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Abstract— We review state-of-the-art intensity-modulation
direct-detection (IMDD) analog optical links, focusing on
advances since 1990. We contrast direct and external modulation
with respect to gain, noise figure (NF), and dynamic-range
(DR) performance.
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I. INTRODUCTION

FOR applications such as the distribution of cable-
television signals, antenna remoting of cellular/personal-

communication system (PCS) signals, and beam forming for
phased-array radars, there has been significant progress in the
design and performance of analog optical links. This review
focuses on the developments in intensity-modulation direct-
detection (IMDD) links that have been reported over the last
six years. For a comprehensive overview of coherent detection
links, the reader is referred to a recent review by Seeds [1].

As shown in Fig. 1, we define a link as consisting of
all the hardware required to modulate the RF signal onto
the optical carrier, the optical transmission medium, and
the hardware required to recover the RF from the optical
carrier. Also included in the link definition are any passive
impedance-matching circuits used to match the modulation
device and photodetector impedances to the RF source and
load impedances, respectively. By limiting the discussion
to amplifierless links, we more easily see the effects that
device parameters have on the link parameters. The process
of combining a link with amplifiers involves many tradeoffs
which are beyond the scope of this paper.

The discussion here is further limited to the basic measures
of link performance which affect a wide variety of applica-
tions: gain, noise figure (NF), and dynamic range (DR). Unless
otherwise indicated, all the results reported below are for links
operating at optical wavelengths of either 1.3 or 1.55m,
which are the dominant ones in use because of the availability
of optical fiber with low loss and near-zero dispersion at these
wavelengths.
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The organization of the material in this paper is as follows.
The photodetection process is discussed first since this is
common to all IMDD links. The two principal intensity-
modulation techniques—direct and external modulation—are
discussed next, along with their maximum modulation fre-
quencies. Direct and external modulation-link performance is
compared on the basis of the three main link figures of merit:
gain, NF, and intermodulation-free DR.

II. PHOTODETECTORS

Virtually all photodetectors in use today are based on the
p-i-n structure; consequently the emphasis will be on this type
of detector in the discussion below. Long wavelength—i.e., 1.3
and 1.55 m—avalanche photodiodes have been developed,
but they have approximately an order of magnitude lower
avalanche gain at the same excess noise factor than silicon
avalanche photodiodes [2]. Photoconductors [3] and direct
illumination of phototransistors [4] have also been investigated
for their potential use as photodetectors.

As is evident from the summary of reported results shown
in Fig. 2 (based on data in [5]–[15]), photodetectors are
available with 3-dB bandwidths which are more than sufficient
for most link applications. However, the highest bandwidths
come at a penalty to the detector responsivity. As will be
seen below, the square of this parameter is a term in the
equation for link gain. At any optical wavelength, the
ideal responsivity of any photodetector is simply the electron
charge divided by the photon energy (where is
Planck’s constant and is the speed of light in a vacuum).
At 1.3 m this works out to about 1.05 A/W. Therefore, at
low frequencies, where some commercially available 1.3-m
photodetectors have fiber-coupled responsivities of 0.9 A/W,
this factor contributes only about 1.3 dB
to the link RF-to-RF loss (as shown on the right-hand axis of
Fig. 2), whereas at higher frequencies a typical photodetector
responsivity of 0.1 A/W would contribute 20.4 dB to the link
loss. The reason for this tradeoff is reasonably fundamental to
the surface-illuminated configuration: to avoid bandwidth lim-
iting effects, the photodetector volume is decreased; however,
this small photodetector volume is less efficient at absorbing
the light, thereby decreasing the responsivity as well.

Another photodetector tradeoff is between linearity and
optical power. All IMDD links have a reason to operate
at high optical power. For direct modulation, the maximum
modulation frequency of diode lasers is proportional to the
square root of optical power [16]. For external modulation,
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Fig. 1. Definition of IMDD analog optical link.

