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Analysis of Chromatic Dispersion-Induced
Second-Harmonic Distortions Including
Laser Dynamics to the Second Order

Ki-Hyuk Lee, Hyun-Yong Choi, and Woo-Young Chdflember, IEEE

Abstract—We perform analysis of chromatic dispersion- diode is directly modulated by the sinusoidal current with an-
induced second-harmonic distortions including laser diode dy- gular frequencyw, can be modeled as [9]
namics. Investigating laser diode dynamics fully to the second
order, we derive analytical expressions for intensity and frequency <

[T

modula_tion_indices. Using these, we_accu_rately model chr(_)matic E(t7z — 0) >~ P
dispersion-induced second-harmonic distortions for signals
produced by a directly modulated distributed feedback laser. -
The results agree well with numerical solutions, as well as with . .
experimental results for a wide range of modulation frequencies " exp (-7 ) Z mpnn Sin(nw - £+ <PFMn)> - (@)
and fiber lengths. n=1

Index Terms—Chromatic dispersion, laser diode dynamics, 1he above model includes all the possible harmonic terms in
second-harmonic distortion, semiconductor laser diode. magnitude and phase, each of which has intensity modulation
(IM) indexmmy,, and frequency modulation (FM) ind@xgny, -

The higher order harmonic terms are produced by the dynamic
nonlinearity of the laser diode. Since each harmonic term does
HERE is a strong need for analog optical communicatiafot necessarily have the same phase vahyg, andyryi, are

systems [1]-[3]. The CATV and radio-on-fiber system arg@sed to represent their values.

examples in which high frequency carriers and subcarrier mul-For the simplest possible analysis, the influence of all the
tiplexed data are simultaneously transmitted over the fiber. higher order harmonics can be ignored [5], [6] and the E-field
these systems, one of the key elements that determine the tetal be simply modeled as
system performance is optical source linearity. Direct modula- . .
tion of semiconductor laser diodes is the simplest and most edd#, z = 0) = P7 (1 + mvi cos(w - t + o)) ?
norr_1i(_:al solution, but Iir?ear_ity of the laser diodg i_s ofte_n not exp (j -mpwn sin(w -t + orn)) . (2)
sufficient for many applications. Consequently, it is of signif-
icant importance to understand the causes for nonlinearitylihthe above model, the effect of laser chirp is included by
laser diodes and consequent performance degradation in analegr:. Using this field model, Meslener [5] analytically
optical links. showed that the combination of the first-order FM, or laser

When laser diodes are directly modulated, there are seved@irp, combined with the fiber dispersion causes harmonic
causes for nonlinearity. In subcarrier multiplexed systemgistortions when signals are photodetected after transmission in
which usually have many channels in the range of a fethe fiber. But, as will be shown in this paper, this approach has
hundred megahertz, static nonlinear resistance—capacitaiggifficient accuracy because the directly modulated laser diode
(L-1) characteristics and clipping can be the main causes fénamics provide another source of nonlinearity, in addition to
distortion [4]. Laser diode chirp also causes signal distortiotRe distortion induced by chirp and chromatic dispersion.
when modulated optical signals are transmitted through the disFor a more accurate model, Kuo [7] and Lin [8] included
persive medium [5], [6]. In addition, laser diodes have intrinside second-order IM effect and achieved better accuracy in pre-
dynamic nonlinearity, which by itself and with the combinatioslicting the second-harmonic distortions for CATV applications.
of fiber dispersion causes distortions [7], [8]. The nonlinearityhis model can be represented as
that we are interested in is this dynamic nonlinearity. 1

In order to understand the influence of dynamic nonlinearity ~ #(t,z = 0) = P (1 + mu cos(w - £ + @)
of a laser diode, the E-field of laser diode output, when the laser g cos(2w - t + <an12))%

