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Abstract—In this paper, we present a simple analytical model to remote base stations to share resources, thereby simplifying the
characterize the effect of fiber chromatic dispersion when using network architecture. The requirement for more base stations
Ia mumsec“‘?“'? distributed-quggl reflector (DBR) ;Ielmiconductor due to the limited wireless coverage area at millimeter-wave
r s ilimeteuvecpalanamitr s PITESESe e isodemana he st of Unclonaly simpl
laser as a function of the laser operating conditions and estab- and compact base stations. This can be achieved by transmitting
lish that the penalty is dependent on the distribution of optical the radio signals at the required millimeter-wave frequency,
power among the modes in the laser output. This, in turn, is de- which reduces the complexity of the electronics required at the
pendent on the spectrum-filtering property of the laser DBR sec- pase stations, since millimeter-wave up- or down-converting

tion and the gain profile of the laser. In addition to the disper- iy a1 and local oscillators are not required there [2].
sion penalty, the stability of the generated millimeter-wave carrier

from the multisection laser is investigated, including the detected ~ The distribution of millimeter-wave signals in a fiber-radio
RF power and resulting phase noise. We establish that a compro- system requires optical millimeter-wave sources both at the cen-
mise must be made when finding the optimum bias condition of 3| office and base station. To date, a number of techniques
the laser, which provides minimum dispersion penalty, maximum ¢, \he generation of millimeter-wave modulated optical car-
received RF power, and minimum phase noise of the generated mil- . LT .
limeter-wave carrier. riers for downstream data transmission in fiber-wireless systems
. . - have been reported and demonstrated [3]-[10]. These methods
Index Terms—Fixed wireless access networks, millimeter-wave . .
communications, millimeter-wave technology, mode locked, semi- Include optical heterodyne [4], [9] and self-heterodyne [3] tech-
conductor lasers. nigues, resonantly enhanced semiconductor lasers [6], [7], and
pulsed lasers [10]. However, few techniqgues have been reported
for data transmission in the upstream direction in a full-duplex
|. INTRODUCTION fiber-radio access network. Thus far, upstream data transmis-
ILLIMETER-WAVE radio access networks are beingsion has been accomplished by first down-converting the mil-
proposed for the future distribution of broad-bandimeter-wave wireless signals arriving at the base station from
services [1]. The millimeter-wave frequency band offers larghe customer to a lower IF, before transmission over fiber back
transmission bandwidth and also overcomes spectral cong@sthe central office [3]. However, this approach leads to more
tion at lower frequencies. In addition, millimeter-wave radi@quipment hardware at the base station due to the need for a
systems enable efficient frequency reuse due to the limitd@wn-converting mixer and low phase-noise millimeter-wave
propagation distances at these frequencies. Optical fiber wi@igal oscillator. Recently, we demonstrated for the first time,
its low loss, large bandwidth, and immunity to electromagnetipstream data transmission at millimeter-wave frequencies by
interference characteristics serves as an ideal transmisdiggprporating a multisection distributed Bragg reflector (DBR)
medium for the distribution of the millimeter-wave radio siglaser at the antenna base station [11]. Our technique involved the
nals. In the typical architecture of a millimeter-wave wirelesgirect modulation of the multisection laser with the uplink mil-
access system with optical fiber backhaul, the radio signdieter-wave wireless signals, before transmission of the mil-
are generated at a central location before distribution via fibéneter-wave modulated optical signals over fiber back to the
to a number of remote antenna base stations for wirel&gntral office. Such a technique enables a simple antenna base-
distribution. Such an architecture moves the radio signal prgfation architecture to be implemented. We demonstrated the
cessing and routing functions to the central office, allowing tHgansmission of 51.8 Mb/s of data at 37 GHz in a fiber-radio
network incorporating a 5-m wireless link and 40 km of optical
. . fiber, with successful recovery of the data at the central office
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Fiber chromatic dispersion has been shown to have a signifi- RL 1.04 dBm
cant effect in direct-detection optical communication systems,
which severely limits the fiber-link transmission distance [12].
This effect is even more pronounced in millimeter-wave fiber
links [13]-[15]. With an external intensity modulation scheme,
RF modulation of the optical carrier produces many optical
modulation sidebands, which are spaced at the RF frequency
on both sides of the optical carrier. However, under a relatively
low modulation index, the optical spectrum is reduced to a
carrier with two modulation sidebands. When this modulated
optical signal propagates over fiber, each spectral component
experiences different phase shifts due to fiber chromatic dis-
persion. At the optical receiver, the phase shifts cause relative
phase differences in the two RF beat signals, which results in
a power penalty in the composite RF signal [13]-[15]. As a
result, complete cancellation of the RF power can occur when
the phase difference between the two beat signals is equal to
18C. This effect is dependent on the modulation frequency, the
fiber dispersion parameter, and the fiber transmission length
[13]. For example, at a modulation frequency of 38 GHz, the
RF signal suffers a 3-dB power loss after traversing a fiber
distance of less than 1.2 km [14].

