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Abstract—This paper presents the performance of a novel
Fabry–Perot (FP) laser diode. The laser is composed of a long
gain section, and a multiple-quantum-well (MQW) electro-
absorption (E/A) modulator. The laser diode is mode locked
using the integrated E/A modulator at 19.3 GHz. Sub-carrier
data signals atSSS-band and a frequency reference of 19.3 GHz
are simultaneously distributed using modulation of the gain and
E/A sections of the laser, respectively. This paper also compares
performance of this laser diode at various operation points
in terms of pulsewidth, pulse-to-pulse coherency, phase-noise
degradation of the frequency reference, and two-tone spurious-
free dynamic range. Implication of this laser’s performance as
an optical transmitter is also evaluated for a fiber-optic (FO)
distribution network in KaKaKa-band phased-array antennas for
satellite communications.

Index Terms—Communication satellites, laser diodes, mode-
locking, optical beamforming networks, pulse coherency.

I. INTRODUCTION

FUTURE communication satellites are designed to oper-
ate at frequencies of -band using active phase-array

antennas. The challenge of distributing -band signals from
central processing unit (CPU) to the active transmit/receive
(T/R) modules of a phased array could be overcome by a
fiber-optic (FO) distribution link. Both directly and externally
modulated FO links have been employed to demonstrate
distribution of the analog signals [1]; however, because of the
reliability, size, and cost, the directly modulated FO distribu-
tion networks are more attractive in satellite-communication
applications. Unfortunately, the physical limitations of present
laser structures have restricted practical system applications of
the directly modulated FO links to the frequencies of a few
gigahertz.

Various methods, such as mode coupling [2], subharmonic
injection locking of a laser with external cavity [3], and
mode locking [4], have been demonstrated to increase the
highest carrier frequency of the narrow-bandwidth directly
modulated FO links. Alternative system architecture, labeled
T/R level data mixing, is proposed to separately distribute the

-band carrier and the sub-carrier data signals [5], [6], as
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depicted in Fig. 1 for a satellite down-link at -band. The
sub-carrier data is up-converted to -band by phase and
frequency coherent self-oscillating mixers (SOM’s) [7]. Each
SOM is phase and frequency locked, using injection-locked
phase-locked loop (ILPLL) technique [8]. Using theT/R level
data mixingtechnique a higher spurious-free dynamic range
(SFDR) is obtained at -band over the conventionalCPU
level data-mixingmethod [9]. Distribution of the reference and
sub-carrier data signals should be performed in a single optical
transmitter (E/O), while maintaining the highest SFDR and
power-consumption efficiency (cf. Fig. 1).

This paper presents experimental demonstration of such an
optical transmitter to be used in conjunction with theT/R level
data mixingarchitecture. More specifically, a long Fabry–Perot
(FP) laser diode structure, integrated with an electro-absorption
(EA) modulator is employed as an E/O to distribute both
frequency reference of 19.3 GHz and sub-carrier data signals
at -band. In Section II, structure of this novel laser diode is
discussed and the static performance of the fabricated laser are
presented. In Section III, the dynamic performance of the laser
diode is presented. Experimental results that demonstrate mode
locking of a large number of the longitudinal modes of the FP
laser are first presented followed by experiments evaluating
the spectral purity of a 19.3-GHz mode-locked pulses. Finally,
result of spurious-free dynamic-range measurements at-band
is presented for this laser diode. Section IV evaluates the
impact of the mode-locking techniques in the overall system’s
performance, which is then discussed for future -band
communication satellites.

II. DEVICE STRUCTURE

Active mode locking is an attractive technique in digital FO
links where the pulse train is synchronized with an electrical
reference (clock signal). Active mode locking is considered
as a viable method to generate high optical power at fre-
quencies beyond the semiconductor laser bandwidth. Although
the preliminary experiments have been reported on lasers
with external cavities, a lot of efforts are recently directed
toward monolithically integrated mode-locked lasers. It is now
recognized that by monolithic integration of gain section,
passive waveguide, and modulator-section, stable and reliable
mode locking is obtained. Active, passive, and hybrid mode
locking by monolithic lasers have been reported [10]–[15]. Our
design approach is to monolithically integrate an FP laser with
an EA modulator. This device is primarily developed for short
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Fig. 1. Conceptual representation of the optical distribution of a frequency reference (19.3 GHz) and sub-carrier data signals (S-band) toN elements
of a Ka-band phase-array antennas. The reference signal is used to synchronize 19.3-GHz local oscillators in the SOM. The received sub-carrier data
signal is up-converted by the stabilized SOM to generate an RF signal atKa-band. (E/O and O/E are optical transmitter and receiver modules. MMIC
TX represents a MMIC-based transmitter module.)