[e'e) 2
1+ Z mypm cos(nw -t + (pIMn)>

n=1

. INTRODUCTION

- exp (J - MEM1 Sin(w -t + SOFMl)) . (3)
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glected in previous studies. With this, the E-field model used in TABLE |
our investigation becomes EXTRACTED VALUES FOR FORLASER- DIODE PARAMETERS
1
— ~ P2 .
E(t,z =0) = Py (14 mu cos(w - + ¢nn) Parameters Description Dimension  Value
1
. 2
iz o8(2w - £+ p1v2)) In Threshold Current mA 17.52
-exp (j - mrmi sin(w - T+ @rwv
. ( . ( ) F=2qA/hen AIW 12.56
+j - mpMm2sin(2w - t + orme2)) - 4)
For our analysis, we first derive analytical expressions for all I Spontaneous emission term HA 12.59
the parameters appearing in the above model using the perturbe - e
. . .. T - 2
tion approach based on the rate equations. In addition, we con B=Tg/qV GHz'/mA  176.34
S|_der t_he mfluence_of fiber dispersion on the second—harmomc K K factor ps 296.52
distortions when signals are detected after traveling over the
fiber. To confirm the accuracy of the analytical procedure, we & Carrier Life Time ns 0.179
perform full numerical analyses of the laser rate equations, as Linewidth Enhancement 109
well as experimental verification in a wide range of modulation a Factor - :
frequencies and transmission distances. o #/ 318
This paper is organized as following. In Section Il, the non- it ps :
linear dynamics of laser diode is analyzed and modulation index T, Photon Life Time ps 433

parameters are determined. In Section lll, dispersion-induced
second-harmonic distortions are derived and these are compared

with the results obtained from full numerical solutions. In Seq—o+(1/2>(Allejwt+AIfe—jwt). Then, the resulting responses

tion IV, comparisons are made with the results of experimeni@\ e optical power, normalized carrier density, and lasing fre-

verification. Then, in Section V, the paper is concluded. quency shift can be expressed as follows:

1 . .
Il. NONLINEAR DYNAMICS OF LASER DIODE P(t)=Py+ 5(Aplefwt + APfe i)

The first task is determining analytical expressions for modu-
lation indices and phase terms in the E-field model given by (4).
For this, we used the perturbation approach based on laser rate
equations [10], [11]. The rate equations used in our analysis are
modified rate equations given as [12]

1 . .
+ i(APQB‘ﬂwt + AP2*6712Wt) + -
1 . .
X (f) =Xy + 5(5 Xlejwt + A Xike—_)wt)

1 : .
+ E(AXQeJM + AXGe It 4.

dP(t)  Brala (X(t) = 1) + = P(t) 1 , '
dt 1+ FB7,7.P(t) (*) T Av(t) =vg + E(Ayleﬁﬂf + Avfe It
dX(t) _ I(f) _ FBTp (X(t) - 1) + Itf;n P(t) _ X(f) + E(Ay2ej2wt + Aygeijwt) 4o (6)
dt Lty 1+ FB7,7.P(t) Tn 2
1 do(t) 1 a Inserting the above equations into the rate equations, we can de-
Av(t) = 5 dt 2.9 Plm (X(t)—1) (5) rive relationships for the first-order terms as in (7) and second-

Oorder terms in (9). In these equations, each coefficient is func-

where P(t) is the output optical power, X(t) is the normalize -
tion of lower order terms and as shown in (8), (10), and (11)

carrier density, and(t) is the phase of optical field3 andF are
corr:c_binationsf ofseve_ral pgra:nete?_s;:hl“gol/qv whe;eF ii}he 0 =a;; X AP, +a1o x AX,
confinementfactogy is gain slopeg is the electron charg®; is _

the volume of the active region, aftl = 2q\/hen, where is Al =az1 X AP +az X AX,
the wavelength is the Plank constantjs the speed of light, and Avi= —azax AXy @)
7 is the quantum efficiency. In additiof, is the threshold cur- .

