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ABSTRACT In this paper, a novel intelligent modeling method for transfer function control of DBR
semiconductor lasers at near-working point is proposed, which is based on the quantum particle swarm
optimization (QPSO) algorithm. This modeling method effectively solves the difficulty of application in the
traditional laser theory and equivalent circuit models in practical engineering. First, we analyze the input
and output characteristics of DBR semiconductor laser at near-working point, where the laser system can be
equivalent to a transfer function model including two main modules: the laser power control module and the
laser wavelength control module, and determine the structure of this equivalent model based on the analysis
results. Then, we use the QPSO intelligent algorithm to identify the model parameters and finally obtain the
equivalent transfer functionmodel that can be easily applied to practical engineering. The standard deviations
of the steady-state errors of these twomodules are 3.4×10−3 and 1.2×10−5, respectively. Experiments verify
the effectiveness and convenience of the proposed (intelligent modeling) method, which can be used for
on-line modeling of the DBR semiconductor laser at near-working point.

INDEX TERMS DBR semiconductor laser, transfer function control, laser power control module, laser
wavelength control module, intelligent modeling.

I. INTRODUCTION
With the development of quantum information science and
technology, a series of high precision quantum measure-
ment instruments have been developed, such as atomic
gyroscopes [1], [2], atomic magnetometers [3], [4], atomic
clocks [5], [6] and atomic gravimeters [7], [8]. Quantum
measurement instruments have the advantages of ultra-high
measurement accuracy, which is an important research direc-
tion in the field of information and instrument science in the
new century [9]–[11]. Most quantum measurement instru-
ments use lasers to manipulate the quantum (atoms/photons/

The associate editor coordinating the review of this manuscript and

approving it for publication was Guijun Li .

electronics) for physical measurements, because of which
high-performance laser is essential.

With the characteristic of miniaturization, semiconduc-
tor lasers can be widely used in future miniature quantum
precision measurement sensors. Distributed Bragg reflec-
tor (DBR) semiconductor laser has narrow linewidth, allows
for smooth, wide range wavelength tuning and less sensitive
to ambient air temperature. Its performance is important to
atomic inertial measurement. In order to make the DBR laser
system work in an ideal state at the working point, transfer
function control (TFC)method is needed. However, due to the
complexity of the device structure of semiconductor laser and
the complicated physical process of the interaction between
photons and electrons, it is difficult to establish a proper and
complete dual-input dual-output control system model that
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meets the requirement of quantum precision measurement.
In this situation, a proper and accurate modeling method is
necessary for the application of TFC method.

So far, the classical model of semiconductor laser is the
equivalent circuit model [12]–[18], which is composed of
two parts: the intrinsic part and the parasitic network part.
In the equivalent circuit model, the intrinsic part reflects the
optical-electrical characteristics of the semiconductor laser,
while the parasitic network part has no business interfering
with it [18] and thus will not be investigated in this paper.
On one hand, the intrinsic part cannot be measured by using
external measurements, but can only be modeled by solving
the rate equation which is applicable to the semiconductor
laser. However, the rate equation cannot fully reflect all the
control characteristics of the semiconductor laser, because its
solution conditions are based on some ideal approximations,
where the influence of temperature on the laser output is not
described [18]. Besides, the rate equation is obtained based on
the single-mode operation whose working current is bigger
than the threshold current, where the influence of the input
on the output wavelength is ignored. On the other hand, there
are mainly two categories of the equivalent circuit model:
the large signal model [17] and the small signal model [19],
which basically focus on reflecting the impedance charac-
teristics and modulation characteristics of the semiconductor
laser, respectively. However, neither the large signal model
nor the small signal model reflects the temperature influence
on the laser output. In addition, the small signal model even
ignores the impedance of the intrinsic part, such that the
optical characteristics (including the wavelength and power
characteristics) of laser output are also ignored [19], [20].

