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Abstract— We review state-of-the-art intensity-modulation The organization of the material in this paper is as follows.
direct-detection (IMDD) analog optical links, focusing on The photodetection process is discussed first since this is
@?t\éaﬁgzsjé?cfolgg?a Wneoi‘;%”t][?irg'r?ﬁtF?”daﬁéteé”ﬁLm?Cdt‘all"’r‘]t'c;” common to all IMDD links. The two principal intensity-
(DR) peﬁormancg ’ g ’ 4 9 modulation techniques—direct and external modulation—are

_ _ _ discussed next, along with their maximum modulation fre-

Index Terms— Electro-optic modulators, modeling, noise, 4, encies. Direct and external modulation-link performance is

nonlinearities, optical fiber communication, optical modulation/ compared on the basis of the three main link figures of merit:

demodulation, optoelectronic devices, photodetectors, semi-"~"" ; ]
conductor lasers. gain, NF, and intermodulation-free DR.

[I. PHOTODETECTORS
I. INTRODUCTION ] ]
Virtually all photodetectors in use today are based on the

FOR applications such as the distribution of cables j 1y trycture; consequently the emphasis will be on this type
television signals, antenna remoting of cellular/personglt yetector in the discussion below. Long wavelength—i.e., 1.3
communication system (PCS) signals, and beam forming 984 1 55,m—avalanche photodiodes have been developed,
phased-array radars, there has been significant progress inbtﬁtethey have approximately an order of magnitude lower
design and performance of analog optical links. This reVie}ﬂ(/alanche gain at the same excess noise factor than silicon
focuses on the developments in intensity-modulation direcf o onche photodiodes [2]. Photoconductors [3] and direct

detection (IMDD) links that have been reported over the lagf ination of phototransistors [4] have also been investigated
six years. For a comprehensive overview of coherent detectlfarp their potential use as photodetectors.

links, the reader is referred to a recent review by Seeds [1]. aq js evident from the summary of reported results shown

As shown in Fig. 1, we define a link as consisting of, rig > (based on data in [5]-[15]), photodetectors are
all the hardware required to modulate the RF signal onig ,jjapie with 3-dB bandwidths which are more than sufficient
the optical carrier, the optical transmission medium, and ,st jink applications. However, the highest bandwidths
the hardware required to recover the RF from the opticglne ot 5 penalty to the detector responsivity. As will be

carrier. Also included in the link definition are any passivgeen below, the square of this parameter is a term in the
impedance-matching circuits used to match the modulatigauation fo; link gain. At any optical wavelength, the

devicg and photodetector i_mpedances to the RF source | responsivity of any photodetector is simply the electron
load |m_p_edances_, respectively. By _Ilmltlng the d'SCUSS'Oéhargeq divided by the photon energjic/ (where h is
to amplifierless links, we more easily see the effects th@‘anck’s constant and is the speed of light in a vacuum).
device parameters have on the link parameters. The Procgss 3 um this works out to about 1.05 A/W. Therefore, at
of _combining a link with amplifiers_ involves many tradeoffsiow frequencies, where some commercially available /8-
which are bey_ond the scope of t,h's, paper. . 'photodetectors have fiber-coupled responsivities of 0.9 A/W,
The discussion here is further limited to the basic measutgss t4ctor contributes only about 1.3 dB- 20-10g[0.9/1.05])
of link performance which affect a wide variety of applicay, e |ink RF-to-RF loss (as shown on the right-hand axis of
tions: gain, noise figure (NF), and dynamic range (DR). Un,leﬁg. 2), whereas at higher frequencies a typical photodetector
otherwise indicated, all the results reported below are for l'nlfésponsivity of 0.1 A/W would contribute 20.4 dB to the link
op(_aratlng at ODI'C‘T"I Wavelengths of either 1.3 or 1155__” Joss. The reason for this tradeoff is reasonably fundamental to
Wh'Ch_ are Fhe do_mlnant Ones in use becausg of th? availabilify, \,rface-illuminated configuration: to avoid bandwidth lim-
of optical fiber with low loss and near-zero dispersion at theﬁﬁ]g effects, the photodetector volume is decreased; however,

wavelengths. this small photodetector volume is less efficient at absorbing
the light, thereby decreasing the responsivity as well.
Manuscript received December 20, 1996; revised May 2, 1997. This work A_nOther photodetector t_radEOﬁ is between linearity and
was supported by the U.S. Department of Air Force under Contract F196Z8atical power. All IMDD links have a reason to operate

