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ABSTRACT 
A bulk semiconductor optical amplifier (SOA) utilizing a multi-contact biasing method is characterized as a 
function of the bias current supplied to each section Firstly, amplified spontaneous emission spectra and 
characteristic light-current profiles are analyzed. Single-pass gain and noise figure of the SOA are then assessed 
by injecting a continuous wave input beam. Finally, the amplification of a 10 Gb/s (215-1) long pseudo random 
bit sequence signal is analysed. The obtained results, particularly at a bias condition of 90mA-50mA-10mA, 
reveal the potential of this device as a low noise figure in-line amplifier. 

1. INTRODUCTION 

Semiconductor optical amplifiers (SOAs) have been the subject of intense research owing to their nonlinear 
behaviour. Applications in all-optical communication systems as wavelength converters, logic gating, memory 
elements, packets forwarding, and others, have been demonstrated. The use of SOAs operating in a linear regime 
for amplification of optical signals in C-band communication systems seems to be limited because of the 
establishment of mature devices as Erbium doped fibre amplifiers (EDFA), which provide high gain and output 
saturation power, with a lower noise penalty. On the other hand, the recent demand for optical power budget 
extension in Giga-capable passive optical networks (GPON) has broadened the perspectives for SOAs as linear 
amplifiers (mainly in-line, but also as booster and pre-amplifiers) [1]-[2]. Indeed, they have a clear role to play in 
extending the distances currently covered by GPONs since upstream traffic may be positioned at 1300 nm, 
where fibre-based amplifier technologies are not efficient [3]. In order to consolidate them as strong candidates 
for budget extension between the central office and end-customers, SOAs are required to provide both gain and 
low noise figure (NF) in the PON wavelength assignment of 1490 nm downstream and 1310 nm upstream. Such 
given wavelengths rule out EDFAs and place SOAs in a good position since the material composition of their 
typical InGaAsP active layer can be set to amplify signals in the desired range. Regarding the NF, it remains an 
issue for SOAs and there have been some efforts to reduce it such as the use of holding beams [4] or the 
increment of confinement factor in the active waveguide [5]. In this context, we aim to address the problem of 
NF improvement in bulk-SOAs by using a multi-electrode device. Firstly a typical characterization of collected 
amplified spontaneous emission (ASE) and single-pass gain is achieved for different bias conditions. Then the 
NF is calculated from the recorded data. We show that a bias configuration with small current (10 mA) at the 
output section and large current (90 mA) at the input section provides the lowest NF (6 dB) in the analysed SOA.  

2. EXPERIMENT 

The device under test is a three-electrode InGaAsP-InP bulk-SOA. Each section of the device is 250 µm long, 
with a 750 µm total length. The SOA is biased by using independent current sources I1 to I3 as depicted in the 
schematic of Fig. 1(a) and is temperature controlled at 21 C. Measurements of the amplified spontaneous 
emission (ASE) spectra and optical collected power versus bias current (LI) are performed initially. ASE 
measurements are recorded using an optical spectrum analyzer (OSA) for a number of combinations of bias 
current supplied to each section. It should be noted that according to the SOA manufacturer, the maximum 
current supplied to a single section cannot exceed 100 mA whereas the total bias is limited to 150 mA for 
temperature stability of the amplifier. Thus, ASE spectra at three different bias conditions are shown in Fig. 2(a). 
For the sake of simplicity, the bias notation is given in the order of input section first and output section last. For 
instance, a bias configuration of 90mA-50mA-10mA indicates a bias current in the input section of 90 mA and 
so on. Moreover, in respect to the schematic diagram shown in Fig. 1(a), all reported measurements are obtained 
by collecting the ASE spectral density at the output (right facet) of the SOA. As it is observed from the ASE 
spectra in Fig. 2(a), the bias combination of 90mA-50mA-10mA provides the lowest power level measured at 
the SOA right facet. This is because the small bias supplied to the output section is not enough to generate 
sufficient spontaneous emission nor to amplify light originating from the two other sections.  



 

   
 

Fig. 1. (a) Schematic diagram of the multi-electrode SOA. (b) Experimental setup utilized for measuring the 
single-pass gain and noise figure.  
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Fig. 2. (a) Collected ASE spectra for three different combinations of supplied bias. (b) LI curve showing optical 
collected power as a function of bias current supplied to middle section. The bias of the input and output section 

is kept constant at 33 mA.
 
 

The influence of the bias current supplied to a given section on the total collected ASE is clearly observed from 
the LI response of the SOA depicted in Fig. 2(b). In this case, input and output sections are biased at 33 mA, 
whilst the bias in the middle section is varied from 0 to 80 mA. The overall bias condition approximates that of a 
standard SOA. The ASE power is measured by using a wide aperture integrating sphere and a power meter 
placed after the coupling lens at the SOA output facet.  

