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Abstract We investigate the laser chirp characteristics of a

1.55-lm directly modulated DFB laser by simulation. The

chirp is characterized by two important parameters: gain

compression and a-factor. Measurements of the chirp

parameters using transfer function and the chirp-to-modu-

lated power ratio are presented here. We have identified

that the characteristic frequency (fc) represents the bound-

ary between the adiabatic and transient chirp, i.e., the

adiabatic chirp dominates for f\ fc and the transient chirp

dominates for f[ fc. Frequency excursion for both chirp

terms is well characterized by the phase rate equation

model that describes the chirping behavior, switching

transients and the power overshoots. Finally, proper adia-

batic chirp is generated by adjusting: the laser device

parameters and the operating conditions to achieve dis-

persion-tolerant system.

Keywords Distributed feedback laser (DFB) � Chirping
(adiabatic and transient) � Chirp-to-modulated power ratio

(CPR) � Gain compression � a-Factor

Introduction

Understanding the difficulties that limit the high-speed

modulation of directly modulated lasers is crucial to the

development of semiconductor distributed feedback (DFB)

lasers. Direct modulation is an attractive low-cost optical

transmission scheme for optical access networks [1–3].

However, when the laser diode is modulated in several

GHz range, a parasitic frequency modulation (chirping) is

observed, and the maximum achievable transmission data

rate is limited. Directly modulated lasers are classified

according to their chirping behavior as adiabatic and

transient, depending on the device design parameters and

the driving conditions involved [4]. In such systems, the

interaction of the laser chirp with chromatic dispersion of

standard optical fiber limits maximum fiber length. Several

studies have been reported to overcome the influence of

laser originating nonlinearities. These include use of neg-

ative dispersion fibers or post-compensation techniques to

enhance the transmission distance [5–8], feed-forward and

predistortion precompensation techniques [9] and injection

locking [10]. The primary parameters for characterizing the

chirp in a directly modulated laser are linewidth enhance-

ment factor (a) [11, 12] and the gain compression factor (e)
[13–15]. The gain compression parameter is important in

describing the relation between the AM and FM behavior

of laser diodes and is the dominant effect that introduces

damping in the intensity modulation, which reduces the

transient chirp and introduces the adiabatic chirp [16]. This

phenomenon limits the modulation dynamics of directly

modulated lasers through the adiabatic chirp and is

responsible for the bending of the light–current character-

istics. The a-factor is another most important parameter in

describing the coupling between the intensity and fre-

quency modulation of the laser diode. The a-factor influ-
ences several other fundamental aspects of semiconductor

lasers, such as linewidth, laser behavior with respect to

optical feedback, and in predicting the correlation between

intensity and frequency noise [4]. The transient chirp is

complicated by the fact that the disruption in phase and

gain in the laser excite the natural resonance (relaxation

oscillation) within the laser. There is significant loss of
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energy during transient. When the laser stabilizes in the

new bias condition, it is usually at a different frequency.

This frequency shift corresponding to the low-frequency

shift or adiabatic chirp related to the frequency offset

between the On and Off levels during modulation.

The aim of this study is to characterize chirp parameters

(gain compression and a-factor) in a directly modulated

laser. This paper gives an overview of the measurement

technique to characterize chirping effect. This work focu-

ses on the intensity modulation (IM) accompanying fre-

quency modulation (FM) behavior, and the large signal

switching transients. We have identified that the charac-

teristic frequency (fc) represents the boundary between the

adiabatic and transient chirp. The paper is organized as

follows: Sect. 2 represents the laser model based on the

single-mode laser rate equation. Section 3 represents fre-

quency modulation (FM) which accompanies the desired

intensity modulation (IM) at the output of the laser,

addressing the significance of amplitudes of the sidebands

of optical spectrum, to measure the FM and IM compo-

nents at the laser output. Section 4 characterizes the chirp

using transfer function and the chirp-to-modulated power

ratio. Section 5 represents large signal switching transients

based on the peak power overshoot are also addressed.

