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Abstract— High-performance semiconductor continous-wave
(CW) sources are demonstrated in this paper, which include a
Fabry–Perot (FP) laser oscillator (LO) with relative intensity
noise (RIN) <�165 dB/Hz at frequencies above 500 MHz, and
a tapered semiconductor optical amplifier with 35-dB gain, a
maximum output power of 820 mW, and RIN � �155 dB/Hz at
microwave frequencies. These are used in suboctave-bandwidth
analog links to demonstrate link performance comparable to
that available with solid-state laser sources.

Index Terms—Laser noise, optical analog links, optical modu-
lation, semiconductor lasers, semiconductor optical amplifiers.

I. INTRODUCTION

SEMICONDUCTOR laser oscillators (LO’s) and ampli-
fiers have some important advantages as continuous-wave

(CW) sources for externally modulated optical analog links,
as compared to the traditional solid-state lasers normally
used. Semiconductor laser devices directly convert dc elec-
trical power to light at the desired wavelength, providing
much higherwall-plug efficiency than systems such as diode-
pumped solid-state lasers (DPSSL’s) or erbium-doped fiber
amplifiers (EDFA’s), which use one or two optical-to-optical
conversions after the initial electrical-to-optical conversion.
Diode laser devices are also physically small compared to
the alternatives. These advantages are critical in space-based
systems [1], and important for links on aircraft or other
platforms where power and space are limited. Since they
are much simpler, the semiconductor laser devices should
ultimately be less costly than DPSSL’s and EDFA’s. Another
advantage of semiconductor lasers is their ability to operate
at any wavelength in the fiber communication bands, enabling
wavelength multiplexed systems and systems requiring inco-
herent combining of several light beams (as in several optically
controlled phased-array radar schemes [2]).

There are some disadvantages to semiconductor laser de-
vices as well. They traditionally have had low optical-power
output and high relative-intensity noise (RIN) compared to
DPSSL’s or EDFA’s, and their larger linewidth has caused
interferometric intensity noise (IIN) [3] extending above 100
MHz. The primary purpose of this paper is to show that these
disadvantages have been substantially overcome—at least for
a large range of practical applications.
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Fig. 1. Externally modulated link with CW laser source. The laser source
may be a semiconductor or Nd:YAG oscillator, with or without the tapered
semiconductor optical amplifier.

Several new devices and techniques will be combined here
to achieve good analog-link results. Perhaps the most dramatic
is the tapered semiconductor amplifier, which provides over
800-mW output at 1320 nm, overcoming the power limitations
of single-mode semiconductor devices in the 1300-nm fiber
transmission band. We also show results from a Fabry–Perot
(FP) semiconductor LO with RIN below 165 dB/Hz at
all microwave frequencies. Commercial distributed-feedback
(DFB) laser diodes are available with comparable low RIN
below 1 GHz, but they generally have a RIN peak above150
dB/Hz somewhere between 5–15 GHz. We will also show
how, for suboctave systems, certain modulator techniques such
as suppressed-carrier bias and linearization can overcome the
remaining RIN problems of semiconductor lasers. The work
reported here has all been in the 1300-nm band, but it could
also be done at 1550 nm.

We will first report measurements of the semiconductor
laser devices themselves, and then go on to design issues and
measurement of the analog links that use these devices. It
should also be noted that although there are many possible
ways to use the semiconductor laser devices, such as direct
modulation of the oscillator or placement of the amplifier after
the modulator, the only use discussed here will be as a CW
source, as shown in Fig. 1.

II. FP DIODE LO

We fabricated a low-noise FP diode LO to serve as an
analog-link CW source. The device reported here was 2.0-
mm-long, although other lengths have also been utilized. The
transverse confinement was provided by a 3.5-m-wide ridge
waveguide. The active layer consisted of three 8-nm-thick
InGaAsP quantum wells with 1% compressive strain separated
by 10-nm-thick barriers in the middle of a 0.45-m-thick
optical confinement layer. This material is the same as was
used for the tapered amplifiers discussed in the following
section, and is described more fully in [4].

