
inverted in Fig. 2c) and the novel scheme (Fig. 24 .  Note that the 
eye diagram shown in Fig. 2d is logically mverted compared to 
the back-to-back signal due to the reasons explained above. Fur- 
thermore, the synchronisation between the data and clock signal is 
achieved manually in these experiments (using an optical time 
delay). I ked that all results are obtained using the same 
Mach-Z nterferometer and that the device has been opti- 
mised for each specific experiment. As seen, superior speed per- 
formance is clearly achieved with the proposed scheme, where 
there is a clear separation between the eyes. 
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Fig. 3 BER measurements at 10Gbit/s for back-to-back signal and con- 
verted signal using conventional and proposed schemes 

a Before transmission 
b After transmission over 25km standard fibre 
0 back-to-back 

non-inverting (converted) 
0 inverting (converted) 
0 inverting (proposed) 

To assess the transmission properties of the converted signals, 
the two methods were compared. The results can be seen in 
Fig. 3, giving the BER as a function of the received power for the 
back-to-back signal and the converted signals using the conven- 
tional and novel scheme. Fig. 3a shows the BER before transmis- 
sion, while Fig. 3b shows the BER after transmission over 25km 
standard fibre. As seen in Fig. 3a, nearly penalty-free conversion 
is performed with the two schemes. The highest penalty is 
observed for conventional non-inverting operation, which prima- 
rily is due to the lower modulation bandwidth (see also Fig. 2); 
however, as seen in Fig. 3b, there is a difference after transmis- 
sion. Inverting operation using the conventional scheme results in 
a pre-amplified penalty of -17dB due to the c h q e d  output signal, 
whereas non-inverting operation using the conventional scheme 
and conversion using the novel scheme results in an almost equal 
pre-amplified penalty of only -2dB. These results verify the very 
important advantage of the novel conversion scheme, namely 
excellent transmission properties while at the same time exhibiting 
a superior modulation bandwidth. As seen by comparing Figs. 2 
and 3, this is clearly not the case for the conventional scheme. 

Conclusion: A novel scheme for all-optical wavelength conversion 
in SOA-based interferometric devices has been investigated experi- 
mentally and compared to the conventional conversion scheme. It 
has been demonstrated that, in contrast to the conventional 
scheme, the novel scheme results in excellent transmission proper- 
ties while at the same time exhibiting the highest modulation 
bandwidth. 
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Bit error rate performance of ultrashort- 
pulse optical CDMA detection under multi- 
access interference 

S. Shen, A.M. Weiner, G.D. Sucha and M.L. Stock 

The first system measurement on the bit error rate performance of 
an ultrashort-pulse optical CDMA channel under multi-access 
interference is reported. Effective interference suppression for 
error-free CDMA detection is demonstrated through spectral 
phase coding and the use of a nonlinear fibre discriminator. 

Introduction; In an ultrashort-pulse code-division multiple-access 
(CDMA) fibre optic communications system, users share the same 
transmission media through spectral phase encoding and decoding 
of ultrashort optical pulses. The success of system operation 
depends on the effective suppression of multi-access interference 
[l]. Previously, an ultrashort-pulse CDMA test bed has been dem- 
onstrated [2], which includes the encoding of femtosecond pulses 
using a fibre-pigtailed gratindens based pulse-shaper, dispersion 
compensation for distortionless fibre propagation of coded pulses, 
high-fidelity decoding, and subsequent nonlinear optical discrimi- 
nation to distinguish correctly decoded data from incorrectly 
decoded multi-access interference at the receiver. Recent advances 
in compact photonic devices for spectral coding [3, 41 and in opti- 
cal nonlinear discriminators [5] point to the technical feasibility of 
optical CDMA for local and metropolitan applications. However, 
all previous experimental studies of ultrashort-pulse CDMA were 
limited to a system with only one transmitter and one receiver. It 
is critically important to evaluate the effectiveness of CDMA 
interference suppression in a multiple-user environment. In this 
Letter, we report the first experimental study to our knowledge on 
multi-access interference suppression in an ultrashort-pulse 
CDMA system. Our measurements on the performance of a signal 
channel in the presence of crosstalk from an interfering CDMA 
channel demonstrate almost total interference suppression, result- 
ing in a measured bit error rate below lo-”. 