Finally, the generation of proper chirp in a directly mod-

ulated DFB laser is realized by adjusting laser parameters

and the operating conditions to achieve higher dispersion

tolerance.

Laser rate equation

The modulation dynamics of the laser are modeled by

coupled laser rate equations which describe the relation

between the photon, electron density and the optical phase

as [17]

dNðtÞ
dt

¼ IðtÞ
qV

� NðtÞ
sn

� vgg0
NðtÞ � Nt

1þ eSðtÞ SðtÞ ð1Þ

dSðtÞ
dt

¼ Cvgg0
NðtÞ � Nt

1þ eSðtÞ �
1

sp

� �
SðtÞ þ CbNðtÞ

sn
ð2Þ

d/ðtÞ
dt

¼ a
2

Cvgg0ðNðtÞ � NtÞ �
1

sp

� �
ð3Þ

where N(t) is the carrier density (cm-3), S(t) is the photon

density, I(t) is the current injected into the active layer, q is

the electron charge, b is the fraction of spontaneous

emission coupled into the lasing mode, g0 is the differential

gain (cm2), Nt is the electron density (cm-3) at which net

gain is zero, C is the optical confinement factor given by

the ratio of the active region volume to the modal volume,

sp is the photon lifetime (s) associated with cavity loss, sn

is the carrier lifetime (s), e is the gain compression coef-

ficient, and V is the volume of the active layer (cm3). The

parameter e (with units of volume) specifies the gain

compression characteristics of the active region. Typically,

the gain compression is small, but it has a dramatic effect

on the dynamic response of the laser. A Runge–Kutta

algorithm is used to numerically integrate the coupled first-

order differential laser rate equations with noise and phase

noise being disabled, and these equations apply to a

noiseless laser oscillating in a single longitudinal mode

above threshold. The photon and electron densities within

the active region of the laser are assumed to be uniform. If

parameter noise is enabled, the langevin noise terms for

photon and electron densities are included in the model. If

phase noise is enabled, the langevin noise term for the

phase is included in the model [18]. Parameters bias cur-

rent and modulation peak current are scale factors applied

to the input electrical signal. The optical power P(t) of the

semiconductor laser to the injected current is determined

from Eqs. (1)–(3) and is given as:

PðtÞ ¼ Vghv
2Csp

SðtÞ ð4Þ

where g is the differential quantum efficiency, h is planks

constant, and v is the unmodulated optical frequency.

Simultaneous FM and IM modulation

The modulation of the carrier density modulates the gain, it

also modulates the index of the active region. As a result,

the optical length of the cavity is modulated by the current,

causing the resonant mode to shift back and forth in fre-

quency. The intensity of the simultaneous FM and

IM modulated wave at the laser output can be expressed as

[19].

I ¼ I0 1þ m cos 2pfmtð Þ½ � � exp j 2pf0t þ b sin 2pfmtð Þð Þ½ �
ð5Þ

where m and b are amplitude and frequency modulation

indices respectively, fm is the modulation frequency, and f0
is the center frequency. On expanding Eq. (5) in terms of

bessel function, the magnitude of carrier and its first

sideband are:

Carrier:

IC ¼ I0 j0 exp j 2pf0tð Þð Þ½ � ð6Þ

Lower side band:

I�1 ¼ I0 �j1ðbÞ þ ðm=2Þ J2ðbÞ þ J0ðbÞf g½ � exp j 2pðf0 � fmÞtð Þð Þ
ð7Þ

Upper sideband:
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Iþ1 ¼ I0 j1ðbÞþðm=2Þ J2ðbÞþ J0ðbÞf g½ �exp j 2pðf0þ fmÞtð Þð Þ
ð8Þ

The optical output power spectrum shown in Fig. 1 is

obtained by modulating the 1.55-lm directly modulated

DFB laser at a threshold current 18 mA with a sinusoidal

input of 10 GHz. The lower and the upper sidebands rep-

resented by Eqs. (7) and (8) are shown in Fig. 1. It is

observed that the first upper sideband amplitude is larger

than the lower sideband amplitude, indicating modulation

indices are in phase with each other.

