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Carrier Generation and Data Transmission on
Millimeter-Wave Bands Using Two-Mode
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Abstract—This paper concerns an optical millimeter-wave
signal generator for fiber-based millimeter-wave systems. The
millimeter-wave signal generator is based on two-mode injec-
tion locking of a Fabry—Perot (F-P) laser. The millimeter-wave
signal can be induced by self-heterodyne detection of the locked
two modes in a high-speed photodetector (PD). The locking
characteristics of the F—P slave laser and the tunability for the
millimeter-wave carrier frequency are demonstrated. When the
F—P laser is directly modulated by data signals, the locked two
modes are modulated simultaneously. The data signals can then
be up-converted to the millimeter-wave band at the PD output.
By this direct modulation method, the effect of fiber chromatic
dispersion on the millimeter-wave signal components at the PD
output can be moderate according to mixing of amplitude and
phase modulation on the locked two modes. In virtue of the wide
response of the F—P laser, relatively high-speed data (2.5 Gbit/s
nonreturn to zero (NRZ)-ASK or 622 Mbit/s NRZ-BPSK) on the
millimeter-wave band (52 or 60 GHz) can be transmitted on a
32-km single-mode fiber without bit error. A wide tunable range
(56-63 GHz) for the central frequency of the millimeter-wave
signals and a wide optical bandwidth (1530-60 nm) of the F-P
dave laser are also confirmed by the bit-error measurements of
the transmitted data signals.

Index Terms—Fabry—Perot (F-P) lasers, fiber-radio systems,
millimeter-wave links, optical generation of millimeter-wave
signals.

|. INTRODUCTION

IBER-BASED millimeter-wave systems, in which

millimeter-wave signals on optical carriers are up- and
down-linked between central stations and base antenna stations,
are expected to support high-capacity wireless access networks
in the future [1]. Millimeter-wave carrier generation and data
modulation using optical millimeter-wave generators at central
stations is a key issue for such systems. It is well known that
the use of two-mode light sources as optical millimeter-wave
generatorsisdesirableto avoid the signal’ s power deviation due
to the fiber chromatic dispersion [2]. Indeed, many methods for
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two-mode generation have been demonstrated. For example,
optical intensity modulators have been employed for optical
dual-sideband suppressed-carrier (DSB-SC) modulation [3]
and optical single-sideband (SSB) modulation [4] of an optical
single-mode laser output to generate the optical two-mode
signal. In [5], two-mode light sources based on optica
phase-locked loop (PLL) methods between two single-mode
lasers are presented. In [6], an approach of feed-forward optical
field modulation is introduced to suppress phase noise of a
heterodyne beat signal from two single-mode lasers. In [7], a
two-mode light source based on an active mode-locked laser
with a distributed Bragg reflector (DBR) was demonstrated.
In [8]12], attempts were made at optical injection locking
between semiconductor lasers to achieve optical two-mode
generation. When the optical injection locking of lasersis em-
ployed, the slave laser’s locking characteristics are important
for the stability of the carrier generation [9], [12]. In [13], the
optical PLL technique was successfully adopted together with
optical injection locking of a distributed feedback (DFB) slave
laser to expand the capture range.

However, the following points should be taken into account
for adapting optical millimeter-wave generatorsinto fiber-radio
access systems: simple configuration of the generators for the
data modulation at the millimeter-wave band, reduction of ref-
erencefreguency for the two-mode generation, sufficient optical
power at the two-mode generator’ s output, and transmission of
the millimeter-wave data signals from antenna stations without
using millimeter-wave mixers [14].

In this paper, we present data modulation at the mil-
limeter-wave band by using a two-mode injection-locked
Fabry—Perot (F-P) laser and discuss its applicability for
fiber-radio systems. At first, we briefly review the mil-
limeter-wave carrier generation by using the two-mode locked
F—P laser. Next, we describe the signal modulation of two
locked modes where the P laser is directly modulated by
the signal. With this modulation method, data signals can be
simply up-converted to the millimeter-wave band without using
up-converters such as millimeter-wave mixers or high-speed
optical modulators. The fiber transmission of an IF signal is
also examined for tolerance against fiber chromatic disper-
sion. In this experiment, we show the mixing effect of the
amplitude modulation (AM) and phase modulation (PM) on
the locked two modes due to the direct modulation of the FP
dave laser. Finaly, the results of the data transmission on the
millimeter-wave band are demonstrated.

