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ABSTRACT We have developed the method for the determination

of harmonic and intermodulation  distortions

A simple method for harmonic and intermodulation produced by the laser diode under analog signal
distortion determination of a laser diode under modulation conditions. The method is based on the
direct modulation by mwicrowave analog signals is small-signal perturbation analysis of the rate
presented and experimentally verified. The method equations [13.[2]. To obtain a quantitative level
makes use of small-signal perturbation analysis of of distortion from the equation derived and
the rate equations to obtain analytical expressions presented in this paper, only the intensity
for laser diode  distortion. Experimental modulation response of the intrinsic laser at the
verification of the method presented has bheen done fundamental frequency is required. The schematic
using DFB laser diodes operated at 1.3 and 1.5pm representation of a laser diode [4] is shown :n Fig
wavelengths with modulation frequencies up to 6 1. From the modulation vresponse, the damping
GHz. parameter, 1is found by wusing the de-enbedding

procedure. To accomplish that ‘he network analyzer
measurenents of the extrinsic laser diode input

INTRODUCTION impedance Zix over a broad frequency range have
been employed. In addition to the method preseuted
The knowledge of the distortion characteristics of we have examined a possibility of modeling the
laser diodes under direct intensity modulation at laser diode nonlinearities by using higher-order
microwave frequencies 1is of particular importance polynomial forms to determine the dynanmic range of
to the multichannel frequency division multiplexed modulation at any given wmodulation frequency. We
transmission tchnique. It can be shown that the found that this approach enableg one to determine
signal-to-noise ratio of a transmission channel is the second- and third-order intercept points of the
directly proportional to the square of the laser diode which are dmportant factors limiting
modulation depth, OMD of the laser diode and modulation depth of a laser diode, under given dc
inversely proportional to the sum of the squares of bias current, Io,. This method makes use of the
the second- and third-order modulation products. input/output RF  power of modulation signeal
Since these terms are also functionally related to measurements. The measurement setup, employed is
the modulation depth and signal frequency, it is shown in Fig 2. The distortion chararteristics
essential to determine the second- and third-order discugsed in the paper have been investigated for
modulation components in order to optimize the the Distributed  Feedback (DFB) laser diwdes
signal-to-noise ratio of a channel for the best operated at wavelengths 1.3pm and 1.55um each with
performance. the optical output power of 5aW in the C.¥W. mode.
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FIG 1 Equivalent Circuit Model of a Laser Diode
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It has been found from the spectra measurements
that each 1laser diode exhibits almost a single-

mode operation with the  sidemodes

suppression

approximately  at -324dB. The structure of

investigated DFB lasers is similar to

that being

described in [3]. Although each device has a
different threshold current and different quantum
efficiency the distortion characteristics of both
laser diodes are similar under the  same RF
modulation signals. This is probably due to very

similar optical-gain nonlinearities of

hoth lasers

whose among other factors greatly contribute to

the frequency dependent
characteristics.

distortion

Since the distortion characteristics, of both
1.3um and 1.55um DFB 1lasers are similar only the

results pertaining to the 1.3um
presented in the paper.

ANALYTICAL EXPRESSIONS FOR
DISTORTION CHARACTERISTICS

device are

Based on the well-known perturbation analysis of
the rate equations for a single-mode laser diode
[1] the modulation response at fundamental and
harmonic frequencies can be determined. Assuming

that the fundamental frequency signal f

> (2Mrp) -1

where 1tan 1s the carrier lifetime, and also that
the spontaneous emission factor 1is less or equal
to 10-2 in the laser rate equations the following

analytical expressions for
characteristics have been derived;

A(2f)
Toy .= = OMD.x2z /V[(2x)2-1]12+B(2x)2
A(f)

distortion

(1)

is the second harmonic amplitude response relative
to the signal level at fundamental frequency,

A(3f)
Tag =

A(f)

= 1.5(0MD)2 (x1+0.5x2) /¥ {[(2x)2-1]2

(2)

+B(2x)2}{[(3x)2-112+B(3x) 2}

is the harmonic amplitude responses relative to
the signal level at the fundamental frequency,

A(IMD)
TiMp =

= 0.5(0MD)2 [(x1-0.5x2) /-
A(f)
1)

Vi{x2-1)2+Bx2} {[(2x)2-112+B(2x%)}} |
is the IMD products response vralative tu  the
carrier level at fundameutal frequency, where x =
f/fo is the normalized frequency, aud B = 2Mfo:/4e
is the damping parameter where ¢ 18 the opiical
gain compression factor, ¢go is the optical gain
slope, and IMD is 2f1~f2 or 2fz-f,. The optical
modulation depth OMD iz defined as the half of the
peak-to—peak modulated light intensity to the laght
intensity a* a given bias current, To[ll1]. I* has
been assumed in the derivation of (1) - (3), thet!
2nf » 1/7n, and also that 2Mfe <¢ 1/vs is *he
photon lifetime which is typically on the order of
1 ps. Equation (1) implies that there is a 57 glc-
valued maximum of the second harmonic which occuvs
at the normalized frequency determined hy

Xzam = [2{(2-B)}-¢.3 (4}
and is given by

A{2f)

| max = 0.5 OMD[B(4-B}]-°-7 (5)
A(f)

It can be seen from Equations (2) aud (3) that
both third harmonic and IMD exhibit doubles nmaxiwma.