In this paper, we further investigate and present a detailed
analysis of the dispersion-induced RF power penalties when Center 1545.344 m(l;)) Span 5 nm
transmitting data at millimeter-wave frequencies via direct
modulation of a multisection DBR semiconductor laser. In. _ - : .

. . . C . Fig.1. Measured optical spectra of the multisection laser when biased with: (a)
particular, we investigate how the distribution of optical POWES " — 42 maA, I,, = 81.4 mA and the SA with a short-circuit termination and
amongst the lasing modes affects the dispersion power penady,, = 42 mA, I,. = 58.8 mA and the SA with an open-circuit termination.
and consider the influence of the DBR section in shaping

the laser optical spectrum. In doing so, we develop a simple

analytical model to simulate the dispersion-induced carriEJQI (PC) section, and a saturable absorber (SA) region [16].

power penalty when directly modulating the multisection Iasei?ezder continuous wave (CW) operation, the output from the

Our analysis shows that the effect of fiber dispersion can er comprises ;everal mode_s with frequency spacing deter-
accurately modeled using a four optical mode model for tﬁ@'n_ed by the cav_lty Ieng_th (typically 1.1 mm). When the Ias_er
multisection laser. In addition, measurements indicate that gijPiased at certain conditions, the Igser modes can be passively
efficiency of the laser as a millimeter-wave signal transmitter fgode locked to generate a pulse train at the repetition frequency,
dependent on the laser locking condition. These results proviffich is equal to the mode-spacing frequency (approximately
a guideline for the design of the DBR region in such lasers #f GH2) [11]. Under such conditions, an ultra-stable low-noise
order to optimize the device to achieve the optical generatighllimeter-wave optical carrier can be generated from the laser
of millimeter-wave signals that exhibit low phase noise witRY injecting a 37-GHz electrical signal into the SA of the de-
maximum detected RF power and, when transmitted over fib¥ce (hybrid mode locking) [17]. Fig. 1(a) and (b) shows the
suffer minimal effects of fiber chromatic dispersion. measured optical spectra of the multisection laser with an RF
This paper is organized as follows. Section Il provides a déarrier at 37 GHz applied to the device. In Fig. 1(a), the gain sec-
scription of the analytical model for simulating the dispersiorfions of the laser were biased at dc currents of 42 and 81.4 mA
induced power penalties in the multisection laser. Section With @ short-circuit termination at the SA region, while Fig. 1(b)
describes the experimental and theoretical characterizationsBpws the spectrum with gain currents of 42 and 58.8 mA, and
the dispersion-induced power penalty, while Section IV focus@8 open-circuit termination at the SA. The DBR and PC regions
on other factors, such as the detected RF power and the phagee left with open-circuit terminations. The optical spectrum
noise of the beat signal, which also influence the efficiency 6f the multisection laser was measured using an optical spec-
the laser as a millimeter-wave transmitter. Finally, conclusiofiéim analyzer with a resolution bandwidth of 0.1 nm. Fig. 1(a)
are presented in Section V. shows that the power distribution amongst the laser modes is
asymmetric when a short circuit is connected to the SA. In ad-
dition, two more modes are present in the laser output com-
pared to when the SA is left with an open-circuit termination.
This indicates that when the SA is terminated with a short-cir-
In this section, we model the effect of fiber chromatic discuit, the absorber recovery time is reduced, which enhances the
persion on the millimeter-wave optical carriers generated Iyode-locking process within the multisection laser [18].
the multisection DBR semiconductor laser. The multisection The DBR section of the multisection laser has a specific re-
laser consists of two gain sections, a DBR section, a phase cfieetivity profile, which, together with the gain profile, deter-
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E 20 Er frequency2w,, will be generated with varying amplitude and
B 20, F—> phase, as depicted in Fig. 2(b). In Fig. 2(b), each beat signal
Es 20, 1 20, Es is shown as a phasor with length determined by the detected
Es 20, > RF power, which is proportional to the square of the product of
t I the electric fields associated with the two modes, which mix to-

