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Abstract—Sampled-grating distributed Bragg grating (SGDBR)
laser -based widely tunableoptical transmittersareinvestigated for
application in high-performance analog links. More than 45 nm
tuning range, 40 dB sidemode suppression ratio, and peak rela-
tiveintensity noise below —153 dB/Hz ismeasured. SGDBR lasers
integrated with semiconductor optical amplifiers and electroab-
sor ption modulators (EAM ) are characterized with spuriousfree
dynamic range of 125-127 dB-Hz*/® over the wavelength tuning
range. It isalso shown how the modulation response of the EAM is
affected by theoptical power tolimit the perfor mance of theanalog
transmitter.

Index Terms—Distributed Bragg grating lasers, electroabsorp-
tion, integr ated optoelectronics, microwave photonics, optical com-
munications.

I. INTRODUCTION

PTICAL fiber provides a very low loss, high bandwidth

medium for transmission of microwave signals. Cur-
rent applications include cable television distribution systems,
wherethelow loss of fiber isutilized for efficient distribution of
analog video signals. Another application is antenna remoting
systems, where optical fiber is used as a low-loss medium to
extend theradio signal path where antenna unit size/complexity
needs to be minimized and system flexibility is improved by
centralization of system functions. However, cost/performance
constraints of the devices performing microwave-to-optical and
optical-to-microwave conversion have limited the performance
and wider use of analog optical links for the transport of
microwave signals. One alternative prospect is the replacement
of functions such as generation, amplification, frequency
conversion, and transportation of microwave signals using op-
toel ectronic components that traditionally have been performed
in the electrical domain, particularly at higher frequencies,
taking advantage of the potentially ultrabroadband operating
range of optical systems.

For the potential of the analog optical link to be realized,
much work is needed to improve the performance of current
technology to alevel comparable to what can be achieved using
electronicsand at acomparable or lower price. Analog linkscur-
rently perform well in terms of frequency response, relatively
inexpensive directly modulated sources can be modulated from
0GHztotypically 10 GHz, and external optical modulatorshave
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Fig. 1. SGDBR-SOA-EAM device schematic.

demonstrated the possibility of modulating from dc to above
100 GHz [1]. Optical links with RF gain below 1 GHz [2], [3],
low noise figure (2.3 dB at 130 MHz) [4], and high dynamic
range (132 dB-Hz*?) [5] have also been demonstrated. How-
ever, no link has been demonstrated combining good perfor-
mance in all of these areas, particularly obtaining good broad-
band gain/noise figure performance at higher frequencies.

In this paper, we investigate the performance of an inte-
grated photonic transmitter module based on a monolithically
integrated InP chip comprising a sampled-grating distributed
Bragg grating (SGDBR) laser, a semiconductor optical am-
plifier (SOA), and an electroabsorption modulator (EAM) for
high-performance analog optical link applications.

This paper is structured as follows. In Section |1, a brief
overview of the structure and composition of the devices
applied as analog transmitters is presented. In Section I11, the
relative intensity noise (RIN) performance of the integrated
SGDBR-SOA-EAM device is shown. The direct modulation
performance of the lasers is investigated in Section V. A
comprehensive investigation into the modulation response
of the integrated electroabsorption modulator is presented in
Section V. Findly, the transmitter is applied to a simple link
demonstration, described in Section VI, before conclusions are
given in Section VII.

II. DEVICE

The device used for most of the work described within this
paper consists of an SGDBR laser, an SOA, and an EA modu-
lator, al integrated on the same InP chip, asillustrated in Fig. 1.
Further details regarding this type of device can be found in
[6]. The SGDBR laser includes gain and phase sections po-
sitioned between two “sampled grating” distributed reflectors,
sampled at different periods such that only one of their mul-
tiple reflection peaks can coincide at atime [7]. Introducing a
small index change in one mirror relative to the other causes
adjacent reflectivity maxima to come into alignment, shifting
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Fig. 2. Measured extinction as a function of EAM reverse bias at different
optical wavelengths.

