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Abstract-A bilateral two-port model of a semiconductor laser 
that includes bidirectional electronic and photonic interfaces is 
developed by combining an equivalent circuit laser model and 
a transmission-line laser model (TLLM). The new model in- 
cludes chip and package parasitics, gain nonlinearities, and a 
detailed optical cavity model based on optical traveling waves. 
This model can be applied to a variety of device structures to 
simulate optical spectra, optical and electrical waveforms, in- 
tensity spectra, and noise characteristics. Three examples dem- 
onstrate the flexibility of the model: 1) transient response sim- 
ulation of semiconductor lasers, 2) characteristics of lasers used 
as detectors, and 3) coherence collapse in lasers with optical 
feedback. In all cases, the results are in good agreement with 
experimental measurements. 

I. INTRODUCTION 
HE ideal semiconductor laser model would mimic the T operation of the real device in every detail, simulating 

all observables of the laser while accounting for all vari- 
ations in device structure, processing, drive electronics, 
and external optical components [ 11. The model could be 
connected to other device models to form an optical sys- 
tem model. Such a model would hasten the design of pho- 
tonic devices, circuits, and systems and could be used for 
detailed optimization for particular applicatibns. 

Unfortunately, limitations in computing resources re- 
quire that simplifications and assumptions have to be made 
before a model is developed. Many optoelectronic device 
models use rate equations to describe the interactions be- 
tween the average electron and photon populations in the 
device [ 11, [2]. Numerous adaptations of this technique 
have been propped. For example, using a photon rate 
equation for each longitudinal laser mode gives the laser's 
spectrum during modulation [3] and dynamic frequency 
shifting (chirping) may be estimated from the transient 
responses of both populations [4]. The laser rate equa- 
tions may also describe saturation in laser amplifiers [SI, 
the dynamic behavior of mode-locked lasers [6], and the 
transient response of cleaved-coupled-cavity lasers 171. 

One problem with using photon density as a variable is 
that it does not contain optical phase information. Optical 
phase is important when there is a set of coupled optical 
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resonators such as in coupled-cavity lasers, external-cav- 
ity lasers, distributed-feedback (DFB) lasers, or even Fa- 
bry-Perot lasers with unintentional feedback from exter- 
nal components. In these cases, the output wavelength of 
the device, and its current to light characteristics, are de- 
termined by optical interference between the resonators. 
Although rate equations can be used in simple cases, by 
calculating effective reflection coefficients at discrete 
wavelengths [7], finding these wavelengths becomes dif- 
ficult with multiple resonators exhibiting gain and vari- 
able refractive indices, such as in the DFB laser 181. 

A development of the rate-equation approach is to use 
a SPICE-compatible equivalent circuit of the laser diode. 
This may be used to find the time-varying photon density 
for a given drive current waveform or, alternatively, to 
find the frequency response of the device [9]. This ap- 
proach has an advantage 'that it includes parasitic com- 
ponents in the laser chip and mount and can be linked to 
models of the drive circuit for evaluation of the systems 
response to modulation. 

An alternative variable to photon density is optical field. 
An optical field contains phase information and thus offers 
the possibility of dealing with multiple reflections. The 
optical field within a resonator system may be solved in 
the frequency domain or in the time domain. Frequency- 
domain models often use a transfer-matrix description of 
the laser that may be obtained by multiplying together the 
transfer matrices describing each individual reflection 
[ 101. Unfortunately, if the spectrum of a modulated laser 
is required, the multiplication has to be performed for each 
wavelength at each timestep [8]. This is computationally 
inefficient. 

Time-domain models using optical fields are better 
suited to modulated devices with multiple resonators than 
frequency-domain models because the former are simpler 
to develop and require less computation. Time-domain 
optical-field models are commonly based on scattering 
matrix descriptions of the individual reflections and of the 
gain medium [ 11 and references therein]. The scattering 
matrices may be connected by delays (transmission lines) 
so that reflected waves out of one scattering matrix reach 
adjacent matrices after the delay. The delays represent the 
optical propagation time along a portion of the wave- 
guide. Solution of the network is by iteration, each iter- 
ation representing an increase in time equal to the delay. 

This paper develops a new laser model that combines 
the best features of two previous modeling techniques for 
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Fig. 1 .  A semiconductor laser (top) and its two-port model (bottom). 

