
Table 1 RESULTS O F  SINGLE-ENDED FIELD SPLICE LOSS MEASUREMENTS 

Real 
Primary Absolute image 
loss from Primary loss, loss from 
Telecom loss from two-way Telecom 

Splice House exchange method House 

Absolute 
loss, Error in 

one-way one-way 
method method 

d B  d B  d B  d B  

1 0.30 0.27 0.285 0.27 
2 0.05 - 0.0 1 0.02 - 0.02 
3 0.02 - 0.02 0 - 0.02 
4 0.3 I 0.26 0.285 0.22 
5 0.18 0.05 0.115 - 0.02 
6 0.46 0.44 0.45 0.25 
7 0.08 0.14 0.1 1 0.14 
8 0.2 1 0.18 0.195 0.13 
9 0.33 0.33 0.33 0.21 

10 0.02 0.04 0.03 0.04 
11 0.36 0.35 0.355 0.28 

the conventional two-way measurements and one way pulse 
reflection measurements are given in Table 1. 

0.03 dB 
and are fully consistent with those obtained theoretically by 
adding the effect of the mirror and OTDR reflections to stan- 
dard OTDR theory. Splice measurements 6 and 9 are a little 
outside the error range; this is attributed to a fluctuation in 
the level of the reflection from the OTDR. Investigation has 
concluded that this reflection is generally between 6 and 10% 
of the incident light and is dependent on the quality of con- 
nection made to the optical fibre under test. Although no 
special precautions were taken to minimise OTDR reflections, 
it is evident that with careful design of the launch and receive 
optics, the error produced by the secondary ‘virtual image’ 
may be minimised. 

The measurement errors were largely of the order 

Conclusion: A method to characterise a link from one end 
using an OTDR and a mirror surface has been described. A 
previously unreported feature was observed on the OTDR 
secondary trace termed the secondary ‘virtual image’ and was 
determined to be due to pulse reflections from the OTDR end. 
The maximum measurement error observed in the field experi- 
ment was less than f0 .1dB and could be reduced to 
+0.03dB if reflections from the OTDR end were minimised. 
A measurement method based on this principle should there- 

d B  

0.285 
0.015 
0 
0.265 
0.08 
0.355 
0.1 1 
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d B  

0 
- 0.005 

0 
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0 
- 0.025 
- 0.06 
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-0.035 

fore prove effective to reduce installation and maintenance 
costs of short optical links in the local and junction 
environments. 
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16Gbit/s, 70km PULSE TRANSMISSION BY 
SIMULTANEOUS DISPERSION AND LOSS 
COMPENSATION WITH 1.5pm OPTICAL 
A M  PLI FI ERS 

Indexing terms: Optical communications, Optical transmission, 
Optical dispersion, Semiconductor lasers 

A scheme for using semiconductor laser amplifiers for simul- 
taneous compensation of both the fibre loss and the fibre 
dispersion in the 1.5pm region is proposed and demon- 
strated. Experimentally, we demonstrate propagation of 
16Gbit/s pulses over 70 km of non-dispersion-shifted fibre at 
1.53pm wavelength. This distance is four times longer than 
the fundamental dispersion limit for transform-limited pulses. 

Semiconductor laser amplifiers have been used in a number of 
experiments to compensate for the fibre loss in lightwave com- 
munication systems, thereby allowing very long transmis- 
sion distances.’ With traditional linear optical amplification, 
the transmission can only be extended as long as the system is 
loss-limited and fibre dispersion is not a major effect. In the 
1.5 pm low-loss window of standard silica fibre the dispersion 
is about 15ps/nm km. Assuming that the optical pulses are 
ideal (transform-limited), the fibre dispersion would limit the 
maximum fibre distance to 40 km and 10 km for bit rates of 
10Gbit/s and 20Gbit/s, respectively.’ One possible way to 
circumvent this dispersion limitation is the use of soli ton^,^ as 
demonstrated in a recent remarkable transmission experi- 
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ment.4 Solitons however, which rely on a balance of self-phase 
modulation and dispersion in the fibre, require rather high 
optical powers (not readily available from semiconductor 
lasers) and cannot tolerate large fibre loss without the need for 
amplification. Dispersion compensation by predistortion of 
the optical pulses has also been demonstrated theoretically 
and e~perirnentally.~ 

In this letter we propose and demonstrate simultaneous loss 
and dispersion compensation near 1.5 pm in standard silica 
fibres. In this scheme the fibre dispersion is compensated for 
by prechirping the optical pulses through self-phase modula- 
tion in an optical amplifier.6 Simultaneously the optical pulses 
are amplified, which compensates for the optical loss in the 
fibre. 