Characterization of laser chirp

The small signal transfer function between frequency and

intensity modulation of the distributed feedback laser is

[20–23]

Hðf Þ ¼ b
m
eju ¼ a 1� j

fc

fm

� �
ð9Þ

where

fc ¼
Ce

2pqV
ðI � IthÞ ð9aÞ

u ¼ tan�1 � fc

fm

� �
ð9bÞ

b
m
¼ a

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Ce

2pqVfm
ðI � IthÞ

� �2
s

ð9cÞ

where u is the phase factor, fm is the modulation frequency,

and fc is the characteristic frequency or chirp frequency for

which the adiabatic and the transient chirp have the same

magnitude [24]. In the measurement technique, FM index

(b) can be obtained from the average value of the upper and

lower sideband amplitudes ((I?1 ? I-1)/2), while the AM

depth (m) can be obtained from their difference

(I?1 - I-1). In Fig. 2, the ratio of the FM response (b) to
the AM response (m) is plotted against the modulation

frequencies. The a-factor is extracted from Fig. 2(a), and

the estimated value at a bias current of 50 mA is 4.32. The

variation in the b/m ratio can also be used to evaluate the

gain compression factor (e), and the calculated value is

0.732 GHz/mA. Therefore, both a-factor and gain com-

pression coefficient can be obtained from the measure-

ments of the optical spectrum and the chirp is completely

characterized. Again from Eq. (9), the nonlinear gain

dominates for (fm\ fc) and the b/m ratio becomes inver-

sely proportional to the modulation frequency as shown in

Fig. 2(a). For (fm[ fc), b/m saturates and becomes equal

to b/m = a/2 and in this case linear gain dominates. Again,

for fm = fc, Eq. (9c) becomes b/m = a/21/2, implies the

transition frequency at which adiabatic chirp and transient

chirp have the same value. As seen in Fig. 2a, the b/m
decreases with modulation frequencies but increases with

bias current. This is because the characteristic frequency

(fc) increases with drive current shown in Fig. 2b. Fig-

ure 2b depicts that gain compression governs the charac-

teristic frequency (fc) as predicted by Eq. (9a). The gain

compression governs the low-frequency part of the chirp,

and its main function is to compress relaxation oscillation

frequency through damping phenomenon. This decreases

the transient part of chirp which governs a phase shift for

the intensity transitions proportional to the rise and fall

times. The chirp frequency or the characteristic frequency

(fc) represents the boundary between the transient and the

adiabatic chirp. For modulation frequencies (fm\ fc), adi-

abatic part of the chirp dominates and the transient chirp is

overshadowed by the low-frequency chirp (adiabatic

chirp).

Another most convenient approach for characterizing

FM characteristics is to measure chirp-to-power ratio

(CPR) derived in [25]. The chirp-to-modulated power ratio

gives the optical frequency shift for a small signal modu-

lated power and is defined as

dv
dP

¼ a
2

fm

P0

� �
ð10Þ

where dv is the peak-to-peak optical frequency excursion,

dP is the peak-to-peak power excursion, P0 is the steady-

state output power, and its value is 1.5 mV. To include the

nonlinear gain compression, Eq. (10) should be multiplied

by [1 ? (fc/fm)
2]1/2 suggested by [12, 13]. Under small

signal approximation, we simulate modulation dynamics of

a single-mode 1.55-lm DFB laser at a modulation speed of

5 Gbit/s, which allows us to evaluate chirp-to-power ratio.

The power excursion and frequency excursion are obtained

from the time variation of power and frequency, respec-

tively, as shown in Fig. 3. Using Eq. (10), we obtain the
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Fig. 1 Optical power spectrum of DFB laser modulated with a

sinusoidal input of 10 GHz
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value of a-factor equal to 4.162. Figure 4(a) shows the