Fig. 2. Responsivities and 3-dB bandwidths of state-of-the-art photodetec-
tors, as reported in [5]–[15]. For cases where responsivities were reported at
other wavelengths, equivalent 1300-nm responsivities were calculated from
reported external quantum efficiencies.

the link gain is proportional to the square of optical power,
as will be discussed further on. Unfortunately, photodetec-
tor nonlinearities begin to dominate over modulation-device
nonlinearities at high optical power densities. Recent results
suggest that photodiode nonlinearities can be reduced by
increasing the bias, since at high detector currents the series
resistance and/or space-charge effects reduce the fraction of
the bias voltage which actually appears as a field across the
junction at higher optical powers [17].

This linearity/power-density problem can be largely avoided
at low frequencies by using a sufficiently large photodetector
area to keep the optical power-density low. Daviset al. [18]
have recently achieved a combination of bandwidth (295 MHz)
and maximum photocurrent (150 mA). At higher frequencies,
the photodetector area must be decreased so the corresponding
capacitance does not limit the bandwidth, which conflicts with
maximizing the area to keep the power density low.

The linearity/power-density conflict can be significantly
reduced by changing the photodetector illumination geometry
from perpendicular to the junction (as in a surface-illuminated
photodetector), to parallel to the junction (as in an edge-
illuminated photodetector). The increase in maximum power
density and corresponding saturation power was studied by
Lin et al. [19]. Further improvement over the edge-illuminated
photodetector should be attainable from the velocity-matched
distributed photodetector geometry, wherein an RF transmis-

Fig. 3. Summary of direct and external modulation-link gains reported in
the literature [20]–[25], [30]–[36] across various frequency bands.

sion line sums the outputs of discrete photodetectors which are
located along an optical waveguide [19]. Detector currents of
56 mA have been experimentally demonstrated at 0.85m in a
49-GHz velocity-matched distributed photodetector. Currently,
the typical maximum photocurrent of a commercial 50-GHz
photodetector is about 1–2 mA.

In summary, at low frequencies, photodetectors are nearly
ideal in terms of responsivity, power handling, and linearity.
Bandwidths for almost any imaginable application have been
demonstrated, but are of limited usefulness at present because
of limited responsivity and optical power density. For a
more comprehensive overview of the present state-of-the-art
photodetectors, the reader is referred to the recent review by
Yu [2].

III. I NTENSITY-MODULATION

METHODS FORDIRECT DETECTION

A. Direct Modulation

Virtually all direct modulation IMDD links use diode lasers
with one of two laser cavity designs: Fabry–Perot (FP) or
distributed feedback (DFB). Some low performance links use
light-emitting diodes. To date, vertical-cavity surface-emitting
lasers (VCSEL’s) have not had a significant impact on analog-
link designs, at least partially because the majority of the
efforts have been at 0.85m, where the VCSEL material and
fabrication problems are more tractable but optical-fiber loss
and 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 the followingthree
different combinations of optical source and modulator: 1) diode-pumped solid-state laser (DPSSL) externally modulated by a LiNbO3 MZI modulator;
2) directly modulated DFB laser; and 3) directly modulated FP laser.

Some recently reported [20]–[25] IMDD direct modulation-
link gains1 are plotted versus frequency in Fig. 3. Note that
except for one result [20], all the direct modulation-link
gains are less than 0 dB. This is a simple consequence of
conservation of energy which limits the product of laser-
diode slope efficiency and photodetector slope efficiencies to
be less than one. As will be discussed further on, although
the direct modulation-link gain is independent of average
optical power, the gain is proportional to the square of the
laser’s fiber-coupled slope efficiency. Coupling the highly
divergent diode-laser beam into the low-divergence mode of
a fiber is relatively inefficient, making the single-mode fiber-
coupled slope efficiencies of commercially available devices
typically 10%–50% of the diode-chip slope efficiency. The
fiber-coupled slope efficiencies of presently available diode
lasers range from 0.1 to 0.32 W/A [26]. Using the highest
value of slope efficiency and assuming all the other link losses
are negligible, the link loss would be9.5 dB.

