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Nonlinear Distortions and Compensations 
of DFB Laser Diode in AM-VSB 

Lightwave CATV Applications 
Hung-Tser Lin and Yao-Huang Kao, Member, ZEEE 

Abstract-The nonlinear distortions of direct modulated laser 
diode applying to AM-VSB lightwave CATV systems are studied 
from the viewpoint of rate equations. A simple method for 
calculating composite second-order distortion (CSO) is proposed, 
which is denoted as the quasidynamic approach. The attribution 
of nonlinearity from fiber dispersion and laser chirping are also 
concerned. The dependences on the variations of parameters 
of rate equations are intensively investigated to figure out the 
dominant factor for CSO degradation. This approach explains 
quite well the experimental results and gives a clue of constructing 
the predistortion circuit with at least 10 dB improvement. 

I. INTRODUCTION 

IRECT modulation of semiconductor lasers by a RF sig- D nal had been applied to the stringent amplitude modula- 
tion vestigial side-band (AM-VSB) lightwave cable television 
(CATV) systems. In this application it is essential to keep 
the noises and distortions originated from laser nonlinearity 
and fiber dispersion as small as possible [l]. Three parame- 
ters of carrier to noise ratio (CNR), composite second-order 
(CSO), and composite triple beat (CTB) are used to assess 
the multichannel transmission quality. A suggestion for CSO 
and CTB with good picture quality should be lower than 
-55 and -65 dBc in trunk applications [I]. The request of 
large channel capacity in CATV system gives an impetus 
for the fabrication of laser diode with high linearity. Very 
often, it is highly desired to develop linearization techniques 
to compensate the nonlinear distortions using only one laser 
diode. Here, the purposes of this paper are to examine first the 
nonlinear distortions of the distributed feedback (DFB) laser 
diode and then propose a simple method for extending of the 
channel capacity. 

Actually, an amount of papers dealing with the nonlinear 
distortions of laser diode have been presented [1]-[14]. The 
designing rules of thumb are summarized as follows. The 
modulation index is generally asked to be as large as possible 
to reduce the laser relative intensity noise (RIN) [I]. The 
optical power should be as large as possible to overcome 
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the receiver noises. Those are in the aspect of CNR. On 
the other hand, the modulation index is limited to avoid the 
nonlinear distortions from resonance distortion [I], clipping 
effects [2]-[41, and spatial hole burning (SHB) [5]-[9], etc. 
The resonance frequency of the laser diode is suggested to be 
larger than 7 GHz [I], even over than 10 GHz. The dc bias is 
suggested to the point with vanishing second-order distortion 
in the light versus current (L-I) relation [lo]. The optimal 
condition of coupling constant nL between the grating and 
the active region of DFB laser diode has been indicated to 
be near to unity [ 1 I]. In thie mean time, some linearization 
techniques such as feedforward compensation [ 131, selective 
harmonic compensation [141, and predistortion [ll, [6], [71 
are proposed. As a matter of fact, the last one is preferred 
because of using only one laser diode. In this technique, a 
compensated signal, which is equal in amplitude and opposite 
in sign to the unwanted signal produced by laser, is generated 
and is combined with the original signals before injecting 
into the laser diode. The 'issue is that generating such a 
wide band signal is a challenge work. Our approach is to 
generate the compensated signal within a crucial band, selected 
after analysis of the nonlinear nature of the laser diode. 
Consequently, the difficulty of circuit construction within a 
restricted band is reduced and good performance of at least 10 
dB improvement is obtained. 

To our knowledge there are two approaches in evaluat- 
ing the nonlinear distortions of laser diodes in multichannel 
transmission. The first is to predict the CSO and CTB by 
directly multiplying the respective intermodulation products 
(IMP) to the second and third harmonic distortion evaluated 
from the L-I curve under the specific frequency plans and 
is denoted as static approach [lo], [15]. These predictions 
ignore the frequency dependence and are applicable only in 
low frequency region. The second is to estimate the CSO 
and CTB by multiplying IN[P factor to the second and third 
harmonic distortion derived from the rate equations [5]-[7], 
[16]. This approach is denoted here as quasidynamic approach. 
And the effect of fiber dispersion, SHB, and differential gain 
on nonlinearity has been discussed [5),  [7]. In this paper, the 
quasidynamic approach is used in cooperation with a different 
treatment in the gain-compression term in rate equations to 
obtain an accurate prediction of CSO in laser diode. The 
analytic results of CSO after fiber dispersion are also obtained 
and are verified by numerical computation and are compared 
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with others [7], [15]. These efforts enable us to develop the 
predistortion circuit. Although CSO and CTB are concerned 
in typical CATV system, CTB is of no importance in our case 
and only CSO is focused [5 ] .  