rent,/; is the spontaneous emission currepis the photon life- @11 =jw - (1+FBr,7. - Po)+B7, I

time,r, is the carrier lifetime, and. = ¢/go, wheres is the gain +2FB7, - Py— B, Lin(1—L,7,72) - Xo
compression factor and is the linewidth-enhancement factor. I.I.,BT,
This particular set of rate equations is used in our investigatio12 = = Bl (1+ 17 7e) - Po————
since it is most suitable for experimentally extracting numerical FBr,7. P .
values for the rate equation parameters, thus making it possibleto {_ Tourn Lo - FBrp+ 4+ FB, (1+ Z) ' XO}
compare analytical and experimental results. Rate equation pg-m - ( 1 FBr,7.  p )
rameters were extracted following the procedure given in [12] Tinmn = Tentn 0
for acommercially available butterfly-type packaged DFB laser, {jw - (14FBr,7. - Py)+ L +FBr, (1+ :_c) ) po}
and the results are summarized in Table I. a9 = FB: - z

For the nonlinear distortion analysis, we used the standard (I“%wL A ~Po)
perturbation method in which a sinusoidal input current of small 1 «

magpnitude with modulation frequenayis assumed, of(t) = @2 = = 55 Brulu (8)
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and
K =bj1 X APy+bio x AXy :
Ky =bo1 X APy+boo x AXo 0.1 E__——///’—\
AVZ = — b32 X AXZ (9) t
0.01f P -~
b1y :jzw-(]_—f—FBTpTc-Po)—FBTnIth e S
+2FB7, - Py~ Bry (14 L7y - Xo € eal d
I, I, B, et m
b12 = - T - BTnIth(l'i_IsTpTc) . PO // - m::;
FBr, 7. 1E-4
boy = — ~—2 [~ FBr,+—— =/
Itth thTn F o
Te 1Es L
+FBTT’<1+;>'X° o 1 2 3 4 5 6 7 8 9 10
1 Te Frequency (GHz)
bos :jzw-(l-f—FBTpTc-P0)+—+FBTP X <1+—> - Py
Tn Tn (@
1l «
b32 = - __BTnIth (10)
2w 2 1 3 T Mgy
FBr. Brlw(1+ Ty :
K= PP 1y P2y BT tl(2+ TpTe) ol
. AXlApl g s
-FB . FB7,7. E
KQZ Tp JOJ’TC+1+T— AXlAP1+ TPT
2 Tn 2linTn 0.01 P
-ALAP;. (11) 3 ”/’/ -——-\\\
From the above equations, we can find the fundamenta N
frequency components and second-harmonic distortion com g3} N

ponents as follows:

—ay12- AT — AT
AP = 2220 A, o T93200 80 (12)
a1122 — 12021 a11a22 —a12a2]
Kibos— Kb —b3a(Kob1 —K1b
AP, = Kibn—FKobi 32(K2bu —Kibao) (13)

B b11b22 _b12b21 '

Consequently, ifAI; is known, expressions for all the param-
eters of interest can be found from the above equations. In ad
dition, IM and FM indices and their phases can be defined as

b11b22 - b12b21

follows:
Apl APQ ¢ 1 Im(APl)
ml — 55 m2=— "5 ml = tan ST A D\
Mim1 j2) > TMIm2 P, PIm1 a Re(APl)
_ Im(APQ)
m =t !
R i)
Ay Avsy . _1<Im(A1/1)>
mrM1 = ——, M =—. =tan _—
FM1 f ; FM2 2f » PFM1 Re(Aul)
Im(Avs)

(14)

)

5 = tan L
PFM2 an (Re(AVQ)

phase (rad)