0018-9480/03$17.00 © 2003 IEEE
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Fig. 1. Experimental setup for two-mode injection-locking of the FP
laser. The master source consists of the first-order sidebands from an optical
modulator. The injection-locked modes are output from an optical circulator
and are detected by a PD. The millimeter-wave carrier is generated by
self-heterodyne detection at the PD.

II. MILLIMETER-WAVE CARRIER GENERATION BY TWO-MODE
INJECTION-LOCKED F-P LASER

A. Millimeter-Wave Carrier Generation

Fig. 1 shows a basic configuration of the two-mode locking
of an P dave laser. The master source is a pair of sidebands
generated from an optical external modulator. The master side-
bands can be obtained by combining a single-mode laser and
an optical phase modulator. When any two modes of the P
laser match the pair of sidebands, the two modes are locked
to the sidebands’ frequencies. Fig. 2(a) and (b) shows the op-
tical spectraof the F—P laser output with and without the master
sidebands. Fig. 2(c) shows the optical spectrum of the optical
master signal at the FP laser input. The mode intervals of the
F—P laser used was approximately 60 GHz. Theoptical power of
the master (first-order) sidebands at the FP laser input, the op-
tical power of the optical carrier (zeroth-order sideband) at the
F—P laser input, RF power of a reference signal [30-GHz con-
tinuous wave (CW)] for driving the LiNbO3 phase modulator
with 30-GHz bandwidth, optical insertion loss of an optical cir-
culator, and injection current of the P laser were —15.0, —7.8,
and +13.0 dBm, and 0.8 dB and 58 mA (1.2 times larger than
the threshold current), respectively. The first-order optical side-
bandsfrom the phase modul ator were master sourcesfor the F—P
laser. The total optical power of the locked modes was approxi-
mately 0 dBm, while the other modes of the F—P laser were sup-
pressed below —25 dB. The wavelengths of the locked modes
were blue shifted in comparison with the corresponding modes
of the F—P laser in the free-running condition [see Fig. 2(a)] be-
cause we were able to observe the increase of the F—P laser’s
modes in the range of 1545-1555 nm. This wavelength shift
is caused by reduction of the slave laser’s effective refractive
index due to the external optical injection [15]. The DFB laser
has a spectral linewidth of 10 MHz. However, as the frequency
fluctuation on the DFB laser’ soptical carrier actsequally onthe
freguencies of the sidebands, the phase rel ation between the two
locked modesiskept constant. Fromthis, carrier generation with
low phase noise can be performed by heterodyne detectionin a
photodetector (PD). The purity of the generated carrier ismainly
determined by the phase-noise quality of thereferencesignal, by
which the modulator is driven. Fig. 3(a) shows the spectrum of
a60-GHz carrier induced from the PD. The available RF power
from the PD employed was —22.67 dBm. (The PD’ s efficiency
of opto-electronic (O/E) conversion at 60 GHz was 0.6 A/W.)
The phase-noise performance of the generated carrier and that
of the reference source are shown in Fig. 3(b). The phase-noise

was detected by using a spectrum analyzer (HP8565E) with a
phase-noise measurement utility. We confirmed the low-phase
noise performance (<—90 dBc/Hz at 100-kHz offset from the
carrier) of the 60-GHz carrier from the locked modes. Even if
the frequency of the reference signal is reduced to 15, 10, and
7.5 GHz, the phase-noise quality can be maintained in compar-
ison with the reference source [12]. When the optical power of
the master sidebands at the FP laser input was reduced, the
phase-noise performance of the induced millimeter-wave car-
rier wasdegraded, as shownin Fig. 3(c). However, wewere able
to confirm that the phase noise of —93 dBc/Hz was maintained
when the optical power of the master (first-order) sidebandswas
larger than —15 dBm. This optical power level can be supplied
to the F—P laser input without using any optical amplifier be-
tween the modulator and optical circulator.