data L desired user path 

attenuato 

- 
interference path 
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Pig. 1 Experimental setup of CDMA system BER measurements 

Experiments and results: The suppression of interference in an 
ultrashort-pulse CDMA system is achieved primarily through 
pseudorandom spectral phase coding and the use of a nonlinear 
optical discriminator. At each CDMA receiver, correctly decoded 
data from the desired user are restored to clean ultrashort pulses 
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with relatively high-peak intensity, while incorrectly decoded 
multi-access interference appears as a pseudonoise-like signal. A 
discriminator detects the peak power of the correctly decoded sig- 
nals and suppresses the low intensity noise based on nonlinear 
optics. To evaluate the efficacy of multi-access interference sup- 
pression, we performed back-to-back measurements in an 
ultrashort-pulse CDMA system with two users - one as a desired 
user and the other as an interfering user. Fig. 1 shows the sche- 
matic diagram of our experimental setup. At the transmitter side, 
we used a home-built passively modelocked fibre laser (source 1 in 
Fig. 1) to provide a 40MHz train of ultrashort pulses for the 
desired user. The nearly transform-limited laser output (FWHM 
pulsewidth -480fs) was synchronously modulated at 40 Mbitls 
with a length 223-1 pseudorandom bit stream (PRBS) data. We 
used another modelocked Er:fibre laser (a Femtolite B-35 from 
IMRA, Inc) as the broadband source for the interfering user 
(source 2 in Fig. 1). It generates transformed-limited pulses of 
-430fs (FWHM pulsewidth) repeated at 5OMHz The interfering 
user’s pulse train was not modulated in these experiments. The 
spectra of both lasers were centered at 1560nm. 

Laser pulses from the interfering user (source 2) were launched 
into a fibre-pigtailed femtosecond pulse-shaper equipped with a 
128-pixel liquid-crystal phase modulator (LCM) array [2] for spec- 
tral phase coding. Pseudorandom M-sequence phase codes with 
various code lengths were applied in the LCM in experiments. 
After being combined with modulated data from the desired user 
through a 1x2 fibre coupler, the coded pulses emulate the incor- 
rectly decoded multi-access interference in a complete lightwave 
CDMA system. At the receiver side, we used a nonlinear discrimi- 
nator based on self-phase modulation (SPM) in an optical fibre to 
suppress the incorrectly decoded noise for error-free CDMA data 
detection. An avalanche photodetector (APD) with a bandwidth 
of -550MHz was used after the discriminator. For simplicity, we 
omitted spectral phase coding both after source 1 and in the 
CDMA receiver. Hence the uncoded pulses from source 1 emulate 
correctly decoded CDMA signals from a desired user. The fibre 
discriminator used here consists of a dispersion-shifted fibre (DSF, 
zero-dispersion wavelength is 1560nm) followed by a long-wave- 
length pass fdter with 1572nm cut-off, which transmits very little 
of the input light unless there are frequency shifts arising from 
SPM in the fibre. The design and its operation have been reported 
in the references [2, 61. Both the signal and interference paths 
before the discriminator were dispersion compensated using dis- 
persion-compensating fibres. 

