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Harmonic Content and Relaxation Resonant
Frequency of a Modulated Laser Diode

H. Zandi1, M. Bavafa1, M.R. Chamanzar1 and S. Khorasani1;�

Abstract. In this paper, an analysis of the harmonic contents of the optical output power for an
in-plane single mode laser diode is performed, and the results are described in detail. In the �rst step, the
absolute value of power for each harmonic is obtained in terms of various laser diode parameters, and the
variations of external parameters, such as modulation current, bias current and frequency, are discussed.
The analysis is done by direct solution of the rate equations of an arbitrary laser diode for carrier and
photon densities. It is known that the optical power has a nonlinear dependence on frequency, and the
maximum optical power of each harmonic is attained in its resonance frequency. The resonant frequency is
shown to be tunable by the bias current; thus we obtain exact expressions for the output power of various
harmonics, allowing better optimization to gain improved results. We extend the approach to higher
harmonics, and numerically calculate the Total Harmonic Distortion (THD) versus major parameters,
such as frequency, bias current and modulation current. Furthermore, we �nd optimal operation points
in which the desired characteristics of the laser diode can be achieved. It is also possible for the sequence
for every arbitrary single-mode laser structure to be developed by the approach presented in this work.
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INTRODUCTION

The rate equations of a semiconductor laser diode [1]
present nonlinear distortions to the output optical
power versus input current. This fact can be of
importance in the transmission of data in the form
of amplitude modulation, and can limit the available
bandwidth for large-signal modulation ratios.

For the �rst time, optical modulation has been
used by Lance et al. [2] to determine the intrinsic
frequency response of a laser diode. The analysis of
nonlinear distortions from a directly current-modulated
AlGaAs laser diode under microwave intensity modu-
lation has been done by Way [3]. He simulated second
harmonics, two-tone third-order intermodulation, mul-
ticarrier intermodulation and intermodulation, due to
two arbitrarily separated tones, which were noted to
match well with corresponding measured results. Lin
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et al. [4] performed a measurement and modeling of
harmonic distortion in InGaAsP distributed feedback
lasers, and noticed that at low modulation frequencies
(� 50 MHz), the second harmonic distortion exhibits a
minimum at a certain bias current, while the minimum
was not observed at higher modulation frequencies (�
1 GHz). Biswas et al. [5] analyzed the nonlinear optical
response of a laser diode using the Voltera series, and
developed nonlinear models for the transfer functions of
second-harmonic, third-harmonic and two-tone third-
order intermodulation distortions.

Morthier et al. [6] reported the numerical cal-
culations of the second-order harmonic distortion in
the amplitude modulation-response of Fabry-Perot and
distributed feedback lasers, and studied the inuence of
several nonlinearities, such as longitudinal spatial hole
burning, gain suppression and relaxation oscillations.
They showed that the distortion at a certain frequency
exhibits a minimum, as a result of the combination
of spatial hole burning and relaxation oscillation con-
tributions. Westbrook [7] successfully employed the
harmonic balance method, for the �rst time, to a
semiconductor laser ampli�er, and derived the residual
e�ect of facet reectivity on the electrical feed forward



146 H. Zandi, M. Bavafa, M.R. Chamanzar and S. Khorasani

linearization. In another report [8], Morthier found
that the dependence of absorption on the carrier
density might play a prominent role in the second-
order distortion in the AM-response. Furthermore, he
noticed the e�ect to be pronounced at high output
powers. Frommer et al. [9] demonstrated a method
for the modulation of semiconductor lasers, based on
modulation of the optical con�nement factor.

Yu et al. [10] developed a rate-equation model
by which they were able to analyze the steady state
and dynamic behavior of index guided vertical-cavity
surface-emitting lasers. They studied the inuence of
size e�ects on the amplitude modulation response and
second-order harmonic distortion, and found that a
laser with a small core radius would exhibit a better
modulation response and less harmonic distortion than
that of a large waveguide device. However, there was
a tradeo� between the output power and modulation
e�ciency of the lasers. Cartledge and Srinivasan [11]
developed a technique for readily extracting values
of the rate equation parameters, using measurements
of the threshold current, optical power, resonance
frequency and the damping factor for a bias current
well above the threshold current. Salgado et al. [12]
employed a nonlinear analysis to the intermodulation
distortion of semiconductor lasers, and could show
that the intrinsic parameters of the laser diodes could
be recovered from experimental measurements of the
intermodulation distortion. Sharaiha [13,14] applied
a harmonic balance approach based on a perturbation
method to study the nonlinear response of semiconduc-
tor optical ampli�ers to the third order.