0 1

2 3 4 5 6 7 8 9 10
Frequency (GHz)
(b)
4
sl N Pemr O
[ ! N = OO
2t .7 TS ,l S~ i e
./ \' ~ -
1 _/"r‘ﬁ' T~
[ ~
| Soo S~
or ! '~ -
! =
Ak 1 ~.
1 RN
-——-_ ] \.\
21 ~~o ~_
N
31
_4 1 1 1 " 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Frequency (GHz)
(©)

where Re{} and Im{} are used for expressing real and imaginaffyd- 1. Calculated modulation indices and phases. (a) IM indexi, and
myve. (b) FMindex:mry1 andmpeyo. (€) Phase values in referencedoy -

parts.
Fig. 1(a) shows the calculated first- and second-order IM in-

dices,mp; andmrpys, Fig. 1(b) the FM indicesingy; and  can be seen, first-order IM and FM indices are enhanced at the
mrm2, and Fig. 1(c) the values of phase terms in reference tesonance frequency. Because the first-order FM index is de-
- For the calculation, extracted values for the laser parafined asAwv, /£, it becomes larger as the modulation frequency
eters given in Table | are used. The current modulation inddrcreases. It is also observed that second-order intensity modu-
Al; is setto 0.1 and the bias currentlad Iy, . At this bias cur- lation indicesm2 andmpgy are enhanced in the range cov-
rent, the relaxation resonance frequency is about 7.5 GHz. éng half the resonance frequency to the resonance frequency.
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[ll. | NFLUENCE OFFIBER DISPERSION ONDISTORTIONS and the second-harmonic distortion become (19), (20), and (21),

The electric field of the laser output given in (4) can be e){gaspectwely -
panded using Fourier series for intensity modulation compo- DC= Z |Cn|2

nents and frequency modulation components as follows: = (19)
E(t7220) gPO% ( Z Kn X ej-n-w-t) Fl(w, L):{ Z |Cn||0n+1| CcOS ((Zn + 1)0
( Z Jn(mFMl) . ej(n-w-tJrn'(PFMl)) + Ont1 — @n) }-COS wt
. < Z Jn(mFM?).ej(2'n'w't+n'<PFMQ> (15) + { _Z |On||Cn+1| X Sin((z'n+ 1)0
n=-—oo 1
Ky, = /f 1+ mpv cos(w - £+ ) +@nt1 = ¢n) X D, ~ICul|Cusi]
T n=-—o0o
5 . .
+ vz cos(2w - t + (,011\/[2)) Tl ™etdt, (16) xsin((2-n 4+ 1)0 + ppy1 — (pn)} sin wt
By collecting same frequency components, (15) becomes (20)
) . FZ(w,L):{ Z |Cn||Crtz| cos((4-n + 4)0
E(t,z=0) 2P} ( Z Chn ~ej'""‘"t> n=—oo
where o +Pnt2 — Pn) } -cos 2wt
Cn — Jl(mFM )ejWi<‘A'12 o'}
122_200 : + Z |Cn||Crta| xsin((4-n+4)0
. ( Z K _otfn—i —1
k=—o00 + Pn4+2 — @n)"' Z _|Cn||0n+2|
.Jk(mFl\ll)ej'k"PFMl (17)
xsin((4-n 4+ 4)0 + ony2 — ©n) - sin 2wt.
When such an electric field is propagated through fiber with (21)

the dispersion modeled as accrued quadratic phase_, 2differer]tig_ 2 shows the resulting fundamental componentELJ
harmonic components acquire different phase chan§ie$, and the second-harmonic distortion, &2() at various mod-
whered = (A - D - L - w?)/(4wc) due to fiber dispersion [S]. ylation frequencies and transmission distances. In the figure,
At the receiver side, detected photocurrents are obtaingslid lines represent the results obtained by using (20) and (21).
by squaring the electric field magnitude. By expressing calculating these results, input current modulation index of

the phase of each harmonic field component@s = 0.1 s used at the bias condition bbl;,. For comparison, re-
tan~'{Tm(C,)/Re(C,,)}, the photocurrent becomes sults obtained from previously reported models are shown in
dashed [5], [6] and dashed-dotted lines [7], [8]. Dashed lines
I(t,z=L)=|E(t,z = L) show the results when all the higher order effects are ignored
i , ) or using the E-field model given in (2). Dashed-dotted lines
= < Z Ced(mewttn '9)) show the results when distortions in frequency modulation are

