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Performance of an optical amplifier/modulator

based on a diode laser

A.P. Bogatov, A.E. Drakin, N.V. D’yachkov

Abstract. The performed numerical simulation shows that the
main parameter determining the performance of an optical
amplifier/modulator is the stimulated-emission cross section
(differential gain) in the active region. A cross section of
~ 3 x 107" cm?, which is quite realistic for modern hetero-
structures with quantum-well active regions, may provide an
amplifier/modulator performance sufficient for data transfer
at a rate of ~ 20 Gbit s™'.
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1. Introduction

The up-to-date optical fibre communication channels have
almost completely replaced microwave and rf channels in
the applications related to high-speed data transfer.
However, this mainly holds true for local (stationary)
communications, whereas the devices for mobile high-speed
optical communications are being actively developed.

In particular, there are significant efforts in forming
optical communication channels in space for data transfer
from satellites at near-Earth orbits to geostationary satellites
with subsequent data transfer to ground-based stations. The
potential advantages of optical communications in compar-
ison with mobile microwave and rf communications have
not been implemented in view of some specific features.

The first attempts to direct apply the scientific and
technical solutions successfully used in optical fibre com-
munication lines to mobile channels met a number of new
problems (some of which cannot be solved technically).
Many of these problems are of physical nature and, there-
fore, require additional study.

Indeed, optical fibre communication lines use lasers that
operate in the spectral ranges near 1.3 and 1.5 pm and
generally have an output power of about 10 mW. These
spectral ranges are chosen to obtain minima of dispersion
and optical loss in fibre, whereas the output power is almost
always limited by the fibre optical nonlinearity. When light
propagates in free space, these requirements are removed,
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but others arise, which are related to the light divergence
and impossibility or difficulties of using repeaters. This
means that an emitter must form high-intensity light beams
with a divergence close to the diffraction limit. In other
words, the angular brightness of these sources should be
maximally possible for lasers of a given type.

This problem was considered previously for steady-state
lasing in high-power lasers (see, for example, [1-4] and
references therein), where powers of ~ 1 W and higher, with
a beam divergence close to the diffraction limit, were
obtained by applying a special cavity design. However,
this result does not solve the problem, because the laser
beam should be modulated to transfer data. Moreover, the
modulation frequency should exceed several Gbits™! to
make the channel data capacity sufficiently high for modern
communications.

Currently, the problem of designing an emitter that
would simultaneously be a high-brightness light source and
modulate light beams in the GHz range has not been solved.
The point is that direct modulation of the beam intensity
using pump current modulation leads to a time-dependent
laser operation regime, which gives rise to the following
effects. First, the transverse single-mode operation is vio-
lated, as a result of which the divergence may exceed the
diffraction limit several tens of times. Second, the emission
spectrum contains many longitudinal modes, and its width
exceeds the modulation frequency by several orders of
magnitude. These are very undesirable effects, because an
increase in the beam divergence reduces the distance at
which data can be transferred, while spectral broadening
decreases the communication data capacity with spectral
channel contraction [wavelength division multiplexing
(WDM) technologies].

A promising device for solving the problem of high-
speed mobile optical communication is a combined optical
emitter, which is schematically shown in Fig. 1. It includes a
master optical carrier frequency oscillator (for example, a
low-power single-frequency cw laser), whose radiation is
introduced into an amplifier/modulator (which modulates
the pump current by the information signal) and then is
amplified at the output of an optical power amplifier, which
operates in the constant-pump regime. The output amplifier
can provide a fairly high power level, for example, in the
multiwatt range. All these active circuit elements are laser
diodes based on quantum-well heterostructures, which
currently have the best emission characteristics. The com-
bined emitter can be either a hybrid version with optical-
fibre connections or a monolithic single-crystal chip, similar
to that considered in [5, 6].
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where T is the signal repetition period (inverse data transfer
rate).
Pump current The model takes into account the spatially inhomoge-
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Figure 1. Simplified emitter scheme: ( /) master oscillator, (2) amplifier/
modulator, and (3) power amplifier.

Obviously, one of the key characteristics of this emitter
is the amplifier/modulator performance. A diode laser based
on a heterostructure with a bulk active region, operating in
the regime of a single-frequency amplifier/modulator, was
experimentally and theoretically studied in the early studies
[7, 8]. A spectrally matched modulation was obtained, at
which the optical spectrum width did not exceed the doubled
modulation frequency. However, the upper limit of the
modulation frequency was found to be as low as 2 GHz [7]
and limited by the instrumental possibilities of the modu-
lator. The amplifier/modulator was theoretically analysed in
[8] in the quasi-steady-state approach, which does not make
it possible to adequately estimate the upper limit of the
modulation frequency.