-0 A' 

-c 
B' 

semiconductor lasers: the equivalent circuit model, de- 
veloped by Tucker and others [9], and a time-domain op- 
tical-field model, the transmission-line laser model 
(TLLM), developed by Lowery [ 113-[ 131. The new model 
includes chip-and-package parasitics, multimode opera- 
tion, complex optical structures, and bidirectional elec- 
tronic and photonic interfaces, allowing it to be cascaded 
with other electronic or photonic device models. The 
model is able to predict results obtained by previous rate- 
equation models [2]-[7] without having to recompile the 
computer program. This is an important step toward the 
development of a universal photonic-CAD package, sim- 
ilar to present electronic and microwave-CAD packages. 

Fig. 1 shows a laser device and the proposed model. 
The model may be thought of as a scattering matrix with 
memory, which responds to optical and electrical inputs 
in the time domain and outputs optical and electrical 
waves. This paper covers the development and testing of 
the new model. Section I1 details the modifications re- 
quired to link the equivalent circuit model and the TLLM. 
Section I11 presents results from three applications of the 
model: 1) simulation of the transient response of a laser, 
2) assessment of the performance of laser as an optical 
detector, and 3) effects of optical feedback on lasers, in 
particular coherence collapse, intensity noise, and inten- 
sity waveform. These applications demonstrate the ver- 
satility of the new model. Section IV is the conclusion. 

11. COMBINING THE Two MODELS 
Fig. 2 shows the features of the equivalent circuit model 

[Fig. 2(a)], the transmission-line laser model [Fig. 2(b)] 
and the combined model [Fig. 2(c)] schematically. The 
equivalent circuit model has a bidirectional electronic in- 
terface and a unidirectional photonic interface based on 
photon density [9], [ 141. The unidirectional photonic in- 
terface cannot accept reflected waves, back into the laser. 
Also, the photonic interface does not provide any spectral 
information. The carrier and photon densities in the model 
are averaged over the entire laser cavity and so the effects 
of inhomogeneities within a device are ignored. 

The transmission-line laser model (TLLM), shown in 
Fig. 2(b), has a unidirectional electronic interface and a 
bidirectional photonic interface in terms of optical field 
[ 1 11. Because the electronic interface is unidirectional, it 
cannot include any interactions with external components 
on its electrical port. However, the bidirectional photonic 
interface allows consideration of external optical compo- 
nents. The use of an optical field, rather than photon den- 
sity, at the photonic interface enables the phase of re- 
flected waves to be considered and also enables the laser's 
output spectrum to be calculated using Fourier trans- 
forms. The optical cavity model in the TLLM is based on 
traveling-wave equations for the optical field and the field 
equations are solved by iteration. This cavity model is 
very flexible: transmission-line laser models of Fabry- 
Perot lasers, distributed feedback lasers, external cavity 
lasers, and laser amplifiers have already been demon- 
strated [ 111. The model includes the effects of carrier and 
photon inhomogeneities by splitting the cavity longitudi- 
nally, into a number of model sections. The gain dynam- 
ics are treated by including carrier-density rate equations 
within each section. A detailed review of the technique 
may be found in [ 1 11. 

The combined model [Fig. 2(c)] uses the electrical in- 
terface of the equivalent circuit model and the photonic 
interface of the transmission-line laser model to give a 
model with bidirectional electrical and photonic inter- 
faces (i.e., a bilateral model). This two-port model can 
be used for many situations such as laser sources and laser 
detectors. It can also form part of a system model. The 
combining of the models is now described in detail. 

A. Bidirectional Electronic Interface and Parasitic 
Components 

Including a bidirectional electrical interface in the 
model allows the effects of drive circuits to be studied. A 
bidirectional interface can be provided by calculation of 
the laser's junction voltage from the carrier density. How- 
ever, a more complete laser model would include chip 
parasitics and package parasitics as well as a bidirectional 
interface. Tucker and Kaminow developed such a model 
for ridge-waveguide lasers [ 141 , which was solved using 
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a circuit analysis package, such as SPICE [15]. The 
TLLM requires a custom-written program based on an it- 
erative scatter-connect algorithm, the basis of all trans- 
mission-line models (TLM's) [ 1 11. If parasitic compo- 
nents are to be added to the TLLM, they must be 
converted to transmission-line equivalents before a scat- 
ter-connect algorithm is developed. 