(a)

(b)

Fig. 2. (a) Conceptual device structure of a long FP laser that is integrated with an E/A modulator. (b) Schematic diagram of the long FP laser diode
integrated with an EA modulator.

pulse generation, since EA modulator has a wide modulation
bandwidth.

Fig. 2(a) shows a schematic drawing of the monolithic laser
with an integrated EA modulator. Stacked structure consisting
of two multiple-quantum-well (MQW) layers, a MQW for
laser diode (MQW-LD), and a MQW for EA modulator
(MQW-MD) are employed. The details of this structure and the
fabrication process are described in [16]. The FP cavity length
for our experiment is approximately cleaved for a length of
2170 m. This total length is composed of a gain section,
high-resistivity separation region, and modulator section. The
resistance between the gain and the EA-modulator sections is
over 20 k . The facet of the modulator section is coated with
high reflective film, whereas the gain section’s facet is cleaved.

The laser is mounted in a high-frequency (HF) package. The
schematic diagram of the long FP laser with an integrated EA
modulator is shown in Fig. 2(b). RF inputs to the gain and EA-
modulator sections are through the connectors’ transition

to microstrip lines. The 50- microstrip lines are realized on
alumina substrates. The gain section is resistively matched to
50 using a series thin-film resistor. The EA modulator is
left unmatched.

A threshold of 42 and 73.5 mA is measured for the EA-
modulator’s bias voltage of V and

V, respectively. On the other hand, the differential
efficiency of 0.09 mW/mA and 0.04 mW/mA is measured
above threshold for the EA reverse-bias voltages of 1.0 V
and 4.5 V, respectively. The lower differential efficiency of
the laser at the EA-modulator’s dc bias of V is
attributed to a higher loss in the EA modulator and the gain
saturation in the gain section.

III. EXPERIMENTAL RESULTS

Standard experimental setup is employed to characterize
dynamic behavior of this laser. The laser output is collimated
to a single-mode optical fiber using the polarizing collimator.
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Integrated with this collimator is an optical isolator with
isolation of 40 dB. The fiber output is split in two paths
using a 3-dB optical coupler. Each path is connected through
a meter-long single-mode optical fiber to various instruments.

The optical characteristics of the laser are monitored on
various test equipment. The optical spectra and coherency
of the laser are monitored on an optical-spectrum analyzer
(Advantest Q8347). A streak camera is also employed to
monitor the mode-locked short optical pulses in time do-
main. The microwave-frequency characteristics of the laser
are monitored using an HP70004A system, and an integrated
broad-band optical receiver (HP70810B) combined with a
high dynamic-range RF analyzer (HP70908A). This calibrated
measurements of laser-frequency response, relative-intensity
noise (RIN), and mode-partition noise are easily converted to
a relative electrical signal by multiplying the displayed results
in decibels by a factor of two.

The mode-locking experiments are conducted by providing
a dc bias and microwave signal to the EA-modulator section
of the monolithically integrated laser. The frequency-stabilized
output of an HP83640A is amplified by an HP83017A power
amplifier and then used as a calibrated source for the mode-
locking experiments. Both dc and RF signals are provided to
the EA-modulator by the Bias-T. The two-tone intermodula-
tion distortion (IMD) experiments are conducted by providing
the -band signals to the RF input port of the gain section. Two
microwave sweep oscillators (HP8625A) are coupled through
a 90 hybrid to generate a calibrated output over the-band;
however, only the experimental results of two tones of 2.200
and 2.205 GHz are reported here.

A. Mode Locking

Throughout the reported experiments, the laser diode’s
temperature is actively stabilized to 20C. The gain section of
the laser diode is forward biased at different bias currents and
the EA section is reverse biased by different voltage levels.
The natural-frequency response of the laser is monitored on the
HP70004A system. At first, the EA modulator is not modulated
by the frequency reference of 19.3 GHz. The frequency
response of the laser is measured at various laser bias currents,
ranging from mA up to mA for bias
voltage of V. A resonance peak is observed, which is
associated with the longitudinal-mode separation in the long
FP laser. The longitudinal-mode separation is calculated as

GHz, where mm. Gigahertz is
speed of light in free space, is the index of refraction
of the waveguide, and mm is the length of the
FP cavity. This resonant frequency has a frequency tuning
sensitivity of 1 MHz/mA.