An obvious way to improve the gain of directly modulated
links would be to use a type of semiconductor laser with
higher laser-slope efficiency, such as the gain-lever laser [27].
However, initial attempts to achieve high link gain using
this laser have been unsuccessful. Further, the substantial
nonlinearity of this laser’s p versus i curve (as shown in
[27]) suggests that its IM-free DR will be unacceptable for
the majority of analog-link applications.

Another way to improve link gain is to accept reduced
bandwidth for increased link gain. Many antenna remoting
and some CATV applications can use this approach. One way
to make this tradeoff is to replace the conventional resistive
(i.e., lossy) impedance match with an ideally lossless reactive
impedance-matching circuit. Since the real part of the laser
impedance is typically less than the 50-source impedance
and the photodetector impedance is typically greater than
the 50- load impedance, it is possible to make the ratio

1The term gain will be used here in the general sense where negative gain
denote loss.

of photodetector to modulation-device resistances
greater than the product of the square of the slope efficiencies,
thereby using the gains from impedance matching to com-
pletely overcome the electro-optical slope efficiency losses.
This was demonstrated by Ackermanet al. [20], whose direct
modulation-link result is the one in Fig. 4 with a gain greater
than 0 dB.

Another important conclusion that can be drawn from the
data shown in Fig. 3 is that the maximum bandwidth of
direct modulation links is roughly 20 GHz. The maximum
broad-band frequency response that has beendemonstrated
for a diode laser is 33 GHz. This high 3-dB bandwidth
(defined with respect to the low-frequency response) was
obtained by damping the laser’s 22-GHz relaxation oscillation
so that the gain rolled off very slowly above this frequency
[28]. However, at frequencies near the relaxation oscillation
frequency, a laser’s noise and distortion increases, which in
turn degrades the NF and DR around this frequency. There-
fore, the maximumusablebandwidth for direct modulation
analog links can be considerably less than the maximum 3-dB
bandwidth.

It has been shown that the relaxation resonance frequency
is proportional to the square root of the average optical
power [16]. To achieve the record 33-GHz response required
operating the laser at a bias current 10–12 times greater
than the minimum current for lasing. To achieve further
bandwidth increases via simple increases in the optical power
will be difficult because of the laser heating due to the higher
bias current. Different diode-laser active-layer architectures,
such as the multiple quantum-well structure employed in the
33-GHz laser in [28], have been analytically determined to
be capable of achieving much higher bandwidths, but to
date the experimental demonstrations have not borne out the
theory.

For applications that only require a very narrow passband,
the present bandwidth limit of semiconductor lasers can be
circumvented by exploiting the enhanced modulation response
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at frequencies that are at or near the laser-cavity round-trip
time. Lau [29] has demonstrated modulation at 40 GHz, albeit
with a 3-dB passband width of 200 MHz.

B. External Modulation

At present, the external modulator that is in commer-
cial use and against which all newcomers are judged is the
Mach–Zehnder interferometric (MZI) modulator fabricated in
the inorganic material lithium niobate. When operated at wave-
lengths longer than approximately 1m, these modulators are
capable of handling at least 400 mW of CW optical power
[30] with only negligible degradation due to photo-refractive
or optical-damage effects. Low-loss waveguides, fabricated via
either titanium in-diffusion or proton exchange, together with
efficient waveguide-to-fiber coupling have resulted in typical
fiber-to-fiber optical losses of 4 dB, with losses as low as 2.5
dB achieved in the laboratory. Lumped-electrode modulators
with a of 0.65 V have been demonstrated [30] at 150 MHz.
Higher frequency lumped-element modulators have a response
that falls off roughly as the square of frequency. This trend
can be seen from the recent IMDD external modulation-link
results [30]–[36] plotted alongside the direct modulation-link
results in Fig. 3.

At sufficiently high frequencies—specifically, a few giga-
hertz in lithium niobate—the modulation voltage cannot be
approximated as constant during an optical transit time through
the modulator. For this case, the most efficient modulation
is achieved by using traveling-wave RF electrodes, whose
propagation velocity matches the optical waveguide propaga-
tion velocity. In lithium niobate this velocity-match condition
turns out to be difficult to achieve while simultaneously
achieving a 50- traveling-wave electrode impedance. The
best velocity match has been reported by Noguchiet al.
[37], who demonstrated a modulator with a 3-dB electrical
bandwidth of 70 GHz and a of 5 V.