characteristic profile of the optical frequency spectrum at a

bit rate of 5 Gbit/s. From Fig. 4(a), it is evident that adi-

abatic chirp is dominant with two peak frequencies corre-

sponding to the 1’s and 0’s bits. The splitting of the carrier

occurs because of the lower extinction ratio, i.e., Off state

light level is non zero. From the frequency separation

between the 1’s and the 0’s level, the adiabatic chirp

coefficient (j) can be deduced. It is more convenient to

measure the adiabatic coefficient as a function of current

rather than power [6]. Thus, for the laser spectrum shown

in Fig. 4(a), the adiabatic chirp coefficient is 0.896 GHz/

mA. From the adiabatic chirp coefficient, gain compression

can be deduced equal to 3.9e-17. The splitting of the

carrier signal is also present at a bit rate of 10 Gbit/s shown

in Fig. 4(b). This produces the optical spectrum with

enhanced transient chirp but did not eliminate the adiabatic

chirp. The combined effect of the adiabatic and transient

chirp produces asymmetrical optical spectrum with a

plateau between ‘0’ and ‘1’ frequencies. This asymmetry

depends on rising and falling edges of the input pulse, chirp

factor and the power levels.

Large signal chirp

Both the FM/IM method and chirp-to-power ratio method

are applicable to small signal modulation. For large signal

modulation, the chirp is related to the optical output power,

but the large signal dynamic response is highly complex

due to nonlinear properties of the device. Rate Eqs. (1)–(3)

can be used to model large signal version of chirp char-

acteristics. In order to obtain the analytical solution to

optical output power P(t), the gain compression term in

laser rate Eq. (2) is set to unity. Therefore, the effect of

gain compression due to damping at high output power is

ignored. Figure 5 shows the large signal response to an

idealized step input drive current where Poff and Pon are the
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corresponding values of Ioff and Ion. Pp is the peak value of

power overshoot. The chirp during the turn-on transients is

given as [26]

Dvon ¼
axon

2p
ffiffiffi
2

p ln
Pon

Poff

� �� �1=2
ð11Þ

Equation (11) gives the turn-on transient chirp at t = ton
and can be made smaller by reducing the On–Off ratio Pon/

Poff. In this region, overshoot and ringing strongly effect

the turn-on transient chirp. If the ringing is large, then there

will be a strong chirp associated with the oscillations.

Figure 5(b) shows the variation in peak overshoot with

driving current. It is seen that as the drive current increases

the peak over shoot decreases and improves the chirp

behavior. Another approach to reduce the chirping over-

shoot is to simply increase the drive signal rise time. This

significantly reduces the optical peak power overshoot and

thus improves the chirp performance. Frequency chirp for

the case of small signal modulation is related to modulation

depth (m) as [27]

Dv ¼ 1

4p
a fmm ð12Þ

Equation (12) is valid for small signal modulation as long

as m � 1 and is not applicable when m C 1. Therefore, for

large signal modulation, the frequency shift can be

obtained from phase rate equation as:

DvðtÞ ¼ 1

2p
d/
dt

� �
ð13Þ

On solving for Eq. (1)– Eq. (4), we have

DvðtÞ ¼ a
4p

d

dt
lnPðtÞ þ jPðtÞ

� �
; ð14Þ

This expression is large signal version of Eq. (12) and is

independent of modulation depth (m). The magnitude of

the first term in Eq. (14) is large during high-speed turn-on
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and turn-off transients and oscillates between positive and

negative values due to ringing. This term can be optimized

by proper shape of the pulse to control the rate of change of

lnP(t) [4]. This implies that devices with strong damping

have good chirp characteristics due to reduction in the rate

of change of lnP(t) after turn-on. The exact value of tran-

sient chirp depends on the details of pulse shape, e.g., using

a Gaussian pulse shape exp (- t2/T) gives Dv = a/2pT [24].