In order to overcome the incompleteness of the traditional
equivalent circuit model that ignores the temperature influ-
ence and the optical characteristics of the semiconductor
laser, this paper proposes an intelligent modeling method
for TFC of the DBR semiconductor laser. In view of the
complexity of the interaction between photons and electrons,
as well as the nonlinear time-varying relationship between the
laser input and the laser output, we first linearize the system
model at near-working point, so that a general model frame-
work for TFC is constructed through the classical modeling
method [21]–[24]. This general framework is composed of
two main modules: the laser power control module and the
laser wavelength control module, whose model parameters
are unidentified. Then, the model parameters are identified
by using the quantum particle swarm optimization (QPSO)
method, which is a new particle swarm optimization method
proposed by Sun Jun et al. from the perspective of quantum
mechanics [25], [26]. This algorithm has been widely applied
in the model parameter identification, whose main advantage
is the excellent ability of global optimization that other intel-
ligent algorithms cannot match [27]–[29]. Because of this,
the QPSO algorithm is feasible to TFC of DBR semicon-
ductor laser, since the parameter identification for the laser
model is actually a global optimization problem [30], [31].
The proposed intelligent modeling method effectively

FIGURE 1. TOSA package DBR semiconductor laser. Here DBR LD:
Distributed Bragg reflector semiconductor laser diode, NTC: Negative
temperature coefficient thermistor, TEC: Thermo electric cooler.

overcomes the lack of the temperature item and the optical
output items in the traditional equivalent circuit model, which
is therefore more feasible and accurate for TFC of the DBR
semiconductor laser.

II. METHODS
A. INTELLIGENT MODELING OF TRANSFER FUNCTION
CONTROL MODEL FOR DBR NEAR THE WORKING POINT
DBR semiconductor laser has the characteristics of high pho-
toelectric conversion efficiency, strongwavelength and power
tuning ability and high reliability. Its performance is very
important to atomic inertial measurement. The transmitter
optical sub-assembly (TOSA) package DBR semiconductor
laser has the characteristics of compact structure and high
power (shown as FIGURE 1). In this paper, the TOSA pack-
age DBR semiconductor laser applied to the inertial mea-
surement device is modeled. However, the small dimension
of TOSA package increases the heat density generated in the
DBR semiconductor laser, DBR semiconductor laser is sensi-
tive to temperature. Therefore, a semiconductor laser control
model including the influence of temperature is necessary,
and this model should be able to fully reflect all the control
characteristics of the semiconductor laser. Semiconductor
laser control model is a nonlinear time-varying system, so it
is not easy to establish a TFC model of DBR semiconductor
laser that is applicable to atomic inertial measurement. The
commonly used method in industrial control is to divide
the operating range of the object into several independent
working points, and express the dynamic characteristics of
the object with transfer function near the working point [32].
The transfer function model is basically composed of the
inertia part, the delay part, the integral part and the positive
zero point part, as follows:

The stable process object:

Gspo(s) =
k(1− as)
(Ts+ 1)n

e−τ s, (1)

77
and the non-self-balancing object:

Gnsbo(s) =
k(1− as)
s(Ts+ 1)n

e−τ s, (2)

In the equation, n is the structural parameter, k , a, T and τ
are the process parameters of the object. Their values depend
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on the pecific system. In this paper, we first use the system
identification toolbox in Matlab to fit the input and output
data to obtain the initial parameters of the transfer function
model of the laser. Then,the negative and positive absolute
values of these initial parameters multiplying with a constant
number a (a ∈ [1, 10]), are taken as the lower bound and
upper bound of the value ranges of the corresponding param-
eters, respectively. For example, initial value of parameter k
is ko, the value range is [−a ∗ |k0| ,+a ∗ |ko|].
When the DBR semiconductor laser is modeled near the

working point, we choose the above twomodes as the alterna-
tive models. The control objective of the self-developed semi-
conductor laser system is to make the output wavelength and
power of the laser stable by adjusting the input current and
the input temperature of the semiconductor laser reasonably,
so that the requirement to control the laser source in quantum
instrument can be met. The most important content of the
system is to obtain the relationship between laser frequency,
power and its influencing factors, i.e. laser input current and
temperature.

According to the above analysis, the semiconductor laser
can be regarded as a dual input and dual output system.
In the actual operation of semiconductor lasers, under the
control of input current and temperature, the output wave-
length and power of semiconductor laser are seriously cou-
pled. At present, only one of them can be guaranteed to be
stable in the closed-loop control of semiconductor lasers.
When the wavelength is stable, the stability of semiconductor
laser power is difficult to ensure. After the quantum instru-
ment operates the light source stabilized on the saturated
absorption lines of potassium atom, the power is attenuated to
a certain stable value through a noise attenuator. The control
system of this method is complex and a certain optical power
will be lost. Therefore, a multi-input and multi-output system
model is urgently needed to meet the control requirements.