Comparison between the dynamic performances of this
long-cavity laser diode at and mA when
the EA modulator is reverse biased at 4.5 V is depicted in
Fig. 3. A large number of spurious signals appears in the
frequency response, as seen in Fig. 3(a) for mW.
These spurious peaks are strongly present up to the laser bias
current of mA. At the bias current of 100 mA, it
appears that the resonance peak is now shifted to a frequency

(a)

(b)

Fig. 3. Frequency response of the novel laser at gain-section dc-bias current
levels ofIb = 100 andIb = 140mA at EA-modulator dc bias ofVm = �4:5

V. (a) Free-running atPm = 0 mW. (b) Mode locked atPm = +15 dBm
and fm � 19.3 GHz.

as low as 18 GHz. In addition to the resonance peak at18
GHz, self-modulation of 600 MHz is also observed. The
resonance peak shifts to a higher frequency as the bias current
increases. As the laser bias current is increased to 140 mA, the
frequency response is now much cleaner and the strong self-
modulation, which is seen at 100 mA, is not present anymore.
In fact, a distinctive resonant peak at19.3 GHz appears.
This resonance peak is not very stable, and is not useful
as a reference signal in microwave applications unless it is
frequency and phase are stabilized.

As the EA-modulator section is modulated by a synthesized-
frequency reference signal of GHz at
dBm, a resonance peak at 19.300 GHz now starts to appear,
even for the mA. The self-modulation shifts to
a higher frequency of 750 MHz when the EA section is
modulated by an RF power level of dBm. The
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(a)

(b)

Fig. 4. Optical spectra of the mode-locked optical pulse trains. (a)Ib = 100 mA andVm = �4:5 V. (b) I
b
= 140 mA andVm = �1:0 V.

strong self-modulation signals are present for bias currents
up to mA and the self-modulation frequencies
changes from 600 MHz up to 1.38 GHz. The resonance
modulation component becomes far more dominant at the

dBm for mA, as shown in Fig. 3(b).
These self-modulation frequencies are attributed to the relax-
ation oscillation frequency competing with the mode-locking
process. The self-modulation could be avoided by changing
the modulating frequency to the natural oscillation frequency
or by increasing the modulation power beyond15 dBm.
In fact, a distinctive resonance peak without any spurious
self-modulation is attained for mA,
V, GHz, and dBm. However, this
frequency is different from the desired operation frequency of
19.3 GHz.

Even though the self-modulation is absent for
mA, a closer observation of the spectra at 19.3 GHz indicates
modulation sidebands of 200 MHz. These small sidebands
are associated with the mode-partition noise and are also
observed at the mA. For a fixed modulating power

dBm, as the EA-modulator’s bias voltage is
increased from to V, the distinctive
resonant now peak easily at all bias currents above threshold.
The resonance peak appears without experiencing any self-
modulation. To observe a spurious-free resonance peak, the
required laser-bias current shifts to a higher level as the EA-
modulator’s reverse-bias voltage increases. It appears that for
achieving a high amplitude signal at 19.3 GHz, free of any
spurious self-modulation, the best EA-modulator’s bias point
for this device is at V. Note that the benefit of
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(a)

(b)

Fig. 5. Streak camera traces of the mode-locked pulses for two different EA-modulator’s bias voltage at gain-section dc bias ofIb = 140 mA, EA-modulator’s
modulatingPm = +15 dBm, fm = 19:3 GHz. (a) Vm = �4:5 V. (b) Vm = �1:0 V.

modulating the EA section is that the resonant peak is now
stabilized and a mode-locked train of pulses occurs.

The measured mode-locked optical spectra at
GHz and dBm is shown in Fig. 4, as the resonance
peak is now stabilized. Fig. 4(a) renders the measured mode-
locked pulses for the mA and V, whereas
Fig. 4(b) depicts the measured mode-locked pulse trains for

mA and V. Note that the pulse-to-
pulse separation is calculated to be19.3 GHz. Time-domain
representation of the optical-pulse trains are measured for

mA using a streak camera, as depicted in Fig. 5.
The measured pulsewidth of 11 ps, shown in Fig. 5(a), is for
the operating point of V, whereas the mode-
locked pulsewidth of 29 ps is measured for V [cf.
Fig. 5(b)]. Note that for both cases, the laser is mode locked.
For mA and operating at GHz and

dBm (i.e., under the best conditions to avoid the
1-GHz relaxation oscillation related spurious self-modulation)
a shorter pulsewidth ( 7 ps) is also obtained for
V as opposed to V ( 14 ps) operating points.
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TABLE I
MEASUREDCOHERENCY OFMODE-LOCKED PULSETRAINST , AND SINGLE-PULSE