In view of the aforesaid, it is interesting to analyse the
performance of a diode amplifier/modulator with laser
parameters characteristic of modern heterostructures with
a quantum-size active region in order to determine the upper
limit of its performance and the main parameters determin-
ing this limit.

2. Physical model and basic equations

The amplifier/modulator performance was simulated
numerically. Note that analytical methods (for example,
those used in [9]) can hardly be applied in this case, because
the small-signal approximation is not quite correct under
conditions of deep gain saturation.

The amplifier/modulator is a traveling wave amplifier
with zero reflectances at the end faces. The transverse
distribution of the propagating wave amplitude was
assumed to be fixed and determined by the optical confine-
ment factor I in the vertical direction (perpendicular to the
plane of heterostructure layers) and the effective width W in
the layer plane. The amplifier is pumped by a current I,
which changes with time. This can be either a harmonic
change according to the law

I(t) = 10 + 11 Sin(Qt), Q= 2TCV, (1)
or a pulse-code modulation, for which the current can be
written as

M
I(t) =" &, f(t —mt), )
m=0

where v is the modulation frequency; &, is the data signal (a
random function, which is, for example, either 0 or 1 at the
mth step); and M is the total number of pulses per random
process realisation. The function f(¢) is the form factor of
the single pulse corresponding to this data signal. In the
simplest case, this function can be expressed in terms of the
Heaviside function 0(7):

neous inversion decay along the longitudinal amplifier axis
z. A wave Ejexp (— iwy?) is incident on the left amplifier end
face at z =0 (Fig. 1). Its power, with allowance for the
transverse beam size, can be written as

_ Wda CNefp

n="7" oo |Eol’. )

where n.y is the effective refractive index of the hetero-
structures and d, is the active-region thickness.

The field inside the amplifier was presented as a traveling
wave

6(z,t) = E(z, 1) expli(koz — wyt)] ®)

with a slowly varying complex amplitude E(z,7) and ki =
woze(wo)/ ¢, where &(wp) is the spectral component of
permittivity at the carrier frequency w,. The slow change in
the amplitude E(z,?) indicates that its spectral width Qp
satisfies the inequality Qp < ;. It is assumed that, due to
the change in the active-region inversion, the permittivity
operator & acquires a small additive

Ae(t) = 08(1) fo(w), |9e(t)]| < (), (6)
where the form factor f,(w) describes its dispersion.

Under the assumptions made the wave equation

) 1 3°D(z,1)
Aé(z,t) 7(’727:0’

D(z,t) =£8(z,1) (7
for a wave propagating in the amplifier, with allowance for
the smallness of the above-mentioned parameters, is
transformed into the following equation for the slow
varying amplitude:

0E(z,1) n_* 0E(z,1)
Oz c ot

- 12%3 Se(0)E(z, 1), )

where n” is the group refractive index.
The expressions for the real and imaginary parts of the
permittivity additive

de(t) = I'(Re dg, + ilm 3¢, ), O

where the subscript ‘a’ indicates the active region, were
written conventionally:

Res
Rede, — ORGP 5y _ 2na%5N = 2n,An,(N),  (10a)
Im &g, = — <2 g(N). (10b)
Wo

Here, n,, g(N), and N are, respectively, the refractive index,
gain, and injected-carrier concentration in the active region.
Thus, in our model, according to expressions (8)—(10), the
dynamics of the amplitude E(z, ¢) is set by the dynamics of
the carrier concentration N(¢). The latter, in turn, is
determined by the dynamics of change in the current and
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carrier recombination rate, with allowance for stimulated
recombination.