The paper is organized as follows. The quasidynamic ap- 
proach for CSO is presented in Section 11. The procedures 
of parameters extraction of rate equations are also detailed. 
The measured and calculated nonlinear distortions are given 
in Section 111. The dependences of parameters on distortion 
are also presented, from which the optimal operating point 
can be chosen to meet the CNR of system. The methodology 
of constructing the linearization circuit is also illustrated in the 
section. The concluding remarks are given in the last section. 

11. LASER DIODE AND RATE EQUATIONS 

A. Rate Equations and Parameters Extraction 

The single-mode rate equations containing the nonlinear 
gain suppression factor are often employed to investigate the 
dynamic distortions. The variation of optical phase is also 
taken into account for the chirp induced distortion in the fiber. 
The photon density S, carrier density N and photon phase q5 
are written as [17], [18] 

and 

(3) 

where q is the electron charge, V is the active volume, re 
and rp are the respective electron and photon lifetimes, go is 
the gain constant, No is the carrier density for transparency, 
I? is the confinement factor, /3 is the spontaneous emission 
factor, a is the linewidth enhancement factor, iVth is the carrier 
density at threshold as Nth = No + 1/(gOrrp), and t,1 is the 
phenomenologically nonlinear gain compression factor, and is 
closely related to SHB [6], 181, leakage current path [12], and 
lateral diffusion, etc., and results in the nonlinear L-I curve at 
high bias region. The driving current I ( t )  contained dc bias 
and driving terms is expressed as I ( t )  = I d c  + I,, sin(w,t). 
The gain compression effect in rate equations is originally 
described as l / d m  [I91 as the laser is applied in 
stringent lightwave CATV system and is further rewritten as 
(I - tnlS) for the case E,~S << 1 rather than 1/(1 + €,IS) 
[191. The differences between (1 - tnlS) and 1 / (1+  fnlS) are 
detailed in Section 111. 

The laser diode studied is the Ortel 1610B DFB (distributed 
feedback) laser module in a 14 pin butterfly package with an 
internal optical isolator and thermoelectric cooler. This laser 
emitted at 1.3 pm is intended for CATV purpose. The values 
of parameters in rate equations are extracted as follows: No = 
L O X  v = 2 . 5 ~  1 0 - l ~  m3, r = 0.3, go  = 5 . 5 ~  10-l~ 
m3/s, rp = 1 ps, re = 2.988 ns, /3 = 2.0 x I th  = 21.5 
mA, and E , I  = 2.1 x m3. The procedure of extraction 
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Fig. 1. 
index with ~,1 = 2.1 x lo-" m3. 

The measured and calculated CSO as a function of rms modulation 

is briefly described here. The parameters r, If, rp, and No 
closely related to the material property are from published 
data 1171, go is fitted from the relation of bias current versus 
relaxation oscillation frequency [17], and re is obtained by 
measuring the threshold current I t h ,  which is expressed as 
Ith = qV(No+l / (~ ,qorp) ) / re  [17]. The spontaneous emission 
factor ,!? is from fitting around the threshold of light to current 
curve [20]. The determination of t , l  factor is different from 
others 151, [17], [21]. In the previous work, the E,I  factor 
is found either by fitting static L-I curve [5] or by small- 
signal response [17], [211. Here, in our very linear case, t n l  

factor is extracted by fitting dynamically the measured CSO 
data as shown in Fig. 1 with all other parameters been settled. 
The dynamic range in our measurement set is from -70 dB 
due to the receiver linearity to -30 dB due to clipping. The 
fitted value of cnl is 2.1 x 10-22m3 and is larger than that 
obtained from small-signal approach (€,I = 6.7 x The 
reason is the laser diode is in large-signal operation rather than 
small-signal operation under multichannel transmission. 