0.6, I 

-0.1 1 
22 24 26 28 30 22 24 26 28 30 

time, ns time, ns 
a b 
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Fig. 2 Eye-diagrams of CDMA signals under multi-access interference 
a Without phase coding in the interference path 
b With length-63 M-sequence phase coding in the interference path’ 

In the experiments, the average power of CDMA data (source 
1) was fured at 250kW before the discriminator, which yields suffi- 
cient nonlinearity in the DSF to generate as much as 10pW output 
power after the long-wavelength pass filter. For error rate meas- 
urements, the received signal power at the APD was varied from 
4 to -37dBm. To evaluate CDMA detection under large inter- 
ference conditions, we always kept the interference power before 
the APD at -30dBm when no phase coding was added in the 
interference path. This was achieved by adjusting the input inter- 
ference power before the discriminator. Note that if no phase cod- 
ing is used, the interference level is at a minimum 7dB higher than 
the signal level at the APD. To show interference suppression, we 
first compared the eye-diagrams of the signal channel (set at 
4 d B m  before the APD) with and without a length-63 M- 
sequence phase code applied to the interference path. The eye-dia- 
gram in Fig. 2a shows that, without phase coding, the desired 
data are completely buried under the multi-access interference. 

Note that the interference power here is 14dB larger than the sig- 
nal power and has already saturated the APD receiver. The eye- 
diagram in Fig. 26 demonstrates that coding together with the 
fibre discriminator strongly suppress this large interference, result- 
ing in a clean and open eye. Fig. 3 shows the BER performance of 
the signal channel when the length of the M-sequence phase cod- 
ing in the interference path was varied. For M-sequence code 
lengths of 7, 15, 31, and 63, the interference power was suppressed 
to lOnW, 1.7nW, 0.6nW and 0.lnW (40dB suppression!), respec- 
tively. For comparison, the BER of the signal channel without 
interference is also shown in Fig. 3. We note that as the coding 
length in the interference path increases the power penalty to 
CDMA signal detection decreases substantially. When the code 
length reaches 63, the power penalty caused by the interfering user 
is almost zero. The decreased power penalty implies that with 
larger spectral phase coding length, more users could be supported 
simultaneously in a system. Since in our experiment the interfer- 
ence power before the APD when no phase coding is used is pur- 
posefully set to be much larger than the signal power, our results 
provide evidence for the possibility of error-free CDMA detection 
with a large number of users in the system. 
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Fig. 3 BER of ultrashort-pulse CDMA channel without interference and 
under interference with the M-sequence code length of 63, 31, 15, and 7 

0 without interference 
code length of 63 

V code length of 31 
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Conclusion: We have reported the first bit error rate measurement 
of an ultrashort-pulse optical CDMA channel under multi-access 
interference. Our results show that the suppression of interference 
in a CDMA system depends critically on spectral phase coding 
length and nonlinear optical discrimination. 
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Optical BPSK subcarrier modulation using 
integrated hybrid device 

M. Shin, J. Lim, J. Kim, C.Y. Park, J.S. Kim, 
K.E. Pyun and  S. Hong 

An integrated optical/RF hybrid device has been designed and 
fabricated for binary-phase-shift-keying subcanier modulation. 
The device has been used to directly modulate an RF subcarrier 
of lOGHz in a BPSK scheme with an independently applied RF 
carrier and digital signal. 

Introduction: Microwave- and m e t r e - w a v e  (MMW) RF 
resources are receiving increasing attention since they are capable 
of providing wide-band channels required for both mobile com- 
munication systems and wireless local area networks [l]. To realise 
such systems, an approach involving optical and RF hybridisation 
is proposed. Hybrid fibrekoax networks enable robust transmis- 
sion of an RF subcarrier signal via a singlemode fibre, thus ena- 
bling a significant reduction in the number of cascade RF 
amplifiers to be achieved. Microwave- and millimetre-wave digital 
transmission systems using QPSK or BPSK modulation have been 
reported [2]. 

Although MMW bands have a capacity of > lGbit/s, previous 
works have reported data transmission of only several hundred 
Mbit/s [3]. This is due to the lack of a proper modulation scheme 
for the hybrid approach. In general, up-conversion schemes in the 
transmitter use an intermediate frequency to convert the base 
band-signal to the MMW band, with the result that the data rate 
cannot exceed the intermediate frequency. There is also a need for 
high frequency amplifiers and mixers, which are very difficult to 
implement if the MMW carriers are to be used at full capacity. 