In order to determine the single-pass gain and the noise figure, the multi-electrode SOA is characterized under 
continuous wave operation by using the experimental setup depicted in Fig. 1(b). An external cavity laser (ECL) 
with wavelength tuning from 1490 nm to 1590 nm and output power from -20 dBm to +5 dBm provides the 
input beam launched into the SOA. Injection and collection of light from the amplifier is performed in free space 
utilizing a 0.68 numerical aperture moulded aspheric lens and 3D flexure stage combination. SOA coupling 
losses are calculated by finding the geometrical modal mismatch between the circular mode profile of the 
collecting single mode fibre and the elliptical mode profile of the spontaneous emission at the amplifier facet. 
Injection and collection losses of ~5.5 dB and ~3.5 dB are estimated at the input and output facets, respectively. 
A polarization controller (PC) and polarizer (Pol) allows aligning the state of polarization of the input beam to 
the transverse electrical (TE) propagation mode of the active waveguide. The output signal is collected using an 
OSA with a resolution bandwidth of 0.02 nm. The aim of the experiment is to determine the optimum bias 
combination supplied to the SOA which results in the lowest noise figure. It is important to mention that the NF 
is calculated from the standard approach discussed in [6], with the signal spontaneous noise factor 
F  = 2ASE/Gh being the dominant contributor to the overall noise figure. In this equation, ASE is the ASE 
spectral density in the same polarization state as the input and amplified optical signal, G is the single-pass gain, 
h is the Planck constant and  is the linear frequency of the injected beam. 

3. RESULTS AND DISCUSSION 

Single-pass gain and noise figure of the multi-electrode device are characterised with respect to the injected 
beam wavelength and power for a number of different bias currents. The experimental results are shown in Fig. 3 
for the injected beam polarized along the TE propagation mode of the active waveguide. In fact, a gain 
polarization sensitivity of 2 dB is measured. As observed from the plots depicted in Fig. 3(a) and (b), obtained 
for an input beam power of -10 dBm, the single-pass gain is different for the three reported bias combinations. 
The largest gain is obtained for 50mA-50mA-50mA, exhibiting a maximum of 15 dB at 1560 nm. Moreover, a 
minimum NF of 6 dB is obtained for both 50mA-50mA-50mA and 90mA-50mA-10mA bias configurations, 
whilst a clear increase of noise figure is observed for 10mA-50mA-90mA. On the other hand, as depicted in 
Fig. 3(c) and (d), the minimum NF as a function of the SOA output power is obtained for a bias of 90mA-50mA-



10mA while the amplifier is operating in a linear regime (below the output saturation power of ~5 dBm) and the 
input beam wavelength is 1575 nm. Noise figure, single-pass gain and saturation characteristics of this device 
suggest that it would be well suited for application as an in-line amplifier at a bias condition of 90mA-50mA-
10mA. Indeed, for such a bias configuration, the carrier density profile along the active waveguide presents 
decreasing steep gradient, with the high bias at the input section being responsible for the overall low NF of the 
amplifier. Conversely, a higher bias at the output and lower bias at the input sections yields a higher noise figure 
and a higher saturation output power, as depicted in Fig. 3(c). To the best of our knowledge, noise figure 
measurements obtained in the present work are comparable to record values reported by using different 
approaches and active layer structures (NF=5 dB for a bulk-SOA by using a holding beam scheme [4], 
NF=3.5 dB for a MQW [5], and NF=4.8 dB for a gain-clamped amplifier [7]). As a matter of fact, the only work 
obtaining a NF of 5.5 dB on multi-electrode bulk-SOA is discussed in [8], even though no relevant NF plots are 
reported. On the other hand, wavelength at maximum gain can be changed to fit PON networks upstream and 
downstream specifications by changing active layer composition of the proposed multi-electrode device 
approach. Similarly, fibre-to-fibre single-pass gain can be substantially improved by integrating the bulk-SOA 
into a single chip. 

It is worth discussing that the measured NFs depicted in Fig. 3(d) at bias conditions of 50mA-50mA-50mA and 
90mA-50-mA-10mA are the same for output powers around 6 dBm. This could be due to current leakage in the 
active waveguide as it is not separated into electrically isolated sections (even though the electrodes are 
electrically isolated). If this is the case then the difference in the gradient of the current supplied in these two 
cases does not differ enough to translate into an equivalent gradient in carrier density distribution. The only 
significant difference observed is when using diametrically opposed gradients, such as 90mA-50mA-10mA and 
10mA-50mA-90mA.  

In order to obtain a better insight of the optimum bias configuration for low noise figure, the multi-electrode 
SOA under analysis is tested as a function of bias supplied to the middle section whilst input and output sections 
are biased at 90 mA and 10 mA, respectively. The results are presented in Fig. 4. The noise figure decreases with 
increasing middle section bias, while the single-pass gain increases. The rise in single-pass gain can be attributed 
to an overall increment in the carrier density along the waveguide. A higher single-pass gain in turn contributes 
towards a lower NF.  

Finally, the performance of the multi-electrode SOA as in-line amplifier is tested by using the same 
experimental setup as depicted in Fig. 1(b) but injecting a 10 Gb/s (215-1) long non-return-to-zero (NRZ) pseudo 
random bit sequence (PRBS) at 1575 nm and average power of -5 dBm. The current supplied to the SOA is set 
to 90mA-50mA-10mA. As shown in Fig. 5, the measured eye diagram reveals a relatively insignificant timing 
jitter degradation of the output signal (right) after propagation through the SOA with respect to the input signal 
(left), whilst preserving a minimum extinction ratio of 11.78 dB.  
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Fig. 3. Single-pass gain and noise figure in terms of the injected beam wavelength and SOA output power. In (a) 
and (b), an optical power of -10 dBm is injected. In (c) and (d), a beam wavelength of 1575 nm is considered.
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Fig. 4. Single-pass gain and noise figure as a function of the bias current supplied to the middle section. The 
injected signal power and wavelength are -5 dBm and 1580 nm, respectively.  

 
 

 
Fig. 5. Eye diagrams retrieved from an optical sampling scope illustrating the NRZ PRBS signal at the input 

(left) and output (right) of the multi-electrode SOA under test. 
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