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Information encoding using two-level generation in a quantum dot laser
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We propose an approach for encoding and transmitting information based on the use of a quantum dot laser,

which, depending on the injection current, emits either one of two or simultaneously two spectral components,

with different wavelengths. When the laser is modulated by current, each lasing line is detected by an independent

photodiode, and thus the information is encoded by both the intensity of each line and its wavelength.
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”
Two-level intensity modulation with direct detection“ is

currently the most widespread format of modulation for data

transmission. In a simple binary scheme, two signals (e.g.,
two levels of laser radiation intensity) are used to encode

”
1“

and
”
0.“Thus, the rate of bit transmission equals the signal

transmission rate. However, further improvement of the

bandwidth rate with this modulation pattern is impeded by

the speed performance of lasers. For example, the current

level of frequencies of efficient modulation for vertical-cavity

surface-emitting lasers (VCSELs) is ∼ 30GHz, which is

close to the limit [1,2]. Multilevel modulation [3] with

more than two signal levels used for encoding was proposed

in order to enhance further the information capacity of

optical channels with a single transmitter. Each signal

corresponds to multiple bits of data. For example, groups

of two data bits (
”
00“,

”
01“,

”
10“ and

”
11“) in a four-

level scheme may be represented by four levels of laser

radiation intensity (0, 1, 2, and 3). Thus, a distinct optical

signal level corresponds to each pair of data bits, and the

bit transmission rate is two times higher than the signal

transmission rate. In other words, the data transmission rate

increases not due to the growth of the signal transmission

rate in a channel, but due to the fact that each signal carries

a greater amount of information. However, the difference

in intensities of optical signals in this scheme naturally

becomes smaller than in the two-level one, contributing to

noise and raising the probability of errors. This problem

could be solved by increasing the output laser power (e.g.,
by a factor of 3, which is the one required for the four-

level scheme). However, the proposed solution has several

evident drawbacks: laser overheating, efficiency reduction,

growth of the energy consumption, and loss of service

life.

In the present study, we propose a new encoding

scheme that combines the advantages of multilevel signal

transmission and wavelength-division multiplexing by means

of two-state lasing in quantum dot (QD) lasers.

An example of evolution of lasing spectra of a mul-

timode laser, which has an active region based on

InAs/InGaAs/GaAs QDs, with increasing injection current

is presented in Fig. 1. It should be noted that the processes

of switching of lasing from the ground state to the excited

one proceed in the same manner for multimode and single-

mode lasers used for data transmission. At a low pumping

level, lasing is initiated at the ground state (GS) in the

wavelength range of 1.25−1.3 µm. As the current increases

further, a new line associated with the first excited state

(ES) of QDs emerges in the lasing spectrum. This line

is typically shifted by 60−80 nm toward shorter waves

relative to the GS line. The phenomenon of two-level

lasing in InAs/InGaAs/GaAs semiconductor QD lasers has

been examined experimentally and theoretically [4–7]. The
physical basis for two-level lasing in QD lasers is that

relaxation of electrons from the excited state to the ground

one is a relatively slow process. When the pumping intensity

grows, the stimulated recombination time may become

comparable to the relaxation time. The excited state then

gets filled with carriers, its gain increases and eventually

reaches the threshold value. As the current grows further,

the GS lasing line intensity in QDs decreases down to

complete quenching (Fig. 1). This effect was attributed to

a lower rate of hole capture in QDs (compared to the rate

of electron capture) and to specific features of the band

structure of InAs/InGaAs/GaAs QDs, where hole levels are

positioned closely in the valence band [7]. It should be

noted that ES lasing may also be observed in quantum well

lasers, but the required injection currents are very high [8].
In contrast, the ground state in QD lasers quickly becomes

saturated due to low levels of the density of states and GS

gain, and ES lasing is achieved at relatively low current

densities.
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Figure 1. a — Lasing spectra in the pulsed mode at different

pumping currents for a laser with ten InAs/InGaAs/GaAs QD

layers; b — dependences of power of spectral components

corresponding to the ground and the first excited states on the

pumping current. The strip width is 10µm, and the cavity length

is 0.8mm.
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Figure 2. a — Schematic diagram of the proposed information encoding principle relying on two-level lasing in QD lasers; b — possible

implementation of the optical circuit for multilevel encoding.

The proposed information encoding method relying on

two-level lasing in QDs is illustrated in Fig. 2. Both the

intensity and the wavelength of laser radiation are utilized

in this method. A laser is modulated by four levels of

the injection current, each of which corresponds to its own

lasing spectrum. A pair of bits (0,0) corresponds to a

pumping current slightly above the QD GS lasing threshold.

The intensity of GS emission is low at this current (as in

standard NRZ encoding). A pair of bits (0,1) corresponds to
an injection current at which the GS lasing intensity reaches

its maximum right before the onset of ES lasing. A pair of

bits (1,1) is assumed to be represented by a current at which

the ground- and excite-state intensities are approximately

equal, and bits (1,0) are encoded by lasing through the

excited state only. The output radiation is introduced into

an optical fiber and is routed by a Y -shaped splitter to two

photodiodes (Fig. 2, b). Optical filters transmitting QD GS

(λ ∼ 1.25−1.3µm) and ES (λ ∼ 1.18−1.23 µm) emission

are mounted in front of the first and the second photodiode,

respectively. A demultiplexer may be used instead of a Y -
shaped splitter and filters. Since information is encoded by

both intensity and wavelength, the detected signals are, in

a sense, independent of each other. In contrast, the signal

corresponding to
”
1“ for level m in common multilevel NRZ

encoding acts as
”
0“ for level (m + 1), and this inevitably

leads to cross-talk interference. Therefore, we expect the

noise and the bit error rate in the proposed multilevel

scheme to be reduced considerably compared to the ones

in common multilevel encoding schemes.

It is important to emphasize that the speed performance

of QD lasers is sufficient for commercial data transmission

systems. For example, InAs/InGaAs/GaAs QD lasers with a

GS lasing wavelength of 1.3 µm provided a data transmission

rate of 25Gbit/s with the common two-level intensity

modulation scheme [9]. It was demonstrated [10] that the
modulation frequency for ES lasing is higher than the one

for GS lasing. This was attributed to a higher saturated

gain and a shorter time of carrier injection to the excited

state. It was found in [11] that the process of switching of
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lasing in InAs/GaAs QD lasers from the ground state to the

excited one and back under the influence of short external

optical pumping pulses is very fast. The characteristic ES–
GS lasing switching time is 300 ps. The fall time of GS lasing

intensity measured after a pumping pulse was cut off was

700 ps. This fast dynamics of GS–ES lasing switching should

help achieve high data transmission rates in the proposed

encoding scheme.

Thus, a new data transmission method with information

encoding by both the intensity and the wavelength of

radiation of one and the same quantum dot laser with

current modulation was proposed. It is evident that the

current inducing two-level lasing needs to be lowered for

this method to become practically viable. This may be

achieved by increasing radiation outcoupling losses and/or

suppressing the optical gain by, e.g., reducing the number of

QDs in the active region. The proposed combined method

of encoding with intensity and wavelength may be imple-

mented using any lasers emitting at several wavelengths

with reproducible and controllable (by current modulation

of the emission spectrum) switching between them. This

principle is scalable to a greater number of radiation

intensity levels at each of the two (or more) wavelengths.
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