A technique for the extraction of laser rate equa-
tion parameters to be used in the simulation of high-
speed optical telecommunication systems is presented
by Andr�e et al. [15]. They claimed that their simulation
using the extracted parameters is valid even for large
current modulation and soliton pulses. Chen et al. [16]
studied third-order intermodulation nonlinearity, and
showed the possible cancellation of various nonlinear
e�ects by choosing an appropriate distributed-feedback
structure and facet conditions. Morthier et al. [17]
investigated the occurrence of a second resonance fre-
quency in distributed Bragg reector laser diodes and
the resulting high modulation bandwidth. They also
theoretically studied the possibilities of large-signal
digital modulation and the inuence of di�erent laser
parameters.

Yildirim et al. [18] discussed the e�ect of feedback
on the harmonic distortion of a single-mode laser
diode. Ghoniemy et al. [19] introduced a comprehen-
sive model for semiconductor laser characteristics, such
as relaxation-oscillation peak frequency, modulation
bandwidth, and evaluated their model under di�erent
conditions.

To the best of our knowledge, no one has con-

sidered the problem of harmonic content in the op-
tical frequency response of a laser diode, from an
optimization point of view. We have recently revis-
ited [20,21] and obtained expressions for the harmonic
distortions introduced into the output of a directly
current-modulated laser diode. Here, we extend this
approach and present a full nonlinear analysis of the
rate equations of a directly current-modulated laser
diode subject to a sinusoidal input current. The
distribution of input power among harmonics is fully
described. We also study the THD with respect to
the power of the �rst harmonic, and show that the
maxima of output power coincide with the maxima of
THD. This would suggest a trade-o� between distortion
and modulation e�ciency, quite in agreement with
the work of Yu et al. [10]. The absolute maximum
is shown to appear as the �rst harmonic resonant
frequency due to the Lorentzian characteristic of the
output power. The poles of harmonic powers and
their dependence on the bias current are completely
analyzed. Because of the square root dependence of the
resonant frequency to the current, the bias current can
be adjusted to obtain the desired relaxation resonance
frequency. Furthermore, we calculate and rigorously
show that there is an optimal operation point to obtain
the maximum primary harmonic power.

In the theoretical formulations, we simulate a
typical in-plane (edge-emitting) semiconductor hetero-
structure laser with realistic parameters deduced from
experimental measurements [1]. We ignore the e�ect
of mode competition, with the understanding that the
diode laser under consideration is supposed to be single
mode. Furthermore, the e�ect of gain compression
has been neglected for simplicity; that is known to
be partly due to spatial hole burning. Whereas this
phenomenon plays an important role in Vertical-Cavity
Surface Emitting Lasers (VCSELs) [22], it is usually
negligible for in-plane lasers. We also disregard the
e�ect of thermal variations in cavity which can be
justi�ed if the typical time-scale of electrical excitations
is shorter than 1 �s [23,24].

THEORY

Typical Experimental Setup

Figure 1 illustrates the typical standard setup [25,26]
which is widely used for characterization of laser diodes.
We suppose that the laser diode is excited by an AC
current source with amplitude I1 and frequency !,
biased at the constant current I0 by means of a bias-
tee. The modulated laser output is coupled into an
optical �ber and then into a semiconductor PIN diode,
or Avalanche Photo-Diode (APD), biased through a
simple bias network. The detected signal is ampli�ed
and fed into a spectrum analyzer.



Harmonic Distortion of Modulated Laser Diodes 147

Figure 1. Typical experimental setup for measurement of
harmonic distortion in modulation of laser diodes. A
wideband PIN diode or Avalanche Photo Diode (APD) is
used as the detector.