Modulation at even higher frequencies is possible in lithium
niobate, provided one can solve the problem of coupling the
modulation signal onto the electrodes. An elegant solution to
this problem has been proposed and demonstrated by Bridges
et al., [38], who separated the electrodes into segments with
a dipole antenna element feeding each one. A velocity match
is achieved by judicious angling of the modulator substrate
relative to the end of the millimeter-waveguide which feeds
the dipole antennas. Using this technique, Bridgeset al.
demonstrated bandpass modulation around 94 GHz.

Although a lithium–niobate MZI is the industry standard,
it is not without its drawbacks. Its transfer function yields
insufficient linearity for CATV distribution and other more
demanding applications. Lithium niobate is difficult to work
with and virtually impossible to integrate with electronic
semiconductors. Also, the cost of a lithium–niobate MZI is
high for what is basically a simple device.

One alternative, which avoids both the MZI structure and
the lithium–niobate material, is the electro-absorption (EA)
modulator. Initially, this type of modulator was believed to be
of limited utility because its transfer function, which is based
on the semiconductor absorption-band edge’s dependency on

the electric field, was more nonlinear than an MZI’s. However,
as demonstrated by Welstandet al. [39], by balancing the
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
wavelength control of the CW source on the order of 40 nm,
which MZI’s do not. Also, to our knowledge the greatest
optical power that has been launched into an EA modulator to
date is 34 mW [40], versus 400 mW for MZI’s [30].

Another alternative to the standard lithium–niobate MZI
is to stay with the MZI configuration—which, as will be
shown below, can belinearized in a number of ways to
increase its DR—but fabricate it in a different material.
Semiconductors have been used as alternative materials for
MZI’s, resulting in modulation efficiencies (as measured by
the switching voltage ) on par with lithium–niobate MZI’s,
albeit typically with greater than 10 dB of fiber-coupled
insertion loss—mostly due to optical-mode mismatch between
the fiber and semiconductor waveguides. Walker [41] has
reported MZI’s fabricated in GaAs, which in principal could be
monolithically integrated with other electronics such as driver
amplifiers. Nonlinear optical polymers have also been used to
fabricate MZI’s with frequency responses as high as 60 GHz
[42]. Polymers hold the potential of lower cost and perhaps
greater bandwidth, but to date neither of these attributes has
been realized in a commercial modulator.

Alternatively one could stay with lithium niobate but use
a different modulator structure, such as a directional-coupler
modulator (DCM), which enables a variety of linearization
techniques for increasing a link’s DR. However, it is difficult
to achieve a high-sensitivity modulation response in DCM’s; in
MZI’s, higher sensitivity can be obtained by simply lengthen-
ing the electrodes, whereas lengthening the DCM’s electrodes
means redesigning the coupling region as well. Conceptually,
DCM’s could be fabricated in materials other than LiNbO,
but the authors are unaware of any such work to date.

IV. M EASURES OFIMDD-L INK PERFORMANCE

A. Link Gain

It has been shown [43] that the IMDD-link gain can be
expressed as a function of the fiber-coupled modulation-
device and photodetector slope efficiencies ( and , with
dimensions of W/A and A/W, respectively) and impedances

, namely

(1)

Expressions for direct and external modulation-link gain are
derived by substituting into (1) the appropriate values of the
device slope efficiencies and resistances. In the case of a direct
modulation-link, , and is simply , the
fiber-coupled external differential quantum efficiency of the
directly modulated semiconductor laser; therefore,

(2)
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In the case of an external modulation-link,
(the equivalent parallel resistance of the modulator), and
is related to the fiber-to-fiber optical transmission efficiency
of the external modulator , the CW input optical power
to the modulator , and the modulator half-wave or on–off
switching voltage , resulting in the following expression
for gain:

(3)

An important distinction between (2) and (3) is the depen-
dence on average optical power: (2) for direct modulation is
independent of optical power, whereas (3) for external modula-
tion depends quadratically on optical power. This distinction in
optical power dependency has been confirmed experimentally
as shown by the direct and external link gain data shown in
Fig. 4. The direct modulation gain is independent of optical
power, at least until average power levels are reached where
the laser’sP versusI curve begins to saturate. In the case of
the direct modulation links in Fig. 4, the gain is higher when a
DFB rather than a FP laser is used, simply because the former
had a higher slope efficiency than the latter.

As shown in Fig. 4, the external modulation-link gain
increases as the square of CW optical power, even achieving
net available RF power gain for optical powers above 30 mW
for links at frequencies below approximately 1 GHz. That net
gain resulting from what may initially appear to be a passive
circuit can be a bit unsettling at first. One intuitive explanation
for the net gain starts with the fact that the RF impedance of the
modulator is independent of the optical power flowing through
the modulator. Consequently, the RF power at the link input
is independent of the average optical power. However, the RF
power recovered at the photodetector output clearly depends
on the average optical power. For example, in the extreme
case where the laser power is zero, the RF output from the
detector is also zero. Therefore, as the average optical power
is increased, the RF input power remains constant, but the RF
power from the photodetector increases. It turns out that with
the modulator sensitivities that are available, the optical power
can be increased to the point where net gain is realized.

The elucidation of the optical power dependency can also
resolve one of the early debates in the development of analog
links: given a diode laser, is it better to modulate it directly
or to use thissamelaser as the CW source for an external
modulator? The answer usually was that, of course, it is better
to modulate directly, because the unavoidable loss of the
modulator will always make external modulation have lower
gain. However, as (2) and (3) show, this line of reasoning leads
one away from a critical distinction. If the average optical
power is low, external modulation will have lower gain, even
if the modulator has no optical insertion loss. Conversely, if the
CW optical power is high, then external modulation will yield
higher gain than direct modulation, in spite of the additional
modulator loss. This idea is best expressed by the crossover
optical power , which yields the same gain for direct
and external modulation (2), (3)

(4)

As can be seen in (4), is not a fixed number, but
rather depends upon characteristics of the direct and external
modulation-link devices—i.e., the semiconductor laser and
the external modulator, respectively. These characteristics,
particularly and , depend in turn upon the RF frequencies
at which the devices were designed to operate, so is
also frequency dependent to that extent. In [31], for instance, it
was shown that direct and external modulation links at 50 MHz
had the same gain for mW. As manufacturers
continue to improve device parameters, will vary
accordingly. Equation (4) shows that at a given RF
frequency will be decreased by improvements to the state of
the art in modulator technology (i.e., lower ) and will be
increased by improved lasers (i.e., lasers with larger).

B. Link Noise Figure

NF is a critical parameter in antenna-remoting applications,
but less so in distribution applications such as CATV. It can
be expressed as

(5)

where is the total noise spectral density at the link output,
is Boltzmann’s constant, and K. Thus, to obtain

the effect of an individual noise source on the link NF, one
divides the output noise due to that source by the link gain.

In any IMDD link the primary sources of noise are the
photodetected optical intensity noise [usually dominated by
laser relative intensity noise (RIN)], shot noise arising from
the photodetection process, and thermal noise arising from
the ohmic impedances of the RF source, modulation device,
photodetector, and from ohmic losses in the interface circuitry
between the source and modulation device and between the
photodetector and the link output. The extent to which RIN,
shot noise, and the various sources of thermal noise contribute
to are affected by the manner in which the modulation
device and photodetector are impedance-matched to the link
input and output impedances, respectively. However, only
when the effects of RIN and shot noise are reduced to a
level that is much lower than what has been achieved in most
experimental IMDD links does thermal noise constitute a large
portion of [30].