B. Allowable Detuning of Two-Mode Locked F—P Laser and
Tunability of Generated Millimeter-Wave Carrier

As mentioned in Section I, the locking characteristics of
an F-P dave laser are very important for the stability of the
generated carrier. A slave laser with alow-(Q) cavity isdesirable
for stable carrier generation and wide detuning range between
the master and slave lasers [16]. Low-(@ characteristics can be
achieved by applying a low reflection coating on the facets
of the laser’s chip and setting the injection current near the
threshold value. Fig. 4 shows the simulation results of the
relationship between reflectivity on afacet of an FP laser and
the allowable optica frequency detuning between the master
sidebands and the two-mode locked FP slave laser. In this
figure, R; denotes the reflectivity of the facet that confronts a
pigtail fiber of the FP laser module. Reflectivity of another
facet of the F—P laser (R3), the length of the laser cavity, the
effective refractive index of the laser cavity, and the absorption
coefficient of the laser cavity are fixed at 30% (no coating),
3.5, and 1300 m—!, respectively. The alowable detuning is
defined as full width of the optical frequency detuning at half
maximum of the millimeter-wave carrier’s power. Here, we
assume that the frequency interval of the master sidebands is
equivalent to that of the FP laser, and also assume that optical
interaction between the locked two modes in the FP laser’s
cavity is small enough to neglect. If the facet reflectivity Ry
is increased, optical coupling between the master sidebands
and F-P dave laser becomes weak due to the reflection of
the master sidebands at the facet. In such cases, the locking
bandwidth becomes narrow [17] because optical gain in the
laser cavity should be increased to compensate for the coupling
loss at the facet. We obtained wide tunability of the carrier
generation and wide allowable frequency detuning between
the two lasers [16] by using an F—P laser with antireflection
coating (less than 2% of the reflectivity) on one facet and no
coating (approximately 30% of the reflectivity) on another. The
simulation result (whitecirclein the Fig. 4) agreed well with the
alowable detuning measured in [16]. Fig. 5 shows the relation-
ships between the millimeter-wave carrier frequency and phase
noise at 100-kHz offset from the central frequency. The carrier
frequency can be changed by the reference frequency [8], [11],
[16] in the configuration of Fig. 1. The master (first-order)
sidebands' power was kept within —154+-0.01 dBm when the
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(a) Optical spectrum of injection-locked F—P laser output. The number of the modesis 22 in the range of 1545-1555 nm. (b) Optical spectrum of the F—P
laser output without master sidebands. Number of the modesis 21 in the range of 1545-1555 nm. (c) Optical spectrum of phase-modulator outpuit.
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Fig. 3. (a) Spectrum of generated 60-GHz millimeter-wave carrier from the PD. (b) Phase-noise performance of generated 60-GHz carrier and reference source
(30 GHz). (c) Relationships between optical power of master sidebands and phase noise at 100-kHz offset from 60 GHz.

reference frequency was changed. The injection current of within 10 dB in the range of 57.0-64.0 GHz when the results
the F-P dave laser was 1.2 times larger than the threshold were compared with the phase noise of the reference signal
(48 mA). The degradation of the phase noise was suppressed (28.5-32.0 GHz). Due to the low reflectivity of the facet and
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of the F—P dave laser and allowable frequency detuning between the master
sidebands and F—P laser. Relationships between the optical gain in the laser
cavity and the reflectivity are also shown. R, denotes the reflectivity of a
facet that confronts a pigtail fiber of the F—P laser module. R, denotes the
reflectivity of another facet. The laser cavity length, effective refractive index
of the cavity, and absorption coefficient inside the cavity are set to 0.71 mm,
3.5, and 1300 m—!, respectively. The parameters, except for the frequencies of
the master sidebands, are fixed in this simulation. Only the frequency of the
master laser is tunable.

Frequency of Generated Carrier (GHz)
58 60 62

64 66

54 56

(dBc/Hz)

105 |-

Phase-noise at 100 KHz Offset from Carrier

-110

27 28 29 30 31

Frequency of Reference Signal (GHz)

32
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the low injection current near the threshold, optical components
of the zeroth order and the second-order sidebands from the
phase modulator appeared in Fig. 2(a). However, optical gain
for the first-order sidebands becomes 12 dB larger than that for
the others when we compare Fig. 2(a) with (c). The selective
amplification among the sidebands cannot be performed if an
optical amplifier such as a semiconductor optical amplifier
(SOA) is used instead of the P dave laser.

Comparisons between optical two-mode sources based onin-
jection locking of an F—P laser, a DBR laser [11], and a DFB
laser [9] are summarized in Table I. In terms of the allowable
optical frequency detuning between master and slave sources,
the two-mode locking of the FP dave laser is better than the
sideband-locked DFB slave laser. The carrier frequency can be

385
TABLE |
COMPARISON BETWEEN TwO-MODE SOURCES BASED ON OPTICAL
INJECTION LOCKING OF SEMICONDUCTOR LASERS
Slave | Locking method | Master source | Locking Notes Refere
laser range nce
F-pP Two~mode A pair of 7 GHz Tunable range of Fig. 5
laser injection— sidebands from mm-— wave carrier
locking modulated 8 GHz Allowable detuning [16]
signal between master
sidebands and slave
lasers
No optical amplifier
is needed between
master source and
slave lasers.
DFB Subharmonic DFB laser 2GHz | Allowable detuning 171
laser injection— (Single—mode between two DFB
locking oscillation) lasers
(CW modulation An EDFA is used
of DFB slave between two DFB
laser) lasers.
DBR Two-mode DSB-SC signal | 0.17 GHz | Tunable range of [11}
laser injection— from Mach- mm-- wave carrier
locking Zehnder An EDFA is used
modulator between the
modulator and DBR
laser.