Tucker and Kaminow 's equivalent circuit model of the 
device and chip parasitics is given in Fig. 3(a). The com- 
ponents are listed in Table I and their purposes is ex- 
plained in [ 141. A short length of a 50 Q transmission line 
is included to represent the input connector to the laser 
package. In TLM, inductors and capacitors in the equiv- 
alent circuit model may be represented by either link 
transmission lines or stub transmission lines [ 161. The 
transmission-line representation of the parasitic compo- 
nents is given in Fig. 3(b). The model calculates the volt- 
age across the input port and the injection current into the 
active region of the laser from the input current into the 
laser package and the carrier density in the active region. 

The model is divided into four scattering zones, each 
with a single circuit node. The circuit nodes are labeled 
e, f, g, h.  The scattering nodes are connected with link- 
transmission lines with a delay of one iteration timestep. 
This delay allows an explicit algorithm to be generated; 
each scattering event uses data from the previous itera- 
tion. Without the delays, the scattering events in every 
node would have to be solved simultaneously [ 161. 

The link transmission-lines also serve to represent three 
of the reactive components. The link line between nodes 
e and f represents the 50 il input connector, the link line 
between nodes f and g represents the bond-wire induc- 
tance L,, and the link line between nodes g and h repre- 
sents the space-charge capacitance C,, . The remaining re- 
active components C, and C,, are represented by 
transmission-line stubs. From the work of Johns and 
O'Brien [ 161, the impedances of the transmission lines are 
related to the component values and the iteration timestep 
ATby: 

Zcp = AT/2CP (1) 

zLp = L,/AT (2) 

Zcs = AT/2C, (3) 

Zcx = AT/C,,. (4) 

The active region is represented by a Thevenin equivalent 
of a diode junction. The junction voltage, v d  and the junc- 
tion impedance Rd are calculated from the average carrier 
density N at the junction for each iteration. This allows 
calculation of the current into the junction Id from which 
a new carrier density can be calculated using a carrier 
density rate equation. 

The junction voltage is calculated using 

h 
1 t'd 

PORT- 

Fig. 3 .  Tucker's lumped component representation of the laser chip and 
package parasitics together with the equivalent transmission line represen- 
tation. 

TABLE I 
TRANSIENT RESPONSE TEST PARAMETERS 

Symbol Parameter Name Value Unit 

X Wavelength 1.55 pm 
V Active region volume 60.0 pm3 
a Gain cross section 4.267 x cmz 
No Transparency camer density 1.0 x 1 0 ' ~  C I I - ~  

N, Intrinsic carrier density 1.363 x 10" 
r Waveguide confinement factor 0 . 3  

Group index of waveguide 4 . 0  
T,  Carrier lifetime 3 .0  ns 

? Spontaneous coupling per laser chip mode 2 . 0  X 
R,, Generator resistance 50.0 s2 

Rsub Chip substrate resistance 1.5 Sa 

C, Bond wire capacitance 0.23 pF 
C, Shunt parasitic capacitance 8.0 pF 
C,, Space-charge capacitance 2.0 pF 

0.63 nH L,, Bond wire inductance 
II Leakage current 0.0 mA 
A T Model timestep 0.5 ps 

t Gain compression factor 6.7 x lo-' '  cm3 

Photon lifetime 1.0 ps 

R,, Bond wire resistance 1.0 n 

R, Chip series resistance 5.5 n 

The junction impedance is calculated using 

where Ni is the intrinsic carrier density of the junction 
material, q is the electronic charge, and I/ is the volume 
of the active region. 

The nodal voltages for a particular iteration are calcu- 
lated using Thevenin equivalents of the transmission lines 
and the input source. The reflected waves, back into the 
lines, are then calculated using the fact that the sum of 
the incident and reflected waves equals the voltage at the 
end of the transmission line. The calculation of reflected 
waves from incident waves is known as scattering and 
may be represented by a scattering matrix. The incident 
waves at the next iteration are calculated from the re- 
flected waves: waves into stubs are returned to the same 
scattering node; waves into link lines travel to adjacent 
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nodes. Calculation of the new incident waves from re- 
flected waves is known as connecting. The network is 
solved by repeated application of the scatter-connect al- 
gorithm. 

The junction current for a step-increase in input current 
was tested using timesteps of 0.1, 1 ,  and 10 ps. No sig- 
nificant difference between the simulations was seen ex- 
cept for a small delay in the junction current rise when a 
10 ps timestep was used. This can be explained by the 
delays of the link transmission lines. Because the timestep 
in the rest of the laser model is related to the propagation 
time across a section of the laser cavity, usually less than 
1 ps, the model of the chip-and-package parasitics should 
be accurate for most situations [ l  11. Note that the trans- 
mission line representing the input connector is only one 
iteration timestep long and thus has a negligible effect on 
the simulations. Multiple-section lines could be used to 
gain a greater propagation delay through this connector. 