gether. These beat signal phasors then add together to give a re-
sultant RF signal &w,,,. Depending on the dispersion-induced
(@) phase shift, when all the beat signal components add in phase
(as indicated by pointl), the detected RF power will be a max-
e ¥ imum, while a minimum RF power occurs at poiit The RF
e | power difference between pointsand B, therefore, defines a
E IH”‘ fiber dispersion-induced RF power loss penalty [11].
! The schematic of the analytical model for simulating the dis-
| EL, ; "I wipe persion-induced RF power penalty in the multisection laser is
\ i Depd shown in Fig. 3. The input parameters for the model are the mea-
\ o sured powers of the six dominant modes in the laser spectrum
\ EiL i with varying amplitudes labele#;,—Fg. As the optical modes
e il of the laser under hybrid mode locking are locked in phase, these
B modes have a fixed phase relationship with each other. Each op-
i tical mode within the passband of the DBR reflectivity profile
has a relative initial phase, which is determined by the phase
response of the DBR reflectivity profile and governed by the
{bh equation shown in Fig. 3 [20], [21]. Amplitude response is al-
ready included in the power distribution as the measured optical
Fig. 2. (a) Schematic diagram of the optical spectrum from the multisectigpwer of each mode from the input.
Ia_tser. (b)_ Phasordiagram showing the vectorial addition of the detected RF beafn order to determine the effect of fiber dispersion on the
signal with frequency@w,,, . .. . . . . .
transmission of the multisection laser signals, the optical fiber
link was modeled as a low-pass filter with negligible attenua-
mines the lasing modes of the multisection laser [16]. As thian [22]. For simplicity, noise processes and polarization ef-
gain profile is broader in bandwidth compared to the reflegects in the fiber were neglected in the dispersion model. When
tivity profile, the number of modes and optical power distributhe laser signal is transported over fiber, the effect of chromatic
tion amongst the modes in the laser output will be largely deispersion on each of the propagating laser modes can be mod-
pendent on the strength of the DBR reflectivity [16], [19]. Theled by a constant phase delay in the optical field relative to
cavity modes that fall within the passband of the DBR profil§he phase delay, after propagation through km of fiber, is
will be enhanced while those that fall outside the passband wjilven by the equation shown in Fig. 3 [13]. The resulting pho-
be suppressed. If the reflectivity of the DBR section is weak, thecurrents of the beat signal components are proportional to the
laser operates in a similar manner to a Fabry—Perot cavity wiuare of the optical field. At the end of the optical link, each
the end mirrors providing the feedback [20]. However, when thgode will beat with all others in the PD to generate a series