B. Modijied Quasidynamic Approach 

In order to predict rapidly the multichannel distortions, the 
so-called quasidynamic approach are developed again, but, 
with modifications in the gain compression term. First, the 
ratio of second harmonic distortion 2HD to fundamental C 
from light output S = S + SleJwmt + S2e32wmt of laser diode, 
is found as 
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where 

CO = A(D + BI’)(DG - E F )  
C1= A ( F D  + B F r  + 2EFr  - 2DI’G) 
C2 = 2AFF 
Do = ( C D  - BE)2 
D1 = 3(B + E ) ( C D  - B E )  
D2 = -2B2 + 5CD - 9BE - 2E2 
0 3  = 6(B + E )  

and 

and modulation index rn is expressed as Iac/(Ide - It),) and 
w, is rf driving frequency. The results are similar to those 
presented in [5,  eq. (12)], but with some modifications in the 
expression of A to G. The distinctions are detailed in Section 
111. 

The distortions at the far end of the fiber are then calculated. 
According to Meslener [22], the output optical field at the far 
end of the fiber is written as 

where w, is the optical frequency and the notation 
LO, L,+, Ln-, and O1 are functions of amplitudes of 
harmonic KO,  K1, K2 in [22]. Here, the arguments 
KO,  K1,  K2 are replaced by 3, SI, and S2, respectively. 
From the light intensity leo(t)I2 the carrier C and second-order 
harmonic 2HD are obtained as 

x cos(w,t) 
( 0 0  

(5) 

2HD( 2w,) 

I n = O  

and then the second harmonic distortion is given as 
2HD(2wm)/G(w,) = A2hd/Acarrier. Moreover, it is 
indicated that each component attributed to CSO is equal to 
the secord-order intennodulation distortion (ID2) obtained by 
two-tone w, and wI test and thus, CSO can be expressed as the 
product of IMP and ID2 as CSOk 2 1010glo[IMP~(ID2(w, + 
w ~ ) ) ~ ]  where the subscripts i ,  j and k are denoted the 
ith, j th  and kth channel, riespectively. According to Helms 
[16], ID2 is just twice the 2HD/C, i.e., ID2(wk) = 
2 x 2HD(wk)/C(wk/2). In addition, after further checking 
the (4), we confirm that 2HID/C is almost linear proportional 
to rf driving frequency wk in the interested band. Hence, 
ID2(wk) Z 2HD(2wk)/c(iii,), and the expression of CSOk 
can be further approximated as 

The results of (7) are verified by numerical computation. For 
numerical purposes, (1)-(3) are further normalized by defining 
the normalized photon and carrier density p = S/S, and 
7~~ = N/Nth, respectively, with constant So = r(Tp/re)Nth 
[23]. Then the rate equations become 

9 E (X-s - I> 
d t  27, 1 - 6 

where the constants S = No/Nth and t = t,lS,. The 
light outputs are directly calculated from (8) to (10) 
with the fourth-order Runge-Kutta algorithm. The current 
injected into the laser diode is expressed as I ( t )  = I d ,  + 
E;=’=, Iack sin(2n.fm,k t + Ok), where X is the total channel 
numbers, fm,k  is the kth channel frequency, O k  is a random 
variable with uniform distribution, and IaCk  is the amplitude of 
the kth channel modulation current. Here, the amplitudes are 
equal among the channels for testing purpose. The effective 
injection current appears as a Gaussian distribution with 
the rms modulation index p equal to rnk2/5?72, where 
m k  = Iack/(Idc - I t h )  as the channel number X is large 
[2]. The output of optical signal through fiber are normally 
treated as the following procedure. Assume that the field 
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Fig. 2. The comparisons of CSO among Kuo's, Bergmann's, analytic, and 
numerical computation, The diode parameters are from Ortel 1610B module. 