Theoretical Model

As discussed here, the employed physical model can
explain the harmonic contents generated for a signal
packet containing a frequency spectrum. The total
electric current injected into the laser diode is given
by:

I = I0 + I1ej!t: (1)

We let the spatially-averaged photon and electron
densities in the laser cavity be denoted, respectively,
by NP and NE , whose harmonic contents are sought
in this analysis. Expanding NP and NE as a Fourier
series allows us to write:

NE =
1X
n=0

NEne
jn!t; (2)

NP =
1X
n=0

NPne
jn!t; (3)

where NPn and NEn are the corresponding expansion
coe�cients of the photon and electron densities, respec-
tively.

Harmonic Density Contents

The well-known rate equations for an in-plane single
mode laser diode are:

dNE
dt

= �
I
qV
� NE

�e
� Vga(NE �Ntr)NP ;

dNP
dt

= �Vga(NE �Ntr)NP � NP
�p

; (4)

where �i is the e�ciency coe�cient; �e is the carrier
lifetime; a is the di�erential gain; Ntr is the threshold

electron density; � is the cavity con�nement factor; Vg
is the cavity volume; and �p is the photon lifetime.

We start our approach by substituting Equa-
tions 1 to 3 in Equations 4 which results in:

j!
1X
n=1

NEnne
jn!t=�i

I0+I1ej!t

qV
� 1
�e

1X
n=0

NEne
jn!t

� Vga
 1X
n=0

NEne
jn!t �Ntr

! 1X
n=0

NPne
jn!t;

j!
1X
n=1

NPnne
jn!t

= �Vga

 1X
n=0

NEne
jn!t �Ntr

! 1X
n=0

NPne
jn!t

� 1
�P

1X
n=0

NPne
jn!t: (5)

From DC Analysis (n = 0), however, we have:

NE0 =
�i I0qV + VgaNtrNP0

1
�e + VgaNP0

;

1
��P

= Vga(N �Ntr): (6)

The �rst harmonic of the photon density is generated
directly by the �rst harmonic of the current applied to
the laser diode, and we easily obtain:

NE1 =
�i I1qV

j! + 1
�e + VgaNP0

�
1 + 1

j!�p

� ;
NP1 =

�VgaNP0

j!
NE1 : (7)

Higher harmonics are found from recursive equations
which in the general case for an arbitrary integer, k>1,
may be written as:

jk!NEk =� NEk
�e
� Vga

"
(NE0 �Ntr)NPk

+NEkNP0 +
k�1X
n=1

NEnNPk�n

#
;

jk!NPk = �Vga

 
NEkNP0 +

k�1X
n=1

NEnNPk�n

!
: (8)

Hence, the kth harmonic of the photon density may be
calculated, once all the lower harmonics of photon and
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electron densities are known. We de�ne the parameter,
Mk, as the summation given at the right hand side of
Equations 8 which relates the kth harmonic to the lower
ones:

Mk ,
k�1X
n=1

NEnNPk�n : (9)

Therefore, we can �nd the kth harmonics of the photon
and electron densities as:

NEk =
�Vga

�
1 + 1

jk!�p

�
jk! + 1

�e + VgaNP0

�
1 + 1

jk!�p

�Mk;

NPk =
�Vga
jk!

(NP0NEk +Mk): (10)

Harmonic Power Contents

In this section, we calculate the power content of each
harmonic with relatively straightforward substitutions.
To obtain the power contents, we �rst construct the
stored optical energy in the cavity by multiplying the
photon density, NP , by the energy per photon, h�,
and the cavity volume, Vp. Then, we multiply the
product by the energy loss rate through the mirrors to
get the optical power output; the mirror loss rate, �m,
is related to the mirror loss time, �m, as ��1

m = �mVg.
Hence, the optical output power for the kth harmonic
is given by:

Pk = Poutk =
h�Vp
�m

Npk : (11)

By performing a summation on k, we obtain the Total
Output Power:

Pout
��
Total =

X
k

h�Vp
�m

Npk : (12)

Total Harmonic Distortion (THD)

Amplitudes of photon and electron density harmonics,
due to a single frequency excitation, may be succes-
sively calculated from Equations 10. Here, we de�ne a
parameter called the modulation index (denoted here
by f) in contrast to the communication applications of
this area, which satis�es the relation:
I1 = f:I0: (13)

We, furthermore, de�ne the THD as:

THD ,

vuuut 1P
n=2
jPn(j!)j2
jP1(j!)j2 : (14)

This allows us to investigate the harmonic content
versus the modulation index, in order to �nd the
optimum THD. This is discussed in the next sec-
tion.