This device produced 55-mW/facet output (both ends emit-
ted equally as this device had no coatings) at the operating
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Fig. 2. RIN of FP LO. The RIN at the chip output, and the RIN after 150 m
of polarization-preserving fiber, are almost identical to the RIN at the pigtail
output.

point of 350 mA, of which 32 mW was launched into a
polarization-preserving fiber. The threshold was 35 mA.

The RIN-measurement system was calibrated above 10
MHz by measuring the noise level of an Nd:YAG laser beam
with the same detector/amplifier/spectrum-analyzer combina-
tion as used in the RIN measurement, and then calculating
its gain from the known shot-noise power generated by the
Nd:YAG laser. This method is the same as we used in [5],
but here we have reduced the error to about1 dB at

500 MHz and 2 dB above 500 MHz by repeating the
calibration after each measurement. Below 100 kHz, the noise
was measured from a detector load resistor in parallel with
a high-impedance low-frequency spectrum analyzer, and the
RIN could be calculated directly from the dc voltage on
the resistor. Between 100 kHz and 10 MHz there was no
direct calibration method, but the gain of the detector/amplifier
system seemed to be constant, and use of the 10-MHz value
was confirmed by agreement at the 100-kHz point with the
low-frequency calibrated measurement.

The RIN of the laser output was measured before and after
transmission through various lengths of fiber as well as after
transmission through the optical links. Fig. 2 shows the RIN-
measurement results at the output of the laser pigtail and
after transmission through 1-km single-mode fiber. The RIN
is 165 dB/Hz at all frequencies above 500 MHz (the RIN
is at the noise floor of our measurement system for most of
that range). The RIN before transmission through any fiber,
and the RIN after 150 m of polarization-preserving fiber, are
almost identical to the RIN from the pigtail, and thus, are not
plotted. The relaxation oscillation peak in the RIN is165
dB/Hz at 8 GHz, barely noticeable above our noise floor.
At lower drive currents, the RIN peak is more pronounced;
for example, at 68-mA drive, it is 140 dB/Hz at 2 GHz.
This type of behavior is expected [6], but the RIN is not
generally as low as seen here. The mode spacing on this
long laser was 20.6 GHz, so there was a beat frequency
present which would be a problem for links including that
frequency in their band. Although the RIN of an FP laser is
traditionally assumed to be higher than that of a DFB, this is
not universally true [7]. In fact, this FP laser’s RIN is lower
than that of commercially available DFB lasers at microwave
frequencies.

Fig. 3. Low-frequency RIN of semiconductor FP oscillator compared to that
of a diode-pumped Nd:YAG laser.

The RIN through 150 m of polarization-preserving fiber
is virtually identical to the RIN of the laser output before
transmission through any fiber. This result applies when the
polarization is properly aligned to one of the fiber’s axes; if
it is misaligned, the noise rises dramatically, as seen in [8].
Transmission through 1 km of single-mode fiber produced an
increase in the noise only at frequencies100 MHz. Thus,
even the multimode FP laser can be used over moderate
lengths of fiber when the wavelength is near the dispersion
zero at 1310 nm.

The one place there is actually an advantage in RIN com-
pared to the Nd:YAG laser is at low frequencies, as seen
in Fig. 3. Even though the Nd:YAG laser uses a noise-
suppression circuit designed to reduce low-frequency noise
and the semiconductor laser does not, the semiconductor laser
has lower noise from 300 Hz to 3 MHz. This is an important
advantage in microwave links that require lowphasenoise,
as the low-frequency noise mixes with an RF signal being
transmitted through the link and producesA.M.-noise sidebands
on it [9] (which often cause the same system problems as
P.M.-noise sidebands).

This low-frequency advantage disappears, however, when
the reflections in the link are high enough that optical phase
noise (i.e., the laser linewidth) is converted to intensity noise
[3]. Fig. 4 shows the low-frequency RIN when the laser light
is interfered with a time-delayed version of itself that has
been attenuated roughly 50 dB and delayed by a 300-m-long
fiber path (equivalent to passing through a pair of25-dB
reflections separated by 150 m of fiber). The Nd:YAG laser
through the same link is shown for comparison. It can be
seen that the semiconductor laser suffers from somewhat larger
noise at low frequencies and that the increased noise extends
out to much higher frequencies because of the larger linewidth
of the semiconductor laser. For most links, reflections can be
suppressed to a degree that this interferometric noise is not a
factor; however, in links having high reflections, such as those
using a reflective modulator, this effect must be considered.