laser has a strong DBR reflectivity profile, the DBR section actsf RF frequencies in the RF spectrum of the PD current. Due to
as a narrow-band filter [20]. the finite response of the PD, all higher order RF carriers will be
Both optical spectra in Fig. 1 show a laser output, which Buppressed, leaving only the RF signals that are centered at the
multimoded with at least six dominant modes. When this ofundamental repetition frequency of the laser, 2e.,,. Vector
tical signal is incident on a photodetector (PD), a humber afidition of these beat components generates a composite mil-
beat signals at the laser repetition frequency will be generatéicheter-wave carrier, which is dependent on the relative phases
When the optical signal is transported over optical fiber, hovef the beat signals.
ever, these modes will experience different phase shifts due tdraking D = 17 ps- nm- km for a standard single-mode fiber
fiber chromatic dispersion. Depending on the relative phase diEMF), 2f,,, = 37 GHz and\g = 1545.6 nm, the detected RF
ferences in the resulting beat signals at the PD, this may power can be plotted as a function of fiber length. Figs. 4 and 5
sult in a loss in the detected RF power of the composite mghow the theoretical plots (solid lines) of detected RF power at
limeter-wave beat signal. This can be visualized using Fig. 27 GHz from the multisection laser corresponding to the mea-
which shows a schematic diagram of the laser spectrum [seeed optical spectra shown in Fig. 1(a) and (b), respectively.
Fig. 2(a)] and a phasor diagram of the composite beat signallse normalized RF power is defined as the detected RF power
[see Fig. 2(b)]. The optical spectrum shown in Fig. 2(a) consisas L km of fiber transmission length relative to the RF power
of six modes labeled as electric fields—FE with varying am- measured at 0 km. The measured amplitudes of each of the op-
plitudes representing the different optical power in each modéeal modes in the laser optical spectra, as shown in Fig. 1, were
The laser spectrum is centered at optical radio frequer¢y used as values fab;—Fs.
with the mode separation frequency givenay,,. When the  The experimental setup for the measurement of a dispersion-
signal in Fig. 2(a) is detected, five beat signal componentsiatiuced RF power penalty when transporting the multisection
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Fig. 3. Schematic diagram of analytical model to predict dispersion-induced RF power penalties in a multisection laser.
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for any losses due to fiber attenuation and connector losses.
An optical bandpass filter (BPF) after the EDFA removes ex-
cess amplified spontaneous emission (ASE) noise. An external
RF carrier with a frequency corresponding to the laser repeti-
tion frequency of 37 GHz was then injected into the multisec-
tion laser. The signal was transported oliekm of a SMF and