amplitude of laser light input to the fiber is expressed as 
E;,@) = @e'+, then the output optical field EOut(t)  at the 
far end of the fiber is given by [24] 

where I?';,(f) = s-", E;,(t)e-J2"ftdt are the Fourier trans- 
forms of E;,(t) and the transfer function of single mode 
optical fiber could be expressed as H ( f )  = e-J"c f2  with 
n, = nD(X)X2L/c. D(X) is the chromatic dispersion factor, 
X is the operating wavelength and L is the fiber length. 
The output photocurrent is proportional to the light intensity 
/Eout ( t )  l 2  from which the distortions are able to be evaluated. 
In executing the FFT, the time step is chosen to At = 
1.5259 x and 2'* points are concerned. In order to 
reduce the computer time, the down sampling method is used 
with sampling factor of 2, which gives rise to the total points 
equal 217 and the resolution equal 0.25 MHz in the power 
spectrum analysis. The output spectra are further averaged over 
25 samples for improving the accuracy. 

111. RESULTS 

In this section the comparisons between the analytic results 
from (4) to (7) and numerical calculations from (8) to (1 1) are 
presented. How the parameters of rate equations affecting the 
linearity of system is indicated and then the construction of 
predistortion circuit is illustrated. 
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The dependence of L-I curve on parameters: (a) near the threshold 

of quasidynamic approach. The results are shown in Fig. 2 
with dc bias I,, = 1.51th, modulation index rn = 0.05, 
and fiber dispersion coefficient D = 17 pslnm . km for 42 
channel transmission. Our results from (7) seem to be better 
than others. This is because all the Bessel functions for fiber 
dispersion are taken into account. In addition, the nonlinear 
distortions induced by intrinsic laser are also included. Thus, 
our approach is preferable for further investigation. 

A. Comparison Among Kuo 's [7], Bergmann 's 
[15], and ModiJed Results 

It is already known that CSO is degraded as the increase 
of modulation frequency and fiber length [7], whereas, the 
results are still fragmentary. Here, the comparisons among 
our analytic results of (7), [7, eq. (20)], [15, eq. (lo)], and 
the numerical results are illustrated to verifv the feasibilitv 

B. Dependences of CSO and L-I Curve 
on Parameters go, /?, and E,I 

At low frequency operation, the nonlinearity can be qualita- 
tively predicted from the straightness of L-I curve, which, 
in turn, is strongly affected by three intrinsic parameters 

, /?, go, and €,I. Generally, /? and go affect the threshold 



LlN AND KAO: NONLINEAR DISTORTIONS AND COMPENSATIONS OF DFB LASER DIODE 2571 

-30 

-40 

-50 
h 
0 m -60 
e 
2 -70 
0 

-80 

-90 

1E+014 

9E+013 

8E+013 

7€+013 

s 6€+013 
? 

- 
N- ~ 5E+013 

\ 

," 4E+013 
-0 

3E+013 

2E+013 

1E+013 

- 

0 

X 

- 

- 

- 

-~ 

-~ 

\ 
1 1.2 1.4 1.6 1.8 2 2.2 2.4 

normalized bias current(ldc/lth) 

(c) 

-30 

g -40 
U v 

8 -50 
-60 

-70 

-(b)calculated data for Ortel 16 

__-.- -.-. 1. 
\. - . - . - . - . -. 

1 1.5 2 2.5 3 3.5 4 4 

normalized bias current(ldc/lth) 

1 1 1 1 / 1 1 1 , , I l , l  l l , , , ' l , " ' l " , L  

(b) 

4E+014 

3.5E+014 

3E+014 

-? 25E+014 I! s. - 2E+014 
N- 
U 

1.5E+014 

N 

1E+014 

5E+013 

0 

-5E+013 LJ " ' ' ' ' " ' " " I '  " ' I  " ' 

1 1.2 1.4 1.6 1.8 2 2.2 : 
normalized bias current(ldc/lth) 

(d) 
Fig. 4. 
ld2L/dT21 versus normalized bias current with the same conditions of Fig. 3(a) and (b) from static calculation. 

