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Abstract—An actively mode-locked laser (MLLD) integrated Amplitude E, E E K
with a distributed Bragg reflector (DBR) was used as a light source
for optical subcarrier transmission. The millimeter (mm)-wave
power penalty due to fiber dispersion is suppressed within 4 dB
by operating this laser in a symmetric four-mode configuration.
The experimental results agree well with the calculation of dis-
persion-induced penalty for a four-component-lightwave source.

Optical subcarrier transmission free from dispersion-induced Angular frequency @W—@, @, o+, @ +203
penalty within experimental error is achieved by further suppres- Ph
sion of the end-modes of the DBR-MLLD using a fiber Bragg ase Py 90, 05 0.

grating (FBG). . . . , .
] ] . Fig. 1. Spectral model of the lightwave with four symmetrically configured
Index Terms—Fiber Bragg gratings (FBG's), millimeter components for the calculation.
(mm)-wave generation, mode-locked lasers, optical fiber disper-
sion.
for the optical source in fiber-radio systems. By operating this

MLLD under adequate conditions, the number of longitudinal

modes can be reduced to only four, with both end-modes sup-
ECENTLY, millimeter radio waves have attracted muclpressed. From such a spectrum, it is expected that the dispersion
interest for wireless access systems, such as cellular reffects can be reduced without lowering the optical modulation

works or high-speed wireless local area networks. Higher friésdex. This paper is organized as follows. First, we present a

quency operation is desirable for broad-band wireless servic#gory of dispersion effects for a four-component-lightwave

However, when millimeter (mm) waves are used, much atteseurce. Next, the dispersion-induced penalty is shown to be less

tion should be paid to their generation and distribution. Fibethan 4 dB for the DBR-MLLD operating in only four modes.

radio systems [1], [2] exploit the ultralow loss and large bandrinally, further suppression of end-modes of the DBR-MLLD

width of optical fibers to distribute mm-waves. In these sysssing fiber Bragg grating (FBG) is shown to result in optical

tems, light sources must convert mm-waves into the optical siistocarrier transmission with negligible dispersion-induced

carrier efficiently. Semiconductor mode-locked lasers (MLLDjpenalty.

are promising for these sources because a large optical mod-

ulation index can be achieved for a relatively low input level. Il. THEORY OF DISPERSIONEFFECTS FORA

However, when a Fabry—Perot MLLD is used as a light source FOUR-COMPONENT-LIGHTWAVE SOURCE

for optical sub.carrler. trgnsm|s§|0n, the t.raqsmlt'ted power c)fTheories of dispersion effects for the conventional intensity

mMm-waves varies pen_odlcally W.'th transmlssmn distance dueﬁ‘f’odulator, which generates electric field of the lightwave with

second-order dispersion. A similar effect is also observed wh

tensit dulator i d tical subcarri carrier and double-sideband, have been reported in detail [3],
an intensity modutator 1S used as an optical subcarrier sou 9?. In this section, we introduce a theory of dispersion effects
[3], and it imposes a strict limitation on the carrier frequenc

) - . . ) . for a lightwave with four components of different angular fre-
and the fiber Igngth n flber-radlq systems. Opt|ca_l smgle SId‘cnjhencies arranged in the same intetygalcorresponding to the
band modulation [4] or double-sideband modulation with SUBtesired millimeter (mm)-wave frequency. It is assumed that the

fhr essed ctz;\]rrl(?r [5] can supplrei_s S lth(;_dl;pRe;s_lon ?[TeCtT;[HO\g[e tical spectrum of the lightwave is symmetric to a center fre-
ese methods require a refatively nig Inputievetto o uency and both end-components are smaller than the center

a large optical modulation index. two components, as shown in Fig. 1. When the angular fre-

In this paper, we propose the use of an actively mode-lock fth | f . f
laser integrated with a distributed Bragg reflector (DBR) [6] i?etn octﬁloelte c?r?cemfi:glr:jclii) ?va v(\e/iittrsgl:)i/ncy component is defined as

I. INTRODUCTION

— i{(wi—wo)t+e1} i{wit+ee}
Manuscript received June 15, 1999; revised September 6, 1999. E=FEe ] + Eae ]

T. Ohno, S. Fukushima, Y. Doi, and Y. Matsuoka are with NTT Photonics + Egeil@rtwo)ttest g pillrt2e)tdeal (1)
Laboratories, Kanagawa 243-0198, Japan (e-mail: tetuohno@aecl.ntt.co.jp).