DISPERSIONTIME � . THE SINGLE-PULSE DISPERSION� IS THE TIME SPREAD

FROM AN IDEAL IMPULSE BEHAVIOR FOR THE SINGLE MODE-LOCKED PULSE

UNDER THE CONDITION THAT THE PULSE COHERENCY IS HIGHER THAN 10%.
THE PULSE TRAIN COHERENCY TIME T IS DEFINED AS THE TOTAL TIME

SEPARATION BETWEEN TWO MODE-LOCKED PULSES THAT ARE 80% COHERENT.

THE MODE-LOCKING FREQUENCY IS AT fm = 19:300 GHz AND Vm = �1:0V

To verify the streak camera results at 140 mA, coherency
measurements are also conducted using the optical-spectrum
analyzer. The concept of coherency measurements is based
on the optical version of an electrical correlator, in which a
lightwave is homodyned by a delayed version of itself. For
a single pulse, the correlation time is directly related to the
pulsewidth and coherency of the pulse. Since in the case of a
mode-locked laser a single laser pulse is coherent far longer
than its pulsewidth, then the coherency distance is a measure of
the optical pulsewidth. Therefore, the coherency measurements
are analyzed over a narrow range of2.9 mm to measure 10%
coherency pulsewidth, with a time resolution of better than
0.5 ps. On the other hand, by looking at the coherency over
a maximum coherency measurement range of165 mm one
can extract coherency of a single pulse to a reference pulse.
Parameter is selected as a figure of merit and related to a
total time for pulses to remain coherent better than 80% of
the time.

Table I compares the coherency time of 19.3-GHz resonance
peak for the mode-locked case versus the unlocked case. As
expected, superior performance is measured for the mode-
locked case. Results of the coherency measurements as a
function of the EA-modulator bias levels are summarized in
Table II for mode-locked pulses at mA. It is clear
that the shortest pulsewidth are truly obtained at
V as the streak camera results suggest. Table II also depicts
comparison of parameters, where the longest pulse-to-pulse
coherency time is achieved for V. It is interesting
to note that the short pulse does not necessarily relate to a
higher pulse-to-pulse coherency.

Since the pulse-to-pulse coherency is an approximate mea-
sure of the spectral purity of the modulated frequency ref-
erence at 19.3 GHz, modulator bias of V is,
therefore, selected as the best operating point, even though the
pulsewidth is not the narrowest. Measurement of the pulse-to-
pulse coherency for the mA, V, and
modulating frequency of 19.3 GHz corresponds to a value of
100 ps. This behavior is expected since the spurious oscillation
degrades the overall coherency. The close-in to carrier phase-
noise measurements are also conducted as a measure of the
mode-locked pulse-to-pulse coherency. Comparison of the
close-in to carrier phase noise at offset frequencies as low
as 100 Hz are presented in Table III. These results compare

TABLE II
MEASURED SINGLE-PULSE COHERENCY OFMODE-LOCKED PULSE TRAINS

AT Ib = 140 mA, Pm = 15 dBm, AND fm = 19:300 GHz
AT DIFFERENT EA-MODULATOR’S BIAS VOLTAGE

TABLE III
MEASURED CLOSE-IN TO THE CARRIER PHASE NOISE AT 19.300 000

GHz AND THE FM NOISE DEGRADATION OF THE MODE-LOCKED

PULSES WITH RESPECT TO THEREFERENCESIGNAL AT TWO

OFFSET CARRIER FREQUENCIES OF
 = 100 AND 
 = 500 Hz

performance of the best case of mA and
V to the worst case of mA and V.
The results indicate that the FM-noise degradation as high as
10 dB is measured for mA and V as
compared to only 5 dB for mA and V.
These results could be explained from theA.M./P.M. conversion
as result of the higher RIN noise at mA [17]. The
measured close-in to carrier phase noise for the mode-locked
laser at V at the offset frequencies of
Hz and Hz are identical to the results of
V for the same laser current of mA.