For most direct modulation links, the laser RIN dominates
over the laser shot noise and the thermal noises. The link
output noise due to laser RIN can be expressed as

(6)

where RIN is the laser relative intensity noise at the analog-
signal frequency and is the average photocurrent. Equation
(6) shows that noise caused by laser RIN increases as the
square of average optical power. In (2), it was shown that
direct modulation-link gain is independent of average optical
power. Consequently, dividing a noise source which increases
as the square of optical power by a gain which is independent
of it yields an NF which increases as the square of optical
power. The NF data in Fig. 4 for the FP laser (which had
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Fig. 5. NF and IM-free DR of a FP laser-based direct modulation link at
450 MHz as a function of backreflection to the commercially packaged laser.

a RIN large enough to dominate the link NF) confirm this
prediction.

State-of-the-art external modulation links often use a solid-
state laser as the CW optical source. The relaxation frequency
of these lasers is typically only a few hundred kilohertz.
Recall that a laser’s RIN spectrum falls off as above
its relaxation frequency. Consequently, the RIN from these
lasers has dropped to negligible levels by the time one reaches
the lower passband frequency of most links. Therefore, the
dominant output noise power-spectral density is due to detector
shot noise, which can be expressed as

(7)

To obtain the effects of shot noise on the NF, one again
divides 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 NF
which decreaseslinearly with increasing optical power. Thus,
despite the fact that increasing the link average optical power
generates more shot-noise power at the link output, the effect
of this increased shot noise is decreased at the link input
because the link gain is increasing faster than the shot noise.
This trend can be seen in the external modulation-link data
in Fig. 4.

Fig. 4 also shows that the NF of DFB-based direct modu-
lation links can be significantly lower than that of FP-based
links. For lasers with the same slope efficiency, the difference
in NF’s can be traced to the lower RIN of the DFB as
compared to the FP. The general impression is that lower RIN
is due to the different laserstructure, i.e., the DFB versus
the FP. However, recent work of Roussellet al. [44] has
demonstrated that control of optical reflections, especially in
the laser packaging, is more important in reducing the RIN
than the laser structure. Fig. 5 shows how the optical return
loss of an FP semiconductor laser affects a typical direct
modulation link’s NF and IM-free DR (which is discussed
further in greater detail in the following section). Fig. 6
compares the NF’s of commercially-packaged FP and DFB
diode lasers to FP lasers which were fiber-coupled in a way
that minimized optical reflections back into the laser cavity.
These data show that the FP laser can yield as low a link NF

Fig. 6. 450-MHz NF and IM-free DR of direct modulation links using
commercial DFB versus commercial and repackaged FP lasers.

Fig. 7. Simulated NF versus IM-free DR of external modulation links using
both standard and broad-band linearized modulators (after [49]).

as a DFB can. The NF’s of FP lasers for direct modulation are
quite consistent for a given device structure, but vary from 24
to 32 dB among different device structures and manufacturers
[44].

Based on these results, the question may be raised as to
whether or not we still need DFB’s. The answer is “yes”
for links with long fiber lengths. The deleterious effects of
chromatic dispersion are smaller with the single-longitudinal-
mode DFB than with the multimode FP. However, for shorter-
length links where chromatic dispersion is negligible, these
results suggest that if optical reflections (for example, from
fiber connectors being repeatedly made and broken) can be
controlled, appropriately packaged and fiber-coupled FP lasers
may be adequate.

C. Link IM-Free Dynamic Range

The IM-free DR is an important parameter in links where
multiple RF frequencies are simultaneously present. Thus, IM-
free specifications are almost invariably seen in applications
such as CATV distribution2 and antenna receiving.

2The CATV industry determines distortion arising from the same underlying
mechanisms by measuring the composite triple beat (CTB) and composite
second order (CSO) produced when the link is fed by a multichannel signal
generator whose number and spacing of channels matches the intended
application.
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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 link) to cellular telephony
and CATV specifications.

