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Abstract

This paper describes effects of low-level light injection into a directly modulated Fabry-Perot laser diode on the external total harmonic
modulation distortion when the external fundamental modulating signal is multi-harmonic contaminated. Necessary theory of the injected
FPLD has been developed and an expression for total harmonic distortion of the modulating signal has been derived considering low-
level light injection. The total harmonic modulation distortion has been experimentally measured for the RF modulation source and for
the injection-locked slave FPLD output after photodetection.
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The external harmonic distortion may arise from the nonlinearity
of the transducer producing sonic to electrical signal conversion in
the case of direct voice signal baseband modulation, or it can orig-
Semiconductor laser diodes are playing major roles in wideband inate from the nonlinearity of the RF source. The RF signal can
electromagnetic communication which can perform many func-  also act as a subcarrier of the baseband signal.

tions such as coherent sources, amplifiers of optical FM and PM
signals and modulation converters in the injection-locked mode of
operation. Demodulation of optical PM/FM signals can also be
done in the latter mode. Recently ultradense wavelength division . ] o
multiplxed (UDWDM) passive optical network (PON) [1-2] is  The experimental setup is shown in Fig. 1
being implemented where multiple coherent sources are necessary
for the transmission of many channels simultaneously. The basic
scheme of modulation and detection in optical communication is
the intensity modulation (IM) and direct detection (DD) in a pho-
todiode. Some workers have studied theoretically the phenomenon
of nonlinear distortion reduction [3-5] in a laser diode (LD) by
high power lightwave injection into the modulated LD. This dis-
tortion is generated internally in the LD itself due to its nonlineari-
ty in the light output vs. bias current characteristics.

1. Introduction

2. Analysis

In this paper, we investigate another phenomenon of the effect of
low-level light injection on a LD directly modulated by an exter-
nal multi-harmonic distortion-contaminated RF signal. The prima-
ry difference between the existing reports on distortion reduction
and the present study is that, in the earlier studies the distortion is
internal, whereas in the present study it is being added externally
with the fundamental modulating signal. The transformation of
second harmonic IM distortion in an IM-DD fiber optic link has
been studied by the author [6]. Depending upon the availability of Fig. 1: Experimental set up for THD measurement
the RF modulation source, we have measured the total harmonic
distortion (THD) of the RF source itself and of the injection-
locked Fabry-Perot (FP) slave laser diode (SLD) directly modulat-

Let the RF modulation signal be represented as,

N
ed by a distorted modulating signal under low-level optical injec- _ :

tion [7-13]. The RF source operates in the range of 100 MHz-400 Vin (t) zlvn Sm(n wmt + 0") @
MHz. n=
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where V,, is the voltage modulation amplitude of the n-th harmon-
ic. n = 1 corresponds to the fundamental modulation and n = 2,
3,....N correspond to second harmonic and higher order harmonics
respectively. These harmonics are undesired components of the
modulation signal and are small in amplitude compared with the
fundamental. These undesired harmonics are generated due to
nonlinearity of the device or of the transducer which produce the
modulating signal. The intensity modulation of the SLD is de-
scribed by the equation:

N
1(t)= I{1+Zm,nsin(na)mt+9n)} @
n=1

where | is the average light intensity of slave laser and m, the

intensity modulation (IM) index at n-th harmonic component of
modulation. The corresponding power modulation is given by,

N
P(t)= Pm{1+2m,nsin(na)mt+9n)} )
n=1
where, P, is the average light output power of the modulated slave

laser diode (SLD). The frequency chirp due to direct modulation is
described by Koch-Bower’s relation as,

a O
Avlt) == % np
o(t) = "PO @

where « is the linewidth enhancement factor of the slave FPLD.
The phase modulation generated by this chirp is given by,

w(t)=2x[ Av(t)dt

(04
=——InP(t 5
> (t) ®)

N
=W, + Y Mg sin(nw,t +6,)

n=1

a a
where ¥/, = —E In P, . The FM Index, M, = Em,n . Here

we have assumed

that

N N
In[1+ > m, sin(nw,t + 6,1~ -> m, sin(nw,t +6,)]
n=1 n=1

m, <<l for n = 12,.N, so

The electric field of the lightwave injected into the bias current
modulated SLD can be expressed as,

— i(ot+6)
En(t)=yR.e ®)
where P;, is the injection power, o is the radian frequency and

0, is an arbitrary phase angle of the injection lightwave.

Electric field of free running slave laser in absence of light injec-
tionis:

Efs (t) — Eofei(wotﬂlf(t)) @)

where, oy is the radian frequency of free running slave laser diode
and y(t) an arbitrary phase angle.

N
EZ(t) = Pm{1+2m,nsin(na)mt+0n)} ®)
n=1

The electric field carrying n-th harmonic modulation in the
output lightwave from the locked SLD can be written as,

Eon (t) — ELn (t)ej(mct+¢0n (t) (9)

where E, ,(t) is the amplitude modulated electric field while ¢on(t)
represents output phase modulation. Under locked condition, the
frequency of the SLD becomes equal to that of the injection light-
wave. E_ (%) is of the form,

N %
E,(t)= \/P_m{1+ > my, sin(ne, t + en)} (10)
n=1

where mg, (for n = 1,2,....N) is the output IM index of the n-th
harmonic modulating signal. 0, (for n = 1,2,...N) is an arbitrary
phase angle of the n-th harmonic which is not expected to change
due to light injection.