. neglected, corresponding to the case of using the E-field given
> j(nwt+n?-0) in (3). In addition, the results obtained from the full numerical
x| D Cueltmertn solution of the rate equati i
guations are also shown for comparison.
The Runge—Kutta method is used for numerically solving the

n=—oo

_ < i C |ej("'“'t+”2'9+%)> rate equations using the parameter values given in Table I. The
£ " E-fields after traveling dispersive fiber are calculated by trans-
n:z forming the time-domain signal into the frequency domain, mul-
% ( Z |Cn|e—j(n-w-t+n2-e+san)) . (18) tiplying the fiber transfer function, and then transforming back
s to the time domain [8]. The photon-detected currents are ob-

tained by squaring the magnitude of the resulting E-field. By
After multiplying and gathering the same frequency compaalculating the power spectrum of the currents, the fundamental
nents, the average detected current, the fundamental comporsghal and the second-harmonic distortions are obtained. In the
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Fig. 3. Experimental setup.

Power (dBm)
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!

As shown in Fig. 2(a) and (b), the E-field model of (2) does
not provide reasonable answers for very short distances. This
is because (2) ignores the intrinsic dynamic nonlinearity of the
laser diode which is the main source of distortion at short dis-
tance, whereas the chirp-induced distortion in the wake of chro-
matic dispersion is negligible. Although E-field model of (3)
shows good agreement in short distances, it shows disagree-
ment as transmission length increases. As can be observed in
o f, Fig. 2(c), the accuracy of (2) and (3) is sufficiently good for
o 2 very low or very high modulation frequency. At the low modu-

. . . . ‘ . lation frequency, the dynamic nonlinear effects are small and the
o 10 20 30 a0 =0 first-order FM alone can explain the dispersion-induced second-
Fiber Length (km) harmonic distortions. At the high modulation frequency around

b the resonance frequency, the first-order FM becomes dominant

() again as can be seen from the enhanaed;; in Fig. 1. Con-
sequently, our model with consideration for the second-order
frequency modulation effect provides enhanced accuracy for
the frequency range around half the resonance frequency of the
laser diode. It is interesting to note that there is a point where
the second-harmonic distortion is greatly reduced, for example,
fiber length of about 12 km in Fig. 2(b). This is due to the com-
pensation among distortions due to different causes. The accu-
rate prediction for this point is possible only with our model.

Power (dBm)

Power (dBm)

IV. EXPERIMENTAL VERIFICATION

In the above analysig\]l; (w) is used as a reference but it is
not practical to experimentally measure the actual currents that

0 2 4 6 8 10 are injected into the laser because of the various packaging and
Frequency (GHz) parasitic effects. Instead, we measutel; (w) under the given
© modulation condition and use this as a reference. For the experi-

_ o _ _ _ment, we used a commercial butterfly packaged DFB LD biased
Fig. 2. Second-harmonic distortions obtained from exact numerical solutio

(dots) and analyzes (lines) based on various models. (a) Fundamental sigﬁgl]'s‘a“l and Input current modulation index V_Vas setto0.1. This
and second-harmonic distortions at various fiber lengths for 2-GHz modulatidh.the same laser used for parameter exatraction. We measured the

(b) Fundamental signals and second-harmonic distortions at various fifigst-order IM responsé\P; and fromthat, calculatefiv; using
lengths for 4-GHz modulation. (c) Fundamental signals and second-harmom Second-order responsas? andAvs-. are determined from
distortions at 40-km fiber for various modulation frequencies. ' . 2 2 .