The IM-free DR is defined as the maximum difference
between the noise floor and the fundamental output which
produces distortion terms of equal amplitude to the noise floor.
The noise floor in turn depends on the link’s instantaneous
bandwidth , which varies by application. Consequently,
to lend general applicability to the IM-free DR measurements,
the results are often given in terms of a 1-Hz noise bandwidth.
To use such results in a specific application simply requires
scaling the 1-Hz data to the receiver’s actual instantaneous
bandwidth. The bandwidth scaling exponent depends on the
order of the dominant distortion. Since many applications have
an operational bandwidth less than an octave, the second-order
distortion terms can be filtered out. Thus, for such applications,
the lowest order in-band distortion is the third order, which
causes the IM-free DR to scale as .

Conventional wisdom has held that the IM-free DR of FP
lasers is lower than that of DFB lasers—partially because the
conventional view is that the FP’s RIN is higher, and partially
because in early DFB’s the electrical isolation of the active
region was used to achieve a more linear optical power versus
laser-current curve. Representative IM-free DR measurements
for commercially packaged FP and DFB lasers are shown in
Fig. 6. The same techniques which improved the RIN, and
hence, the NF of the FP can also improve their IM-free DR.
Fig. 6 also shows IM-free DR data for a FP link using an
optical isolator and a low-backreflection photodetector. As can
be seen, this permits a FP to have approximately the same
IM-free DR as the DFB [44].

The IM-free DR of an external modulation link is dominated
by the type of external modulator and the average optical
power. However, the IM-free DR for external modulation link
using a standard MZ modulator is about the same as for a
DFB-based direct modulation link.

Although in many links the distortion is dominated by
the modulation device, in some links the photodetector or

the fiber itself can contribute measurable distortion. Pho-
todetector distortion usually does not become an issue with
standard (i.e., unlinearized) modulation devices as discussed
in Section II. Fiber-generated distortion can arise through
the combined effects of modulation-device chirp, and fiber
chromatic dispersion, and a large bandwidthfiber length
product. Since lithium–niobate MZI’s have effectively zero
chirp, fiber-generated distortion is generally not an issue in an
external modulation link, where a kilohertz-linewidth solid-
state laser can be used as the CW source.

For high-performance applications, among them CATV and
radar antenna remoting, the required IM-free DR is 5–10
dB higher than the best results achieved for standard direct
and external modulation links. The myriad techniques for
extending the IM-free DR via linearization can be divided into
two general categories: electro-optical (including predistortion,
feedback, and feed-forward techniques, which will not be
discussed further in this paper), and all-optical (such as the use
of multielectrode modulators). There are a number of factors
which enter into the selection of a linearization method. One
key distinguishing feature is whether the linearization method
is focused on reducing a particular order of distortion, such
as the third, or whether the method reduces all distortion
regardless of order.

Motivated largely by the CATV application, a number of all-
optical linearization techniques which suppress both second-
and third-order distortion have been developed [45]–[48].
These approaches are capable of significant improvement in
DR, but at a cost of increased bias-control complexity; for
example, up to four biases need to be controlled. Also, there is
a tradeoff between linearization and the NF. This trend is made
clear in Fig. 7, which plots the simulation results of Bridges
and Schaffner [49] for several broad-band linearized modulator
designs. For distribution applications, such as CATV, the NF is
relatively unimportant, so this is a reasonable tradeoff to make.
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In applications such as antenna remoting, the NF is a
critical parameter, so its tradeoff with linearization can have
severe consequences. However, as predicted analytically by
Bridges and Schaffner [49] and confirmed experimentally by
Betts [50], to linearize only the third order does not involve
a NF penalty, as can be seen from the narrow-band data
point in Fig. 7. Since virtually all antenna remoting links
require only third-order linearization, these results suggest
that it is not merely implementationally easier to use third-
order-only linearization, but also technically important to do
so.

Fig. 8 compares the IM-free DR performance of a linearized
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 performance
of links for several commercial applications. For a more
detailed comparison and discussion of all-optical linearization,
the reader is referred to [49].

V. SUMMARY

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 de-
tectors, semiconductor laser diodes, and external modulators.
Techniques for improving the NF and extending the DR
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. The
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 technol-
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 slight
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 analog
optical links without significantly reducing the technical
performance.
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