K. Sato is with NTT Network Innovation Laboratories, Kanagawa 239-0847, .
Japan. 9 whereFE,, andy,, are the amplitude and phase of #fta compo-

Publisher Item Identifier S 0733-8724(00)01465-1. nent (. = 1—4, in frequency order) antlis time. Photocurrent

0733-8724/00$10.00 © 2000 IEEE



OHNO et al. DBR MODE-LOCKED LASERS IN MM-WAVE FIBER-RADIO SYSTEM

I generated by direct detection of the lightwave is proportional

to E - E* and is given by

[ (E-E*) =E?+ E3 + E} + E2
+ 2E1 E4 cos(3wot + w4 — 1)
+ 2E1 F3 cos(2wot + 03 — ¢1)
+ 2E3F4 cos(2wot + w4 — ¢2)
+ 2E1 E5 cos(wot + w2 — 1)
+ 2E5 E3 cos(wot + @3 — p2)
(

+ 2E3FE4 cos(wot + ¢4 — ©3). (2)

Because we are interested in a mm-wave output with an angular
frequency ofwy, it is sufficient to take into account the sum of

the three terms, which is written asuch that

b =2F) Ey cos(wot + @2 — ¢1) + 2E2 E3 cos(wot + @3 — ¢2)
+ 2E3E4 COS(th + Qg4 — (pg). (3)

In the optical fiber, each component of (1) propagates with dif- A(L) = F?
ferent velocity due to fiber dispersion. The propagation constant
[ is expanded in a Taylor series up to the second order aro

the carrier frequency, and is given by

2rAf  TAD(AS)?
C

BB+ (4)

g

propagation constant at the carrier frequency;
discrepancy from the carrier frequency;

A wavelength;

group velocity;

dispersion parameter [8].

When we take into account the linear chirp of the light source,

45

+ Z.Eg COS(UJOt + Y3 — (pg)
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= 2\/rE? x 2cos <w0t _ 2k +Z Sz )
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20 fucl TAZD 3fL> .

Vg C

+ 2F3 cos <w0t —

X cos| wot —
Vg

= A(L)cos <w0t - 9)

This equation shows that the amplitude of the photocurrent com-
ponent with angular frequency, varies with fiber length as

27y 2
{2 + 4\/;COS<M + 2)@03)} . (10
c

u,&'sc,ja result, the power of the RF signal with angular frequency

wq also varies as

Pi(L) < 3RA(L)? (11)

where R is load resistance. Dispersion-induced penalty in dB
can be expressed as

penalty= —10log[P(L)/ P (0)]
A(L)

—10log
0 Og{E§[2+4\/;cos

12)

(2xwd)] }2

we can write the phase of each component before propagation

asgr = x((3/2)wo)?, 2 = x((1/2)wo)*, 3 = x((1/2)wo)?,

whereP,;(0) is the detected RF power before fiber transmission.

andes = x((3/2)wo)?. Here, is a temporal coefficient used We could not introduce an equation for the d.ispersion—in—'
to describe linear chirp. With propagation in a dispersive opticd#ced penalty when each end-component has different ampli-

fiber, the phase of each component is changed to

2 2 2
) 1 (fn)  ®

27 f,
ffJr
Vg

01 = <—/30 +

w2 = —Fol +x (%wo)2 (6)

27 f, wA2D f2 1 2
w3 = <—/30 _ 2 + rf) L+x <—w0> (7)
Vg c 2
drfor  4AmA2Df2 3 \°
s = <—/30 _ A + rf) L+x <—w0> (8)
Vg c 2

where L is the fiber length and,s = wo/27. Here, we take

tude. However, in the case of a small difference, we confirm
from numerical calculations that the penalty is almost the same
as the penalty for the symmetric case in which both end-com-
ponents have an averaged amplitude.

I1l. EXPERIMENTAL SETUP

At first, we explain the DBR-MLLD [6] used as an optical
transmitter in this experiment. Fig. 2 shows a schematic illustra-
tion of the DBR-MLLD. An electroabsorption (EA) modulator
and a DBR are monolithically integrated in this laser. A constant
bias current is injected into the gain section of the MLLD. The
total cavity length of the MLLD is designed so that the reso-
nant frequency becomes about 40 GHz. An optical subcarrier is
generated by supplying a 40-GHz mm-waves to the EA modu-
lator section together with a dc bias. The DBR is used as a front
mirror. Without RF input for mode-locking, this laser operates

w1 as the carrier frequency in (4). Substituting (5)—(8) into (3i0 Single mode at 1.554m where the reflectivity of the DBR

with amplitude defined a®? = E? = rFE? = rE2 using

suppression ratie, we obtain

b= 2\/7_E§ [COS(th + Y2 — (,01) + COS(th + Y4 — (pg)]

as its maximum. When RF input is applied to the EA modu-
lator section, the bandwidth of the optical spectrum increases
with increasing RF input power. Therefore, by making the RF
input power small enough, this laser can be operated with almost
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Fig. 2. Schematic illustration of the cross section of the DBR-MLLD used if19- 4-  Experimental setup for the measurements of dispersion-induced
this experiment. penalty for a fiber-optic link.
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Fig. 3. Optical spectrum of the DBR-MLLD operating in the symmetric Distance (km)

four-mode configuration.