95-C-0002. , _ __at high optical power. For direct modulation, the maximum
The authors are with Massachusetts Institute of Technology (MIT) Lincoln dulati f f diode | . . | h
Laboratory, Lexington, MA 02173 USA. modulation requency of diode lasers is proportional to.t e
Publisher Item Identifier S 0018-9480(97)05983-8. square root of optical power [16]. For external modulation,
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Fig. 2. Responsivities and 3-dB bandwidths of state-of-the-art photodet&dd- 3. Summary of direct and external modulation-link gains reported in
tors, as reported in [5]-[15]. For cases where responsivities were reportedn$ literature [20]-[25], [30]-[36] across various frequency bands.
other wavelengths, equivalent 1300-nm responsivities were calculated from

reported external quantum efficiencies. . . . .
sion line sums the outputs of discrete photodetectors which are

located along an optical waveguide [19]. Detector currents of

the link gain is proportional to the square of optical poweg6 mA have been experimentally demonstrated at Qr@5n a
as will be discussed further on. Unfortunately, photodete49-GHz velocity-matched distributed photodetector. Currently,
tor nonlinearities begin to dominate over modulation-devidde typical maximum photocurrent of a commercial 50-GHz
nonlinearities at high optical power densities. Recent resufiRotodetector is about 1-2 mA.
suggest that photodiode nonlinearities can be reduced byn summary, at low frequencies, photodetectors are nearly
increasing the bias, since at high detector currents the seiisal in terms of responsivity, power handling, and linearity.
resistance and/or space-charge effects reduce the fractiorBafdwidths for almost any imaginable application have been
the bias voltage which actually appears as a field across ttemonstrated, but are of limited usefulness at present because
junction at higher optical powers [17]. of limited responsivity and optical power density. For a

This linearity/power-density problem can be largely avoideaore comprehensive overview of the present state-of-the-art
at low frequencies by using a sufficiently large photodetectphotodetectors, the reader is referred to the recent review by
area to keep the optical power-density low. Dagtsal. [18] Yu [2].
have recently achieved a combination of bandwidth (295 MHz)

and maximum photocurrent (150 mA). At higher frequencies, [ll. I NTENSITY-MODULATION
the photodetector area must be decreased so the corresponding METHODS FORDIRECT DETECTION
capacitance does not limit the bandwidth, which conflicts with

maximizing the area to keep the power density low. A. Direct Modulation

The linearity/power-density conflict can be significantly virtually all direct modulation IMDD links use diode lasers
reduced by changing the photodetector illumination geometRjth one of two laser cavity designs: Fabry—Perot (FP) or
from perpendicular to the junction (as in a surface-illuminategistributed feedback (DFB). Some low performance links use
photodetector), to parallel to the junction (as in an edg#ight-emitting diodes. To date, vertical-cavity surface-emitting
iluminated photodetector). The increase in maximum powgtsers (VCSEL'’s) have not had a significant impact on analog-
density and corresponding saturation power was studied link designs, at least partially because the majority of the
Lin et al. [19]. Further improvement over the edge-illuminateéfforts have been at 0.8am, where the VCSEL material and
photodetector should be attainable from the velocity-match&brication problems are more tractable but optical-fiber loss
distributed photodetector geometry, wherein an RF transm@aid chromatic dispersion are high.
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Fig. 4. Analytically determined (lines) and measured (points) gain and NF at several values of average detector current for links using theh@®wing
different combinations of optical source and modulator: 1) diode-pumped solid-state laser (DPSSL) externally modulated bysaM4N@dulator;
2) directly modulated DFB laser; and 3) directly modulated FP laser.