III. T APERED SEMICONDUCTOR OPTICAL AMPLIFIER

We have developed a semiconductor optical amplifier with
high output power in a single transverse mode by using a
tapered structure, as shown in Fig. 5. This structure was first
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Fig. 4. Increased intensity noise due to optical reflections in a link converting
laser linewidth to intensity noise.

Fig. 5. The tapered amplifier structure. Both facets are antireflection coated.

built at 980 nm [10]–[12] for pumping EDFA’s, and more
recently was demonstrated at 1300 nm [5] and 1550 nm [13].
(Some of these references report the structure used as an
oscillator, which it is if the input facet is not antireflection
coated. However, the noise level of the device as an oscillator
currently seems to be too high for use as an analog-link
source.) The devices used here are similar to those reported
in [5], but here the material has been grown to give a gain
peak at 1320 nm, which resulted in higher small-signal gain
at the Nd:YAG wavelength of 1319 nm than reported earlier.
The active-layer structure is the same as described above for
the FP oscillator.

In this device, light is launched into the single-mode wave-
guide. When it reaches the tapered region, it expands by
diffraction; the light is not guided in the transverse direction
in the taper. This allows high total power to be generated
while keeping the intensity and current density at reasonable
values. The drawback is that the output beam is astigmatic and
elliptical, requiring anamorphic optics for fiber coupling. Our
devices are polarization sensitive, but this is not a problem
when used as a CW source for analog links, since polarized
light is desired for coupling into most electro-optic modulators.

The fiber coupling setup is shown in Fig. 6. As with any op-
tical amplifier, isolators are required before and after the device
for best performance. The input coupling was accomplished
with standard spherical diode laser coupling optics. For output
coupling, we used a fast (0.55 NA) spherical lens followed by
a cylindrical lens to produce a nonastigmatic, approximately
circular beam, which was then coupled into a fiber. The
amplifier input power was measured in its input waveguide by
detecting the photocurrent generated when the amplifier was
not biased. The output power was measured in the collimated
beam after the first two lenses. When we refer to input and

Fig. 6. Tapered amplifier fiber coupling. Amplifier input and output power
was measured at the points indicated.

Fig. 7. Tapered semiconductor amplifier input–output power and gain.

output power and gain, we are referring to power measured
at these points. The fiber-coupling efficiency compared the
power at these points to the power in the input or output fiber.
The highest fiber-to-input waveguide-coupling efficiency we
achieved was 60%, and the best output beam-to-fiber efficiency
was 43%. Higher output-coupling efficiency should be possible
with better lenses and an optimized taper design.

The input–output power characteristics are shown in Fig. 7
for several values of the amplifier drive current. A small-signal
gain of 35 dB occurs at 2.0 A, and does not increase at higher
currents because of gain clamping due to oscillation in the
amplifier. The maximum output power (deep into saturation)
is 820 mW at 3.0-A current. With a large input signal, the
gain is reduced, and oscillation is damped out so even the
3.0-A drive produces a clean amplified signal. This is shown
in Fig. 8, where the single frequency output is obvious.

Several different oscillators could be used with the tapered
amplifier to provide a high-power CW source, as diagrammed
in Fig. 9. The 3-dB gain bandwidth (as determined from the
spontaneous emission with no input) is 21 nm, and there is
usable gain over perhaps 50 nm (depending on an individual’s
definition of usable), so a tunable oscillator can be used. The
tapered amplifier can be used with a low-power diode LO,
either a DFB laser or an FP laser as described above, or with
an Nd:YAG oscillator. While integration of a semiconductor
LO and the power amplifier (“MOPA”) is possible, the lack
of an integratable isolator may cause noise problems due to
feedback to the oscillator. The Nd:YAG oscillator may be a
practical choice in a broadcast application where many links
need to be driven so the oscillator power can be split; we used
it because it provided a shot-noise-limited source with which
to quantify the noise performance of the amplifier.