Fig. 5. Dispersion-induced penalty in the fiber-optic link using the

. . BR-MLLD as an optical subcarrier source. The DBR-MLLD was operated
Only four modes. Furthermore, the intensities of the two dorrﬁ'the symmetric four-mode configuration (Fig. 3). The solid curve shows the

nant modes can be equalized by adjusting the injection curreriue calculated from (12).
which would lead to a change in the refractive index of the gain

section. By adjusting the operation conditions in such way, this .
laser can be operated with a spectrum that consists of two d B experiment was 16.70 ps/km/nm at 1.5518. The output

RE power of the WGPD was measured by an RF spectrum

inant modes and the other weak satellite modes. In this eXPelRalyzer under a 50 load condition. The dispersion-induced

ment, injection current into the gain section was 110 mA. T eenalty was obtained by subtracting dc loss from the total RF

EA modulator section was driven with a 10 dBm RF signal s ower degradation caused by fiber transmission. The dc optical

perimposed_on areverse bias vqltage 0f1.0V.The opt_ical SPREs converted to photodiode output power loss was smaller
trum of the light output is shown in Fig. 3. Because the intensi ¥an 4 dB throughout this experiment
of satellite modes is smaller than that of the dominant modes by '
30 dB except for the strongest and the second strongest ones,
this spectrum can be regarded as two dominant modes plus two
end-modes as treated in the previous section. The optical specFhe mm-wave power penalty due to fiber dispersion was mea-
trum is almost symmetric and both end-modes are much smaBered for the fiber optic link with the DBR-MLLD operating in
than the center two modes. The center wavelength of the spile symmetric four-mode configuration (Fig. 3). Fig. 5 shows
trum is about 1.5513%m. From the spectrum, suppression ofhe relationship between the transmission distance and the dis-
the dispersion effect can be expected. When this laser is opggrsion-induced penalty. The dispersion-induced penalty varies
ated under these conditions, the phase noise of the generaiadsoidally with a cycle of about 5 km. The variation of the
mm-wave carrier is117 dBc/Hz at 1 MHz offset109 dBc/Hz mm-wave power is within 4 dB, which is much smaller than
at 100 KHz offset), which is dominated by the phase noise tifat appearing when the standard intensity modulator is used
the drive oscillator. The optical modulation index of the lasexs an optical subcarrier source [3]. The solid curve in Fig. 5
output, defined as the amplitude of the mm-wave componesttows the dispersion-induced penalty calculated using (12). In
(40 GHz, in this paper) over averaged optical power, is 80%.this calculationy = 0.01 is used for the suppression ratio to fit
The dispersion-induced penalty of mm-waves was measutbd amplitude of the penalty. This value is a little smaller than
for the fiber optic link shown in Fig. 4. The optical subcarriethat obtained from the optical spectrym = 0.03-0.04). To
is generated by the DBR-MLLD described above. In sonmbtain the best fit with the experimental resulis;? is set at
experiments, the output of the DBR-MLLD was further filtered.13r and an offset 0ft-0.95 dB is added to the vertical co-
in the spectral domain with a FBG. The optical signal wasrdinate. Although the reason for this small offset is not clear,
transmitted through a standard single-mode fiber with variotige variation of the calculated penalty well coincides with the
lengths (1-9 km) and then detected by a waveguide p-iameasured ones. From the above result, it is confirmed that the
photodiode (WGPD) with 50-GHz bandwidth. The typicasinusoidal variation of the penalty originates from the existence
value of the dispersion parameter of the optical fibers useddahthe end-modes. By calculating the maximum penalty using

IV. RESULTS AND DISCUSSION
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to operate in only two modes by designing it appropriately. The
FWHM bandwidth of the optical spectrum for the MLLD was
about 0.7 nm when it was mode-locked with a strong enough RF
signal ¢-20 dBm). This value is far smaller than the bandwidth
of the DBR reflectivity (about 3 nm). Therefore, it is thought
that the bandwidth of the optical spectrum is restricted by some
factor other than the DBR spectrum. We consider that the disper-
sion of the DBR has to do with selectivity of the two dominant
modes. Details of this mechanism will be reported elsewhere. If
the DBR-MLLD could solely generate a light output with only
1.5483 1.5508 1.5533 two modes, and be free from dispersion-induced penalty, a very
Wavelength (um) compact and cost-effective optical subcarrier source could be

achieved. Therefore, the realization of two-mode DBR-MLLD
Swould be very advantageous for practical use.