The calculations were performed on the assumption of
linear concentration dependence of gain:

g(N) = a(N = Ny), (11
where N, is the transparency concentration and o is the
stimulated-emission cross section (differential gain 0g/ON).
The derivative On, /ON was determined as a value propor-
tional to o, with allowance for the amplitude—phase
coupling coefficient R. Representing the complex value
E(z,t) in the form

E(Zv t) = Er(27 [) CXp[i(p(L Z)}’ (12)
we obtain the final system of equations describing the wave
propagation in the amplifier:

OE,(z,1) n" O0E.(z,1) _ g(N)

2l 2 mm D 8D g ), (13a)
Op(z,t)  n* 0p(z,1)

3 e = TkoAn,(N)o(z,t). (13b)

This system was solved simultaneously with the continuity
equation for carriers in the active region

ON(z,1) 1(1)

_ N(z,1)  eny g(N)

2
ot  WLd,e 1 8t T Ec(z1),

(14)

where L is the amplifier length; t is the injected carrier
lifetime with respect to spontaneous recombination; and e is
the elementary charge. The following initial and boundary
conditions were used:

N(Z7 0) = Ny, Er(Z7 0) = E, (P(Z, 0) =0, (153)

Er(07 l) = Ey, (P(Oa t) =0. (15b)

The calculations were performed numerically with time and
space steps of 1 ps and 0.25 pm, respectively. As a result,
the time dependences of the field power P and phase ¢ at
the amplifier output were obtained. For a harmonic
modulation of the current I(f) these dependences took
the form

P([) :P0+P1 Sin(Q[—lP), (16)

@(t) = @y + @y sin(Qt — ), 17)

where  is the phase shift of the radiation power and field
with respect to the pump current. For pulse-code modu-
lation the output power and phase were calculated for a
single pulse and a random sequence of M pulses (M is the
‘word’ length). In our calculations the M values did not
exceed 60.

3. Model results and discussion

The values of the laser parameters used in the calculations
are listed in Table 1. They are typical of modern laser
diodes operating in the spectral range of 0.8—1.06 pm and
based on heterostructures with a quantum-size active

Table 1. Values of the basic laser parameters used in the calculations.

Designation Parameter Value

n, Refractive index of the active region 3.6

" Effective refractive index 345
eff of the heterostructure '

n* Group refractive index 3.9
Spontaneous recombination time

T . 1 ns
of carriers

r Optical confinement factor 0.0132
of heterostructure

d, Active-region thickness 8 nm

w Active-region width 3 um
Amplitude —phase coupling

R . 3
coefficient

A Lasing wavelength 0.81 um

Nonresonant absorption 1
o . 20 cm
coefficient of heterostructure

. . . . — 2
g Stimulated-emission cross section 3x 1075 cm?

L Amplifier length 100 pm

region. The parameters that were varied and differed from
the basic values are indicated in Figs 2—9.

The results corresponding to the amplifier pumping by a
current modulated according to the harmonic law (1), with
an amplitude I} = I, = I, are shown in Figs 2—6. These
curves most clearly demonstrate the dynamic characteristics
of the amplifier. Figures 2 and 3 show the dependences of
the constant power component Pj, the amplitude of its
variable component P;, and the phase modulation ampli-
tude ¢, on the modulation current frequency. It can be seen
that P, is almost independent of the modulation frequency
in the range of 3-20 GHz. This is qualitatively clear,
because in this range Qt > 1. Therefore, the time is too
short for inversion to fall to the transparency threshold. The
output power of the modulated component significantly
decreases with an increase in the frequency (by a factor of
2-3) for low currents (50 mA) and only slightly decreases
(by no more than 25 %) for currents above 100 mA in the
frequency range from 0 to 15 GHz. This means that the
modulation range, determined at a level of 3 dB, obviously
exceeds 15 GHz. Note that the dependences of the modu-

Py, P /MW
300 F 7=200 mA
250 :'—'@.—f/—_
200 T
150 —_E(_)Or:“i
100 F T T e——
I i R
SOmA T T m——— o
1 1 1 1 1 1 1 1
0 5 10 15 v/GHz

Figure 2. Dependences of the constant power component P (solid lines)
and power modulation amplitude P; (dashed lines) at the amplifier
output on the modulating current frequency v at different pump currents
I and input light power Py, = 1 mW.
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lation bandwidth and signal power on the input signal are
fairly weak. A change in the input signal power by a factor
of 10 (from 1 to 10 mW) barely changes the characteristics
of output radiation. The amplifier/modulator is insensitive
to the input signal in this range, which is favourable for
practice. The calculations showed also that the dependence
of the modulated signal amplitude at a fixed frequency on
the modulation current 7 is close to linear. This is completely
consistent with the data [8], obtained within the simplified
quasi-static model.