the lasing wavelength a large amount for small index change.
Continuous tuning between the reflectivity maxima is obtained
by tuning both mirrors, resulting in a quasi-continuous tuning
range greater than 45 nm. Biasing of the phase section fine-
tunesthe effective Fabry—Pérot cavity modeinto alignment with
the maximum reflectivity of the mirrors. The integrated SOA
compensates for on-state modulator loss, and for cavity losses
caused by free carrier absorption in the tuning sections, and
allows wavelength-independent power leveling. More than 10
mW output power, narrower than 2 MHz linewidth, and greater
than 40 dB sidemode suppression ratio has been achieved over
awavelength tuning range greater than 40 nm [6]. Typical oper-
ation conditions for 10 mW continuous wave (CW) are Ly, =
150 mA, Igy, and Igy below 27 and 43 mA, respectively, and
Isoa below 150 mA.

The integration of the laser and SOA active regions with the
tuning and modulator sections of the device has been accom-
plished by using an offset quantum-well structure [8]. In this
integration technology, the active region of the modulator uses
the same bulk quaternary waveguide as the tuning sections of
the laser. The Franz—Keldysh effect in the bulk waveguide ma-
terial provides for larger spectral bandwidth as compared to
the quantum-confined Stark effect, asillustrated by Fig. 2. The
composition of the bulk waveguide can be optimized to achieve
high tuning efficiency for the laser and a target extinction ratio
over the required wide spectral bandwidth for the modulator.
The bulk design allows improved power handling of the device,
avoiding carrier pileup problems, up to a limit determined by
Joule heating of the device; this limit is an 1-V product of 200
mW, with | being the EAM photocurrent and V being the abso-
|ute value of the bias voltage. The efficient coupling between the
source and the modul ator/detector waveguide structure makesit
convenient to study high optical power effectsin the EAM de-
vice.

I11. NOISE PERFORMANCE

In a previous publication [9], the RIN performance of
SGDBR lasers, not integrated with an SOA or an EAM, was
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Fig. 3. Detected RIN spectra at 1552 nm for different values of gain section
bias. SOA bias fixed at 180 mA.
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Fig.4. Detected RIN spectraat 1552 nm for different valuesof SOA bias. Gain
section bias fixed at 180 mA.

investigated. Shot-noise limited relative noise performance of
about —160 dB/Hz was measured with RIN levels lower than
—160 dB/Hz at high bias current to the gain section. The RIN
was found to vary over the tuning range, mainly determined by
the variations of output power over the tuning range.

For the current device, the RIN is produced both in the
SGDBR laser structure and in the SOA section. Fig. 3 shows
the measured RIN spectra for an SGDBR laser integrated with
an SOA, for different values of gain section bias. The SOA bias
was fixed at 180 mA. At 200 mA, the peak RIN is lower than
—153 dB/Hz. The detector shot noise contribution has been
subtracted in these graphs. Fig. 4 shows the RIN for different
values of bias applied to the SOA. The gain section bias was
here fixed at 180 mA. The RIN improves with increasing
SOA bias as expected, being minimum in the 120-140 mA
range, after which increased heating dlightly degrades the
noise performance. The noise performance of the SOA noise
is best observed at frequencies away from the laser RIN peak,
particularly below a few gigahertz, where the overal noise is
limited by the SOA spontaneous emission. This effect is aso
confirmed in Fig. 3 by the compression of RIN level around 2
GHz for gain section bias higher than 100 mA.
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V. DIRECT MODULATION RESPONSE

The modulation efficiency of a directly modulated laser is
given by the current conversion efficiency 7, and optical cou-
pling losses. For a standard semiconductor laser, the maximum
possible conversion efficiency is about 0.8 W/A at 1550 nm,
asoreferred to as 100% differential quantum efficiency (DQE).
Using atypical 50-§2 terminated driver source, aserial matching
load is often applied to the laser to minimize reflections. The
matching load comeswith aprice. For afixed output power from
the source, the delivered modulation current to the laser will be
nearly half of what isdelivered to an unmatched laser, assuming
the laser has a low input impedance. Despite these limitations,
direct modulation remains one of the most efficient and smple
ways of modulating a lightwave signal. Further, direct modu-
lation has inherently a more linear response than most optical
modulators. For these reasons, it is worth considering the po-
tential improvements that are possible for directly modulated
SGDBR lasers to contrast with the performance of externally
modul ated integrated devices.