the detected RF power was measured using a 40-GHz RF spec-
trum analyzer in conjunction with a 45-GHz PD (responsivity
~0.3 A/W) and a low-noise millimeter-wave amplifier (LNA).
Figs. 4 and 5 show the normalized measured detected RF power
at 37 GHz as a function of fiber length for the same laser bias
conditions given in Fig. 1. The ripple depth of the dispersion-in-

Fig. 4. Measured and predicted dispersion-induced RF power penaltquced RF power penalty is defined as the difference between the

multisection laser biased &, = 42 mA, I, = 81 mA with a short-circuit

maximum and minimum detected RF powers. It is evident from

at the SA (inset shows the measured laser optical spectrum at the bias poin]‘,qgs_ 4 and 5 that the dispersion penalty differs for the two bias
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Fig. 5. Measured and predicted dispersion-induced RF power penalty
multisection laser biased &, = 42 mA, I,» = 58.8 mA with open circuit

conditions of the multisection laser, with a dispersion ripple of
2.8 dB in Fig. 4 increasing to 7.5 dB in Fig. 5. This difference
will be the subject of investigation in Section .

The theoretical plots derived from our model also show good
agreement with the experimental results. It should be noted that,
in the model, we assume that the dispersion paranietgicon-
stant throughout the entire length of the fiber. However, in the
experiment, each length of fiber used has slightly differ®nt
parameters, which result in the small discrepancy between ex-
perimental and theoretical results. In addition, in the model de-
veloped here, the effect of decorrelation of the optical modes as
the signal propagates through fiber was not taken into account
[15]. It has been shown that fiber dispersion also increases the
phase noise of the detected RF signal due to mode decorrela-
tiBn, which can further limit the fiber transmission length, par-

at the SA (inset shows the measured laser optical spectrum at the bias pointjcularly when higher order modulation schemes are used [15].

Nevertheless, the close fit of the experimental and theoretical

laser signal over optical fiber is shown in Fig. 6. A tunable laseesults confirms that the model is capable of predicting the ef-

set at the center frequency of the multisection laser and an

faet of fiber dispersion when the optical output spectrum of the

bium-doped fiber amplifier (EDFA) were first used to calibratenultisection laser is known.
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Fig. 6. Experimental setup for measurement of dispersion-induced RF power penalty when transporting the optical signal from the multisesgofiteser

The complexity of the dispersion simulation decreases wittum [19]. In the multisection lasers considered here, however,
fewer laser modes, therefore, we investigated the accuracytluére were no electrical connections to the DBR section of
a reduced-mode model in predicting the RF dispersion penaltye laser and, therefore, tuning of the optical spectrum from
The six-mode model can be reduced to a five-mode model the laser could only be accomplished by using an external
neglecting the least significant RF beat component and, likeptical BPF. In order to quantify the relationship between the
wise, a four-mode model can also be realized. A comparisoptical spectrum from the multisection laser and the resulting
of the calculated dispersion-induced RF power penalties fodespersion-induced RF power penalties, we emulate the effect
four-mode laser model and a six-mode laser model was caf-strong DBR spectrum filtering within the laser by placing a
ried out. It was found that the effect on accuracy was negligiblearrow-band external filter with a center wavelength of 1545.5-
with a detected RF power difference of less than 0.4 dB in tlaed 0.3-nm bandwidth at the output of the multisection laser.
four-mode model compared to the six-mode model. Thus, a thidie filtered optical spectrum now consists of four optical
oretical model comprising four optical modes in the multiseenodes where the power level in the modes can be varied by
tion laser output was used for the accurate estimation of the ditanging the dc-bias current to the gain section. We are then
persion penalty in such lasers. able to determine the resulting dispersion effects as a function
of laser bias conditions. In addition, we can investigate other
factors such as the laser locking condition and beat signal
phase noise. These results will provide a guideline to the de-
sign of the DBR and gain sections in such a multisection laser

In the previous section, we found that a four-mode laser airmdorder to obtain reduced dispersion effects when transmitting
dispersion model can accurately estimate the detected RF podatia at millimeter-wave frequencies using the device.
of the millimeter-wave repetition frequency from the multisec- The experimental setup for characterizing the dispersion ef-
tion laser signal after transmission through optical fiber, whdacts of the multisection laser is similar to that shown in Fig. 6,
the laser optical spectrum is known. It was also shown that chreith the exception of the narrow-band optical filter added at
matic dispersion results in the loss of RF power in the detectétk output of the multisection laser. Fig. 7 shows the measured
millimeter-wave carrier as the fiber length is varied. In order tdispersion-induced RF power penalty for the case of the laser
fully characterize the dispersion effects, it is essential to ch&8A with a short circuit termination and gain currentsigf =
acterize the dispersion-induced RF power penalty as a functghhmA, andf,, = 87.5 mA (the measured optical spectrum
of the multisection laser operating conditions. is shown as an inset). Also shown in Fig. 7 are the theoretical