B. Nonlinear Gain 
Tucker and Pope [171 and others, have demonstrated 

the importance of a nonlinear gain in damping the tran- 
sient response of lasers. Until now, the transmission-line 
laser model has not accounted for nonlinear gain. To al- 
low comparison results from a laser-transient response, 
the new model includes an empirical nonlinear gain term. 
Only the modifications to the TLLM [ 111 are described 
here. 

The photon gain across a model section exp (y) is re- 
duced by nonlinear gain. Here, y is a gain constant, re- 
lated to the carrier density N and the average photon den- 
sity within the active region of the same section Save by 

y = [ (N - N ~ )  a r  (1  - rsaveE) - 4 A L  (7) 
where N is the average carrier density within a model sec- 
tion, No is the transparency carrier density, a is the gain 
cross section, I’ is the confinement factor of the optical 
guide, aSc is the cavity attenuation factor, A L is the length 
of the section, and E is the gain-compression factor [ 141. 
Note that the photon density is defined assuming all the 
photons travel within the active region so that the con- 
finement factor r must be included in the nonlinear gain 
term. 

The average photon density within a model section, Save 
can be related to the incident fields, assuming a constant 
carrier density within the section, by 

where Ti, is the group velocity in the active region, A and 
B are the forward- and backward-traveling optical fields 
incident on the section, defined below, Zp is the cavity 
wave impedance [ 113, h f is the energy of a photon, c is 
the velocity of light, m is a unity constant with units of 
metres, and yr is the gain constant for the previous iter- 
ation. This equation reduces, to (24), in [l 11 when y << 
1 .  

Earlier TLLM’s assumed that the gain across a model 
section was small, allowing the stimulated emission rate 
to be calculated from the photon density at the input of a 
model section. To improve model accuracy for small 
numbers of sections in the new model, the stimulated re- 
combination rate in a section Rstim is calculated using 

Rstim = Save - acr(N - No)/Ee. (9) 

111. APPLICATIONS OF THE MODEL 
Three examples have been chosen to demonstrate the 

flexibility of the model and the use of the bidirectional 
interfaces. Schematics of the three numerical experiments 
are shown in Fig. 4 and the experiments are detailed as 
follows. 

A. Transient Response of a Semiconductor Laser 
This example shows the importance of including the non- 
linear gain, chip, and package parasitics [Fig. 4(a)] when 
simulating transient responses of lasers and tests the model 
against the equivalent-circuit model in [ 141. Adding the 
parasitics to the model requires that the chip model have 
a bidirectional port: this example demonstrates the bidi- 
rectional electrical port. The parameters used were for a 
ridge-waveguide laser and are given in Table I. As the 
equivalent circuit model in [14] assumed a single longi- 
tudinal mode, the new model was operated in the single- 
mode regime. Single-mode operation requires that a sin- 
gle model section be used to represent the laser chip, 
otherwise the spontaneous noise bandwidth would be too 
large [ 1 11. Using one section gives a large photon density 
variation across the section (y > 1) justifying the use of 
(9). 

The model (neglecting chip-and-package parasitics) was 
tested by simulating a laser transient against 1) a simple 
rate-equation based model and 2) Tucker and Kaminow’s 
equivalent circuit of the rate equations [14]. As all 
TLLM’s use a random noise source to model spontaneous 
emission [ 131, the spontaneous emission coupling factor 
/3 was set to 1 x to minimize noise on the intensity 
waveform in these simulations. Excellent agreement was 
obtained between all the models when timesteps below 1 
ps were used. This test showed that the gain saturation 
term is capable of damping a laser’s transient response 
when the spontaneous emission coupling is very low. This 
test also showed that the new model is accurate with only 
a single model section. As the computation time is pro- 
portional to the square of the number of sections [ 1 11, this 
is obviously an important conclusion. 