BETTS et al.: SEMICONDUCTOR LASER SOURCES FOR EXTERNALLY MODULATED MICROWAVE ANALOG LINKS 1283

Fig. 8. Amplifier output spectrum at maximum output power of 820 mW (3.0-A amplifier current, 11-mW input from single-frequency Nd:YAG).
Taken with 0.1-nm resolution.

TABLE I
SIZE AND “WALL PLUG” EFFICIENCY COMPARISON OF CW SOURCES SUITABLE FOR ANALOG LINKS1)

Fig. 9. Possible configurations of CW optical source using the tapered
amplifier.

As mentioned in Section I, a significant advantage of this
type of device over a DPSSL such as Nd:YAG, or over an
EDFA, is its small size and high efficiency. Table I shows
a comparison of the size and efficiency of the various de-
vices. The sizes are taken from measurements of the smallest
commercially available devices known to us; the EDFA size
also involves some assumptions about custom packaging of
fiber components. The amplifier efficiencies are the power-
added efficiency: light out minus light in, divided by total

electrical-power input. High-power EDFA efficiencies range
from about 3.5% (DPSSL pump) to 8% (eight multiplexed
1480-nm diode pumps); a midrange value is shown. (This
comparison excludes cooling components and the electrical-
power supply, which are used by all.)

The RIN spectrum of the tapered amplifier at 1.5- and 2.0-A
drive current and 11-mW input is shown in Fig. 10. It is
roughly 155 dB/Hz over most of the microwave-frequency
range. The RIN does not vary too strongly with drive current
in the microwave range, although the RIN below 500 MHz
does seem to increase at higher drive current. The RIN at very
low frequencies is shown in Fig. 11. In the 1-kHz to 1-MHz
range, it is comparable to that of the Nd:YAG oscillator used
as input (this single frequency Nd:YAG laser had better low-
frequency RIN suppression than the multifrequency Nd:YAG
laser used in Figs. 3 and 4). At low frequencies, the output
RIN can actually be lower than the input RIN, as seen around
10 kHz, because the amplifier is operated in saturation and the
gain for low-frequency intensity fluctuations is much less than
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Fig. 10. RIN of the tapered semiconductor amplifier with 11-mW input from
a single-frequency Nd:YAG laser.

Fig. 11. Low-frequency RIN of tapered semiconductor amplifier output
(2.0-A drive, 11-mW Nd:YAG input), compared to RIN of the Nd:YAG LO
used as input.

the optical gain. Below 1 kHz, the amplifier is contributing
significant low-frequency noise of its own.

The RIN varies significantly with input power. As is evident
in Fig. 12, the RIN drops as the input power increases. This
is not surprising, since larger input power gives larger input
signal-to-shot-noise ratio, and the noise figure of the amplifier
is approximately constant over much of this range of input
power. This amplifier’s noise figure is roughly 12 dB. This is
higher than is typical for good semiconductor amplifiers, and
should be able to be improved with an optimized design.

IV. L INK PERFORMANCE

The sources described above are not ideal in that they are not
shot-noise limited. However, links can be designed using them
that are very close to the performance of shot-noise-limited
links.

A. Limitations Due to RIN, and the
Carrier-Suppression Solution

The RIN produces noise at the detector in proportion to the
square of the detector current—the same relation to detector
current as for the modulated signal. (The average detector cur-
rent is the dc photocurrent current at the link’s operating
point, which is the product of the laser power, total optical loss,
detector responsivity, and the modulator’s transmission at its
bias point). The shot noise is linearly dependent on the current,
and the receiver thermal noise is independent of the current.

Fig. 12. Tapered semiconductor amplifier RIN at 1 GHz, and gain as
functions of optical input power at an amplifier current of 2.0 A. Input
shot-noise-to-signal ratio is also shown.

Fig. 13. RIN level causing the indicated increase in link-noise figure relative
to a shot-noise-limited link, as a function of average detector current.

Therefore, for a given RIN level, the degradation in link-noise
figure and dynamic range is negligible at low detector current,
and increases as the current increases. The effect of the RIN at
various photocurrent levels can be determined by calculating
the electrical-noise figure of a link with no RIN present, then
calculating how much worse the noise figure is with the RIN
present. This is done in Fig. 13, which shows that the detector
current must be restricted to a few milliampere or less to
avoid significant degradation in the link-noise figure at the
RIN levels of our semiconductor laser sources.