As described in Section Il, the DBR section of the multiresults obtained from the dispersion model, which show good
section laser plays an important role in determining the shapgreement with the measurements. Maintainipigat 42 mA,
of the optical spectrum, which depends on the strength of threeasurements of dispersion-induced power penalty were then
DBR region’s spectrum-filtering property [20]. Each multisecrepeated for different values 8. The laser optical spectrum
tion laser has a slightly different DBR profile that dependsorresponding to each bias condition was measured and the
on the fabrication process, which, in turn, affects the resultimgcorded optical mode power levels were incorporated into the
optical spectrum from the laser. In addition, when current gdispersion model in order to predict the resulting RF power dis-
injected into the DBR section, the optical signal from the mupersion penalty. As described in Section I, ripple depth is de-
tisection laser can be tuned to another center wavelength wited as the difference between the maximum and minimum de-
small resulting variations in the envelope of the optical spetected RF powers from the multisection laser.

I1l. DISPERSION CHARACTERIZATION OF THE
MULTISECTION LASER
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predicted by the dispersion model incorporating the measured optical mode
powers when/,; = 42 mA with an open circuit at the SA (insets show the
Fig. 7. Measured and predicted dispersion-induced RF power penalty in theasured optical spectra at the indicated bias points).
multisection laser with strong DBR filtering property and bias currenfs pt=

42 mA, I,» = 87.5 mA, and a short-circuit at the SA (inset shows the measured

optical spectrum at the bias point). clearly indicate the sensitivity of the ripple depth to the optical
power levels in the laser modes and the significance of the DBR
6 T Ewawan W filtering characteristic in shaping the laser spectrum in order to
s : :}ﬂé\u}:::‘: ] reduce fiber dispersion penalties.
) mas The results obtained in Figs. 8 and 9 enable an optimum op-
T_é 4 . & o 1555 6 pan erating point to be chosen for the multisection laser in order to
g3 fese= * achieve minimal dispersion-induced RF power penalties. How-
% ise: ** ever, the phase noise and RF power of the resulting beat signal
2 2t plasziss2 2oz N # are also important considerations for data transmission using
1 C*iw*s the multisection laser. A detected millimeter-wave signal ex-
T hibiting large phase noise degrades the ability to recover the
% 60 70 8 90 100 110 transmitted data and, consequently, the resulting bit error rate

I,(mA) (BER). In addition, the maximum detected RF power will af-
fect the signal-to-noise ratio at the millimeter-wave frequency.

Fig. 8. Dispersion-induced RF power ripple depth as a function/ gf Section IV investigates these two parameters for the multisec-
predicted by the dispersion model incorporating the measured optical mafi§n |aser.

powers when/,; = 42 mA with a short circuit at the SA (insets show the

measured optical spectra at the indicated bias points).

IV. DETECTED RFPOWER AND PHASE NOISE OF THE

Figs. 8 and 9 show the dispersion-induced ripple depth pIottE/H""'METER'WAVE BEAT SGNAL FROM MULTISECTION LASER

as a function of current in the long gain section of the laser In this section, we further investigate the resulting detected
(£,42) for the SA with a short- and open-circuit termination, reRF power and the phase noise of the millimeter-wave beat signal
spectively. The insets show the corresponding measured opt&sh function of the laser operating conditions and compare these
spectra at particular operating bias conditions. Figs. 8 ande&sults with the dispersion-induced power penalties obtained in
clearly show that the distribution of optical power amongst thbe previous section. Figs. 10 and 11 show the measured de-
modes in the multisection laser spectrum has a significant efféetted RF power of the 37-GHz beat signal from the modulated
on the resulting dispersion-induced RF power penalty. In panultisection laser as a function @f, for the SA with short-
ticular, maximum cancellation of the detected RF power wiind open-circuit terminations, respectively, for= 0 km. Also
occur when the laser optical spectrum is symmetric and sishown are the calculated RF powers obtained from our theoret-
ilar to that which results in conventional intensity modulatioical model using the measured power distribution amongst the
of a single optical carrier (double-sideband modulation). For ebaser modes. Both sets of results are in good agreement with RF
ample, in Fig. 9, this occurs at a gain current of 80 mA whegower differences<2.5 dB, which confirms the validity of our

the ripple depth is approximately 50 dB. Figs. 8 and 9 also shamodel in predicting detected RF powers from the multisection
that the maximum dispersion-induced RF power penalties ocdaser.