(9). Following above procedure, we can determine each modula-

tion index and phase from (14). Then, we calculate second-har-
process, the fast Fourier transform (FFT) algorithm with a tim®onic distortion after fiber transmission, F2, from (21) and this
step of10~!! seconds and0* sampling points is used. With is compared with experimentally measured second-order distor-
this, the numerical solution is expected to provide exact resulisns at the given fiber length. The same procedure is repeated
for the given parameters. for several fiber length and modulation frequencies.
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0 that the measured second-harmonic distortion is due to the

laser, we measured the second-harmonic nonlinearity of the

20 | BB O oo o oo oo oo oo oo — modulation source, and the second-order nonlinearity of

- -

Power (dBm)

o f, In

[l " 1 1 1 A ] L 1

-100

the photodetector using two optical sources modulated with
different RF frequencies [13]. We confirmed they are below
__________ —70 dBc, not significant enough to influence our measurement.
_ While compensating fiber loss with EDFA and attenuator, we
60| .g®0000000, 00po000 measured second-harmonic distortions in the received signal
’ by an RF spectrum analyzer.

Fig. 4(a)—(b), results are shown that are obtained at a

fiber lengths. In Fig. 4(c), the results are shown for varying

|
i
! o 2, fixed modulation frequency of 2 and 4 GHz with varying
|
(')' 10 20 30 40 50 modulation frequencies at the fixed link length of 40 km.

Fiber Length (km) In the figures, dots .rep.reserllt measured fundamental _S|gnals
and second-harmonic distortions. Calculated results with our
@) analytical model are shown in solid lines. Good agreements

Power (dBm)

Fiber Length (km)

0 with the measured results can be seen for the entire frequency
ranges and transmission distances. The fluctuation in measured
data in Fig. 4(c) is due to the fluctuating frequency response
of the packaged DFB LD. This should not interfere with the
comparison between measurement and calculation based on
our model, since the calculation has taken account of the power
fluctuation. For comparison, calculated results with previously
reported models are also shown in dashed [5], [6] and dashed-
dotted lines [7], [8], respectively. From this, we find that our
model is more accurate in modeling the second-harmonic
distortions in the entire frequency range and transmission
distances.

V. CONCLUSIONS

(b) We analyzed the second-harmonic distortions of the directly

Power (dBm)

-100 W . 1 " 1 " 1 L I N !
0 2 4 6 8 10

Frequency (GHz)
(©

Fig. 4. Second-harmonic distortions from measurement (dots) and analysefZ]
(line) based on various models. (a) Fundamental signals and second-harmonic
distortions at various fiber lengths for 2-GHz modulation. (b) Fundamental
signals and second-harmonic distortions at various fiber lengths for 4-GHz 3]
modulation. (c) Fundamental signals and second-harmonic distortions at 40-krr£
fiber for various modulation frequencies.

(1]

4]

Fig. 3 shows the experimental setup for measuring the signa[
and the second-harmonic distortions at varying transmission5
distances. The back reflection effect is negligible because[]

the DFB LD has a built-in isolator. In order to make sure

modulated laser diode that can be used in analog optical links.
For the accurate model, intrinsic dynamics of laser diodes are
considered to the second order, including the second-harmonic
IM and FM indices and relative phase terms. With this, better
accuracy is achieved in modeling the second-harmonic distor-
tions for signals produced by directly modulated laser diodes
and transmitted over the fiber. We confirmed the results agree
well in a wide range of frequencies and transmission distances
with numerically solved exact solutions as well as experimental
results. We believe the results of our investigation will be useful
for realizing simple analog optical links that are based on the
directly modulated laser diodes.

REFERENCES

R. Olshansky, V. A. Lanzisera, and P. M. Hill, “Subcarrier multiplexed
lightwave systems for broad-band distributiod, Lightwave Technql.
vol. 7, pp. 1329-1342, Sept. 1989.

T. E. Darcie and G. E. Bodeep, “Lightwave subcarrier CATV trans-
mission systems,TEEE Trans. Microwave Theory Teghvol. 38, pp.
524-533, 1990.

J. C. Fan, C. L. Lu, and L. G. Kazovsky, “Dynamic range requirements
for microcellular personal communication systems using analog
fiber-optic links,” IEEE Trans. Microwave Theory Techvol. 45, pp.
1390-1397, Aug. 1990.