freely selected by the DFB dlave laser since the optical fre-
quency difference between the master and slave DFB lasers can
be changed by adjusting the temperatures or the injection cur-
rents of the lasers. In the configuration of the two-mode in-
jection locking of the FP laser, the length of the laser cavity
mainly determinesthe available carrier frequency. The accuracy
of the laser cavity’s length may be limited to approximately
10 pm. The deviation of the mode intervals depends on this
length accuracy. For example, the deviation due to an error in
the cavity length of +10 m becomes +0.8 GHz for an F-P
laser with 60-GHz mode intervals. However, the locking range
of the F—P laser can be wider than the deviation of the intervals
when the cavity haslow-() characteristics. Accordingly, we can
exactly set the carrier frequency without discriminating the F—P
laser’s mode intervals.

In addition, the F—P laser has a very wide wavelength range
for injection locking. Fig. 6(a) and (b) shows superimposition
of the two-mode locked output and results of the phase noise
at 100-kHz offset from 60 GHz when the central wavelength
of the master source is 1530, 1540, 1550, and 1560 nm.
(The temperature of the FP laser is properly adjusted to
tune the F—P laser’'s modes to the master sidebands.) In the
four cases, we were able to obtain amost the same output
power from the FP dlave laser. The phase-noise quality was
also maintained in the wavelength range. This wide optical
range of the slave laser is preferable to not only expand the
flexibility of optical wavelengths in fiber-radio access links,
but also moderate the discrimination of the master laser’'s
central frequency in comparison with the two-mode sources
based on the injection-locking of single-mode lasers.

I1l. SIGNAL MODULATION OF THE MILLIMETER-WAVE
CARRIER USING DIRECT CURRENT MODULATION
OF THE P LASER

A. Freguency Response of the F—P Save Laser

Itiswell known that PM or AM of the injection-locked mode
can be simply performed by directly modulating the injection
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current of the dave laser. The locked two modes from the F—P
slave laser can aso be modulated when the injection current is
modul ated by the data signals. The signal components can then
al so be simply up-converted to the millimeter-wave band by the
self-heterodyne detection at the PD. When the injection current
of the laser is modulated without the master source, the optical
frequencies of the modes are deviated together with the AM of
the modes. The frequency deviation is converted to PM of the
modes, which are injection locked to the optical master source
[18]. If the optical frequency deviation of the modes due to the
direct modulation is comparable to the locking bandwidth, PM
on thelocked mode can be effectively achieved according to the
datasignal [10], [18]. When the Q-vaue of the slavelaser islow
or the optical power of the master sourceishigh (stronginjection
into the slave laser), the locking bandwidth of the dave laser
can be much wider than the frequency deviation. In such cases,
the amplitude of the locked mode can be effectively modul ated
up to the relaxation frequency [19], [20]. In the case of direct
modul ation of thetwo-modelocked F—Plaser, AM onthelocked
modes contributes effectively toward data transmission at the
millimeter wave[21]. The PM components on the locked modes
that are emitted from the modulated F—P slave laser are almost
completely canceled out by the self-heterodyne detection at a
PD when the PD islocated near the slave laser’ s output.

Fig. 7 shows the frequency response of locked modes when
an F-Plaser with a50-GHz mode spacing isinjection locked by
apair of optical sidebands from the phase modulator and is di-
rectly modulated by a sweep oscillator of an optical component
analyzer (HP8703A) whose O/E converter has a 0.13-20-GHz
response. The optical power of the master sidebands at the F—P
laser input, RF power from the sweep oscillator, and the injec-
tion current of the F—P laser were —15 dBm, 21 mA (1.2 times
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Fig. 7. Frequency response of two-mode locked F—P laser. An optical
component analyzer was used for this measurements. The FP laser was
modulated by a sweep oscillator of the analyzer. The RF output power of the
sweep oscillator was —5 dBm.

larger than the threshold current), and —5 dBm, respectively.
The dlave laser’s response was up to approximately 3 GHz,
which corresponded to the relaxation frequency of the F—P laser.