The value and location for each of these maxima
are determined by the wvalue of the parameters B
and resonant frequency, fo which is a bias current
dependent quantity (¢ and go are current
independent constants as explained in F41). The
danping parameter, B, and frequency, fo, can be
obtained from the dntrinsic laser small-signal
modulation response by employing the de-embedding
technique which enables one to extract the
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extrinsic laser parasitic elements.

model is assumed 1in the
form of a low-pass ladder network shown in Figure
1. The element values of this ladder are
determined from measurements of the device input
impedance over a broad frequency range. The input
impedance characteristic in turn enables one to
find the required values of the elements by using
standard optimization techniques for the network
with a known and relatively simple configuration.
The overall small-signal modulation response of
the laser diode is given by

The laser-diode circuit

T(jw) = Te (Jw)Tr (jw) (6)

where Tr{jw ) is the current transfer function for
the chip and package parasitic components, Ti(jw)
is defined as the ratio of the optical modulated
pover to the RF modulation current injected into
the dintrinsic device and it can be expressed as

[41:
To
T (Gw) = - — (7)
1-x2 + jBx
wvhere To = NMhv/2¢ 1is the optical power response

ander  the de conditions, 1 1s the
cfficriency of the intrinsic laser diode.

quantum

Under normal operation conditions the numerical
value of the damping parameter B for the bias
current 1n  the range of I1n<Io<(2I1n 1is
typically less than 1, and for Thigher
currents iies usvally between 1 and 1.41.

bias

The dynawic range of a laser diode which 1is
typically described by the third-order intercept

point can be determined by the extrapolation of a
laser diode transfer characteristic; Pour-~Pin in
its 1linear range. This approach is widely used
for modeling of microwave nonlinear two port
devices [5]. We have found that it sufficies to
model the laser nonlinearity at a given frequency
by a third-order polynonial.

EXPERIMENTAL RESULTS

intermodulation distortion and
of a laser diode have been obtained

The harmonic,
dynamic range

using measurement setup shown in Fig 2. The
InGaAs p-i-n  photodector (PD) used in the
experiment has the 3-dB Dbandwidth above 15 GHz,
which is well in excess of the 3-dB modulation
bandwidth of the investigated laser diodes. TWo
types of InGaAsP-DFB lasers have been used in the
distortion characterization; one operated at 1.3um

and the other 1.5um. It has been found that both
devices exhibited comparable levels of distortion
under the same modulation conditions.

experimental and calculated
second~ and third- harmonics for

The comparison of
results for the

the 1.3um LD is shown in Fig 3. It can be seen
that they compare very well. The calculated
characteristics have been obtained using Eqs (1)
and (2) with the values of B, and fo; 0.52 and

6GHz, respectively. These values have
been derived from the small-signal modulation
response which is also shown in Fig 3. The de~
embedding procedure has been employed in order to

obtain the modulation response for the intrinsic

B and fo

laser. It has Dbeen assumed that the small-signal
equivalent circuit of a laser diode has the form
as shown in Fig 1. The following values of the

circuit elements have been obtained by using
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commercially available software for microwave determinations. These  parameters, are of
circuits; R; = 50, Cj+Cc = 270pF, Rs = 5Q,Cs = significance to the dynamiec range of an analog
15.pF, Rs = 2Q, Lp = 2nH, Cp = 0.25pF. The fiber-optic link which is essentially limited by
dynamic characteristics for the 1.3um DFB LD are the distortion level produced by the laser dinde

shown in Fig 4.

CONCLUSIONS
A simple analytical method for characterization of
harmonic and intermodulation distortion from the
laser diode under given amplitude modulation and

bias conditions has been presented. The equations
derived in the paper are based on the small-signal
perturbation analysis for the single-mode rate
equations developed in [1]. The parameters that
are vrequired for the calculation of distortion
characteristics are the dampig factor and resonant
frequency of the intrinsic laser diode, and they
are derivable from the small-signal modulation
response of the actual 1laser using a de-embedding

procedure. It can be seen from the comparison
made between the experimental and calculated
distortion responses that the proposed method

offers good accuracy, and therefore it can be used
for practical testing of laser diodes in
communication applications. In addition, the use

of a polynomial approximation to model the laser
diode nonlinearity has been examined. Although
this approach is applicable to a narrowband

charactrization only, it is very useful in the 1-dB
response compression and 3-rd order IMD - intercept

nonlinearity.
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