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Abstract We analyze the distortion characteristics of 1.3 µm AlGaInAs/InP
Transistor Laser for CATV applications. The characteristics of Transistor Laser are
analyzed by solving rate equations. Small signal analysis has been done for different
input bias currents. Bandwidth and resonance frequency are calculated from the
small signal analysis. Second harmonic distortion (2HD) is evaluated for different
input bias currents. Third order intermodulation distortion (IMD3) is calculated
with two input frequencies of 823.25 and 815.25 MHz. Minimum 2HD of
−20.76 dBc and IMD3 of −33.61 dBc are predicted from this study.

1 Introduction

Optical communication is one of the key technologies to provide high bandwidth to
users. However, optical sources such as laser diode is capable of providing only an
intrinsic bandwidth up to 40 GHz [1]. So there is a need for alternate device to
provide bandwidth in excess of 40 GHz. Transistor Laser (TL) operates at 980 nm
was invented by Feng et al. [2, 3]. The TL is a transistor with quantum wells in its
base. Quantum well in active region provides laser light output. Charge control
analysis of the TL was reported by Feng et al. [4]. Electrons emitted from the
emitter terminal is captured by the quantum well region because of its lower
bandgap (heterostructure) with a capture time of tcap and the uncaptured electrons
are captured by collector terminal due to reverse bias. This reduces the carrier
lifetime and increases the bandwidth when compared with conventional laser
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diodes. The dynamic operation of TL has been modeled to a coupled rate equations
for numerical analysis by Zhang and Leburton [5] and Faraji et al. [6–8]. The
wavelengths used in the conventional optical communication system are 1.5 and
1.3 µm, due to low attenuation and dispersion in fiber respectively. An 1.3 µm
AlGaInAs/InP TL was designed and demonstrated at room temperature by Shirao
et al. [9]. The operation and experiments of the TL in CE and CB configuration with
charge control analysis was investigated by Feng et al. [9–13]. In this work, we
analyze the distortion characteristics of TL at 823.25 and 815.25 MHz. The second
order harmonics and third order intermodulation products are observed and cal-
culated for different base currents.

2 Modeling of Transistor Laser

AlGaInAs/InP TL is represented by coupled rate equations developed by Faraji
et al. [6] for numerical analysis and the large signal analysis was done by Shirao
et al. [9]. The charge control model is given in Fig. 1, the excess carriers flow from
the emitter terminal to the collector terminal is captured by the quantum well, which
is placed in the middle of the base region, with width of d (nm). The emitter and
collector current in Fig. 1 flows in the direction opposite that of electron flow.

The transistor laser rate equations used for numerical analysis are given below [9].
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Fig. 1 Charge concentration
in base region in two quantum
well transistor laser [5]
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Equation (1) denotes the virtual state carrier density of the region above the
quantum well. Ivs is the current available in the higher energy state region above the
QW [9]. Equation (2) represents the QW carrier density. The photon density
extracted from the QW is provided in (3). The parameters used in the above coupled
rate equations for 1.3 µm AlGaInAs/InP TL has been taken from Shirao et al. [9].
The above equations are numerically solved by using MATLAB®. Optical power
output from the TL is formulated by the (4) [12].

P ¼ g vgðai þ amÞh f S ðv=2εÞ ð4Þ

where v is active layer volume and vg is the group velocity. Based on the charge
continuity equation, the penetration of minority carrier in the device depends on
input frequency i.e. diffusion length [9].

LD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dnsb

1 + jxsb

s
LD ¼ ffiffiffiffiffiffiffiffiffiffi

Dnsb
p ð5Þ

From (5) the diffusion length is inversely proportional to the given frequency.
For DC characteristics diffusion length is defined by taking x ¼ 0.

3 Simulation Results

3.1 DC Characteristics

The DC characteristics of a transistor laser have been analyzed by giving a constant
bias current as input. NPN TL is made to work in the active region by forward
biasing the base emitter junction and reverse biasing the base collector junction.
The coupled rate equations are solved by keeping time derivatives equal to zero.
The threshold current is calculated by plotting optical power for different input DC
currents. Optical power is calculated from (4) and plotted in Fig. 2. The estimated

Fig. 2 Optical power and
current gain variation with
base current
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threshold base current for two quantum well transistor laser from Fig. 2 is 1 mA.
Before the threshold current, only spontaneous emission occurs. The stimulated
emission is made possible by achieving population inversion by increasing the
input current. The current gain b is represented in Fig. 2. It is found that the current
gain decreases drastically beyond threshold current. This is due to high recombi-
nation in the base region which includes quantum well.