at different bias points depending on whether the SA is short- orWhen the SA of the laser is terminated with a short circuit
open-circuit terminated. The maximum ripple depth obtained {fig. 10), the detected RF power increases wjthto approx-

Fig. 8 is~5.8 dB and occurs when the optical modes on eithanately —50 dBm before decreasing gradually with further in-
side of the dominant mode exhibit a power difference of approgreases in gain current. Whégb is 75 mA, as shown in Fig. 8,
imately 5 dB. However, when these two side modes are almdis¢ optical spectrum exhibits two dominant modes with the other
equal in power (as occurs &f; = 80 mA in Fig. 9), the ripple wavelengths at least 18 dB lower in power. The detected beat
depth increases dramatically to more than 50 dB. These ressitmal at the receiver will then be dominated by the beating
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Fig. 10. Measured and calculated RF power of the detected millimeter-wavigg. 12. Measured phase noise at an offset of 100 kHz of the detected
carrier as a function af,; when/,, is maintained at 42 mA with a short circuit millimeter-wave carrier from the multisection laser with a short circuit and

at the SA. open circuit at the SA (injected RF power into the SA+4 dBm).

50 : — : , . in the detected RF power, as indicated in Fig. 11. These results
for the detected RF power of the 37-GHz signal from the mul-
. tisection laser clearly correlate closely with the variation of the
mode power distribution in the laser optical spectrum.
. The phase noise of the detected RF signal at 37 GHz was
0 0 o also measured using the phase-noise utility software of the
. millimeter-wave spectrum analyzer. In this measurement, the
injected RF reference signal into the SA was maintained at
62t o +4 dBm for all bias current conditions. Fig. 12 shows the
o ‘ N . . measured phase noise of the 37-GHz signal from the laser at an
40 50 60 70 8 9 100 110 offset frequency of 100 kHz from the carrier, for the SA with
I, (mA) short- and open-circuit terminations, as a functior/ of (/,;
was maintained at 42 mA). In Fig. 12, the lowest measured
Fig. 11. Measured and calculated RF power of the detected milimeter-watbase noise of-88 dBc/Hz is achieved when the SA of the
carrier as a function af,; whenl,, is maintained at 42 mA with an open circuit myltisection laser is at 0 V Witlﬂgg = 78 mA. This minimum
atthe SA. phase noise indicates that under these operating conditions, the
laser is efficiently mode locked by the external reference signal.
between the two stronger modes, which results in a larger RH-rom the measurements of the phase noise of the detected
power. Asl,, increases gradually, the second largest mode d&#-GHz beat signal, it is clear that both the detected RF power
creases in power and eventually drops to at least 10 dB beland phase noise vary significantly with the laser operating con-
the dominant mode (when,, = 106 mA). We expect that ditions. With an open circuit at the laser SA, the ripple depth
the detected RF power in this case will reduce accordingly argdminimized for bias currents less than 55 mA and more than
Fig. 10 confirms these results. When the SA is terminated witld0 mA (Fig. 9). However, the phase noise of the detected RF
an open circuit (Fig. 11), the RF power increases gradually wisignal at these operating conditions is large-80 dBc/Hz),
142 initially before decreasing slightly, and then increasing gragk¢hich indicates that the externally injected RF signal is not
ually again withl,, to a maximum RF power of approximatelystrong enough to achieve full locking of the laser. With a short
—52 dBm. With reference to the optical spectra in the inset#rcuit at the SA, a minimum dispersion-induced power penalty
of Fig. 9, it is seen that whef,, = 60 mA, the side modes is achieved fod ;. in the range of 60-80 mA (Fig. 8). At these
are approximately 10 dB below the dominant mode, while thmas conditions, the phase noise of the detected signal is also a
side modes are approximately 18 dB below the dominant moaignimum (Fig. 12), while the detected RF power is a maximum
when,; = 80 mA. However, the detected RF power showgFig. 10).
a steady increase within this range of gain currents. This isThe results shown in Section Ill and Section 1V indicate that
due to the total average optical power level of the modes whte optical spectrum of the multisection laser can be tuned so
I, = 60 mA being relatively small compared to the averagthat the laser is tolerant to the effects of fiber chromatic disper-
power whenl;, = 70 mA. The slight reduction in RF power assion. However, other parameters such as the detected RF power
1,5 reaches 80 mA is probably due to the decrease in the optiaald the resulting phase noise of the beat signal must also be con-
power of the side mode relative to the dominant mode, whickidered, in order to ensure that the multisection laser is also an
in turn, causes a decrease in the detected RF power. Furtheeffficient source of such signals with maximum signal-to-noise
creases il o result in an increase in the power level of one ofatio and BER of the recovered data achieved when the laser
the side modes, which eventually leads to an optical spectrisrused to transmit data. Therefore, the design of the DBR sec-
with two dominant modes. This corresponds to a steady incredisa is crucial in providing the desired spectrum-filtering effect