Relaxation Resonant Frequency

The frequency, !R, at which the amplitude of the power
harmonic content reaches its maximum is called the
Relaxation Resonant Frequency. From Equations 7 the
primary harmonic of the photon density is obtained as:

NP1 =
�VgaNP0

j!
�i I1qV

j! + 1
�e + VgaNP0

�
1 + 1

j!�p

� :
(15)

By simpli�cation and applying Equation 11, we get:

P1(j!)=
h�Vp
�m

0@ �VgaNP0�i
I1
qV

�!2+ j!
�e + VgaNP0

�p (j!�p+1)

1A :
(16)

The cavity con�nement factor, �, is equal to the ratio,
V=Vp; therefore, the above can be written as:

P1(j!)
I1(j!)

=
h�VgaNP0�i 1

�mq

�!2 + j!
�e + VgaNP0

�p (j!�p + 1)
: (17)

By separating the real and imaginary parts of the
denominator of Equation 17, we �nally get:

P1(j!)
I1(j!)

=
h�VgaNP0�i 1

�mq
VgaNP0
�p � !2 + j!

�
1
�e + VgaNP0

� : (18)

This expression clearly has two poles at:

! =�
"

1
�p
VgaNP0 � 1

4

�
1
�e

+ VgaNP0

�2
# 1

2

+ j
1
2

�
1
�e

+ VgaNP0

�
; (19)

which are located in the �rst and second quadrants of
the complex ! plane. We now notice that the real part
of the denominator of Equation 18 becomes zero at the
frequency:

!2 = !2
R =

VgaNP0

�P
; (20)

where !R is called the Relaxation Resonant Frequency.
Since usually 1

�p + VgaNP0 << !R holds, we conclude
that the magnitude of Equation 18 also reaches a
maximum when ! � !R. Hence, the denominator
becomes purely imaginary, and the primary power
harmonic content reaches its resonance mode. We can
apply this approach in �nding the higher harmonic
resonance frequencies as explained below.
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Following the same approach, we �nd the second
harmonic resonant frequency by substituting the sec-
ond index in the rate equations (Equations 8). This
results in:

2j!NE2 =� NE2

�e
� NP2

��P
� VgaNE2NP0

� VgaNE1NP1 ;

2j!NP2 = �VgaNE2NP0 + �VgaNE1NP1 +
NP2

�P

� NP2

�P
: (21)

Rewriting the above equations in matrix form gives:�
2j! ��VgaNP0

1
��P 2j!+ 1

�e +VgaNP0

��
NP2

NE2

�
=
�

�VgNE1NP1�VgaNE1NP1

�
:
(22)

If we want to compute the corresponding resonance
frequencies, we have to �nd the frequency response of
the second harmonic power; here, we must consider
that the poles of P2(j!) are the same poles of NP2 . For
this purpose, we now de�ne the matrix of coe�cients
at the left hand side of Equation 22 as:

A =
�
2j! ��VgaNP0

1
��P 2j! + 1

�e + VgaNP0

�
: (23)

Considering Equation 22, it can be concluded that the
poles of the second harmonic power include the poles
of NE1=I1 and NP1=I1. In fact, the roots of the matrix
equation, jAj = 0, characterize the rest of the poles:

jAj = 2j!
�

2j! +
1
�e

+ VgaNP0

�
+
VgaNP0

�P

= �4!2 +
VgaNp0

�p
+ j2!

�
1
�e

+ VgaNp0

�
= �4!2 + !2

R1
+ j2!