For multioctave-bandwidth links, known modulator types
must be biased near their 50% transmission point to minimize
second-order distortion, and the restriction on detector current
above results in relatively poor performance with even a
moderate RIN (externally modulated analog-link performance
improves as the optical power increases [14], [15]). High
dynamic range can still be achieved in this case by using a
broad-band linearized modulator [16], although noise figure
will still suffer. If one can tolerate a more complex system,
the RIN can be canceled by using a balanced receiver [17] or
by using optical feedforward error correction [18].

For suboctave-bandwidth links, there is a simple way to
recover performance nearly equal to that of links powered
by shot-noise-limited sources: the optical carrier can be sup-
pressed by biasing a Mach–Zehnder (MZ) interferometric
modulator toward its minimum transmission point [19]–[21].
This can be understood by examining Fig. 14. The bias point
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(a)

(b)

Fig. 14. Effect of varying the bias point of a MZ interferometric modulator,
calculated for a full-on detector current of 50 mA. (a) Average detector current,
(b) output noise sources, and link electrical gain (gain shown relative to the
gain at 90� bias).

for 50% transmission is 90. This gives the maximum link
electrical gain. As the bias point is moved toward 180,
the optical transmission falls rapidly (as ). The shot
noise falls linearly with the optical transmission, and the RIN
noise falls as the square of the optical transmission. The link
gain, however, falls much more slowly (as ). The net
result is that the output electrical signal-to-noise ratio rises
as the bias point moves toward 180, until the gain is so
small that receiver thermal noise dominates. For shot-noise-
limited links, the signal-to-noise ratio improvement relative to
the value at 90 is limited to 3 dB; for RIN-dominated links,
there is no limit to the improvement (until receiver thermal
noise is reached).

There are other ways to suppress the carrier, such as optical
filtering before the detector, but these offer no performance
advantage and are harder to implement [22]. The technique
of suppressing the optical carrier by biasing a modulator
toward its off state can be used with many different types
of modulator, including linearized modulators [16], [23], [24],
as well as more standard designs.

The improvement in a link-noise figure with suppressed-
carrier bias is shown for several RIN levels in Fig. 15, for a
link using an MZ modulator with a of 5 V, a detector
current of 40 mA at 0 bias, and a receiver noise figure
of 0 dB. For a RIN of 155 dB/Hz, performance near that
of the shot-noise-limited case is obtainable. The third-order
intermodulation-free dynamic range is to 0.67 (

), where IIP3 is the modulator’s input third-order intercept
point in decibels with reference to a power level of one
milliwatt (dBm) and NF is the link-noise figure in decibels.
Since IIP3 does not vary with bias point, the dynamic range
increases as the noise figure decreases.

The above discussion of carrier suppression, using Figs. 14
and 15, took the viewpoint that the laser power and RIN were
fixed. The link performance with the RIN present could be

Fig. 15. Effect of modulator bias point on link electrical-noise figure,
calculated for a full-on (0� bias) detector current of 40 mA, modulatorV� of
5 V, and receiver noise figure of 0 dB.

Fig. 16. Third-order intermodulation-free dynamic range as a function of
the RIN for various modulator bias points. Curves are also labeled with the
average detector current(iavg). Two full-on (0� bias) detector currents are
shown.

recovered to the link performance available with the same laser
power but no RIN (shot-noise-limited) by carrier suppression.

An alternative viewpoint to take is to look at the detector
current as fixed (for example, by picking a detector current off
Fig. 13 for a given RIN level and noise-figure degradation).
Then the input laser power can be increased and the MZ’s
bias point set at a lower transmission value to keep the
detector current constant. This can be seen in Fig. 16 by
comparing the two curves with mA. The lower
curve corresponds to using the 90bias point with a low
laser power ( mA at 0 bias), and the upper curve
corresponds to a suppressed carrier bias point of 165, but
with high laser power ( mA at 0 bias). The dynamic
range is 12 dB larger for the upper curve at all RIN levels. This
is the viewpoint of [20], which regards carrier suppression as
a dynamic range-improvement technique.