3.2 Small Signal Analysis

Small signal analysis is done by choosing different bias input currents after
threshold and by giving input AC signal within the chosen linear region in the
nonlinear transfer characteristics of TL [1].

IðtÞ ¼ Ib þ Im sinðxtÞ ð6Þ

where, Ib is the bias current and Im is the amplitude of the time varying input signal.
By varying the input current below and above the threshold, the output optical
power also varies, which is called direct or intensity modulation. Increasing the
frequency also the limits the performance due to the rate of depletion of stored
minority carriers. Magnitude response versus frequency was determined for dif-
ferent input bias currents. The magnitude plot for different input bias currents are
shown in Fig. 3a. From Fig. 3 it is found that the bandwidth and resonance fre-
quency increases for increasing the input base current. From Fig. 3b the bandwidth
achieved by TL in CE configuration is found as 40 GHz when the bias current is
fixed as 200 mA (200Ith). Hence it is clear that direct modulation by using TL can
reach up to 40 GHz bandwidth which is not the case in laser diodes. However, the
bandwidth saturates at 40 GHz, even with increasing base current.

Fig. 3 a Magnitude response and b bandwidth variation with bias current
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3.3 Harmonic Analysis

Due to non linear characteristics of the TL, the harmonics other than the funda-
mental component also generated. Hence an analysis of harmonics developed by
the TL becomes necessary. Harmonic analysis is carried out to predict second
harmonic distortion and third order intermodulation distortion. These distortion
have to be reduced in analog optical link and RoF applications [13].

3.3.1 Second Order Harmonic Distortion

An 823.25 MHz signal (CH 65 of video carrier in CATV Band) is given as input to
the TL. The given AC signal, intensity modulate with the optical carrier. FFT of the
output optical signal is taken by 524,288 sampling points to plot the frequency
spectrum of the input signal. The spectrum of input signal and corresponding
optical power are shown in Fig. 4a, b respectively. The input signal spectrum is
plotted in Fig. 4a with fundamental component at 823.25 MHz with magnitude of
4.22 dBm. Due to the nonlinear characteristics of the TL, the output spectrum has

Fig. 4 a Spectrum of current at 823.25 MHz b spectrum of optical power and c variation of 2HD
with bias current
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additional harmonic components than the required fundamental one. From the small
signal analysis, it has been found that the device bandwidth increases with
increasing bias current. Hence the effect of bias current in second harmonic dis-
tortion (2HD) is also determined and shown in Fig. 4c. The 2HD is measured in
(dBc), which is the difference between the fundamental one and the second har-
monic component. As the input bias current increases, the 2HD decreases (Fig. 4c).
A minimum of −21 dBc is observed for the bias current of 10 mA.

3.3.2 Third Order Intermodulation Distortion (IMD3)

In applications such as Radio over Fiber (ROF), the input signal has more than one
frequency component. For simplicity we consider an input signal which contains
two tones. The intermodulated harmonic components occur more closely to the
fundamental frequency, than the second order harmonics [13]. For CATV appli-
cations IMD products are analyzed within the 8 MHz span of the video carrier. We
have chosen two video carriers 815.25 and 823.25 MHz (CH 64 and CH 65) and
the input and output spectrum are plotted in Fig. 5a, b. It has been observed that the

Fig. 5 a Spectrum of two tone input signal at f1 = 815.25 MHz and f2 = 823.25 MHz b spectrum
of optical power and c variation of IMD3 with bias current
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output has additional frequency components compared to the input. The variation of
IMD3 with bias current in shown in Fig. 5c.

From this analysis, it has been found that the third order intermodulation
component occurs more closely to the fundamental tone within 8 MHz span of the
video carrier. The other intermodulated components closer to the fundamental tone
are fifth and seventh order components. It also found that the IMD3 components
have large magnitude than other IMD products. The IMD3 for different input bias
currents has been calculated to study the effect of input bias current. The IMD3
products are found to decrease for increasing input bias currents and a minimum of
−33.61 dBc is predicted for a bias current of 10 mA.

4 Conclusion

The DC and AC characteristics of transistor laser are analyzed by numerically
solving rate equations. It has been found that the bandwidth increases for increasing
the input bias current and a maximum bandwidth of 40 GHz is predicted. The
second harmonic distortion and third order intermodulation distortion are analyzed
for different base currents. The distortion of TL decreases with increasing the input
bias currents. A minimum 2HD of −20.76 dBc and IMD3 of −33.61 dBc are
predicted in our analysis for the bias current of 10 mA.
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