The direct modulation response of a SGDBR laser not inte-
grated with any SOA or EAM has previously been investigated
[10], [11]. A direct modulation bandwidth up to 6 GHz was ob-
tained. Large signal modulation without any mode-hop was also
possible for 2.5-Gb/s digital application. Extinction ratios up to
10 dB were possible. Further, the spurious-free dynamic range
(SFDR) of the same device has also been investigated [12]. The
SFDR was measured at 112 dB - Hz?/? and the input power of
the third-order intercept point (11P3) was higher than 25 dBm.

Several possibilities exist to enhance the direct modulation
response beyond the limit given by 100% DQE. The integrated
semiconductor amplifier in the integrated SGDBR-SOA-EAM
device provides gain to the modulated signal. The direct mod-
ulation efficiency is also conveniently measured by measuring
the absorbed photocurrent in the EAM reverse biased for high
extinction. In thismanner, the direct modul ation conversion effi-
ciency can be estimated decoupled from optical coupling losses,
even for afiber-pigtailed packaged device. Fig. 5 showsthe pho-
tocurrent detected by the EAM asafunction of gain section bias
current, the SOA being biased at a constant 180 mA. The max-
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imum slope is on the order of 3.7 in the 30-35 mA range, in-
dicating an equivalent DQE equal to or exceeding 370%, de-
pending on the EAM photodetection responsitivity. The higher
than unity gain is attributed to the optical gain provided by the
SOA. Also shown in Fig. 5 is the RF gain at 1-GHz modula-
tion frequency. Up to 17-dB RF gain is measured between 31
and 33 mA, aresult of the combination of the SOA gain and the
ratio between the low input impedance of the unmatched laser
and high output impedance of the EAM.

Optical amplification will improve the transmitter gain but
also increase the transmitter noise to a higher degree than
the slope sensitivity and can therefore only degrade the link
noise figure, assuming it is not limited by receiver noise.
Two methods of improving the direct modulation sensitivity
beyond 100% conversion efficiency without resorting to optical
amplification that have been demonstrated are gain-levered
lasers [13] and cascaded lasers [16]. The gain lever exploits
nonuniform pumping of the laser to improve conversion
efficiency by biasing one of two sections below threshold, such
that the overall laser is biased just above threshold. It has been
shown that the gain lever can improve signal-to-noise ratio
(SNR) by increasing modulation sensitivity to a higher degree
than increasing the RIN, improving the SNR by 7 dB [14].
A prototype gain-levered SGDBR laser has been produced,
dividing the gain section of the laser into two parts: one 500 m
and one 100 ;m. Enhanced modulation efficiency is obtained
by pumping the two sections nonuniformly, applying the larger
current density to the longer section. The increase of slope
efficiency is, however, accompanied by a degradation of RIN
and modulation bandwidth, which will degrade the overall
performance of the analog link. One further disadvantage of
the gain-levered laser is the nonlinear L curve [15] that will
result in alow dynamic range for the analog link.

The cascaded | aser approach doesnot inherently limit the per-
formance of the analog link beyond that achieved using a stan-
dard laser. In this configuration, several laser gain section are
biased in series, reusing the injection current to achieve more
than 100% DQE. DQE of 180% has been demonstrated using a
series-connected VCSEL array [16]. The problem of using dis-
crete lasers is that the benefit of overall conversion efficiency
is limited by optical coupling losses, limiting the efficiency of
coupling to the optical fiber asthe size of the array isincreased.
This limitation can be overcome by series-connecting severa
gain sectionsin asingle laser structure [17], as shown in Fig. 6.
Table | summarizes the CW performance of an integrated seg-
mented Fabry—Pérot laser. It is seen that as the number of sec-
tions increases while the total length of the device stays con-
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TABLE |
ROOM-TEMPERATURE CW CHARACTERISTICS OF THE CONTROL (1 X 600 z:m)
AND SEGMENTED LASERS

Stages & Differential Threshold Threshold Input
Length Efficiency Current Voltage Impedance
12x50pm 390% 2.74 mA 113V 471 Q
6x100pm 218% 477 mA 58V 117Q
3x200pm 126% 10.4 mA 3.0V 48 Q
1x600pm 34% 28mA .05V 55Q

stant, the required injection current decreases linearly with the
number of sections N to a DQE as high as 390% for 12 sec-
tions, while the required driving voltage increases linearly with
N. The resulting input impedance therefore increases as N 2.