We propose a binary phase shift method using a single inte- 
grated hybrid device. The device is composed of two identical 
high-speed multiple quantum well (MQW) electroabsorption (EA) 
modulators branched with two multimode interference (MMI) 
couplers. The phase of the RF carrier changes as a result of opti- 
cal amplitude modulation of the modulators and of the interfer- 
ence resulting from the phase delay at the MMI couplers. The 
results of the modulation operation of the device in the low fre- 
quency region have been presented [4]. In this Letter, BPSK mod- 
ulation of a lOGHz signal is reported. They&, bandwidth of the 
device and the frequency spectrum of the modulated optical signal 
are also measured. 

Device fabrication: The device structure is illustrated in Fig. 1. 
The input 3dB MMI coupler divides and branches incident light 
into two identical MQW EA modulators. The MMI couplers are 
designed to have a paired interference mirror image with the same 
amplitude but 7d2 phase difference [5]. Since the two identical 
MMI couplers are placed at both the input and output ports as 
shown in Fig. 1, the output of the device produces an out-of- 
phase image, which causes the optical fields to interfere destruc- 
tively. On the other hand, the amplitude of the signal in each 
branch is varied when it passes through the EA modulator. A dig- 
ital on-and-off signal (0 or I) is applied to the modulator M, to 
switch the operation state, and an RF carrier signal is applied to 
the modulator M,. When a reverse voltage is applied to modulator 
MI (OFF state), the out-of-phase output decreases as the reverse 
voltage to M2 is increased. In contrast, when MI  is biased with OV 
(ON state), the output increases with the reverse voltage at M2. 
This is due to the fact that, when MI is on, the difference between 
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the optical outputs from the two modulators increases at the out- 
put port as M2 becomes opaque. Thus, the phase of the R F  camer 
generated at modulator M, is shifted by .n depending on the state 
of modulator MI. Since the subcarrier and the digital data are 
introduced independently to the modulators, the subcarrier fre- 
quency and the data rate are limited only by the bandwidth of the 
high-speed EA modulators. Therefore, the direct up-conversion 
from the base-band to the MMW band can be achieved when 
modulators with a 3dB bandwidth of several ten gigahertz are 
provided. In addition, synchronisation of a local oscillator to gen- 
erate RF subcarrier and digital signal is not necessary in this 
scheme. This is because with this modulation mechanism the sig- 
nal phase changes at an arbitrary time instant as a result of optical 
interference. 

modulator M, 

-L 
*OUT-OF-PHASE OUT 

modulator M2 

Fig. 1 Integrated opticul/RF hybrid device 

Input optical signal undergoes phase change of TC when it passes 
through two mirror image MMIs 
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The device was fabricated in the following process. The epitax- 
ial layers of the modulator region were prepared on an n+-InP 
substrate by metal organic chemical vapour deposition (MOCVD). 
Multiple quantum well (MQW) absorption layers of 250nm thick- 
ness were grown between graded-index clads of 70nm thickness. 
The MQW layers consisted of ten pairs of 1.52 Q-InGaAsP wells 
(h, = 1 . 5 2 ~ )  of lOnm thickness and 1.2 Q-InGaAsP barriers (A, 
= 1 . 2 ~ )  of 6.5nm thickness. The low-loss passive region was 
grown by butt-coupled regrowth. Deep dry etching was applied to 
form the waveguide structures including MMI couplers and MQW 
EA modulators. A 3 p n  thick polyimide was employed to block 
the leakage current and to reduce the pad capacitance [4]. 
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Fig. 2 Small signal frequency response of MQ W EA modulutor at bias 
voltage of -1 V for  optical wavelength h and length of modulator L 
(i) h = 1530nm, L = 1 0 0 ~  
(ii) h = 1530nm, L = 1 5 0 p  
(iii) h = 1550nm, L = 1 5 0 ~  

Measurement results: The characteristics of the MMI couplers and 
EA modulators strongly depend on the wavelength and polarisa- 
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