CSO versus normalized bias cumnt  with various parameters at (a) channel 2 and (b) channel 61 calculated from (5). (c) and (d) are the curves of 

region and E,] affects the high current region. The typical 
orders of parameters P,  go and E,I for end-emitted laser, and 
quantum-well laser are around 10-3-10-4, 10-11-10-12 
and 10-21w10-23, respectively. CSO as functions of bias 
current under various combinations of orders in ,B, go,  and 
t,l are shown in Figs. 3 and 4 by calculated from (7). The 
solid line in Fig. 3(a) is the L-I curve corresponding to Ortel 
diode with /3 = 2 x l W 4 ,  go = 5.5 x m3/s, and 

= 2.1 x lo-'' m3. The curvature around threshold becomes 
smooth as is increased to 1 x loh3 with other parameters 
fixed (dotted line). The reason is the spontaneous emission 
becomes strong and postpones the process of the stimulated 
emission [20]. While, the L-I curve is more sharper around 
threshold as go is increased (broken line). This is because the 

much larger gain go is, the more photon has in stimulated 
emission. The deterioration of straightness at high bias region 
from enl factor is detailed in Fig. 3(b). The expression of 
(1 - tnlS) results in significant bending in the L-1 curve. 
Whereas, only a slight deviation is observed for the expression 
of 1/(1 + cnlS) and is not for the real case. Here, the former 
one is chosen in this paper. 

The measured CSO as a function of normalized bias current 
( I d c / - l t h )  at lowest (channel 2) and highest (channel 61) 
channels are shown in Fig. 4(a) and (b), respectively. The 
calculated results from (7)1 are also shown (solid line). The 
calculated data match well lo measured ones for both channels. 
The optimal bias point (dip) are near 1.61 Idc/Ith and 2.42 
1 d c / l t h  at channel 2 and 61, respectively, for Ortel 1610B. 

4 
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The slight deviation around the minimum point for channel 2 
in Fig. 4(a) is due to the limitation of receiver linearity. The 
effects of parameters variations are also examined as curves 
( c ) ,  ( d )  and ( e )  in Fig. 4(a) and (b). The dips shift due to the 
movement of inflection point in L-I curve. If the L-I relation 
is expressed as L = L, + L ~ ( I  - Idc) + L ~ ( I  - ~ d ~ ) ~  + . . ., 
where L is the photon density, Id, is the dc bias, Lo,  L1 and 
L2 are the constant and depend on the selection of Idc; then, 
the optimal bias with minimum CSO is at ld2L/d12) = 0 (i.e., 
L2 = 0). Id2 L/d12 I as a function of bias are shown in Fig. 4(c) 
for various p, go and f,1 factor. The optimal bias points are 
almost matching to the points in Fig. 4(a) of low frequency 
channel. The optimal points in curve b,  c, d, and e of Fig. 4(a) 
are 1.61, 1.95, 1.75, and 1.15 Idc/I th ,  and the relative points 
in Fig. 4(c) are 1.54, 1.9, 1.7, and 1.12 Idc/Ith. While, these 
results are different from those at high frequency channel [see 
Fig. 4(b)]. It implies that static approach is useful only in low 
frequency region. Besides that, the dynamic features regarding 
to the parameters are summarized as follows: As the go factor 
is raised, the relaxation oscillation frequency is lifted far above 
CATV band and leads to ultra low distortion as shown in curve 
( d )  of Fig. 4(a) and (b). CSO is degraded with large gain 
compression factor t n l  as shown in curve ( e )  of Fig. 4(a) and 
(b) and t n l  is the crucial factor for nonlinear distortion. Again, 
no dips are found for the case of (1/1 + tnlS) as shown in 
Fig. 4(d). Thus. the expression of (1/1 + tnlS) is not suitable 
for the real situation as compared to the experimental results. 