Oneof theinteresting implications of Tablel isthe possibility
of tailoring optical sources for maximizing RF power transfer
by matching link input impedance to available drivers. For ex-
ample, a three-section laser is almost ideally suited for appli-
cation in a standard 50-Q2 system, eliminating the need for a
serial matching resistor using a single-section laser, while im-
proving the conversion efficiency by afactor of three compared
to the equivalent impedance-matched single-section laser. Sim-
ilarly, a larger number of sections are more suitable for high-
impedance drivers, such as a high-impedance current source.
Further, in contrast to gain-levered lasers, the improved conver-
sion efficiency of these devicesis not attributed by any increase
in RIN, such that the improvement in SNR will be directly de-
pendent on the increased modulation efficiency. Nor does the
dynamic range of the segmented laser degrade, compared to the
single-section laser. The incorporation of series-connected gain
sectionsinto a SGDBR structure has the potential of greatly en-
hancing the direct modulation performance of widely tunable
analog optical transmitters.

V. INTEGRATED MODULATOR PERFORMANCE

Interms of link performance, the use of modulator-based op-
tical transmitters has greater potential than directly modulated
lasers in many ways. In terms of bandwidth, directly modu-
lated sources are limited. Even though 3-dB bandwidth as high
as 40 GHz [18] has been demonstrated, this only applies for
small-signal modulation at high bias current, where modula-
tion sensitivity suffers. If alaser is biased just above threshold
for maximum dlope efficiency, both bandwidth and noise per-
formance will suffer. Modulators are less limited by these con-
straints and can advantageously be used with an optical source
optimized for high power, low noise operation. One disadvan-
tage of optical modulators has traditionally been low conver-
sion efficiency, a result of the high required driving voltage.
However, the conversion efficiency is dependent on the input
optical power, and given sufficient coupled optical power, the
gain of an optical link using optical modulators can match, or
even exceed, the gain of a directly modulated optical link, as
demonstrated in [3].
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A. EAM Photocurrent Effects

Theintegrated el ectroabsorption modulator used in this paper
can be modeled using a simple equivalent circuit, shown in
Fig. 7. Ry and C;(0.5 pF) are the device junction resistance
and capacitance, respectively, Rs(7 €2) isthedevice shunt resis-
tance, L(0.8 nH) is the bondwire inductance, and Cp(0.5 pF)
is the bonding-pad capacitance. It has previously been demon-
strated that the photocurrent can be modeled as an equivalent
change in junction resistance [19]. As aresult of integration of
the source and modulator, and the bulk design of the modulator,
high optical power can be coupled to the EAM without risking
damage to the device or degrading the extinction of the device.
Facet damage has been shown to limit the availableinput optical
power of waveguide p-i-n photodetectors to typically 200 mW
[20], while quantum-well modulators can be saturated even at
moderate optical power due to screening effects [21].

The high operating waveguide power of the device is illus-
trated by Fig. 8, where the complementary measurement of
transmitted fiber-coupled power and absorbed photocurrent in
the modulator is shown for A = 1552 nm. In fact, the photocur-
rent follows an amost perfectly linear relation to the waveguide
optical power to photocurrents higher than 70 mA, as we have
shown in [22]. Clearly, this configuration enables study of
high photocurrent effects in electroabsorption modulators. The
maximum slope of the V-l curve in Fig. 8 corresponds to an
equivalent device resistance of 50 2. This affects the response
of the modulator. Fig. 9 shows S11 of the EAM in the absence
of any matching circuit. For this measurement, the input optical
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power was regulated by adjusting the bias current of the SOA.
It isseen that the reflections are strongly dependent on the input
optical power, and at 115-mA SOA bias, an almost perfect 50-€2
match is achieved at lower frequencies. At higher frequencies,
the reflections are also determined by the junction and pad
capacitances and the bond-wire inductance. The dip in the S11
response above 10 GHz is caused by interaction between the
bond-wire inductance and the capacitance at the aluminum ni-
tride substrate the device is mounted on. The equivalent device
conductance can be derived from the reflections and plotted as
a function of fiber-coupled optical power, shown in Fig. 10.
It is seen that the conductance varies linearly with the optical
power and can be as high as 0.029 S, corresponding to only
27-92 junction resistance in series with 7-£2 shunt resistance.

