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CODING TO INCREASE NUMBER OF 

LIGHTWAVE SYSTEM 

J.-H. Wu, Y.-H. Lee and J. Wu 

CHANNELS IN QAM-SCM- IM/DD 

Indexing terms. Optical communication, Television, Optical 
modulation 

For a fibre-optic QAM-SCM-IM/DD system, clipping noise 
can severely limit the channel transport capability. A theo- 
retical analysis of the QAM-SCM-IM/DD system employing 
BCH codes to increase the number of channels is presented. 
The relations among the system parameters such as received 
signal power, modulation index, and carrier-to-noise ratio 
are investigated. A general expression of the number ofchan- 
nels in terms of these parameters is also presented. The 
example shows that by using a (255, 239) BCH code, the 
number of channels can be increased up to fivefold, and the 
influence of clipping noise can also be greatly reduced 

Introduction: Recently, high-definition television (HDTV) has 
attracted much attention. Fully digital HDTV, such as the 
Digicipher system, has some advantages and may be popular 
in the future [l]. However, the transmission capacity required 
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number of channels are restricted. With Gaussian approx- 
imation, we theoretically investigate the benefit of applying 
coding to a fibre-optic QAM-SCM-IM/DD (intensity 
modulation/direct detection) system. A general expression of 
the number of channels is derived in terms of carrier-to-noise 
ratio (CNR), receiver sensitivity, and code parameters. It is 
shown that coding can be used to effectively combat clipping 
noise, and thus more channels can be located in a given band. 

System description and analysis: Consider a QAM-SCM- 
IM/DD system as shown in Fig. 1. The N channels are trans- 
mitted by their corresponding microwave subcarriers (fi, . . . , 
fN) with QAM modulation scheme, and are combined to 
modulate the laser diode (intensity modulation). At the recei- 
ving end, the subcarrier signals are directly detected by a 
photodiode. The output of the photodiode is amplified by a 
low noise amplifier (LNA). The bandpass filter (BPF) is used 
to select the desired channel. The circuit following is a typical 
QAM demodulator. 

The CNR for a specific channel at the output of the BPF is 
given by [2, 31 

where k is the Boltzmann constant, T is the absolute tem- 
perature (300K), F is the electronic receiver amplifier noise 
figure, R ,  is the photodiode load resistor with a nominal value 
500 ,  e is the electron charge, B is the bandwidth of the IF 
filter, KIN stands for the relative intensity noise (dB/Hz), CIR 
is the carrier-to-interference ratio resulting from clipping as 
c41 

1 + 6p2 
C l R  = J ( 2 n ) .  ~ 

and 

P = m J ( N / 2 )  (3) 

p represents the total root mean square (RMS) modulation 
index, and m is the modulation index per channel. 

(A) Uncoded case:  For the system without coding, we can 
substitute eqn. 3 into eqn. 1 to obtain the CNR as 
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Fig. 1 System block diagram oJQAM-SCM-IM/DD system 
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Solving eqn. 4 for N 

N = ( C N R - '  - C I R - ' ) p ' / A  

where 

Substituting eqn. 2 into eqn. 5 ,  we obtain 

Numerical example: In the numerical example, we assume a 
256 QAM-SCM-IM/DD system requiring a bit error rate 

(5) (BER) of and adopt the following parameters: 
C N R  = 39dB, P ,  = -12dBm, R = 1 A/", F = 3dB, and 
RIN = -150dB/Hz. From eqn. 8, the required CNR against 
the total RMS modulation index is shown in Fig. 2. The value 
p increases as the CNR decreases. Substituting the above 
parameters into eqns. 8 and 9, we obtain pUnmded = 0.29, and 
N,,,,,,, = 10. By using a (255, 239) BCH code with a coding 
gain of 3.5dB at B E R  = and r = 239/  
255) in eqns. 12 and 13, we obtain pcodrd = 0 .31 ,  and N,,,,, = 

(6) 

[ 6 ]  (C = 

Differentiating the right hand side of eqn. 7 with respect to p 
and setting to zero, we obtain 

36p4 + 12p2 + 1 
18p5 + l lp '  + p 

C N R  = 2J(2n). . exp ( 1 1 2 ~ ~ )  (8) 

Substituting eqn. 8 into eqn. 7, the maximum value of N is 

(RPJ' . exp (- 1/2p2) 
2J(2n) [4kTFB/RL + (2eB) x Nuncoded = 

( 6/1' + 9b5 t p 3 )  
36p4 + 1 4  + 1 (9) 

Using eqn. 3, we obtain the corresponding modulation index 
per channel as 

(B) Coded case:  In a coded system, suppose a code of rate r is 
used and the coding gain is C ;  then eqn. 4 can be modified as 
c51 

C N R  8 k T F B / ( R , r )  N 4eB 

(7) = ( R P J 2  ' 2 p 2 + -  RPS r 

Similarly, we can solve eqn. 1 I for N ,  and the following equa- 
tion holds : 

52. 

l o t  
O l . . " " . " l  
020 0 2 5  0 3 0 0 3 5  0 4 0  0 4 5 0 5 0  0 5 5  0 6 0  0 6 5 0 7 0  

total modulation index 

Fig. 2 C N R  value against total RMS modulation index p 

Fig 3 shows the number of channels against received signal 
power for the coded system and the uncoded system at 
C N R  = 39dB and M = 256 It is found that the channel 
number can be increased up to fivefold under the same recei- 
ver sensitivity and BER 
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36p4 + 1 4 '  + 1 Fig. 3 Channel number against received signal power for (255, 239) 
BCH coded and uncoded system at C N R  = 39dB, M = 256 