The amplitude equation of the injected slave LD carrying n-th
harmonic modulation is written as,

2
20 1 dE.O_ . cc, |ELn(t)|2
@y |ELn (t)| dt ‘Eof (t)‘
X wcos(9i — ¢y, (1)) +1
‘ELn(t)‘
(11)
1
where C, = (1 ——)la,, (12)
7
1 ‘Eof
C,=(u--)I 13
2 (/,l ,U) gO |ES|2 (13)
1,24
Q=(pu—-—)— (14)
oA

where ‘I’ is the LD cavity length, x is the refractive index of the
active medium of the LD, oy, is the mirror loss, g, is the linear
gain of the LD, Q is the external Q-factor of the FPLD, E is the
electric field amplitude of the SLD and E;is the saturation electric
field of the SLD. A is the operating wavelength of the slave
FPLD. We assume output phase modulation in the form,

(15)

o) =+ Y g sin(Npt + 6,)

where, ¢, is the output phase modulation amplitude of the n-th
harmonic. Let & =6, —@,, be the average phase error of the

locked SLD. Substituting (6), (8), (10) and (15) in (11) and apply-
ing the Principle of Harmonic balance we get,
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¢ 2
X, ——+ X
2 3 4
mOn =( mln J

16

. 1o

where X, = %Q (17)
2

X,=C,+= (C +C,) L cos§ (18)

=(C,-C,) Pa smcf (19)

m

X, =C,[1+ /% cos &] (20)

Here, we have assumed J,(¢@,) #1land J,(¢4,) = ¢—2” since
#, are much less than unity. We have also neglected products of
the form ¢i¢; (i, j = 1, 2,....N) and higher order products due to
smallness.

The output phase modulation amplitude can be estimated from
the phase equation given below:

2
2Q d¢hn(t) | o [E®)
dt v 2
@o ‘Eof (t)‘ 21)
[En @]
m—sin(G, — ¢, (1)) | -
[Ec )] ’
D, — W, . - -
where 0 = is the normalized detuning of the SLD

Wy
from the injection CW lightwave. Here, we have neglected the
effect of linewidth enhancement factor, «, in deriving the phase
equation.
Substituting E| ,(t) and @gn(t) in (21) and applying the Principle
of harmonic balance we get,

¢_nz _ (Y5 — o)

(22)
mp Ny +y;
where Y, = 2Q0, (23)
2
=(C,-C)) Fo cos§ (24)
(C +C,) Fo Slnf (25)

m

y,=C, /%sincf (26)

The dc phase equation which is obtained from (21) by equating dc
terms from both sides can be written as,

(C,-C,) '”smf 28 =0 @27)

P .
—, = (C, —CZ>W/P—'" %Slné 8)

At the extremities of the lockband, & = i%.

2Q P, (29)
=Aw,
where Aa)U is the upper side lockband corresponding to the case

= +% and A, is the lower side lockband corresponding

to the case & = —% . The lockband is symmetrically located

around the centre frequency, @), which is the free-running fre-

quency of the SLD. This is due to the fact that we have neglected
the effect of linewidth enhancement factor ( & ) in the phase equa-
tion (21) which would otherwise give rise to asymmetry in lock-
ing.

The output optical power of the locked SLD is detected in a
1.2 GHz bandwidth InGaAs photodiode (PD). The output current
of the PD is proportional to mg, for the n-th harmonic modulation.

So, the n-th harmonic modulation power in the electrical domain
is proportional to mgn (for n = 1, 2, ....N). The total harmonic

distortion (THD) of the fundamental modulation is defined as :
D = (Total harmonic electrical power)/ (Total electrical power

of the detected signal).
The THD can be mathematically expressed as :

N
2
D=1t — (30)
2

This THD has been measured experimentally by using a 9 KHz-3
GHz Agilent microwave spectrum analyzer (model : E4403B).
The measured data are shown in Table 1.

Table 1: Experimentally measured values of THD at the input and at the
output of injection locked SLD (ILSLD)

Modulation Fre- THD (in %) at the THD (in %) at the
quency (f) in MHz Input Output of the
ILSLD
100 2.68 1.91
150 472 171
200 6.47 7.02
350 6.89 4.14
400 3.89 13.57
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3. Conclusion

In this paper, we have measured experimentally the total harmonic
modulation distortion of an injection-locked Fabry-Perot laser
diode when the input modulating RF signal contains fundamental
as well as its harmonics. We have also developed a theory of the
injection-locked Fabry-Perot laser diode which can explain the
observed THD. It has been experimentally observed that optical
injection reduces the amplitude of the fundamental modulating
signal. Depending upon the levels of multiharmonics at the modu-
lation input, the THD, which is defined as the ratio of the total
harmonic power to the total electrical signal power of modulation,
of the injected laser can be reduced or enhanced. This is a novel
observation which is being reported for the first time in literature.
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