Some recently reported [20]-[25] IMDD direct modulationef photodetector to modulation-device resistanégs/Ryp
link gains' are plotted versus frequency in Fig. 3. Note thajreater than the product of the square of the slope efficiencies,
except for one result [20], all the direct modulation-linkhereby using the gains from impedance matching to com-
gains are less than 0 dB. This is a simple consequenceptdtely overcome the electro-optical slope efficiency losses.
conservation of energy which limits the product of laseffhis was demonstrated by Ackermanal. [20], whose direct
diode slope efficiency and photodetector slope efficiencies fbdulation-link result is the one in Fig. 4 with a gain greater
be less than one. As will be discussed further on, althoughan 0 dB.
the direct modulation-link gain is independent of average Another important conclusion that can be drawn from the
optical power, the gain is proportional to the square of thgata shown in Fig. 3 is that the maximum bandwidth of
laser’s fiber-coupled slope efficiency. Coupling the highlgirect modulation links is roughly 20 GHz. The maximum
divergent diode-laser beam into the low-divergence mode igfoad-band frequency response that has bdemonstrated
a fiber is relatively inefficient, making the single-mode fibefor a diode laser is 33 GHz. This high 3-dB bandwidth
Coupled Slope efficiencies of Commercially available demCQgefined with respect to the |0w-frequency response) was
typically 10%—-50% of the diode-chip slope efficiency. Th@ptained by damping the laser’s 22-GHz relaxation oscillation
fiber-coupled slope efficiencies of presently available diodg that the gain rolled off very slowly above this frequency
lasers range from 0.1 to 0.32 W/A [26]. Using the highespg]. However, at frequencies near the relaxation oscillation
value of slope efficiency and assuming all the other link lossggquency, a laser’s noise and distortion increases, which in
are negligible, the link loss would be9.5 dB. turn degrades the NF and DR around this frequency. There-
~ An obvious way to improve the gain of directly modulatedore, the maximumusable bandwidth for direct modulation
links would be to use a type of semiconductor laser withna|og links can be considerably less than the maximum 3-dB
higher laser-slope efficiency, such as the gain-lever laser [24Lnqwidth.
However, initial attempts to achieve high link gain using |t has been shown that the relaxation resonance frequency
this .Iaser. have peen unsuccessful. Further, the SUbStar_]Eabroportional to the square root of the average optical
nonlinearity of this laser's p versus i curve (as shown iggyer [16]. To achieve the record 33-GHz response required
[27]) suggests that its IM-free DR will be unacceptable f08nerating the laser at a bias current 10-12 times greater
the majority of analog-link applications. than the minimum current for lasing. To achieve further

Anot.her way to improve link gan 1S to accept reOlucfagandwidth increases via simple increases in the optical power
bandwidth for increased link gain. Many antenna remotingy pe gificult because of the laser heating due to the higher
and some (_:ATV apphgaﬂons can use this apprqach. Ong W5¥s current. Different diode-laser active-layer architectures,
to make this tradeoff is to replace the conventional resistiye .., o< the multiple quantum-well structure employed in the
(i.e., lossy) impedance match with an ideally lossless reactigg_GHZ laser in [28], have been analytically determined to
impedance-matching circuit. Since the real part of the Ias&g capable of achiéving much higher bandwidths, but to
impedance is typically Ie_ss than the_SZOSOl_Jrce impedance date the experimental demonstrations have not borne out the
and the photodetector impedance is typically greater th ory
the 502 load impedance, it is possible to make the ratio E S ,

or applications that only require a very narrow passband,

1The term gain will be used here in the general sense where negative gg'ﬁ present bandwidth limit of semiconductor lasers can be

denote loss. circumvented by exploiting the enhanced modulation response
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at frequencies that are at or near the laser-cavity round-ttie electric field, was more nonlinear than an MZI's. However,
time. Lau [29] has demonstrated modulation at 40 GHz, alb@is demonstrated by Welstard al. [39], by balancing the
with a 3-dB passband width of 200 MHz. Franz—Keldysh effect with the quantum-confined Stark effect,
it is possible to fabricate an EA modulator with greater
linearity than that of a standard MZI. EA modulators do require
B. External Modulation wavelength control of the CW source on the order of 40 nm,