B. Modulation Response

The absorbed photocurrent has dramatic effects on the mod-
ulation response of the EAM. Normally, an optical modulator is
assumed to have a high input impedance; therefore the RF-to-
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optical conversion efficiency is determined by the voltage slope
efficiency dP/dv,, and the parallel matching load, often 50 €2,
that is used for matching and providing a high bandwidth. The
effects of photocurrent can be investigated by considering the
modulator current slope efficiency dP/dsi,,. The current slope
efficiency isindependent of d P/ dv,,, only related to the amount
of absorbed optical power by the photodetection slopeefficiency
7;, With amaximum value of 1.24 A/W at 1550 nm, and optical
coupling losses. The slope efficiency cannot exceed the limit
given by 7;, the EAM shunt resistance, and the driver output
load. The photocurrent will therefore result in acompression of
modulation sensitivity at lower frequencies, which in turn will
affect the bandwidth.

Fig. 11 shows the normalized modulation response at
different transmitted optical power levels for an unterminated
EAM. The 3-dB modulation bandwidth is shown to increase
from 3.3 GHz to closer to 8.0 GHz as optical power isincreased
from 0.53 to 7.96 mW. Deriving the device conductance from
the compression of the S21 measurements, there is good
agreement compared to S11 data, also shown in Fig. 10.

The EAM iscurrently not optimized for high bandwidth. For
a50-€) terminated EAM, the bandwidth isabout 6.5 GHz at low
optical power, limited by pad and junction capacitance of about
0.5 pF each. A substantial improvement in modul ator bandwidth
can be obtained by minimizing pad capacitance. By reducing
the EAM modulator length from 250 to 120 p.m, the bandwidth
increases to about 9 GHz at the price of lower modulation sen-
sitivity.

C. Dynamic Range

The SFDR of the device is measured using two-tone mod-
ulation at 1-MHz offset. The RF power of each tone is varied
between —5 to 8 dBm. Fig. 12 shows the power of the funda-
mental, second, and third harmonic intermodul ation products as
afunction of EAM bias for 0 dBm modulation power of each
carrier and at 0.5 GHz. Also shown in the plot is the average
optical output power at A = 1545 nm for 100 mA bias cur-
rent to both the gain and SOA sections. Minimum second-order
distortion is observed at the bias point where the modulation
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Fig. 13. Measured power of noise floor, fundamental, and second- and
third-order intermodulation products at 1552 nm for —5 to 5 dBm input RF
power, 6.3-mW optical power, and —1.1-V EAM bias (where the second-order
distortion products are minimized). Broadband SFDR is also shown in 1-Hz
and 1-MHz bandwidth.

efficiency is maximum, —1.1V at A = 1545 nm. Minimum
third-order distortion appearsat —2.5 V EAM bias voltage.
For broadband linearized applications, both even-order
and odd-order distortion products need to be taken into
consideration. The optimum bias point for broadband oper-
ation is therefore at maximum slope efficiency, minimizing
second-order distortion. Fig. 13 shows the measured dynamic
range at this bias point, for both 1-Hz and 1-MHz bandwidth,
limited by second- or third-order intermodulation products
for 180-mA bias to both the SOA and gain sections and
A = 1552 nm. The received optical power is 6.3 mW, resulting
in a noise floor at —157 dBm/Hz, limited by shot noise and
laser RIN. Dueto the different slope dependence of second- and
third-order distortion, the SFDR is limited by third-order dis-
tortion measured in noise bandwidths down to about 200 kHz,
after which second-order distortion will be limiting. The SFDR
limited by second-order distortion is 97.19 dB in 1-Hz band-
width, corresponding to 67.19 dB in 1-MHz bandwidth. The
SFDR limited by third-order distortion is 106.09 dB in 1-Hz
bandwidth, corresponding to 66.09 dB in 1-MHz bandwidth.
Fig. 15 showsthe broadband SFDR over the tuning range of the
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laser. The SFDR remains within a 103-107 dB - Hz>/? range
limited by third-order intermodulation products, or 95-98
dB - Hz'/? range limited by second-order intermodulation
products.