In real devices, noise-induced variations between sub- 
sequent transients cause broadening of sampling oscillo- 
scope traces. When the spontaneous emission coupling is 
set to a realistic value, the model also produces noise in- 
duced variations in the transients. We simulated the effect 
of a sampling oscilloscope by overlaying the sample points 
from 100 individual simulations, as shown in Fig. 5 .  Two 
bias levels of 98 % and 1 1  1 % of threshold were used to 
allow comparison with Tucker and Kaminow’s Fig. 13(a) 
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(b) 
Fig. 5.  Laser transient response modeled using the transmission-line model 
(broad trace) and measured (dots). (a) 98% bias and (b) 103% bias. The 
measured result is from Tucker and Kaminow [14]. 

and (b) [14]. The laser was driven with pulses 40 mA 
above the bias level with a 100 ps risetime. Note that this 
current is the net current flowing into the laser package 
and not the current flowing into the package and the 50 
source impedance. Comparison between (a) and (b) shows 

that the laser is better damped when turning on from a 
higher bias level. Also plotted as dots in Fig. 5(a) and (b) 
are the experimental measurements in Tucker and Kami- 
now's Fig. 13(a) and (b), respectively. The dots lie to- 
ward the center of the simulated trace, indicating that the 
model is in good agreement with the experiment. 

The broad traces at the leading edges of the transients 
in Fig. 5 indicate turn-on timing jitter. Tum-on timing 
jitter was investigated numerically by Miller [ 181 and was 
shown to be a result of the intensity noise before the laser 
tum-on. The traces also show a large scatter in points 
around the first peak of the transient. This scatter arises 
because the carrier density before the first optical pulse is 
dependent on when the laser tums on: a slow-to-tum-on 
laser will build up a higher carrier density that will pro- 
duce an initial pulse with more energy. Fig. 5 also shows 
a large intensity noise once the transient has settled. Such 
a noise was also simulated by Miller and Marcuse [19] 
and is discussed further in Section III-C. Spano et al. have 
measured the rms-timing jitter of a single-mode laser and 
have developed a comprehensive theory that gives good 
agreement with measurements [20]. The simulated pulse 
in Fig. 5(a) shows a similar jitter to their sampling oscil- 
loscope measurement (Fig. 2, [20]). They calculate an 
rms jitter of around 10 ps for a laser with a similar thresh- 
old and output power. Inspection of Fig. 5(a) shows that 
the TLLM produces an rms jitter close to 10 ps. 

B. Use of a Laser as an Optical Detector 
Gustavsson et al. [2 13 have used laser amplifiers as op- 

tical detectors with inbuilt gain with the optical signal 
coupled into one antireflection-coated facet of the laser 
[Fig. 4(b)]. The output signal appears across the junction 
of the laser when it is biased with a constant current to 
produce population inversion. A voltage change up to 250 
pV for an optical power change of 1 pW has been reported 
[2 11. Because the laser has a low impedance (a few ohms) 
when forward biased, the output of this detector can drive 
a low impedance load. The new model is able to simulate 
laser detectors because of its bidirectional optical and 
electrical interfaces; the facet becomes an optical input 
and the electrical contact is the signal output. The fre- 
quency response, saturation characteristic, and effect of 
contact position is discussed. 

Laser Amplij-ier Detector Frequency Response: The 
parameters of the laser amplifier detector are given in Ta- 
ble 11. The model included chip-and-package parasitics as 
detailed in Table I. An eight-section model was used, with 
eight carrier rate equations, to allow inhomogeneities in 
the carrier density. Because the gain of laser amplifiers 
along their length is high, 15.6 dB in this case, the carrier 
density is unevenly saturated over the amplifier length, 
leading to large inhomogeneities [ 5 ] .  

The optical wave into the amplifier was on an amplifier 
resonance and was modulated with a square wave to 100% 
modulation depth. The peak input power is defined as that 
just outside the amplifier input facet and was -20 dBm 
(10 pW). The peak-to-peak contact voltage response to 
the optical input is plotted against modulation frequency 
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TABLE I1 
AMPLIFIER DETECTOR TEST  PARAMETER^ 

Symbol Parameter Name Value Unit 

L 

d 
a 
a s c  

R 
A 
B 
C 
P 

W 

I b i u  

Laser chip length 
Active region width 
Active region depth 
Gain cross section 
Waveguide attenuation factor 
Facet reflectivities 
Monomolecular recomb. coef. 
Bimolecular recomb. coef. 
Auger recomb. coef. 
Spontaneous coupling per laser 

Amplifier bias current 
chip mode 

300.0 
2.0 
0.15 

2.5 x 10-l6 
30.0 
0.01 

1.0 x IO8 
8.6 x IO-" 
4.0 x 

0.0 

55.0 

aAll other parameters are as Table I. 

in Fig. 6. The -3 dB (electrical) point was 700 MHz. 
The response at low frequencies was around 31 pV/pW 
input. The upper-frequency is proportional to the inverse 
of the carrier recovery time, which is dependent on the 
carrier density [22]. It is, therefore, advantageous to max- 
imize the carrier density by high bias to minimize the car- 
rier recovery time. 