At present, the external modulator that is in commeWhich MZI's do not. Also, to our knowledge the greatest
cial use and against which all newcomers are judged is tABtical power that has been launched into an EA modulator to
Mach—Zehnder interferometric (MZI) modulator fabricated iflate is 34 mW [40], versus 400 mW for MZI's [30].
the inorganic material lithium niobate. When operated at wave-Another alternative to the standard lithium—niobate MZI
lengths longer than approximately;in, these modulators areis to stay with the MZI configuration—which, as will be
capable of handling at least 400 mW of CW optical poweghown below, can bédinearized in a number of ways to
[30] with only negligible degradation due to photo-refractivéncrease its DR—but fabricate it in a different material.
or optical-damage effects. Low-loss waveguides, fabricated vegmiconductors have been used as alternative materials for
either titanium in-diffusion or proton exchange, together witWZI's, resulting in modulation efficiencies (as measured by
efficient waveguide-to-fiber coupling have resulted in typicdhe switching voltagé’z) on par with lithium—niobate MZI's,
fiber-to-fiber optical losses of 4 dB, with losses as low as 2abeit typically with greater than 10 dB of fiber-coupled
dB achieved in the laboratory. Lumped-electrode modulatdfsertion loss—mostly due to optical-mode mismatch between
with a V. of 0.65 V have been demonstrated [30] at 150 MHZhe fiber and semiconductor waveguides. Walker [41] has
Higher frequency lumped-element modulators have a respofiggorted MZI's fabricated in GaAs, which in principal could be
that falls off roughly as the square of frequency. This tren@onolithically integrated with other electronics such as driver
can be seen from the recent IMDD external modulation-linkmplifiers. Nonlinear optical polymers have also been used to

results [30]—[36] plotted alongside the direct modulation-linfabricate MZI's with frequency responses as high as 60 GHz
results in Fig. 3. [42]. Polymers hold the potential of lower cost and perhaps

At Sufﬁcienﬂy h|gh frequencies_speciﬁca||y, a few gigagreater bandwidth, but to date neither of these attributes has
hertz in lithium niobate—the modulation voltage cannot beeen realized in a commercial modulator.
approximated as constant during an optical transit time throughAlternatively one could stay with lithium niobate but use
the modulator. For this case, the most efficient modulatighdifferent modulator structure, such as a directional-coupler
is achieved by using traveling-wave RF electrodes, whoBtdulator (DCM), which enables a variety of linearization
propagation velocity matches the optical waveguide propad@chniques for increasing a link’s DR. However, it is difficult
tion velocity. In lithium niobate this velocity-match conditionto achieve a high-sensitivity modulation response in DCM's; in
turns out to be difficult to achieve while simultaneoushMZI's, higher sensitivity can be obtained by simply lengthen-
achieving a 502 traveling-wave electrode impedance. Thég the electrodes, whereas lengthening the DCM's electrodes
best velocity match has been reported by Noguehial. ~Means redesigning the coupling region as well. Conceptually,
[37], who demonstrated a modulator with a 3-dB electrichlCM’s could be fabricated in materials other than LINHO
bandwidth of 70 GHz and &, of 5 V. but the authors are unaware of any such work to date.
Modulation at even higher frequencies is possible in lithium
niobate, provided one can solve the problem of coupling the IV. MEASURES OFIMDD-L INK PEREORMANCE
modulation signal onto the electrodes. An elegant solution to
this problem has been proposed and demonstrated by Bridgﬁﬁ_ink Gain
et al, [38], who separated the electrodes into segments witf
a dipole antenna element feeding each one. A velocity matcHt has been shown [43] that the IMDD-link gain can be
is achieved by judicious angling of the modulator substragxpressed as a function of the fiber-coupled modulation-
relative to the end of the millimeter-waveguide which feeddevice and photodetector slope efficienciggf andSp, with
the dipole antennas. Using this technique, Bridggsal. dimensions of W/A and A/W, respectively) and impedances