A.A. M. Saleh, “Fundamental limit on number of channels in subcarrier-
multiplexed lightwave CATV system Electron. Lett,. vol. 25, no. 12,

pp. 776-777, 1989.

G. J. Meslener, “Chromatic dispersion induced distortion of modulated
monochromatic light employing direct detectiodBEE J. Quantum
Electron, vol. QE-20, pp. 1208-1216, Oct. 1984.



646 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 39, NO. 5, MAY 2003
[6] C. S. Ih and W. Gu, “Fiber induced distortion in a subcarrier multi Hyun-Yong Choi was born in Seoul, Korea, in
plexed lightwave system[EEE J. Select. Areas Communmol. 8, pp. 1977. He received the B.S. degree (with honors) in
1296-1303, 1990. electrical engineering from the Yonsei University,
[7] C. Y. Kuo, “Fundamental second-order nonlinear distortions in anal Seoul, Korea, in 2002. He is currently working
AM CATYV transport systems based on single frequency semiconduci toward the M.S. and Ph.D. degrees at the University
lasers,”J. Lightwave Technalvol. 10, pp. 235-243, Feb. 1992. of Michigan, Ann Arbor, involving research per-
[8] H. T.Linand Y. H. Kao, “Nonlinear distortions and compensations formed at the National Science Foundation Center
DFB laser diode in AM-VSB lightwave CATV applications}’ Light- for Ultrafast Optical Science.
wave Techno).vol. 14, pp. 2567-2574, Nov. 1996. His research interests include the ultrafast optical
[9] Eva Peral and Amnon Yariv, “Large-signal theory of the effect of dispe studies in semiconductor nanodevices and applica-
sive propagation on the intensity modulation response of semiconductor tions of femtosecond optical spectroscopy to semi-
lasers,”J. Lightwave Technglvol. 18, pp. 84—89, Jan. 2000. conductor devices.
[10] J. Helms, “Intermodulation distortions of broad-band modulated laser
diodes,"J. Lightwave Technalvol. 10, pp. 1901-1906, Dec. 1992.
[11] J.L.Bihanand G. Yabre, “FM and IM intermodulation distortions in di-
rectly modulated single-mode semiconductor las¢EFE J. Quantum
Electron, vol. 40, pp. 899-903, Apr. 1994.
[12] L. Bjerkan and G. Yabre, “Measurement of laser parameters for simu-
lation of high-speed fiberoptic systemd, ’Lightwave Technqlvol. 14,
pp. 839-850, May 1996.
[13] B. Kanack, “Measurement of intermodulation distortion in optica Woo-Young Choireceived the B.S., M.S., and Ph.D.

diodes,” inlEEE MTT-S Int. Microwave Symp. Djd.995, pp. 61-64.

Ki-Hyuk Lee received the B.S. and M.S. degrees
in electrical and electronic engineering in 2000
and 2002, respectively, from Yonsei University,
Seoul, Korea, where he is currently working toward
the Ph.D. degree. His Master's work involved
investigating semiconductor laser-diode modeling

degrees, all in electrical engineering and computer
science, from the Massachusetts Institute of Tech-
nology, Cambridge. For his Ph.D. dissertation, he
investigated molecular beam epitaxy (MBE)-grown
InGaAlAs laser diodes for fiber-optic applications.
From 1994 to 1995, he was a post-doctoral
Research Fellow at NTT Opto-Electronics Labora-
tories, where he worked on femtosecond all-optical
switching devices based on low-temperature-grown
InGaAlAs quantum wells. In 1995, he joined the

and nonlinear distortion in analog optical links.

His research interests include microwave pho
tonics, analog optical links and radio on fiber
systems.

department of Electrical and Electronic Engineering, Yonsei University, Seoul,
Korea, where he is presently an Associate Professor. His research interest is in
the area of high-speed information processing technology, including high-speed
optoelectronics, high-speed electronic circuits, and microwave photonics.




	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