The experimental setup is shown in Fig. 1. The optical pulse 
train is generated in a 1.5 pm, mode-locked, external-cavity 
semiconductor laser (MLECL). The laser emits a pulse train 

fibre 

M L  ECL Isolator ampltfler 

DBa+m measurement spectral streak camera 
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Fig. I Experimental setup 
MLECL is mode-locked external-cavity laser 
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SPECTRAL INDEX METHOD APPLIED TO 
COUPLED RIB WAVEGUIDES 

E = F(x)G(y) ,  is selected within the rib(s), where E is the elec- 
tric field vector and F ( x )  and G(y) are functions of the single 
variables x and y only. Outside the ribs, in air, the field is set 
to zero. Below the ribs the Fourier transform of the wave 
equation is taken with respect to  x .  The solution is then 
similar to that of a slab waveguide. Hence, the problem has 
been reduced by one dimension. The two solutions are linked 
across the base of the rib at y = 0 by a variational technique.’ 

For the first symmetric mode of the coupler, F(x)  is taken as 
a cosine function with coefficient 1 in each rib. For the first 
antisymmetric mode, the coefficients are 1 and - 1. 

The mixing of fields between the ribs occurs on construc- 
tion of the dispersion equations for 8, and Pa, by using the 
variational principle a t  y = 0. Two very similar analytic tran- 
scendental equations are produced, as follows : 

4 
f m  

ww, 0) = J us,  P) 
-a: 

cos’ Ls s: 
x cos’ Ws{ } ~ ds 

sin’ Ls (s: - s ’ ) ~  

Here, /r assumes the values ,Os or Pa, as appropriate, corre- 
sponding to taking the upper or lower functions, respectively. 
Also, s is the spatial spectral variable involved when taking 
the Fourier transform Y ( s )  of E;  s1 = n/(2W) and T(S, 8) is a 
transfer function defined as in Reference 1. As cos s1 W = 0, 
the integrands in the above transcendental equations are non- 
singular; they also decay rapidly with S, SO that although they 
oscillate they can be evaluated by simple numerical integra- 
tion. 

Indexing terms: Waveguides, Optical waveguides 

The spectral index method is applied to ClOSeIY coupled rib 
waveguides. Analytical expressions in terms of the propaga- 
tion constant f l  are given for symmetric and antisymmetric 
polarised modes. The calculated coupling lengths are in 
excellent agreement with those obtained by mainframe prog- 
rams. 

The spectral index (SI) method has recently been introduced 
as a new technique for modelling modes in single semicon- 
ductor waveguides.’ It has also been developed in vectorial 
form which will be published elsewhere. The method saves an 
order of magnitude in CPU time and uses negligible storage. 

Here, the SI method is extended to the directional coupler 
formed from two closely coupled waveguides. This structure is 
of increasing importance in the field of semiconductor inte- 
grated optics, for example as an all-optical switching element. 
Power transfers from one guide to the other in a characteristic 
distance known as the coupling length L, defined as follows: 

Here, 0, and b,, are the propagation constants for the funda- 
mental symmetric and antisymmetric modes, and n, and nos 
are the corresponding mode indices. 

Two independent transcendental equations are constructed 
for b, and bo,. Coupling lengths are obtained and compared 
principally to those published in a study of eigenmode 
analysis methods from the IEE 14th European Conference on 
Optical Communication (ECOC 1988),2 and to coupling 
lengths produced by an accurate finite difference program, 
available on the Sheffield University mainframe computer.’ 

The structure and nomenclature are shown in Fig. 1 .  This 
consists of two closely coupled buried heterostructure strip 
loaded waveguides. The height of each rib is chosen to be so 
large that it does not influence the results. 

This analysis of two closely coupled waveguides using the 
SI method is an extension of the single rib problem; the same 
general methodology is applied to both. A trial function, 
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Fig. 1 

a Coupled rib waveguides 
b Amplitude contours of E for fundamental symmetric mode at 
intervals of 20% of maximum using SI method 

Calculations have been made for the structure in Fig. la. 
The wavelength is 1.55 pm. Table 1 shows values of the coup- 
ling length for rib spacings 2(L - W) of 1, 2, 3 and 4 p m  for 
both T E  and TM fundamental modes. Results obtained by a 
finite difference (FD) program3 are also shown, along with the 
percentage difference between the two sets of results. There is 
excellent agreement, with a maximum difference in coupling 
length of only 4%. 

Fig. 2 compares coupling lengths obtained by a variety of 
methods for the same set of couplers. Since the results are for 

Table 1 COUPLING LENGTHS OF STRUCTURE IN FIG. 1 (mm) 

TE mode T M  mode 

SI F D  Percentage SI F D  Percentage 
2(L - W) method method difference method method difference 

Pm 

1 0.35 1 0.337 + 4  0.386 0.381 + I  
2 0.698 0.669 f 4  0.966 0.958 + 1  
3 1,360 1.307 + 4  2.370 2.385 - 1  
4 2.618 2.527 + 4  5.784 5.898 -2  
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