�
1
�e

+ VgaNp0

�
= 0: (24)

Consequently, we have:

P2(j!)=
A1�

1�� !
!R1

�2
+j
�

!
!R1

�h
!R1�P + 1

�e!R1

i�2

� A2

1�� 2!
!R1

�2
+j
�

2!
!R1

� h
!R1�P + 1

�e!R1

i ;
(25)

where:

A1 =
h�VgaNP0�i 1

�mq

!2
R1

;

A2 =
�2Vg�i 1

qVp

!2
R1

!
�
!� j

2

�
1
�e

+!2
R1
�p(1+a)

��
I2
1 :

(26)

Therefore, it can be concluded that the second har-
monic power, P2(j!), has two resonance frequencies:
!R1 and !R2 . We refer to !R2 as the second relaxation
resonance frequency. Furthermore, Equation 25 yields:

!R2 =
1
2
!R1 =

1
2
!R; (27)

in which !R is given in Equation 20. As will be
discussed in the next section, our simulations justify
the above result.

If we continue this approach for higher harmonics,
the rest of the poles similar to the poles of Equation 25
appear for the nth harmonic, in addition to the lower
harmonic poles. This happens because the coe�cient
matrix of the nth harmonics:

A(nj!) =
�
nj! ��VgaNp0

1
��p nj! + 1

�p + VgaNp0

�
; (28)

needs to be inverted and multiplied by the right hand
side of the corresponding set of equations. Hence, the
poles given by the zeros of the determinant:

jA(nj!)j = !2
R1
� (n!)2

+ j(!R1n!)
�
!R1�P +

1
�e!R1

�
; (29)

add up to the poles already generated by lower order
harmonics. This causes the nth resonance frequency to
be simply given by:

!Rn =
1
n
!R1 : (30)

Due to the dominant fundamental pole at !R1 , with
high recurrence in the denominator of the nth harmonic
power, Pn(j!), one has:

Pn(j!)
��
!=!Rn

< Pn(j!)
��
!=!R1

; (31)

which means that each harmonic still has its absolute
maximum at the �rst resonant frequency of the laser
diode.

Optimal Operation Point for Modulation

As discussed earlier, the optimum modulation fre-
quency is the resonant frequency, which is determined
from the bias current. Therefore, the optimal operation
point for modulation where the power of the primary
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harmonic reaches its maximum must lie on the curve
obtained from the following [1]:

!2
R1

=
Vga
qVP

�i(Io � Ith): (32)

Hence, if we apply Relation 32 into Equation 18,
and simplify the result, the peak curve of the �rst
harmonic power will be determined merely by the
modulation frequency (which is already set at the
resonant frequency):

P1(j!)
I1(j!)

= �j h��i
�mq

:
!R1

!2
R1

+ 1
�e�p

: (33)

The above equation is not monotonic with respect to
frequency, and has a maximum value that is determined
by derivation with respect to the modulation frequency.
This maximum value occurs at:

!ROptimum =
1p�e�P ; (34)

which yields the optimum bias current by using Equa-
tion 32 as:

I0Optimum = Ith +
qVP

Vga�i�e�P
: (35)

By increasing the bias current over the threshold, as
shown in the above equation, and using the modulation
frequency given by Equation 34, the optimal operation
point is found.

As a result, the maximum value of the �rst
harmonic power is given by:�

P1(j!)
I1(j!)

�
max

= �j h��i
2�mq

p�e�p : (36)

RESULTS AND DISCUSSION

THD Analysis

Locations of poles in the complex space for the �rst four
harmonic powers of a typical laser diode are shown in
Figure 2. By increasing the bias current, the distance
of poles from the origin increases. The numerical values
of all physical parameters of the laser diode are listed
in Table 1 (taken from [1, pp. 198-199]).

Variations of THD versus the frequency and
modulation current are shown in Figures 3a and 3b,
respectively. As we increase the modulation current,
THD increases rapidly and, even for higher values of
modulation current, it grows faster.

Resonance frequencies are evident in Figure 3b
around which the THD undergoes a local or global
maximum; this con�rms our theoretical predictions.
Counting from the higher frequencies, the �rst peak

Figure 2. Location of poles for the �rst four harmonics
power contents of a laser diode.

Table 1. Parameters used for the in-plane laser [1, pp.
198-199].