C. Predistortioiz Technique 

As indicated in Fig. 4, the proper setting of dc bias near 
dip is essential to minimize the CSO and, thus, leads the 
construction of the predistortion circuit in an easier way. To 
obtain a global picture, the frequency dependences of CSO 
at various bias from (7) are shown in Fig. 5 with parts of 
measured results also indicated (square dot). CSO is over -60 
dBc at high frequency region. Here, bias point at I d ,  = 2.79Ith 
(60 mA) is chosen for the reason of larger output power 
and larger CNR, rather than at I d c  = 21th with better CSO 
only. A small fraction of CSO at high frequency band from 
330 to 450 MHz is over the specification and needs to be 
ameliorate. Because CSO is closely related to 2HD as stated 
above the distortion can be improved only treating the signal 
within frequency band from 16.5 to 22.5 MHz with m = 0.18. 
Fortunately, from (4), the frequency-dependence of 2HD/C 
reveals the form of ( U  + bf,) + j ( c  - df,) with negligible 
secord-order terms under low modulation index where f m  
(MHz) is the driving frequency. In our case, the terms a(= 
4.14 x 
are smaller than - j d f m ( =  -j3.64 x 10-6fm) for fm in the 
frequency range from 165 to 225 MHz. Further investigation 
shows that the last term -jdf, plays an important role 
in reducing 2HD/C to an acceptable level. This one-term 
correction can simplify the construction of circuit. 

As mentioned, the function of predistortion circuit is to 
generate a compensated signal which is equal in amplitude and 
opposite in sign to that produced by laser. The block diagram 
of the predistorter is proposed in Fig. 6. The injected rf signal 

b f ,  (= -2.05 x 10-6fm), and c(= 1.2 x 
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Fig. 5. CSO as functions of driving frequency at various dc bias currents. 

is split into two parts, one is directly into the combiner and 
the other is fed into the predistortion circuit, which consist of 
squarer, tunable attenuator, and frequency-dependent circuit, to 
generate distorted signal -jclfm. The magnitude of each block 
is calibrated by a single-tone testing. For example, at 180 MHz, 
the second harmonic is approximately -65 dBc under large 
18% modulation index as shown in Fig. 7(a) which is nearly 
equal to the calculated one (20 x log(3.64 x x 180) = 
-63.67 dBc). The splitter and combiner consist of ferrite- 
based broadband directional coupler with 15 dB tapping. The 
squarer circuit is the active mixer with -5 dB conversion 
loss, and the tunable attenuator has enough dynamical range 
(40 dB) and bandwidth to set the amplitude of compensated 
signal. The phase delay consists of a section of coaxial cable 
about 10 cm in length to trim the phase different between two 
paths. The frequency dependent element is a 1 pF capacitance 
in series connection to provide j f m  term and about 13 dB 
insertion loss at 180 MHz. The group delay of the components 
in the predistortion route are negligible. After compensation, 
the second harmonic of the laser output is down to -84 dBc 
as shown in Fig. 7(b). With such a single-tone calibration, 
CSO in multichannel transmission is significantly improved. 
For convenience, CSO and CTB as functions of frequency are 
shown in Fig. 8. With the predistorter, CSO are 10 dB down, 
and CTB are almost unchanged. It is noted that this method 
can be extended for ultra-wideband improvement by separating 
the deteriorated band into several bands with their own phase 
and attenuation factors. As for CTB improvement, a similar 
way is suggested to generate third order term to cancel the 
third order distortion, although it is not necessary in our case. 

IV. CONCLUSION 
In this article, the distortion and compensation of the single- 

mode DFB laser with applications to AM-VSB lightwave 
CATV systems are discussed. The nonlinear behaviors are pre- 
cisely predicted by the proposed quasidynamic approach with 
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special care in gain compression factor. It is deduced that the 
setting of bias point is crucial for the low distortion operation. 
The second harmonic distortion is able to be approximated 
by a linearly frequency dependent term, which results in a 

simple construction of predistortion circuit. With appropriate 
selection of bias and predistortion circuit, the channel capacity 
extension from 42 channel (up to 330 MHz) to 60 channel 
(up to 450 MHz) is demonstrated. Our results provide as a 



2574 

-a 
3 
v) m 
2? 

E -70 

e e 

o CSO without predistoter 
0 CSO with prediorter 
rn CTB without predistoter 

: ,  , , , , ,.,E,, o CTB with predistorter 

- e 

5 
Fundamental frequency (MHz) 

Fig. 8. 
predistofiion circuit presented. 

CSO and CTB as functions of frequency at with and without 

guideline for improving the linearity of the laser diodes for 
AM-VSB lightwave system. 
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