demonstrated bandpass modulation around 94 GHz. (Rwmp, Bp), namely
Although a lithium—niobate MZI is the industry standard, R
it is not without its drawbacks. Its transfer function yields g=8%p55 =2 (1)

insufficient linearity for CATV distribution and other more Ryp

demanding applications. Lithium niobate is difficult to work Expressions for direct and external modulation-link gain are
with and virtually impossible to integrate with electronicjerived by substituting into (1) the appropriate values of the
semiconductors. Also, the cost of a lithium-niobate MZI igevice slope efficiencies and resistances. In the case of a direct
high for what is basically a simple device. modulation-link, Ryp = Rr..., and Syp is simply Sy, the

One alternative, which avoids both the MZI structure angber-coupled external differential quantum efficiency of the

the lithium—niobate material, is the electro-absorption (EAdirectly modulated semiconductor laser; therefore,
modulator. Initially, this type of modulator was believed to be

of limited utility because its transfer function, which is based o —g2g2 Rp 2
. . , 9Dir = PP p . 2
on the semiconductor absorption-band edge’s dependency on Rras
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In the case of an external modulation-linkyp = Raodq As can be seen in (47 «oss IS NOt a fixed number, but
(the equivalent parallel resistance of the modulator), &g rather depends upon characteristics of the direct and external
is related to the fiber-to-fiber optical transmission efficienayodulation-link devices—i.e., the semiconductor laser and
of the external modulatotgs, the CW input optical power the external modulator, respectively. These characteristics,
to the modulator”;, and the modulator half-wave or on—offparticularlyS;, andV,, depend in turn upon the RF frequencies
switching voltageV;, resulting in the following expression at which the devices were designed to operatefgg.oss IS

for gain: also frequency dependent to that extent. In [31], for instance, it
P\ 2 was shown that direct and external modulation links at 50 MHz
Jext = < f;VI ) S,%Rl\qodRD. (3) had the same gain foPr c;oss = 3 MW. As manufacturers

continue to improve device parametetB; ..ss Will vary

An important distinction between (2) and (3) is the depemccordingly. Equation (4) shows th&l ross at a given RF
dence on average optical power: (2) for direct modulation feequency will be decreased by improvements to the state of
independent of optical power, whereas (3) for external modul@e art in modulator technology (i.e., low&f.) and will be
tion depends quadratically on optical power. This distinction ifcreased by improved lasers (i.e., lasers with large).
optical power dependency has been confirmed experimentally
as shown by _the direct an_d exte_rna_ll I?nk gain data show_n B Link Noise Figure
Fig. 4. The direct modulation gain is independent of optical ) - ) ) o
power, at least until average power levels are reached wherd'F i a critical parameter in antenna-remoting applications,
the laser'sP versusl curve begins to saturate. In the case diut less so in distribution applications such as CATV. It can
the direct modulation links in Fig. 4, the gain is higher when 3¢ €xpressed as
DFB rather than a FP laser is used, simply because the former N
had a higher slope efficiency than the latter. NF = 10log { O‘“} (5)

As shown in Fig. 4, the external modulation-link gain kTg
increases as the square of CW optical power, even achiev{\gﬁ

net available RF power gain for optical powers above 30 m is Boltzmann's constant, ar@ = 290°K. Thus, to obtain

for links at frequencies below approximately 1 GHz. That n%e effect of an individual noise source on the link NF, one

gain resulting from what may initially appear to be a paSSiVc'ﬁvides the output noise due to that source by the link gain.