A specific feature of semiconductor lasers and amplifiers
is the presence of amplitude—phase coupling, which man-
ifests itself as follows: with a change in the inversion level
(i.e., gain), the active-medium refractive index changes
simultaneously and almost proportionally. This circum-
stance is reflected in Eqns (9) and (10) and in the
calculation results presented in Fig. 3. One can see that
the phase modulation bandwidth is close to the amplitude
modulation bandwidth.

P, /mW %/rad
400 1 1.0
300 | T
408

250 | 4
200 F 106
150 404

100 1
402

50 b 1

1 1 1 1 1 1 1 1 0
0 5 10 15 v/GHz

Figure 3. Dependences of the power modulation amplitude P; (dashed
lines) and optical signal phase ¢, (solid lines) on the modulation
frequency v at different pump currents 7 and power Py, = 10 mW.

The dynamic properties of the amplifier/modulator for
different carrier lifetimes t are shown in Fig. 4. It can be
seen that the amplitude modulation depth is almost
independent of 7. The spontaneous recombination time t

Py /mW
140 -

120 -

100

80

V/GHZ

Figure 4. Dependences of the power modulation amplitude P; of optical
signal on the frequency v at different carrier lifetimes ¢ and power
Pin =10 mW.

changes by an order of magnitude, whereas the modulation
amplitude varies by no more than 7 %. This fact indicates
that the parameter Qt > 1 is not effective. The frequency
characteristic is determined by another characteristic param-
eter, specifically, the stimulated recombination time, which
is inversely proportional to the stimulated-emission cross
section.

Indeed, the calculations showed that the amplifier
dynamic properties are primarily determined by the cross
section ¢ (see Fig. 5).

Pl/mW
140

120
100
80 -
60 |
40 |

20

0 5 10 15 v/GHz

Figure 5. Dependences of the power modulation amplitude P; of optical
signal on the frequency v at different stimulated-emission cross sections o
and power P, = 10 mW.

The choice of the amplifying diode length L is important
from the practical point of view. The conditions for
convenient matching of the electric output of integrated
circuit with the current supply circuit determine the total
current through the amplifier to be an invariant. In this case,
the choice of the optimal amplifier length is not obvious.
Indeed, a change in this parameter leads to two opposite
effects. In particular, an increase in the amplifier length
causes an increase in the total (per pass) optical amplifica-
tion due to the increase in the optical path length. At the
same time, the pump current density simultaneously
decreases (with conservation of the total current through
the amplifier); accordingly, the local gain decreases as well.
Therefore, it is not clear beforehand to what extent one
effect compensates for the other when the gain saturation is
inhomogeneous over the cavity length.

In our model this problem could be solved using the data
in Fig. 6. According to them, the effect caused by the
increase in the pump current density is dominant for the
amplitude component of modulation. The phase component
is determined to a greater extent by the integral effect of
phase incursion over the diode length. An analysis of the
data in Fig. 6 suggests that the most favourable conditions
for amplitude modulation are implemented at the minimum
amplifier length. In turn, this means that the choice of the
optimal length is determined by the compromise between
the technological difficulties in producing small-size diodes
with and possible gain due to the increase in modulation
efficiency.

The results for harmonic modulation only qualitatively
characterise the data transfer rate, because such a modu-
lation cannot transfer any data. A more complete pattern
can be obtained using a current subjected to pulse-code
modulation (which is a quasi-random process).
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Figure 6. Dependences of the power modulation amplitude P; and phase
¢, of optical signal on the amplifier/modulator length at different
frequencies v and power Py, = 10 mW.

Figures 7 shows the response functions for the power
and phase shift of amplifier/modulator output radiation
after applying a 50-ps rectangular current pulse. This pulse
width can provide a data transfer rate of ~ 20 Gbit s~ .

P/W
0.6

0.5 F I =400 mA

04
200 mA
0.3
0.2

0.1

0 50 100 150 1/ps

4
E/rad

—0.5
-1.0
-1.5

-2.0

I =400 mA

-2.5

0 50 100 150 1/ps

Figure 7. Response functions of the (a) power and (b) phase shift of the

amplifier/modulator output radiation for 50-ps rectangular current

pulses with different amplitudes I; L = 100 pm and ¢ = 3 x 107> cm?.

These calculation data correspond to three current
amplitudes. It can be seen that an increase in the current
not only leads to an increase in the output power of the
optical pulse but also changes its shape. This change is in
essence a decrease in both the front and trailing edges. The
physical nature of this behaviour is the decrease in the
effective time of stimulated carrier recombination in the
active region. Thus, the increase in the pump current

amplitude is accompanied by not only an increase in the
output pulse power but also an increase in the amplifier
performance. This is in agreement with the data for the
above-described harmonic current modulation (Figs 2, 3).