The multi-input and multi-output model of DBR semicon-
ductor laser is established as follows:[

C
T

]
= G (s)

[
P
W

]
, (3)

In the equation 3, C is the laser input current, T is the
laser temperature, P is the laser output power and W is
the laser output wavelength. G(s) is a 2×2 transfer function
matrix which represent the coupling relationship between
laser wavelength and power.

It can be seen from the equation (3) that the laser is a
dual-input and dual-output system. According to its output
characteristics, it is divided into two dual-input and single-
output systems for modeling as shown in the figure below.
Then each dual-input-single-output system can be considered
as a superposition of two single-input-single-output (SISO)
systems. For each SISO system, we can obtain the data
reflecting the causal relationship between input and output
according to identification test or experiment, and data pro-
cessing is necessary to facilitate system identification.We can
select a suitable model from the above model set, which

FIGURE 2. The near-working point TFC model of DBR semiconductor laser.

usually meets the principle of error minimization. In this
paper, a quantum particle swarm optimization (QPSO) based
modeling method is used to minimize the output of fitness
function.

B. TFC MODEL RECOGNITION METHOD FOR LASER NEAR
THE WORKING POINT
When the model set is determined as above and the input and
output data are obtained, the TFC modeling of the laser near
the working point is actually a problem of system identifica-
tion. In the transfer function control model (equation 1 and
equation 2) used in this paper, n is structural parameters and
is identified by ergodic method. K , a, t and τ are process
parameters identified by quantum particle swarm optimiza-
tion algorithm. QPSO is an efficient quantum particle swarm
optimization algorithm with the advantages of easy imple-
mentation, fast convergence and few parameters.

QPSO assumes that each particle has quantum behavior
and describes the state of the particle by two wave functions.
The square of the wave function represents the probability
density of the particle appearing in space. The particle posi-
tion is obtained by two steps. First, obtaining the probable
distribution function of the particle position by solving the
steady-state Schrodinger equation. Then, the position equa-
tion is obtained by Monte Carlo stochastic simulation. It can
be seen that the QPSO algorithm cancels the orientation
property of the particle, and the position of the particle has
nothing to do with the previous movement, which increases
the randomness of the particle position. Therefore, QPSO has
better global search ability than PSO.

In order to make the model close to the actual system,
the squared sum of differences between the model output and
the actual output is chosen as the objective function in this
paper as follow:

Yobject (x) =
N∑
i=1

(x mod el(i)−xactual(i))2, (4)

In the equation, Yobject is the objective function, x mod el is
model output, xact is actual output, N is the number of data
points.
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QPSO is different from PSO in updating the position of
particles. The updating steps of QPSO are as follows:

Step 1: Calculate the best position of the average particle
history mbest:

mbest(t) =
1
N

N∑
i=1

pbesti(t)

= (
1
N

N∑
i=1

pbesti,1(t),
1
N

N∑
i=1

pbesti,2(t), · · ·
1
N

×

N∑
i=1

pbesti,M (t)), (5)

In the equation, N is the size of the particle swarm and M
is the characteristic particle dimension.

Step 2: Update particle position:

Xi,j(t + 1) = pi,j(t)± α ∗
∣∣mbestj(t)− Xi,j(t)∣∣ ∗ ln( 1

uji(t)
),

(6)

pi,j= ϕj(t) ∗ pbesti,j(t)+
[
1−ϕj(t)

]
∗ gbestj(t), (7)

α = 0.5+
(1− 0.5)Tmax − t

Tmax
, (8)

In the equation, ϕi, uij ∈ U (0, 1), mbest is historically
optimal location of average particles. After t times iteration,
pbesti,j(t) is j-dimensional coordinate value at the current
optimumposition of particle i, gbesti(t) is j-dimensional coor-
dinate value of global optimum position. α is a contraction-
expansion coefficient, usually fixed or decreasing in a certain
range.

III. EXPERIMENT
The identification process of TFC model of DBR laser near
the working point is shown in the following FIGURE 3.
Firstly, the laser is operated at the working point for a
period of time (2 hours) to achieve a stable state. Then,
excitation signals are added to the laser, and the voltage
signals corresponding to the input and output signals of the
laser are collected synchronously. After pretreatment, we use
the processed data to model the transfer function of DBR
laser, optimize the parameters of the model through QPSO
algorithm, and finally obtain the TFC model to meet the
demand.