Laser Amplijier Detector Saturation Characteris- 
tic: All semiconductor laser amplifiers suffer from re- 
duced gain when the input signal is large [23]. Fig. 7 
shows the saturation characteristic for our device at a 
modulation frequency of 125 MHz. The model was run 
for several cycles to allow the carrier density to stabilize 
and give a CW characteristic. At input powers below 100 
pW the device operated linearly. The output was reduced 
by 3 dB (electrical) from its unsaturated value at an input 
power of about 400 pW. At input powers above 10 mW 
the output voltage reduced as the input voltage was in- 
creased. This behavior is a result of the carrier density 
being reduced to a level near the transparency carrier den- 
sity at high input powers. Because the gain is reduced, 
the change in carrier density per unit change in input 
power is reduced. Thus, the contact voltage modulation 
is reduced. 

Laser Amplijier Detector Contact Position Optimiza- 
tion: If the amplifier has a single contact, the contact 
voltage modulation will be an average of the junction 
voltage modulation along the amplifier length. However, 
if the contact is split into sections, then each contact sec- 
tion will respond to the junction voltage beneath it. Be- 
cause of the longitudinal gain, contacts away from the 
input facet of the amplifier will detect an increased signal 
level. Note that all contacts should have an appropriate 
proportion of the bias current applied to them. 

The new model is already divided into sections, each 
with a separate carrier density model. This allows for in- 
vestigation of the multiple-contact amplifier. Fig. 8 shows 
the contact voltage modulation for an input power of 10 
pW at 125 MHz. The peak-peak contact voltage in- 
creased exponentially with contact position as expected if 
the gain is constant along the laser chip (i.e., no gain sat- 
uration) [23]. This result indicates that the optimum ar- 
rangement is a split contact with a long section at the in- 

1000 
10 pW peak-peak input 

1 

I 
100 1000 10000 

10'  
10 

Frequency, MHz 

Fig. 6.  Frequency response of the laser detector (10 pW peak input power). 
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Fig. 7 .  Electrical output (peak-peak) versus optical peak power of the laser 
detector at 125 MHz. 
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."I 

Fig. 8.  Output voltage versus contact position for the laser detector for 
10 pW input power at 125 MHz. 

put end of the amplifier and a short section at the far end 
of the amplifier. Both sections would provide bias to the 
amplifier and the short section would also provide a signal 
output. Such an arrangement would provide 5.6 dB im- 
provement in signal level over the signal-contact amplifier 
in this case. However, if the signal contact was too small 
the impedance of the detector would rise, giving in- 
creased noise. 

C. Coherence Collapse in a Laser with Weak Optical 
Feedback 

Because the model includes a bidirectional optical port 
it can be used to assess the effects of optical feedback into 
the laser [Fig. 4(c)]. One widely reported effect of me- 
dium levels (-40 dB to - 10 dB) of optical feedback is 
coherence collapse; coherence collapse refers to a large 
broadening of the laser's linewidth to tens of gigahertz 
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$ 4  
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2 2  a 

TABLE 111 
COHERENCE COLLAPSE TEST PARA METERS^ 

Symbol Parameter Name Value Unit 

01 Linewidth enchancement factor 5.6 
R Facet reflectivities 30.0 % 
P Spontaneous coupling per laser chip mode 1.0 X 
L, External cavity length 12.0 cm 
I,,,,, Laser bias current 20.0 mA 

aAll other parameters are as Table 11. 

5 1 -40 dB FEEDBACK -38 dB FEEDBACK 

0 5 10 
Time, ns 

(a) 
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10 
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Time, ns 

(d) 

10 

Fig. 9 .  Intensity waveform of the laser with external reflectivity. The 
feedback levels were (a) -40 dB, (b) - 38 dB, (c) - 30 dB, and (d) 
-20 dB. 

[24]-[28]. Accompanying the massive broadening is an 
increase in intensity noise [28]-[29]. Coherence collapse 
is detrimental to the operation of both FM- and AM-mod- 
ulated optical communication systems. 

Models of coherence collapse have been presented by 
many authors [24], [30]-[34]. This example shows that 
the new model can also predict coherence collapse by 
feeding back optical field samples into the bidirectional 
optical port after an appropriate delay [ 1 13. Unlike some 
analytical models, the new model neither assumes coher- 
ent feedback [3 13, 1321 or incoherent feedback [24], 1331. 
Such assumptions are not required because the time-do- 
main bidirectional optical interface describes the optical 
wave over a large optical bandwidth because optical field 
is used as a variable [35]. Thus, both narrow-linewidth 
and coherence-collapsed feedback are correctly treated. 