C N R  
-= 2J(2rr). 18p5 + 1p3 + p .  exp (1/2p2) (12) 

coded 
____ uncoded 

so the maximum channel number of the coded svstem can be 
obtained as 

Conclusion: A general exuression of a OAM-SCM-IM/DD 
system employing error cdntrol code to increase the number 
of channels is derived in terms of received signal power, 
carrier-to-noise ratio, and code parameters. As an example, by 
using a (255, 239)  BCH code in a 256 system, the number of 
channels can be increased up to fivefold. Therefore, coding can 
be used to effectively combat clipping noise, and more chan- 

G 
N,,,,, = ~ 

2J(2n) 

(RPJ'r  . exp ( -  1 / 2 p 2 )  

4 k T F B / R L  + (2eB) (RP, )  + (RIN)B(RP, )*  
nels can be located in a given band. 
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ENERGY QUANTISATION IN FIGURE EIGHT 
FIBRE LASER 

A. B. Grudinin,  D. J. Richardson and D. N. Payne  

lndexing terms. Lasers and laser applications. Nonlinear 
opt1c.7 

For the first time the observation of discrete jumps in the 
power output of an all-fibre passively mode-locked laser is 
reported. The discontinuities are associated with quantisa- 
tion of the energy of the pulses circulating within the laser 
cavity. 

Inrroduction: The passive generation of femtosecond soliton 
pulses in erbium-doped fibre lasers has recently become of 
significant interest [l-31. The figure eight laser configuration 
[2-41 whose operation is based on the reflection properties of 
the nonlinear amplifying loop mirror (NALM) [SI has been 
the object of considerable study and has so far been shown 
capable of generating bandwidth-limited pulses as short as  
320fs [2, 31. In this scheme the quantisation of the soliton 
energy and the random nature of the pulse formation lead to 
several distinct regimes of pulse repetition rate behaviour [4]. 
In general, within one round trip period the solitons are ran- 
domly separated in time and the pulse trains repeat at the 
cavity round trip period. The exact pulse pattern and the total 
number of pulses in the cavity are highly sensitive to the input 
pump power. The repetition rate can be stabilised by incorpo- 
rating a pulse multiplier into the cavity [SI; however, 
although the general principle of operation of the figure eight 
laser is understood, many features of its behaviour still remain 
to be investigated and explained. 

We present for the first time experimental results showing 
the effects of pulse energy quantisation io the power output 
from the laser. The results demonstrate the preference of the 
laser to operate in well defined soliton units and its ability to 
adapt itself to  changes of input pump power once soliton 
selfstarting has occurred. 

Experiment: The experimental setup is shown in Fig. 1. The 
laser was configured to generate transform-limited, 450fs 
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Fig. 1 Experimental configuration 
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soliton pulses at 15581" The NALM loop was 35m long 
and the cavity round trip frequency was 5 MHz. The amplifier 
section consisted of 3 m  of 8 0 0 p p m  erbium-doped fibre and 
was pumped by a Ti : sapphire laser operating at 980nm. An 
acousto-optic modulator was placed in front of the 980nm 
pump launch stabilisation circuitry, the 980nm pump level to 
we were able to lock the input pump power to  the figure-eight 
laser to a n  externally defined reference voltage. Thus by 
applying a slow sawtooth waveform (100s period) to the 
pump launch stabilisation circuitry the 980nm pump level to 
the laser could be controllably and repeatedly varied, while 
measuring the average output power at port 1 on a slow 
detector (light emanating at port 1 has been switched by the 
NALM and is the correct port for soliton output). The pulse 
repetition rate behaviour and optical spectra were simulta- 
nously measured at port 1. The same measurements could 
also be made at port 2 where light reflected by the NALM (i.e. 
the nonsolitonic component) can be observed. 

A typical laser output characteristic measured at port 1 is 
shown in Fig. 2 and exhibits a number of interesting features, 
such as discrete jumps and hysteresis in the output power. The 
CW lasing threshold is seen to occur at approximately 10mW, 
whereas a 'second threshold' occurs at around 45 mW, where 
soliton modelocked operation selfstarts. Once pulsed oper- 
ation initiates it can be sustained a t  reduced pump power 
levels, down to within a few milliwatts of the CW laser thresh- 
old, giving rise to a hysteresis in the power output. 
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Fig. 2 Typical laser Characteristic 
Inset: output power, on an expanded scale, at low values of input 
pump power (Note: inset laser characteristic corresponds to 
another hysteresis measurement from small scale curve) 

In the time domain, three regions of pulsed operation can 
be identified, corresponding to  regions A-C on the laser 
output characteristic (Fig. 2). 

(i) Region A :  For pump powers above the mode-locking self- 
start threshold, many pulses exist within the laser resonator. 
The pulses undergo complicated motions with respect to each 
other, possibly due to soliton-soliton interactions. Owing to  
the random nature of the laser pulsing, the pulse patterns and 
motions vary with time and the detailed features of the laser 
characteristic similarly differ for each sweep of the pump 
power. A small CW component is also apparent. 

(ii) Region E :  As the pump power is lowered below the self- 
starting threshold the pulse motions become progressively less 
chaotic and the laser output smoother until, at a power level 
of 25 mW, the output power curve displays a distinct hump. 

(iii) Region C: The laser slope efficiency is increased below the 
output characteristic hump. In the time domain the pulses 
group themselves into ordered patterns and all motions cease 
(see Fig. 3). The small accompanying CW level at the output 
noted at higher pump powers also disappears. As the pump 
power is further reduced abrupt jumps (inset Fig. 2) in output 
power are observed and are associated with the disappearance 
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