h
=
-3

rf Power (dBm)
n
o0
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to produce the optical spectrum, which ensures minimal disper-
sion penalty and a large detected RF signal with low phase noise.

[1]
V. CONCLUSIONS

We have developed a simple analytical model to characteriz?!
the effect of fiber chromatic dispersion on the transmission of
millimeter-wave modulated optical carriers produced by a mul- [3]
tisection DBR semiconductor laser. This model is able to predict
the dispersion-induced RF power penalty when the output op-4]
tical spectrum from the multisection laser is known. The effect
of dispersion on the transmission of signals from the multisec- -
tion laser can then be fully characterized and investigated with
the developed model. We have also shown that the model ex-
hibits good agreement with experimental measurements of thé!
dispersion-induced RF power penalty. Our investigations have
established that the dispersion penalty when using the multi-
section semiconductor laser to transmit millimeter-wave optical v
carriers over fiber, strongly depends on the power distribution
amongst the optical modes in the laser output. In particular,[8l
the dispersion penalty increases dramatically as the laser op-
tical spectrum becomes more symmetrical with one dominantg
center wavelength. The DBR region of the multisection laser
together with the laser gain profile play an important role in
determining the laser output spectrum. We have emulated theo)
spectrum-shaping property of the DBR region and have char-
acterized the resulting dispersion-induced RF power penalty of
the multisection laser as a function of the laser bias conditiongi1)

In addition to the dispersion-induced RF power penalty, we
have also characterized other parameters such as the received[lig]:
power and the phase noise of the detected millimeter-wave car-
rier from the multisection laser. These factors play an important
role in determining the quality of the received signals as the
affect the resulting carrier-to-noise ratio and BER of the system
when the multisection laser is used as a millimeter-wave daté4]
transmitter. Our results have shown that the detected RF power
and phase noise of the detected millimeter-wave carrier also
vary significantly with the laser operating conditions. There-[15]
fore, the bias conditions, which give minimum dispersion RF
power penalty, do not necessarily provide the best locking corie]
ditions for the multisection laser. Consequently, a compromise
must be made in obtaining the optimum operating condition for
the multisection laser to behave as an efficient millimeter-wavei7
data transmitter, which results in minimum dispersion penalty,
maximum detected RF power, and minimum phase noise of the
resulting millimeter-wave signals. The results presented in thigsg)
paper have provided a guideline for designing the DBR sec-
Fion and the gain profilt_a in m_ultis_ection semiconductor Iaser:?lg]
in order to reduce the dispersion-induced RF power penalty on
the transmission of the millimeter-wave carrier while ensuring
maximum received RF power and minimum phase noise. [20]
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