Parameter Value

�i 0.8

a 5:34� 10�16 cm�2

Ntr 1:8� 1018 cm�3

Vg 3� 1010 cm/s

� 0.032

�e 2.71 ns

�p 2.77 ps

�m 45.6 cm�1

exactly coincides with the �rst resonant frequency
calculated from the approach (around 2.9 GHz), and
the second peak coincides with second resonant fre-
quency (around 1:46 � 2:9=2 GHz). The rest of
the resonant frequencies also present distortions to
the THD, however, with a much smaller e�ect. For
example, the e�ect of the third resonant frequency
(approximately 0:97 � 2:9=3 GHz) can be seen in
Figure 3b as a very small bend around 1 GHz.

Obviously, harmonic contents greatly vary, with
respect to the modulation current and its frequency.
Generally speaking, higher harmonic contents tend to
increase with modulation current and frequency, but
the variations of second and third harmonics are not
monotonic. In some cases, as shown in Figure 4, the
third harmonic power is higher than that of the second
harmonic.

The variations of the power harmonic content
versus frequency and bias current are also shown
in Figure 5. As explained earlier, the variation of
power harmonic versus frequency is not monotonic; for
instance at ! = 1:6 GHz, the second power harmonic is
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Figure 3. Total Harmonic Distortion (THD); bias
current is 3.31 mA. (a) THD vs. modulation current at
the modulation frequency of 1 GHz; (b) THD vs.
frequency at the modulation current of 33.1 �A.

dominant compared to the other frequencies, but these
power variations appear to be monotonous in the case
of a bias current.

First and Second Harmonic Powers

We have seen that the optical output power of each
harmonic is a function of frequency and the input
current, such as:

Poutk = f(!; I): (37)

Besides, the relationship of optical output power with
frequency and current is in the form of a Lorentzian
function. The �rst resonance frequency itself is also
related to the current by Equation 32, which means
that all resonance frequencies are proportional to the
square root of the bias current given by:

!Rn /
p
Io � Ith: (38)

Figure 4. Power harmonic content versus harmonic index
number for di�erent values of current modulation index.
(a) Modulation frequency is 100 MHz; (b) Modulation
frequency is 1 GHz.

Now, we de�ne � as:

� =
Vga
qVP

�i: (39)

This allows us to summarize the bilateral dependence
of frequency and current in the optical output power
formula as follows:

P1(j!)
I1(j!)

=
�d h�q

1� !2

�2(Io�Ith) + j!�P + j 1
�e�(Io�Ith)

:
(40)

The dependence of P1 related to ! and I0 is obvious
in Equation 40. We obtain a surface by plotting the
optical output power per various bias currents and
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Figure 5. Power harmonic content versus harmonic index
number; (a) E�ect of frequency; (b) E�ect of bias current.

excitation frequencies in Figure 6. The maximum
amplitudes lie on a peak curve given by the resonant
frequency equation:

! = !R1 = �
p
Io � Ith: (41)

This estimation is also in perfect agreement with
numerical calculations. The dependence of !R1 in
terms of bias current is also shown in Figure 6.
As illustrated in Figure 6b, the primary and second
resonance frequency peak curves exactly match with
Equation 27. As discussed earlier, the second harmonic
power on this curve is smaller and suppresses faster.
The contour plots of �rst and second harmonic powers
can be seen in Figure 7. As predicted before, in small
currents near the threshold, the nonlinearity e�ect is

Figure 6. Plots of (a) First harmonic power P1(j!); and
(b) Second harmonic power P2(j!), vs. frequency and bias
current (Ith = 1:11 mA).

larger and a�ects the second harmonic power to a large
extent.

We have also extended the intervals of our in-
put variables to higher ranges for investigating the
trends of the �rst and second harmonic powers; this
is shown in Figure 8. As demonstrated in the pre-
vious section, the trend of the �rst harmonic power
on the peak curve (Equation 41) is not monotonic,
and undergoes a maximum (which is already calcu-
lated); after passing this sole maximum, it diminishes
slowly.