Also, because the interface is in terms of optical field, the 
phase of the feedback is included. 

The test parameters for this example are given in Table 
111. The model included carrier dependent refractive index 
as this is essential to the coherence collapse process [29]. 
Details of the refractive index model are given in [ 111. 
Spontaneous emission noise was represented by random 
noise generators in ever section. Gain wavelength depen- 
dence was included in the model to ensure single-mode 
operation. Chip-and-package parasitics were not in- 
cluded. The laser was biased to give a mean output of 1.9 
mW. 

Fig. 9 shows the power waveforms, obtained by squar- 
ing the optical field and averaging over 10 iterations, for 
four levels of optical feedback. At -40 dB feedback [Fig. 
9(a)] the laser showed a strong resonance at 2 GHz, the 
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Fig. 10. Intensity noise spectrum of the laser with external reflectivity. 
The feedback levels were (a) -40 dB, (b) -38 dB, (c) -30 dB, and (d) 
-20 dB. 

external cavity resonance frequency. At - 38 dB feedback 
[Fig. 9(b)] the period of the resonance doubled and the 
resonance became stronger. At -30 dB feedback [Fig. 
9(c)] the power waveform appears to be chaotic and ape- 
riodic and has a modulation depth of around 50%. At -20 
dB feedback [Fig. 9(d)] the modulation depth of the cha- 
otic behavior was almost 100%. These power waveforms 
are similar to those obtained by Dente et al. using rate 
equations and assuming coherent feedback [26]. How- 
ever, the depth of modulation in the coherence collapsed 
state [Fig. 9(c)] is much larger here. This difference may 
be because this model feeds back incoherent light when 
in an incoherent (collapsed) state. These waveforms sug- 
gest that period doubling is the route to chab's, as pro- 
posed by Mukai and Otsuka [34]. 

Fourier transformation of the data in Fig. 9 ,  followed 
by convolution with a Gaussian bell with (T = 120 MHz 
to remove noise, gives the intensity spectra shown in Fig. 
10. At -40 dB feedback [Fig. 10(a)] the intensity spec- 
trum had distinct peaks at harmonics of 1 GHz, half the 
external cavity resonance frequency. The 1 GHz peak was 
- 10 dB below the 2 GHz peak. At -38 dB feedback [Fig. 
10(b)], the resonance peaks were still visible. However, 
the 1 GHz component was increased in amplitude to 4 dB 
below the 2 GHz peak. This increase is consistent with 
the period doubling seen in Fig. 9(b) [34]. At -30 dB 

feedback [Fig. lO(c)] the intensity noise increased over 
the entire frequency range. The intensity spectrum peaked 
near to the electron-photon populations' resonance fre- 
quency (2.8 GHz). At -20 dB feedback [Fig. 10(d)] the 
intensity noise was large over the entire bandwidth. Com- 
parison with the noise spectrum of a laser without feed- 
back indicates that the noise increased by at least 20 dB 
over the entire frequency range. The dramatic increase in 
noise at feedback levels above -40 dB is consistent with 
the numerical results of Schunk and Petermann [29]. The 
spectra on RIN levels are similar to those measured ex- 
perimentally over the range 0-2 GHz by Woodward, 
Koch, and Koren [28]. 

Fig. 11 shows the optical spectra obtained by Fourier 
transformation of the optical field output of the model for 
the levels of optical feedback with in Figs. 9 and 10. At 
-40 dB feedback [Fig. 1 l(a)] the optical spectrum was a 
single narrow line with sidebands spaced at the external 
cavity resonance frequency. At -38 dB feedback [Fig. 
l l(b)] the number of peaks increased and the spectrum 
became highly asymmetrical. This asymmetry was ex- 
plained theoretically by Cohen and Lenstra as being the 
result of amplitude fluctuations [33]. Goldberg et al. have 
also measured large asymmetries in the optical spectrum 
[27]. At -30 dB feedback [Fig. 1 l(c)] the spectrum broke 
up into many peaks with no apparent relation between the 
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Fig. 11 .  Optical spectrum of the laser with extemal reflectivity. The feed- 
back levels were (a) -40 dB, (b) -38 dB, (c) -30 dB, and (d) -20 dB. 

peaks’ frequencies. The spectral width was over I O  GHz, 
indicating coherence collapse. At - 20 dB feedback [Fig. 
1 l(d)] the spectrum broadened to over 25 GHz. The spec- 
tral peaks fell into groups spaced at about 1 GHz, con- 
sistent with period doubling [34]. The spectral behavior 
shown in Fig. 11 is in agreement with experimental mea- 
surements by Tkach and Chraplyvy for a DFB laser [25], 
by Woodward et al. for DBR lasers [28] and for Fabry- 
Perot lasers by Dente et al. [26]. 