A. DATA ACQUISITION AND PREPROCESSING
Since the light sources used in quantum instruments usually
work at the resonance frequencies of the controlled atoms.
In this paper, the input of the laser for saturated absorption
frequency stabilization is selected as the input of the working
point. It should be noted that the input excitation signal at
the working point should induce obvious output response of
the laser as far as possible, but it should not be too large
which will cause mode adjustment of the laser. The working
point selected in this paper corresponds to a temperature
of 25.7◦C and a current of 79 mA. The excitation input

FIGURE 3. Schematic diagram of identification process for the TFC model
at near-working point.

FIGURE 4. Contrast diagram of the wavelength data of laser output
before and after the secondary sampling.

is about 5 mA and the excitation temperature is 0.35◦C.
In this paper, the artificial periodic excitation signal is used
to add the excitation signal in a period of about 5 minutes.
Because of the homemade laser controller, the time of current
regulation is much shorter than that of temperature control.
In order to reduce the interaction between current excitation
and temperature excitation as much as possible, the sequence
of excitation signals is as follows: We first add current excita-
tion, and then add temperature excitation after a minute. Four
minutes later, the excitation current is removed, and another
one minute later, the temperature excitation is removed. This
completes a set of data acquisition. In order to ensure the
accuracy of the model, we collected a number of groups
of data. The wavelength meter used in the experiment is
WS7, the sampling period changes with time when collecting
data (show as FIGURE 4a), so it needs to be processed
and synchronized with other data. The maximum interval
between the recorded data of the wavelength meter is about
100 ms. The synchronization of modeling data determines
the accuracy and reliability of the model, we developed a
new data processing method that can deal with time varying
sampling periods by re-sampling. In order to fix the sampling
frequency and reproduce the original data, we use a period
of 330 ms to re-sample the wavelength data. The specific
process is as follows:
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1. Determine the time axis: Determine the total sampling
time of the wavelength data, and interpolate it with a period
of 330ms to obtain a new time axis.

2. Obtain the data corresponding to the corresponding time
points of the new time axis: Search the data points in the
time data corresponding to the new time axis, and select the
data closest to the time as the data corresponding to the cor-
responding time points of the new time axis. The processed
modeling data is shown in FIGURE 4b.

The zero of the unprocessed identification data is arbitrary
or zero-crossing. In order to facilitate pattern recognition, the
data need to be processed as follows:

u∗(k) = u(k)−
1
N

N∑
i=1

u(i)

y∗(k) = y(k)−
1
N

N∑
i=1

y(i),

(9)

N is the number of data points in the equation, u(k) is input
data, y(k) is output data.

FIGURE 5. Data processed for model parameter identification.

FIGURE 6. The power and wavelength responses of the laser to the input:
(a) Power response (b) Wavelength response.

FIGURE 5 shows that the laser output has a significant
linear correlation with the current and the temperature of laser
input at near-working point. This provides an experimental
basis for the decomposition of the multi-input multi-output
DBR semiconductor laser TFC model into two main mod-
ules: the laser power control module and the laser wavelength
control module. FIGURE 6(a) illustrates that the power
response is approximately linearly correlated with the current
and the temperature of laser input, and there is no cross or
nonlinear coupling between the power response to the input
current and the power response to the input temperature.
FIGURE 6(b) shows that the wavelength response is also
approximately linearly correlated with the current and the

TABLE 1. The laser near-working point TFC model.

temperature of laser input, but there certainly exists a cross
coupling between the wavelength responses to the current and
the temperature of laser input.

B. INTELLIGENT IDENTIFICATION OF THE TFC MODEL
AND MODEL TEST
According to the above analysis, n is a structural parameter
in the alternative model. In this paper, ergodic method is
used. Because in practical application, most of the systems
can be represented by first-order or second-order systems.
So n ∈ [1− 3]. k , a, t , τ which belong to process parameters,
are identified by quantum particle swarm optimization algo-
rithm. At first, we select a set of data with large initial parame-
ter intervals for system identification. Generally, the result of
QPSO identification is unsatisfactory. If the result of QPSO
identification does not meet the requirement, it is necessary to
modify the interval of identification parameters which have
reached the upper or lower limit several times until a set of
acceptable parameters is obtained. The TFC model obtained
by simulation optimization is as Table1, and the identification
results are as FIGURE 7 and FIGURE 8.

FIGURE 7. The output of the identified power model and the actual
power output at near-working point.

FIGURE 8. The output of the identified wavelength model and the actual
wavelength output at near-working point.