To show the applicability of the DBR-MLLD to fiber-radio
systems, we also tried data transmission in the fiber optic link
using this laser. Several methods are available to modulate
output of the DBR-MLLD by digital signals; optical amplitude
modulation by an external modulator, amplitude modulation
of the injection current into the gain section of this laser
[9], phase-shift-keying using optical delay switching [10],
mode-locking with phase-modulated mm-waves, etc. Although

1 it is very important to investigate the merits and demerits of
| these modulation methods, it is not the subject of this paper. So
] we used mode-locking with binary-phase-shift-keyed (BPSK)
signal as an example to show the applicability of this laser to
] fiber-radio systems. Since the DBR-MLLD has a wide locking
. L range [6], a BPSK formatted optical subcarrier can be directly
4 6 8 10 generated as an output by mode-locking it with BPSK data. In
Distance (km) the present work, the carrier frequency of the BPSK signal was
39.6 GHz and the data rate was 500 Mb/s. The BPSK signal
Fig. 7. Dispersion-induced penalty in the fiber-optic link using thavas processed electrically and applied to the EA modulator
DBR-MLLD together with the FBG. section of the DBR-MLLD together with a reverse bias of
1.0 V. The power of the input BPSK signal was 14 dBm. The
(12), itis found that the suppression ratio should be larger thaarrent injected into the gain section was 120 mA. The light
30 dB to reduce the penalty within 1 dB. output was converted into a mm-wave signal by the WGPD
Next, further reduction of the dispersion-induced penalty wasd then fed into the demodulator. A 2-m-long standard optical
attempted by using a FBG to suppress the end-modes of finer was used to connect the laser and the WGPD. Digital
DBR-MLLD. The reflectivity of the FBG is higher than 90% output from the demodulator was amplified and fed into an
in the 40-GHz-wide spectral range centering at 1.5h0band error detector. Even in this case, the laser can be operated with
lower than 1% at +60 GHz from the center. Fig. 6 shows am optical spectrum with two dominant modes and two other
optical spectrum of the output of the DBR-MLLD filtered byweak modes similar to those in Fig. 3. We also confirmed that
the FBG. In this experiment, the center wavelength of the ligttte dispersion-induced penalty can be kept at a low level when
output from the DBR-MLLD was adjusted to agree with that athe BPSK formatted optical signal is transmitted through a
FBG reflectivity by changing ambient temperature. The spestandard fiber shorter than 10 km. Fig. 8 shows an eye pattern
trum consists of only two longitudinal modes with 40-GHz semf demodulated pseudorandom bit stream data. The received
aration. The optical modulation index of the light from the FB@ptical power was-7.4 dBm. The eye openings are wide and
is about 70%. The value of the optical modulation index is lowrery well defined. From bit-error-rate (BER) measurements,
ered only 10% by the use of the FBG. The dispersion-inducB&ER was confirmed to be smaller than 10.
penalty was measured for the DBR-MLLD used in combination Finally, we compare our present method with previously re-
with the FBG. Fig. 7 shows the dependence of the dispersion-perted methods applied for the reduction of dispersion-induced
duced penalty on transmission distance. Suppressing the gmehalty. First, we mention the dual-mode laser proposed by
modes of the DBR-MLLD and using only two center-modes réAake et al. [11] The dual-mode laser is a kind of distributed
duces dispersion-induced penaltyt0.5 dB, which is within feedback laser in which oscillation occurs simultaneously on
the range of the measurement error in this experiment. both sides of the stop band. In this laser, because a set of side-
In the above experiment, the FBG was just used as a spechrahds is generated by subharmonic injection locking on both
filter. Because the DBR integrated in the MLLD cavity also actsf the original optical modes, some pairs of components can
as a spectral filter, it is likely that the DBR-MLLD will be able produce beats with the same frequency as the beat frequency

Optical Power (dBm)
&
o

Fig. 6. Optical spectrum of the filtered light output of the DBR-MLLD usin
the FBG.
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