circuit can be a bit unsettling at first. One intuitive explanation In any IMDD link the primary sources of noise are the
for the net gain starts with the fact th.at the RFlmpeQance oft fiotodetected optical intensity noise [usually dominated by
modulator is independent of the optical powerflowmg.thrgu ser relative intensity noise (RIN)], shot noise arising from
_the_z :jnodul:;tor;[ Cfotr;]sequently, th?_ R'I: power St the Ilnkﬂ:np photodetection process, and thermal noise arising from
IS independen % tetrz]iverﬁgte gpt'ci powter.t olwe\Ter(,j € 'He ohmic impedances of the RF source, modulation device,
povxéﬁr recovere at' ? photo eFec orou plu (.:e?I:y etpe otodetector, and from ohmic losses in the interface circuitry
on the average oplical power. -or example, In the eXeIP&aan the source and modulation device and between the

gafe ;/vhgre Ithe Iaser_lE)r?wefr IS zerot,hthe RF outputt. frcl)m fotodetector and the link output. The extent to which RIN,
etector IS also zero. Therelore, as n€ average optical po t noise, and the various sources of thermal noise contribute

is increased, the RF input power remains constant, but the N..: are affected by the manner in which the modulation

power from the phqtpdgtector increasgs. It turns ou_t that wi vice and photodetector are impedance-matched to the link
the modulator sensitivities that are available, the optical powl’?\'but and output impedances, respectively. However, only

ca_lrlhbe |?cr%a?§d toftthhe pm?t V\IIhere ne;galn éjs realized. IWhen the effects of RIN and shot noise are reduced to a
€ elucidation of the optical power dependency can aT&/el that is much lower than what has been achieved in most

r_esolve_one of t_he early det_)at_es in the developmen_t Of_ anaeoﬂ)erimental IMDD links does thermal noise constitute a large
links: given a diode laser, is it better to modulate it dlrectljOrtion of Now: [30]
out .

or to use thissamelaser as the CW source for an 'e>.<tern For most direct modulation links, the laser RIN dominates
modulator? The answer usually was that, of course, it is bet &ler the laser shot noise and the thermal noises. The link
to modulate directly, because the unavoidable loss of t )

. : ﬁtput noise due to laser RIN can be expressed as
modulator will always make external modulation have lower

gain. However, as (2)_ gnd (3_) ;hov_v, this line of reasoning Igads Nout, RIN = I3 .RINRp, (6)
one away from a critical distinction. If the average optical

power is low, external modulation will have lower gain, evehere RIN is the laser relative intensity noise at the analog-
if the modulator has no optical insertion loss. Conversely, if trge;gnm frequency and is the average photocurrent. Equation
CW optical power is high, then external modulation will yield(6) shows that noise caused by laser RIN increases as the
higher gain than direct modulation, in spite of the additionglyyare of average optical power. In (2), it was shown that
modulator loss. This idea is best expressed by the Crossoygect modulation-link gain is independent of average optical
optical pPOWerFr cross, Which yields the same gain for directyower. Consequently, dividing a noise source which increases
and external modulation (2), (3) as the square of optical power by a gain which is independent
P, _ 2VaSL ) of it yields an NF which increases as the square of optical
O 4T/ Rias Raiod power. The NF data in Fig. 4 for the FP laser (which had

ereN,,. is the total noise spectral density at the link output,
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Fig. 6. 450-MHz NF and IM-free DR of direct modulation links using

Fig. 5. NF and IM-free DR of a FP laser-based direct modulation link &lymmercial DEB versus commercial and repackaged FP lasers.
450 MHz as a function of backreflection to the commercially packaged laser.

60.0

a RIN large enough to dominate the link NF) confirm this
prediction. ) A
State-of-the-art external modulation links often use a solid- & ., , |. BROADBAND,
. . o - LINEARIZED
state laser as the CW optical source. The relaxation frequency 5 MODULATORS
of these lasers is typically only a few hundred kilohertz. 2 (from [48]) N
Recall that a laser's RIN spectrum falls off &2 above w STANDARD
. . g2 40.0 MODULATORS
its relaxation frequency. Consequently, the RIN from these S A
lasers has dropped to negligible levels by the time one reaches i
the lower passband frequency of most links. Therefore, the r00 . , MODULATOR (trom [30])
dominant output noise power-spectral density is due to detector 100.0 110.0 120.0 130.0 140.0
shot noise, which can be expressed as INTERMODULATION-FREE
_ DYNAMIC RANGE (dB - 1 Hz)
Nout,shot = 2(]-[D-RD (7)