The second harmonic power decays quickly by
increasing the bias current and modulation frequency.
The contour plots of Figure 9 are again in complete
agreement with previous formulae.
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Figure 7. Contour plots of the (a) First harmonic power
P1(j!); and (b) Second harmonic power P2(j!) vs.
frequency and bias current (Ith = 1:11 mA).

Power Distribution Between Harmonics

The diagrams of harmonic powers are plotted in Fig-
ure 10 on the logarithmic scale. The �rst four resonance
frequencies are shown for comparison. At bias currents
near to the threshold, we observe that because of
high nonlinearity the power of the upper harmonics
(second, third, and fourth) exceed the power of the �rst
harmonic in frequencies near the resonance frequencies.
This point is illustrated in Figure 10a. If we increase
the bias current, the power content of upper harmonics
suppresses as shown in Figure 10b. If the bias current
is increased further, the power of the higher harmonics
diminishes very fast and thus can be neglected.

Figure 8. Plots of (a) First harmonic power P1(j!); and
(b) Second harmonic power P2(j!) vs. frequency and bias
current (Ith = 1:11 mA).

In order to distinguish the share of each harmonic
in the total power applied to the laser diode, the
percentages of power distribution in the �rst four
harmonics are shown in Figure 11. Here, to calculate
the total power, we have considered a su�cient number
of harmonics to reach convergence.

Similar to Figure 10, at the bias currents near
the threshold, the higher harmonics absorb more power
than the �rst one. Therefore, we expect to observe
distortions near the threshold. If we increase the
bias current further, the higher harmonics suppress
to negligible percentages. The relating diagrams are
shown in Figures 11a and 11b, respectively.

The amplitudes of the �rst and the second har-
monics on the peak curve (Equation 41) are plotted
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Figure 9. Contour plots of the (a) First harmonic power
P1(j!); and (b) Second harmonic power P2(j!) vs.
frequency and bias current (Ith = 1:11 mA).

in Figure 12a. The optimal operation point for
the �rst harmonic power calculated by Equation 39
exactly coincides with the point observed in this
�gure; although we anticipate distortions near the
threshold, the second harmonic power is much higher
than its expected value. This issue is observed more
seriously also for higher harmonics. This is shown
on a semi-logarithmic scale in Figure 12b. It seems
that this situation cannot be satisfactorily explained
by rate equations and, in practice, we expect the
amplitude of the harmonic powers to be con�ned
regardless of the distortions near the threshold current.
Finally, the variations of THD with respect to the

Figure 10. Harmonic power versus frequency. (a) Bias
current: 1.15 mA; (b) Bias current: 3mA (Ith = 1:11 mA).

bias current on the peak curve (Equation 41), are
plotted in Figure 13. As expected, the trend is
descending too; in other words, by increasing the
input power and tuning the modulation frequency at
the resonance frequency, the system characteristics
improve.

CONCLUSION

We have extracted an exact expression for the power of
each harmonic and shown that the resonance frequency
for the nth harmonic is proportional to the Relaxation
Resonance Frequency of the �rst harmonic. The
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Figure 11. Harmonic power percentage over all
harmonics versus frequency. (a) Bias current: 1.15 mA;
(b) Bias current: 1.5 mA (Ith = 1:11 mA).

THD, with respect to the power of the �rst harmonic,
has been suitably de�ned and computed. We have
shown that, due to its Lorentzian characteristic, the
maximum of the optical output power occurs at the
�rst harmonic's resonance frequency. Moreover, the
square root dependence of the resonant frequency to
the bias current allows one to tune the input current
in order to obtain the desired Relaxation Resonance
Frequency. The optimal operation point for gaining the
highest primary harmonic power has been calculated.
We conclude that, in general, increasing the bias
current and modulation frequency suppresses the THD.
The results of this study can be helpful in the design
and optimization of nonlinear distortions which are
naturally associated with the transmission of a signal
by a semiconductor laser diode.

Figure 12. Harmonic powers on peak curve (�rst
resonant frequency) versus bias current. (a) First and
second harmonics; (b) First four harmonics in
semi-logarithmic scale (Ith = 1:11 mA).

Figure 13. Total Harmonic Distortion (THD) on peak
curve (�rst resonant frequency) versus the bias current
(Ith = 1:11 mA).
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