The feedback level at which coherence collapse occurs 
is believed to be independent of cavity length [28] and is 
defined as the level at which the sidebands first appear in 
the optical spectrum [25] or the level at which the optical 
spectrum collapses into many lines [29]. Sidebands first 
appear at a feedback level between -42 and -40 dB in 
our laser and the spectrum collapses into many lines be- 
tween - 35 and - 30 dB. These results are in broad agree- 
ment with [25], [27], [28]. 

Deterministic chaos has been cited as the cause of co- 
herence collapse [26], [34]. The simulations here in- 
cluded noise terms, so the simulated coherence collapse 
could have been caused by this noise. To test the effect 
of the noise, the noise generators were turned off after the 
initial laser transient. A similar intensity waveform was 
obtained for - 20 dB feedback but with slightly higher 

peaks. The noise is thought to damp these peaks in a sim- 
ilar manner to noise-damping laser turn-on transients. Co- 
herence collapse in the absence of noise suggests a cha- 
otic mechanism [26]. 

IV. CONCLUSION 

This paper has introduced a new model for semicon- 
ductor lasers, based on a combination of two earlier 
models. The new model includes bidirectional electrical 
and optical ports making it extremely flexible. The ports 
allow interconnection with other models, such as for drive 
circuits and for external optical components. 

Three examples of the use of the model were given: 
1) A laser transient response was modeled and excellent 

agreement was obtained with previous results. The tran- 
sient response also showed large timing jitters and inten- 
sity noise. 

2) A laser used as a detector was assessed. Its fre- 
quency response was flat until 700 MHz and then rolled 
off at 20 dB/decade. The laser detector had a linear trans- 
fer characteristic up to 100 pW input power (peak-peak). 
Dividing the contact into sections and then using the sec- 
tion furthest from the optical input was found to improve 
the output signal level by 5.6 dB. 
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TABLE IV 
APPLICATIONS OF THE TWO-PORT MODEL 

~ ~~ 

Application Tested On References 

Laser transient response 
Laser tum-on jitter 
Laser spectrum 
Laser chirp 
Laser intensity noise 
Laser RIN spectra 
Coherence collapse 
Laser as a receiver 

FP, EC, DFB, ML 
FP 
FP, EC, DFB, ML 
FP, EC, DFB, ML 
FP, ML 
FP, ML 
FP 
FP, TWLA 

1111 
This paper 
1111 
I11.361 
This paper, [I I] 
This paper 
This paper 
This paper 

Key: FP = Fabry-Perot laser; DFB = distributed feedback laser; EC 
= external-cavity laser; ML = mode-locked laser. 

3) The behavior of a laser with moderate amounts of 
optical feedback was studied. Coherence collapse, lead- 
ing to intensity fluctuations, spectral broadening, and 
massive increases in linewidth, was observed at feedback 
levels above -40 dB. The observations were in good 
agreement with other workers’ experimental results. 

Because the model was developed from the TLLM, 
which has already been applied to a variety of laser struc- 
tures other than simple Fabry-Perot resonators studied 
here, the model should be applicable to a variety of laser 
structures. Table IV summarizes the applicability of the 
model and includes appropriate references for the types of 
device that the TLLM has been applied to. In theory, the 
applications could be applied to all types of lasers. 

This paper has already demonstrated the flexibility of 
the model and its ability to produce realistic results for a 
variety of experimental situations without modification. 
The use of a single model for many applications has the 
advantage, over separate models for each case, in that er- 
rors in programming are quickly spotted. Also, a model 
not tailored to a specific application is more likely to pre- 
dict unusual behaviors of devices, such as the period 
doubling route to chaos. Future work will generate new 
applications of the model. Some examples are RIN of 
complex laser structures such as DBR’s, stability of lasers 
with feedback, and application of the model to optical 
systems modeling. The development of a CAD system for 
photonic devices and systems, based on this model, is al- 
ready underway at Melbourne University. 
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