As for the laser power control module, FIGURE 6 illus-
trates the output of the identified power model and the actual
power output at near-working point. When the transition
period caused by abrupt temperature change ends, where the
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difference between the output of the identified power model
and the actual power output is observable, the laser system
enters the steady state, where the two outputs coincide with
each other well. Besides, the output of the identified power
TFC model coincides well with the actual power output at
both the steady state period and the transition period caused
by abrupt current change. For both the temperature and cur-
rent responses, the error standard deviation (ESD) of the
TFC model output corresponding to the laser power control
module is 0.061.

For the laser wavelength control module, the output of
the identified wavelength model shows similar pattern when
temperature changes abruptly as show in FIGURE 7. When
the transition period caused by abrupt temperature change
ends and the laser system enters the steady state, the out-
put of the identified wavelength TFC model coincides well
with the actual wavelength output. Besides, the output of the
identified wavelength TFC model coincides well with the
actual wavelength output at both the steady state period and
the transition period caused by abrupt current change. For
both the temperature and current responses, the error standard
deviation (ESD) of the wavelength TFC model output cor-
responding to the laser power control module is 0.001. The
model to verify whether the identified transfer function can
correctly characterize the input and output characteristics of
DBR laser is validated as below.

IV. MODEL VALIDATION
Five sets of test data are used to verify the feasibility and
effectiveness of the model. FIGURE 9 shows the output error
result of the laser power control module of the DBR laser
near the working point. It can be seen in the figure that
the ESD of the identified power model of the fifth group
of test data is at least 0.0607. The average ESD of the
identified power model output of the five groups of data
is 0.0659; And the fourth group of test data obtained the
minimum ESD of the identified power model steady-state
output (0.0027), which means the steady-state output error is
42.3 times smaller. The average steady-state output ESD of
the laser power control module is 0.0034. FIGURE 10 shows
error result of the laser wavelength control module of the
DBR laser near the working point. The second set of test
data has the lowest the ESD of the identified wavelength
model output (6.3728×10−4) and the third set of data has the
lowest ESD of the identified wavelength model steady-state
output (1.1552×10−5). The mean of the above two ESD of
the identified wavelength model is 0.0011 and 1.2807×10−5

respectively, which are 87 times different from each other.
It can be seen from the above analysis results that the
ESD of the identified model output is not as good as the
ESD of the identified model steady-state output .This may
be due to the fact that the actual laser input temperature
control system is not ideal and the temperature modulation
cannot be completed instantaneously. However, in practical
applica-tion, the steady-state response of the model is mainly
concerned.

FIGURE 9. Error standard deviation results of power TFC model at
near-working point.

FIGURE 10. Error standard deviation results of wavelength TFC model at
near-working point.

In conclusion, the proposed model can well simulate the
steady state response of the laser near the working point,
while the transient response of the laser near the working
point is slightly worse. By comparing the output of the
model with the actual output of the laser, it can be seen
that the identification result is ideal, the output curve of
the model fits well with the output curve of the actual
process. The two-input-two-output TFC model obtained by
multi-variable system identification can better characterize
the actual dynamic characteristics of the DBR laser near the
working point. Briefly, the identified model is effective and
feasible.

V. CONCLUSION
In this paper, we analyzed the input-output characteristics of
a self-developed DBR laser at near-working point, where the
laser system can be equivalent to a TFC model including
two main modules: the laser power control module and the
laser wavelength control module. These two modules fully
reflect all the control characteristics of the laser system at
near-working point. To satisfy the prerequisite of the model
identification for transfer function control, we developed a
new data processing method that can deal with time vary-
ing sampling periods, which is applied in the process of
identification data preprocessing. Then, the model param-
eters are identified by using the QPSO algorithm, and the
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near-working point TFC model of the DBR laser with home-
made controller is obtained. Experiments illustrated that this
model can fully reflect the control characteristics of the DBR
laser at near-working point.

The contributions of our modeling method are that: it can
provide the mathematical basis and the simulation model to
optimize the subsequently developed laser controllers; it can
be applied for the wavelength-power decoupling control of
the self-developed DBR laser systems; it is simple, effec-
tive and easy apply to the semiconductor laser systems; it
can be used for online modeling and optimization of the
near-working point transfer function control of DBR laser
systems, such that the laser output’s power and wavelength
can be more stable. By extension, this modeling method can
also provide a reference for the TFC modeling of other types
of lasers at near-working point.
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