B. Links Using the Tapered Amplifier Source

The first experiment we performed was a direct comparison
between a link using the Nd:YAG laser and a link using the
source consisting of the attenuated Nd:YAG output driving
the tapered amplifier. In both cases, the link configuration
was the same: the laser source, 150-m polarization-preserving
fiber, a standard MZ modulator, 150-m single-mode fiber, and
an InGaAs p-i-n detector. The tapered amplifier output was
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TABLE II
MICROWAVE LINK PERFORMANCE COMPARISON

Fig. 17. Noise figure of an analog link at 450 MHz using the tapered
semiconductor amplifier CW source, compared to the same link using a
Nd:YAG laser source. Both sources provided about 100-mW input to the
modulator.

attenuated to match the 100-mW power level available from
the Nd:YAG laser. The link-noise figure was measured at 450
MHz, at various modulator bias points. The results are plotted
in Fig. 17. The results are just as expected from the theoretical
considerations discussed above. The noise figure with the
tapered amplifier is higher at the 90bias point, where the de-
tector current is about 6 mA. Both links show improved noise
figure as the bias point moves toward 180, with the greater
improvement occurring in the tapered amplifier link with its
higher RIN. At 150–160 bias point the noise figure is iden-
tical for both laser sources, within the experimental error. This
is consistent with a tapered amplifier RIN of 155 dB/Hz.

To demonstrate the performance potential of links at mi-
crowave frequencies powered by the tapered amplifier, we
measured the dynamic range of a link consisting of the
Nd:YAG oscillator/tapered-amplifier source, a few meters of
polarization-preserving fiber, a 7-GHz-bandwidth MZ mod-
ulator, a few meters of single-mode fiber, and an InGaAs
p-i-n detector. The power in the input fiber was 240 mW,
which was as high as we were able to obtain at the time
the experiment was performed. We biased the modulator at

155 , which reduced the dc detector current to 4.0 mA.

This was the maximum current this detector could handle,
independent of RIN considerations. We measured the noise
figure and dynamic range at 2, 6, and 10 GHz. Our noise
figures of 30–42 dB were high because of the highof the
modulator used in the experiment. The dynamic range results
are shown in Table II, along with the best dynamic range result
reported in the literature for a microwave link using a standard
MZ modulator. It is clear that the tapered amplifier powered
link is competitive in dynamic range performance.

C. Link Using FP Diode LO

In order to demonstrate how use of a linearized modulator
can provide adequate link dynamic range with very
low received power, we made a link consisting of the
semiconductor FP LO described above, a series MZ linearized
modulator [23], 1-km single-mode fiber, and the usual
InGaAs p-i-n detector. The input fiber power was 32 mW,
and the optical loss of the link was 13 dB, resulting in an
average detector current of only 0.12 mA at the modulator’s
operating bias point (about 12% transmission). The dynamic
range was still 111 dB/Hz , comparable to links using
high-power Nd:YAG lasers and standard modulators.
Although this was a suboctave linearized modulator, the
same dynamic range could be achieved in a broad-band link
if a broad-band linearized modulator were used.

V. CONCLUSION

We have demonstrated a semiconductor optical amplifier
with high output power (820 mW) and low RIN ( 155
dB/Hz at microwave frequencies). We have also demonstrated
an FP semiconductor LO with very low RIN ( 165 dB/Hz
above 500 MHz). These semiconductor sources offer advan-
tages over the usual DPSSL sources in the areas of size,
efficiency, and wavelength flexibility. They also can be quieter
at very low frequencies (1 MHz), potentially leading to
links with lower RF phase noise. We have theoretically shown
how the carrier-suppression bias technique can be used in
suboctave-bandwidth links with sources having these RIN
levels to achieve performance comparable to that of links with
shot-noise-limited sources. We have also constructed some
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experimental links which prove the performance capability of
links using these CW semiconductor sources.

The semiconductor sources still have RIN levels too high to
support very high performance multioctave links with standard
modulators. However, by using a linearized modulator and
low received power, they can perform adequately even in this
application.

Finally, it should be noted that the tapered amplifiers used
in this paper have not yet been optimized for minimum noise
figure, and some improvement should be possible.
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