The second term in Eq. (14) corresponds to the adiabatic

chirp (related to the frequency offset between the On and

Off levels during modulation) arising from spontaneous

emission and gain compression. Both the adiabatic chirp

and transient chirp are modeled through time-resolved

chirp measurements plotted in Fig. 6. It is observed that the

chirp pulse starts earlier than the power pulse. Thus, there

is a phase difference between them and the chirp parame-

ters are calculated using chirp-to-power ratio (CPR) as

discussed above.

Dispersion-tolerant system

It is well known that the laser chirp usually broadens the

spectral bandwidth of the modulated optical signal and

introduces performance degradation when the optical

signal propagates through a dispersive media. The

chirp controlled modulation or highly dispersion tolerant

modulation comes from the phase correlative modulation

between the adjacent bits. To realize the proper phase

between the bits, directly modulated laser is biased at

high bias current of 7Ith. The advantages of operating the

laser at high bias current are: high output power, high

modulation bandwidth, suppression of side modes, low

timing jitter and more importantly suppression of peak

power overshoot, which in turn reduces the transient

components in the optical output waveform. This makes

the laser adiabatic chirp dominated and causes ‘1’ bit

blue-shifted relative to ‘0’ bit. The p out of phase

between the adjacent bits is the key to the dispersion

tolerance [28]. For 5 Gbit/s modulation rate, the pulse

width is 0.2 ns, in order to get p phase shift, the adiabatic

chirp needed to be equal to 2.5 GHz; this implies that ‘1’

bit has 2.5 GHz blue shift relative to ‘0’ bit. Therefore,

proper adiabatic chirp can be generated by adjusting the

laser parameters and the bias conditions to achieve a AM-

to-FM conversion. (i.e., ‘1’ is blue-shifted compared to

‘0’ bit). This results in low extinction ratio, which can be

rectified using proper optical filter. According to the

analysis of the chirp model, we perform multi-parameter

sweeping to optimize the laser structure, which is suit-

able to get p out of phase between the On and Off states

of the DFB laser for the transmission of directly modu-

lated signals. The extracted parameters are shown in

Table 1.

Simulated results for the time variation power and fre-

quency at the output of the laser biased at 60 mA with peak

modulation current of 28 mA are shown in Fig. 7. These

results are based on the internal states of the laser rate

equation model. As seen, the ringing effect related to the

transient chirp is considerably reduced due to strong
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of 1.55-lm DFB laser at 5 Gbit/s NRZ modulation

Table 1 Extracted parameter

values for adiabatic chirp

dominated laser

Parameters Initial estimation Extracted parameters

Active layer volume (cm3) 1.98e?011 1.62e-011

a-Factor 5 4.62

Differential gain coefficient (cm2) 1.19e-015 1.12e-015

Mode confinement factor 0.22 0.19

Transparent carrier density (cm-3) 1.07e?018 0.31e?018

Carrier lifetime (ns) 0.79 0.158

Photon lifetime (ps) 0.8 3.13

Spontaneous emission factor 1e-004 36e-006

Gain compression factor (cm3) 1.43e-017 3.9e-017
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damping and the optical output power is observed as the

key to the AM-to-FM conversion via adiabatic chirp.

Conclusion

Based of the single-mode laser rate equations, we investi-

gate the laser chirp characteristics of a 1.55-lm directly

modulated DFB laser by simulation. The laser parameters

affecting the chirping effect are: gain compression and a-
factor. The transient chirp is affected by a-factor, and the

adiabatic chirp is affected by both the gain compression and

the a-factor. Measurements of the chirp parameters using

transfer function and the chirp-to-modulated power ratio are

presented. We have identified that the characteristic fre-

quency (fc) represents the boundary between the adiabatic

and transient chirp. The time variation of power and fre-

quency of an optical signal, using time-resolved chirp

technique, is used for the characterization of large signal

chirp. Finally, directly modulated laser with suitable chirp is

generated by operating the laser at high bias current, sup-

pressing transient components and making the laser adia-

batic chirp dominant. Therefore, proper adiabatic chirp can

be generated by adjusting the laser parameters and the bias

conditions to achieve an AM-to-FM conversion.
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