For suboctave linearized applications, even-order distortion
products can befiltered away after detection. The EAM isthere-
fore low biased to the bias point of minimum third-order dis-
tortion, resulting in a fifth-order slope dependence of the dis-
tortion on the input RF signal power. Fig. 14 shows the mea-
sured suboctave dynamic range for the link at this EAM bias
point, for both 1-Hz and 1-MHz bandwidth. The SFDR islim-
ited by fifth-order intermodul ation products for 120-mA biasto
the SOA and 180-mA to the gain section and A = 1552 nm.
The lower bias applied to the SOA is to protect the modul ator
from Joule heating by excessive ¢ — v product, with ¢ being the
EAM photocurrent. The received optical power is0.96 mW, re-
sulting in anoise floor mainly limited by shot noise. The SFDR
is 126.28 dB in 1-Hz bandwidth, corresponding to 78.28 dB
in 1-MHz bandwidth. For comparison, the same performance
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in 1-MHz bandwidth would be offered by an SFDR of 118 dB
in 1 Hz for a device limited by third-order distortion products,
an important consideration when comparing, say, the perfor-
mance of external modulators biased for minimum third-order
distortion to that of directly modulated lasers. Fig. 15 shows
the suboctave SFDR over the tuning range of the laser. The
SFDR remains within a 125-127 dB - Hz*/® range, all limited
by fifth-order intermodulation products.

The power of the distortion products relative to the funda
mental and optimum EAM bias point for minimum distortion
does not change significantly for modulation frequencieswithin
the bandwidth of the modulator, up to 10 GHz for a 50-{2 ter-
minated device. Thisis shown in Fig. 16, where the measured
SFDR is plotted as a function of modulation frequency over a
range of 0.5-10 GHz, both for 1-MHz noise bandwidth and nor-
malized to 1 Hz. A 120-;:m-long device was here used to pro-
vide sufficient bandwidth.

Also shown in Fig. 16 is the combined effect of RIN and
shot noise of the laser. It is seen that the frequency-dependent
variation of the measured SFDR can be explained down to less
than 2 dB margin by the RIN level, indicating relatively fre-
guency-independent linearity behavior of the EAM. Improved
SFDR can therefore be achieved by reducing the RIN level at
higher frequencies by increasing gain section bias, as indicated
by Fig. 3. However, to do this, the power handling of the device
will need to be improved to accommodate the increased Joule
heating. At all frequencies, the third-order distortion products
could be suppressed to alevel such that the subharmonic SFDR
was limited by fifth-order distortion products. The EAM bias
point needed to achievethisvariedina—2.95+/—0.1V range.
The causefor thisvariation of bias point was residual distortion
from the RF sources, even though care was taken to reduce the
residua relative distortion to a level suppressed by at least 15
dB relative to that of the modulator. The magnitude of the dis-
tortion of the EAM was insensitive to the residual distortion of
the RF sources.

VI. LINK PERFORMANCE

The integrated SGDBR-SOA-EAM device was applied
as the optical transmitter in an analog link experiment. Mi-

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 21, NO. 12, DECEMBER 2003

20 - ‘ 42
-22 | - 40
Z
— o]
) X S
2 24 -y o 38 @
£ i a
S 5
= L
£ 26 36 E

-28 - 34

-1.5 -2 2.5 -3
EAM bias (V)

30 — 32

0 -0.5 -1

Fig. 17. Link gain and noise figure as afunction of EAM biasvoltageat A =
1552 nm for 180-mA gain section bias and 180-mA SOA bias.