. . Fig. 7. Simulated NF versus IM-free DR of external modulation links using
To obtain the effects of shot noise on the NF, one agaiiath standard and broad-band linearized modulators (after [49]).

divides Ny, by the link gain. Dividing a noise term which
depends linearly on average optical power by a gain expression

which depends quadratically on optical power yields an quite consistent for a given device structure, but vary from 24

Wh'ch decreaseﬁnear_ly with Increasing optical power. Thus’to 32 dB among different device structures and manufacturers
despite the fact that increasing the link average optical power,

generates more shot-noise power at the link output, the eff Céésed on these results, the question may be raised as to
of this increased shot noise is decreased at the link inpulgl ) ) AR
. L . whether or not we still need DFB’s. The answer is “yes
because the link gain is increasing faster than the shot n0|isoer. links with long fiber lengths. The deleterious effects of
This trend can be seen in the external modulation-link dat% L . L : o
in Fig. 4 chromatic dispersion are smaller with the single-longitudinal-
o . mode DFB than with the multimode FP. However, for shorter-
'.:'g' 4 also shows _tha_t_the NF of DFB-based direct mOdlIgngth links where chromatic dispersion is negligible, these
lation links can be significantly lower than that of FP-base

links. For lasers with the same slope efficiency, the differemgaSUItS suggest that if optical reflections (for example, from

in NE's can be traced to the lower RIN of the DEB as%er connectors being repeatedly made and broken) can be

compared to the FP. The general impression is that lower Rﬁgntrolled, appropriately packaged and fiber-coupled FP lasers

is due to the different lasestructure i.e., the DFB versus may be adequate.

the FP. However, recent work of Roussell al. [44] has

demonstrated that control of optical reflections, especially f Link IM-Free Dynamic Range

the laser packaging, is more important in reducing the RIN The IM-free DR is an important parameter in links where

than the laser structure. Fig. 5 shows how the optical retusfultiple RF frequencies are simultaneously present. Thus, IM-

loss of an FP semiconductor laser affects a typical direfgke specifications are almost invariably seen in applications

modulation link's NF and IM-free DR (which is discusseduch as CATV distributiohand antenna receiving.

further in greater detail in the following section). Fig. 6

compares the NF's of commercially-packaged FP and DFBThe CATV industry determines distortion arising from the same underlying

diode lasers to FP lasers which were fiber-coupled in a Wgychanisms by measuring the composite triple beat (CTB) and composite
.. . . . .. sécond order (CSO) produced when the link is fed by a multichannel signal

that minimized optlcal reflections back into the laser Ca\”t)éenerator whose number and spacing of channels matches the intended

These data show that the FP laser can yield as low a link Npplication.

a DFB can. The NF’s of FP lasers for direct modulation are
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Fig. 8. Comparison of IM-free DR performance of several types of links: both standard (FP- and DFB-laser-based direct modulation, and MZI-based
external modulation), and linearized (external modulation link with predistortion circuit, and a linearized external modulator-based linkdrttetephony
and CATV specifications.

The IM-free DR is defined as the maximum differencéhe fiber itself can contribute measurable distortion. Pho-
between the noise floor and the fundamental output whitbdetector distortion usually does not become an issue with
produces distortion terms of equal amplitude to the noise flostandard (i.e., unlinearized) modulation devices as discussed
The noise floor in turn depends on the link’s instantaneous Section Il. Fiber-generated distortion can arise through
bandwidth (B), which varies by application. Consequentlythe combined effects of modulation-device chirp, and fiber
to lend general applicability to the IM-free DR measurementshromatic dispersion, and a large bandwidthfiber length
the results are often given in terms of a 1-Hz noise bandwidiiroduct. Since lithium—niobate MZI's have effectively zero
To use such results in a specific application simply requirebirp, fiber-generated distortion is generally not an issue in an
scaling the 1-Hz data to the receiver's actual instantaneaeigernal modulation link, where a kilohertz-linewidth solid-
bandwidth. The bandwidth scaling exponent depends on thate laser can be used as the CW source.
order of the dominant distortion. Since many applications haveFor high-performance applications, among them CATV and
an operational bandwidth less than an octave, the second-omdelar antenna remoting, the required IM-free DR is 5-10
distortion terms can be filtered out. Thus, for such applicatiord higher than the best results achieved for standard direct
the lowest order in-band distortion is the third order, whicand external modulation links. The myriad techniques for
causes the IM-free DR to scale &8/3. extending the IM-free DR via linearization can be divided into

