pulses. Potential applications include 
rapid in-line process control and moni- 
toring of the effect of subsequent high- 
temperature process steps on mobility. 
Also, high-kld phenomena in inversion 
layers can be studied utilizing high- 
power THz pulses? 
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Ultrafast electro-optic field sensors for 
terahertz beams 

Q. Wu, P. Campbell, X.-C. Zhang, L. 
Libelo,. Physics Department, Rensselaer 
Polytechnic Institute, "toy, New York 1218& 
3590 
To date, the measurement of terahertz 
pulse is primarily being carried out using 
ultrafast photoconductive ant- and 
far-infrared interferometric techniques. In 
this presentation, we report our recent 
work on ultrafast electro-optic field sen- 
sors for the coherent measurement of 
freely-propagating THz beams. The sen- 
sitivity of our ultra-wideband field 
sensors is improved to be comparable 
with the ultrafast photoconductive dipole 
antennas currently used. 

Figure 1 illustrates free-space electro- 
optic sampling with an electro-optic field 
sensor in the a collinear configuration. 
An 1" pellicle beamsplitter, which is 
transparent for the terahertz beam directs 
the optical probe beam along the tera- 
hertz beam. The diameter of the unfo- 
cused terahertz beam and the pre-fo- 
cused optical probe beam on the 

THzpulse BS EOclystal p detector 
1 . .  

laser pulse 
CTuDS Fig. 1 Free-space electro-optic 
sampling with an electro-optic field 
sensor in the a collinear configuration. 
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CTuD5 Fig. 2 Time-resolved electro- 
optic signal measured using a (110) 
oriented ZnTe crystal. 

electro-optic crystal is about 10 mm and 
0.2 mm, respectively. This arrangement is 
similar to what would be used in a tera- 
hertz imaging system where the probe 
beam spot (pixel size) is comparable with 
the terahertz wavelength. A polarizer (P), 
and compensator (C) are used to convert 
the induced phase retardation of the 
probe beam into an intensity modulation. 
During the measutement, the power ratio 
of the optical pump/probe beam is about 
l0,Ooo. 

Figure 2 plots a time-resolved electro- 
optic signal from a 1.5-mm-thick (110) 
oriented ZnTe crystal. Typically, the sin- 
gle-scan SNR in a lock-in amplifier with 
the time-constant set at 0.3 sec is better 
than 1OOO-to-1. Due to the dispersion in 
ZnTe, the waveform of electro-optic sig- 
nal in Fig. 2 has a time-averaging effect. 
Improved velocity-matching configura- 
tions will allow us to increase the inter- 
action length and thus further improve 
the both detection sensitivity and tem- 
poral resolution. 

Theoretically, if we can resolve pho- 
tomodulation AI/I as small as lo-' and if 
AI/I = 1 corresponds to 100% modula- 
tion, then the linear dynamic range of 
this electro-optic detection can be as large 
as 106. This sensitivity is comparable or 
better than that from the best photocon- 
ductive dipole antenna currently availa- 
ble. The superior S N R  of the electro-optic 
sensor-based detection system allows us 
to measure terahertz radiation with a 
shorter lock-in time constant. For exam- 
ple, a SNR better than 50 can be achieved 
directly from an oscilloscope attached to 
the lock-in amplifier with a time constant 
of 10 1119. 

In conclusion, the sensitivity and 
bandwidth of an ultrafast electro-optic 
field sensor can be comparable with a 
standard photoconductive dipole an- 
tenna. Our p r e m  results demon- 
strate the advantages of using the linear 
electro-optic effect (Pockels effect) for the 
measurement of ultrafast fwinfrared 
subpicosecond electromagnetic radiation. 
We also proved the feasibility of using an 
electro-optic sensor for real-time 2-D sub- 
picosecond far-infrared imaging. 
*Ah4SRL-WT-NH, Army Research Laborntoy, 
Adelphi, Ma yland 20783 

TUESDAY MORNING / CLEO'96 / 85 

CTuD6 9 3 0  am 

Novel optoelectronic technique for tunable 
millimeter-wave generation using a 
monolithic mode-locked semiconductor 
laser 

Dennis T. K. Tong, Nee1 A. Bhatt, Ming C. 
Wu, UCLA, Electrical Engineering 
Department, Box 951594, Los Angeles, 
Califaria 90095-1594 
Optoelectronic generation and processing 
of continuously tunable millimeter-wave 
are required in many analog optid-fiber 
transmission system. Conventionally, mi- - 
avwave signals can be generated by op- 
tical heterodyning of two distributed 
feedback (DFB) laser wavelengths with E- 
optical phase-lock loop.' Such approach =- 
provides wide tuning range but becomes 
difficult at higher frequenaes > 20 GHz - 
due to the broad linewidth of semicon- E 
ductor lasers. Monolithic mode-locked =- 
semiconductor laser with repetition fre- -- 

quencies range from a few GHz to sev- e- 
eral hundred GHz are ideal for generat- 
ing millimeter-waves with f i e d  
frequencies? In this paper, we propose 
and experimentally demonstrate a novel 
optoelectronic technique for continuously 
tunable millimetepwave generation in 
which a mode-locked laser diode is em- 
ployed in conjunction with an external 
electro-optic modulator (EOM) to gener- 
ate millimeter-wave signal up to over 100 
GHz. 