crowave-to-optical conversion was achieved by modulating
an unmatched EAM, while a 50-2 back-terminated 0.8 A/W
Discovery photodetector was used for optical-to-microwave
conversion. Fig. 17 shows the resulting link gain and noise
figure as a function of EAM biasat A = 1552 nm and 1-GHz
modulation frequency. The link gain peaks a —20.7 dB
between —1.4 and —1.5 V EAM bhias voltage. The gain can
be somewhat improved by removing the back-termination
of the detector, improving the gain by 6 dB gain, or using
a high-impedance receiver circuit. Reducing the transmitter
fiber coupling loss will improve the gain further. However,
ultimately to achieve optical link gain, the limitations imposed
by the EAM photocurrent need to be addressed. Using the
limit derived for maximum conversion efficiency of an EAM,
derived in the last section, increasing the optical power will
only improve the link gain by a maximum 4.6 dB, limiting the
available gain of the link in the current configuration to —16.1
dB.

Thelink noise figure reachesits lowest level at avoltage dif-
ferent from where the link gain peaks. The reason for thisis
found in the RIN limited noise characteristic of the link. While
the decreasing average output optical power at lower EAM bias
will not change the level of the noise floor relative to optical
power, the relative slope sensitivity will increase and so will
then the modulated signal level, normalized by average trans-
mitted power. There exists an optimum EAM biasfor minimum
noise figure where the improvements in relative slope sensi-
tivity and the onset of shot-noise-limited noise performance bal-
ances out—in this case at —2.4 'V, resulting in a noise figure of
32.1dB. Thisphenomenon has been referred to as“low biasing”
the external modulator and has been observed using well-bal-
anced Mach—Zehnder modulators [23]. Fig. 18 shows the link
gain and noise figure as a function of applied SOA bias, again
a A = 1552 nm and 1-GHz modulation frequency, with the
EAM being biased at maximum slope sensitivity. As expected,
the link gain increases with SOA bias and optical power. The
noise figure, however, reaches a minimum level between 100 to
120 mA. Compared to the measured RIN performance versus
SOA bias, shownin Fig. 4, the best noise performanceisslightly
shifted to lower values of SOA bias current. This can be at-
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Fig. 18. Link gain and noise figure as a function of SOA biascurrent at A =
1552 nm for 180-mA gain section bias and —1.4-V EAM bias.

tributed to additional heating of the device from the absorbed
EAM photocurrent.

VIl. CONCLUSION

The performance of sampled-grating DBR laser-based inte-
grated optical transmitters has been characterized for analog
applications. An SGDBR laser, integrated to an SOA and an
EAM, has a tuning range greater than 45 nm, with more than
40-dB sidemode suppression ratio. The peak RIN is lower
than —153 dB/Hz for higher bias currents to the SOA and gain
sections. The gain of the SOA of the integrated device results
in an equivalent 370% modulation conversion efficiency. Two
approaches to enhance the direct modulation performance
of SGDBR lasers are summarized: the use of gain-levered
SGDBR lasers and inclusion of multiple series-connected gain
sections.

For devices integrated to an electroabsorption modulator,
the response was found to be determined by the absorbed pho-
tocurrent, in terms of bandwidth and conversion efficiency, and
in that self-matching to a 50-£2 impedance was observed at low
frequencies and typical optical operating power. The suboctave
SFDR of the EAM is between 125-127 dB - Hz*/® over the
wavelength range, and the broadband SFDR is in the range
103-107 dB - Hz*?, limited by third-order intermodulation
products or 95-98 dB - Hz*/2, limited by second-order inter-
modulation products. Applied in an analog link experiment,
alink gain of —20.7 dB with a corresponding noise figure of
33.3 dB was found. However, by low-biasing the modulator,
thelink noise figure could be reduced to 32.1 dB at the expense
of lower gain. In terms of link performance, the link gain will
be significantly improved by decreasing optical coupling losses
and increasing receiver sensitivity. However, to achieve a low
noise figure, or come close to zero link loss, the modulator
response must ultimately be much improved. For absorptive
modulators, the degradation of modulation sensitivity due to
absorbed photocurrent must be overcome. Interferometric mod-
ulators, such as the Mach—Zehnder modulator, do not have this
limitation. Integration of SGDBR lasers to a Mach—-Zehnder
modulator is currently under investigation [24].
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