Conventional wisdom has held that the IM-free DR of FBvo general categories: electro-optical (including predistortion,
lasers is lower than that of DFB lasers—patrtially because tfeedback, and feed-forward techniques, which will not be
conventional view is that the FP’s RIN is higher, and partiallgiscussed further in this paper), and all-optical (such as the use
because in early DFB’s the electrical isolation of the activef multielectrode modulators). There are a number of factors
region was used to achieve a more linear optical power versuich enter into the selection of a linearization method. One
laser-current curve. Representative IM-free DR measuremekéy distinguishing feature is whether the linearization method
for commercially packaged FP and DFB lasers are shownigfocused on reducing a particular order of distortion, such
Fig. 6. The same techniques which improved the RIN, araé the third, or whether the method reduces all distortion
hence, the NF of the FP can also improve their IM-free DRegardless of order.

Fig. 6 also shows IM-free DR data for a FP link using an Motivated largely by the CATV application, a number of all-
optical isolator and a low-backreflection photodetector. As captical linearization techniques which suppress both second-
be seen, this permits a FP to have approximately the saael third-order distortion have been developed [45]-[48].
IM-free DR as the DFB [44]. These approaches are capable of significant improvement in

The IM-free DR of an external modulation link is dominatedR, but at a cost of increased bias-control complexity; for
by the type of external modulator and the average opticaxample, up to four biases need to be controlled. Also, there is
power. However, the IM-free DR for external modulation linka tradeoff between linearization and the NF. This trend is made
using a standard MZ modulator is about the same as forckear in Fig. 7, which plots the simulation results of Bridges
DFB-based direct modulation link. and Schaffner [49] for several broad-band linearized modulator

Although in many links the distortion is dominated bydesigns. For distribution applications, such as CATV, the NF is
the modulation device, in some links the photodetector celatively unimportant, so this is a reasonable tradeoff to make.
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In applications such as antenna remoting, the NF is &
critical parameter, so its tradeoff with linearization can have

severe consequences. However, as predicted analytically by

Bridges and Schaffner [49] and confirmed experimentally bys]
Betts [50], to linearize only the third order does not involve
a NF penalty, as can be seen from the narrow-band da
point in Fig. 7. Since virtually all antenna remoting links
require only third-order linearization, these results suggesf!
that it is not merely implementationally easier to use third{g)
order-only linearization, but also technically important to do

SO.

Fig. 8 compares the IM-free DR performance of a Iinearize(gg]
external modulator-based link to the performance of the three
types of standard (not linearized) links discussed above. THE
IM-free DR of an external modulation link with a predistortion
circuit is also shown, as are specifications for the performanidél
of links for several commercial applications. For a more
detailed comparison and discussion of all-optical linearizatiopy]

the reader is referred to [49].

V. SUMMARY

(23]

We have reviewed the state-of-the-art IMDD analog optical
links. In doing so, we discussed advances in some of the
most commonly used link components, including optical dét4l
tectors, semiconductor laser diodes, and external modulators.

Techniques for improving the NF and extending the DI[?15

performance of these links were also reviewed.

In addition to the technical trends discussed above, there
is one overriding trend that has emerged as well. TH&]
initial applications of analog optical links were largely
technology-driven ones where link performance was the
primary requirement and the cost was secondary. These
applications, while important for establishing the technohg]
ogy, have a limited market. We are now just seeing a

much wider potential market in cost-driven applications

)

where cost is the primary factor, with perhaps a slig

compromise in technical performance. The degree to which

the field will be able to capitalize on this trend will be

]

determined largely by its ability to reduce the cost of analo[éol
optical links without significantly reducing the technical

performance.
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