The amplifier/modulator performance for current pulses
of the same amplitude but different widths is clearly
illustrated by Fig. 8. At the amplifier parameters that
were used in the calculation, a decrease in the pulse width
below 50 ps is hardly expedient; i.e., the ultimate data
transfer rate is limited by 20 Gbit s™'. It is fairly difficult to
increase the performance by increasing the current pulse
amplitude (see above), which is limited by both the supply
circuits of the amplifier and the electric parameters of the
laser diode. There are always limitations on the rate of the
current increase in supply circuits, for example, because of
spurious inductances.

P/W
0.25

0 50 100 150 200 1/ps

Figure 8. Response functions of the (a) power and (b) phase shift of the
amplifier/modulator output radiation for rectangular current pulses with
an amplitude of 200 mA and different widths T L= 100 pm and
c=3x%x10"" cm?.

In this context, it is most interesting to obtain a higher
performance using the internal laser amplifier parameters.
The calculations showed that one of such parameters, which
significantly affect the performance, is the stimulated-
emission cross section ¢. The data in Fig. 9 clearly dem-
onstrate the dependence of the amplifier/modulator
performance on ¢. They are also in agreement with the
results obtained for the harmonically modulated pump
current (Fig. 5).

One of the main characteristics determining the data
transfer rate is the bit error rate. It is most descriptively
illustrated by the so-called eye diagram. In our case this
diagram shows the shape of the signal at the amplifier
output under pump current modulation by a large number
of random sequences of pulses with amplitudes of 0 and 1
(information ‘words’) in a time window equidistantly spaced
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0.15 3% 107" em?
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Figure 9. Response functions of the (a) power and (b) phase shift of the
amplifier/modulator output radiation for 50-ps rectangular current
pulses with an amplitude of 200 mA at different stimulated-emission
cross sections ¢ and L = 100 pm.

1 1 1 1 1
900 925 950 975 1/ps
Figure 10. Eye diagrams of the amplifier/modulator under modulation
by random sequences of 50-ps current pulses with an amplitude of
100 mA (length of one sequence 20 bit, number of random sequences
10%) for stimulated-emission cross sections o= (a) 3 x 107", (b)

2x 107", and (c) 1 x 107" ecm?. The last two bits are shown.

from the beginning of each ‘word’. Figure 10 shows the
results of modeling three such diagrams for the output
signal (power) of an amplifier/modulator pumped by a
current set by Eqns (2) and (3). This example shows that
a cross section ¢ = 3 x 107" cm?, which is characteristic of
quantum-well active regions, allows for a mode in which the
amplifier/modulator does not introduce additional commu-
nication errors at data transfer rates up to 20 Gbit s~ '. At
the same time, if the cross section ¢ is below this value, the
limiting data transfer rate (determined by o) will be,
correspondingly, smaller.

Similar eye diagrams can also be constructed for phase
detection; however, they are omitted here because their
specific form depends on the phase detection method.
Nevertheless, it follows from Fig. 7 that the amplifier
performance is approximately the same under amplitude
and phase modulations.

4. Conclusions

The main results of this study are as follows.

(1) It was shown by numerical simulation that semi-
conductor heterostructures with a quantum-well active
region, which have typical parameters and stimulated-
emission cross section of ~ 3 x 107" cm? and designed
to work in the spectral range of 0.8—1.06 um, can be
used to develop light amplifier/modulators with a modu-
lation bandwidth up to 15 GHz at a level of 3 dB for data
transfer at rates up to 20 Gbit s .

(i1) The laser amplifier/modulator performs mixed ampli-
tude —phase modulation. With a change in the amplifier
operation regime (current amplitude, modulation frequency,
etc.) the levels of amplitude and phase modulation change
synchronously.

(iii) The stimulated-emission cross section was found to
be the main internal parameter determining the performance
and upper limit of modulation bandwidth.

Based on these results we can conclude that the proposed
scheme for obtaining a modulated beam of diode laser
radiation yields a performance not lower than the conven-
tional method of direct modulation of diode laser current.
However, in comparison with this method the scheme
proposed has a number of significant advantages, in
particular, the possibilities of implementing not only ampli-
tude but also phase modulation and designing WDM
systems with compaction close to the theoretical limit.
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