The principle of the proposed scheme 
is illustrated in Fig. 1. The mode-locked 
laser diode provides a mode-locked "su- 
permode" If,, fa , . . , fir) with mode spac- 
ing Af defined by the mode-locking fre- 
quency. It has been shown that the 
individual mode f, can be extracted from 
the supermode with side-mode-suppres- 
sion-ratio larger than 40 dB? The ex- - 
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CTuD6 Fig. 1 Operating prhaple of 
the proposed optoelectronic scheme for 
millimeter-wave generation. 

LO I 
CTuD6 Fig. 2 Experimental setup for 
optoelectronics generation of millimeter- 
wave using a monolithic CPM laser and 
external EO modulator. 
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modulating frequency to the EO modulator. The cross, triangle, and square represents 
experimental results. The inset shows the RF spectrum at 35 GHz. 
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- - CTuD6 Fig. 3 Generated millimeter-wave frequencies as a function of the 

tracted mode is amplitude-modulated to 
an RF frequency f, by the EOM to gen- 
erate sideband frequencies f: and f;, 
where f i  = f, 2 f,. The modulated wave- 
length is then recombined with the orig- 
inal mode-locked spectrum. Because f: 
and f12,. . . ,* are phase-locked together, 
upon mixing on the photodetector, RF 
signals with frequenaes of Af 2 fm 2Af 
2 f, . . . etc. are generated. If f,,, can var- 
ies from 0 to AfD, a continuously tunable 
optoelectronic millimeter-wave source up 
to over 100 GHz can be realized. 

The experimental setup is shown in 
Fig. 2. A 40-GI-h monolithic colliding- 
pulse mode-locked (CPM) InGaAs/In- 
GaAsP quantum well laser is used to pro- 
vide the mode-locked supermode. The 
mode-locked signal is divided into two 
branches. The lower branch is amplified 
by an EDFA (17 m of Corning ER-22) to 
an average optical power of 8 dBm. The 
center mode is selected by a fiber Fabry- 
Perot filter and is launched into the EOM 
(BW = 5 GHz) for amplitude modulation. 
The modulated wavelength is then re- 
combined with the mode-locked spec- 
trum by a 3-dB coupler. A photodetector 
with 34-GHz bandwidth is employed to 
detect the heterodyned signal. Figure 3 
displays the generated millimeter-wave 
frequency as a function of the modulat- 
ing frequency to the EOM. Millimeter- 
wave from 35 to 45 GHz are experimen- 
tally generated. To extend the 
modulating frequency over the band- 
width of the EOM, it is biased at the peak 
transmission to generate the second har- 
monic of the modulating frequency. 
Range of millimeter-wave frequencies are 
extended to from 30 to 50 GHz. The fre- 
quencies and higher are not observed 
due to photodetector bandwidth. The 
phase noises of millimeter-wave signals, 
generated by the fundamental and the 
second-harmonic. modulating frequen- 
cies, are -54 dBc/HZ and -39 dBc/Hz, 
respectively. These figures are limited by 

system noise, and can be improved by in- 
creasing the optical powers. Further re- 
sults will be discussed in the conference. 

In conclusion, a novel optoelectronic 
scheme for continuously tunable milli- 
meter-wave generation is proposed and 
experimentally demonstrated for 30 GHz 
to 50 GHz. This technique has a potential 
tuning range of over 100 GHz. This work 
is supported in part by ARPA NCIPT and 
Packard Foundation. 
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Pulse shaping of incoherent light by U& of 
a liquid crystal modulator array 

V. Binjrajka, C.-C. Chang, A. W. R. 
Emanuel, D. E. Leaird, A. M. Weiner, 
School of Electrical and Computer 
Engineering, Purdue University, 1285 € E  
Building, West Lafayette, Indiana 47907 
We apply femtosecond pulse shaping 
techniques'> for electronically program- 
mable phase filtering of broadband in- 
coherent light at 1.5 m. Pulse shaping 
applied to incoherent light results in tai- 
loring of the electric field coherence func- 
tion, in contrast to the pulse intensity and 
phase profile, as in the usual coherent 
femtosecond pulse-shaping experiments. 
Our results may be important for broad- 
band communications using coherence 
coding for time-division multiplexed 
data trans&sion3 or code-division net- 
working.u 

In our experiment we used an er- 
bium-fiber laser operating below thresh- 

old as the source for broad-band incoher- 
ent light in the 1.5-h m optical-fiir 
communications bands. A typical spec- 
trum from the source is shown in Fig. 1. 
The light from the source was sent to a 
M i c h h n  interferometer for field corre- 
lation measurements. A standard femto- 
second pulse shaperlr was introduced in 
one arm of the Michelson interferometer. 
A liquid crystal modulator (LCM) array 
with 128 pixels was used as an electron- 
ically pmgrammable pulse-shaping mask. 
The phase pattem applied by the LCM 
array alters the coherence function of the 
incoming incoherent light. We measure 
this coherence function by recording the 
interference fringes in the output power 
from the Michelson interferometer as the 

1300 1660 1- 

W m l . n g m W  

CTuD7 Fig. 1 Power spectrum from 
the incoherent broad-band Er-fiber ASE 
source. 

L 1 

I I 
4 -2 -1 0 1 2  3 

Thy(p) 

CTuD7 Fig. 2 (a) Electric field 
autocorrelation of the input incoherent 
broad-band light. (b), (c) The field cross- 
correlations between the source and the 
light modified by the pulse-shaper. The 
applied phase masks are shown in the 
insets. Phase jumps are T.  