B. Sub-Carrier Data Modulation

In the T/R level data mixingarchitecture, shown in Fig. 1,
the overall system dynamic range is dominated by the SFDR
of the FO link at the sub-carrier data signal frequency. SFDR
is calculated based on the input third-order intercept point,
noise figure, and gain of the system. In the directly modulated
FO link, the third-order intercept point and noise figure are
dominated by the laser diode characteristics [1]. Since the
RIN of the laser diode dictates the noise floor level of the
system, RIN measurements are conducted at the various bias
conditions. Table IV summarizes the measured RIN for the
mode-locked laser biased at 140 mA. As the results of Table
IV suggest, the lowest RIN level is obtained at V.
Therefore, from the coherency and noise floor level the best
noise performance is attained at V.
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TABLE IV
MEASURED RELATIVE-INTENSITY NOISE OF THEMODE-LOCKED LASER AT 2.200

GHz AS A FUNCTION OF THE EA-MODULATOR’S BIAS VOLTAGE OFVm.
MODE-LOCKING IS AT I

b
= 140 mA, Pm = +15 dBm, AND fm = 19:3 GHz

TABLE V
COMPARISON OF(IP3), THE RIN, AT INFORMATION FREQUENCY OF2.200 GHz,
AND THE CALCULATED SFDR FOR THE BIAS CURRENTS OF100 AND 140 mA

AT THE BIAS VOLTAGE OFVm = �1V APPLIED TO THE

EA SECTION OF THE LASER WITH A LONG OPTICAL CAVITY

In addition to the RIN measurements, IMD measurements
are also performed to determine the nonlinearity of this laser
diode. The IMD measurements are conducted to evaluate
performance of the mode-locked laser for sub-carrier data
transmission. Two tones of and GHz
are injected to the gain section of the laser diode as opposed
to the EA section. Fundamental tones,and , and the third
IMD’s of and GHz are
measured on the HP70004A system. The measured results are
converted to the relative electrical signals by multiplying the
measured optical power in decibels by a factor of 2. A higher
third-order intercept point (IP3) is measured when the laser is
not mode locked and operated at a higher bias current. Results
of IP3 and RIN measurements are employed to calculate the
SFDR, as shown in Table V for V. It is evident
that even though mode locking causes small reduction in the
SFDR, its impact is not as severe as improper operation point.

IV. DISCUSSIONS ANDCONCLUSIONS

The presented experimental results are indicative of great
potential for this novel laser structure as an optical transmitter
for optically controlled phase-array antennas. In particular,
simultaneous distribution of frequency reference at 19.3 GHz
and sub-carrier data signals at-band are demonstrated as
part of theT/R level data mixingarchitecture, which could be,
in-turn, up-converted to -band communication satellite fre-
quency band using an SOM at 19.3 GHz. Further improvement
in the achieved SFDR can be made by use of reactive matching
of the optical transmitter as opposed to the resistive matching
of the laser diode [1]. In fact, SFDR of 101 dBHz and
103 dBHz are measured for the mode-locked (
mW) and free-running ( mW) operation of a reactively
matched version of this optical transmitter which operates at

mA and V, respectively. Since the SFDR
of the sub-carrier data FO link will determine the overall SFDR
of the modulated carrier at -band [7], the measured SFDR
of 101 dBHz is already higher than the 96 dBHz , which
is the best reported performance of any directly modulated FO
link performance above 12 GHz [1].

The streak camera measurement of short optical pulses
indicates that a shorter pulsewidth is achieved when the mode-
locking power causes a full voltage swing between low- and
high-loss regions [19]. Therefore, for short-pulse operation, the
EA modulator should be operated in the reverse-bias operating
points corresponding to the high-loss portion of the loss versus
voltage curve [20]. However, from a modulation efficiency
standpoint, it is best to operate at the linear portion of the loss
versus voltage curve. Finally, from the spectra purity of the
frequency reference (i.e., pulse-to-pulse coherency of mode-
locked pulses) it appears that the best operation point to be at
is the low-loss region. However, even though far away from
the carrier ( kHz), the reference and the mode-locked
signals appears to have the same spectral purity, close-in to the
carrier ( kHz) measurements of single sideband (SSB)
phase noise reveals a phase-noise degradation difference as
high as 5 dB. In fact, in a low-sensitivity measurement system
typically experienced when a spectrum-analyzer is used for the
SSB phase-noise measurements of not a super-clean reference
signal, it is the residual phase noise of the mode-locked signal
to clearly account for the phase noise contribution of the mode-
locked laser to the phase noise degradation of the super-clean
reference signal [17].
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