B. Fiber Dispersion Effect on the Millimeter-Wave
Sgnal Components

When the amplitudes of the locked two modes are modul ated
simultaneously by an IF signal, thefiber dispersion effect for the
IF signal components on the millimeter-wave band should be
considered [21]-{23]. The limitation of the transmission length
is mainly determined by the frequency of the millimeter-wave
carrier and the frequency of the IF signal. For example, when
the carrier frequency, the IF signal frequency, and the transmis-
sion length are 60 and 2 GHz and 20 km, respectively, the elec-
trical power of the IF signal components at 58 and 62 GHz is
decreased by 6 dB.

However, mixing of the PM and AM components around the
locked two modes, which are generated from the modul ated FP
dlave laser, can be useful for increasing the transmission length
of the IF signals in comparison with the case of no PM compo-
nents around the locked modes [21]. Fig. 8(a) shows an experi-
mental setup for the fiber transmission of an | F sinusoidal signal
(up-converted around 60 GHz). Two modes of the P laser with
60-GHz mode intervals were injection locked by the first-order
sidebands from a phase modulator driven by a 30-GHz CW
(+13 dBm) from a signal generator (SG1). The injection cur-
rent and the RF power for the CW modulation of the FP laser
were 56 mA (1.17 times larger than the threshold current) and
—3 dBm. The received optical power at the PD was adjusted to
be constant by using an Er-doped fiber amplifier (EDFA) and
an optical variable attenuator. Fig. 8(b) shows the relationship
between fiber transmission length and power of the IF signal
component in the millimeter-wave band. The alowable trans-
mission length was reduced when the frequency of the IF signal
was increased. The transmission length L.,;;,, for the minimum
signal’s power with no PM on the two modes is given by

Lmin = 7I_/(/32(*‘1110(*‘1771) (1)

where s, wro, and w,, denote the fiber dispersion parameter
[24], angular frequency of the millimeter-wave carrier, and an-
gular frequency of the IF, respectively [22]. Calculation results
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(3b). (c) Caculation results of I Fsignal power when no PM on thelocked modes
is considered [22]. The frequency parameters denote the modul ation frequency
of the two modes.

with no PM on thetwo modesare shownin Fig. 8(c). Here, how-
ever, the limitation on the transmission length was considerably
buffered [see Fig. 8(b)] in comparison with the calculation re-
sultsfrom (1). This difference was mainly caused by the mixing
effect of the AM and PM [23] on the locked modes [21]. The
optical fields of the locked modes can be written as

E(t)=(14 A- coswnt) - cos(w;t — B - coswpt),
i=1,2 @)
where the symbols 4, B, and w; denote the AM index, PM
index, and optical angular frequency of a mode, respectively.
When the two locked modesis detected in the PD, the photocur-

rent of the IF signal componentsis proportional to (3a) and (3b)
asfollows [21], [22] :

Loy, () % AJ4-JO(B)? - [ ()4 JO(B)I1(B)/2- g4(8)
(34)

Loy o (8) ~A/4-JO(B)? - f_(H)+JO(B)JL(B)/2 - g_(t)
(3b)

2.5 Gbit/s
NRZ Data

SMF
Circulator L
Envelope D D Error
detection detector
LPF(1.9 GHz)

Fig. 9. Experimental setup for ASK-data baseband modulation of the F—P
slave laser.

fi(t) = cos {(wLo + wm)t—i-éﬂ—élo}

+cos {(wro & wi )t + 20— 651 } (30)
() = sin {(w1.0 % Wy )t+622— 610}
—sin {(wr.0 & wm )t+620— b1} (3d)
§i0 = —Po(wi —w)2/2-L
Sui = —Polwi wm—w)?/2- L,  i=1,2. (30

The symbols L, w,, JO(B), and J1(B) denote transmission
length, optical angular frequency of referencesignal, and the ze-
roth and first orders of thefirst-kind Bessel function of argument
B. The relationship between L and the time-averaged power of
the IF signal isillustrated in Fig. 8(b), where 3, = —22 ps?/km
and the indexes of (4, B) = (0.15, 0.15), (0.14, 0.20), and
(0.09,0.16) for 1.0-, 2.0-, and 2.5-GHz IF, respectively. The
vaue of A was estimated from the extinction ratio of the IF
signal detected by aconventional PD whose response speed was
lessthan 10 GHz. The PM index wasinvestigated by optical het-
erodyne detection between a locked mode and a single-mode
reference light source [not shown in Fig. 8(a)]. The generated
beat signal from the PD was observed by a spectrum analyzer
tointroducethevalue of B. The calculation agreed well with the
experimental results. Thus, the mixing effect of the AM and PM
in the locked F—P laser was found to be useful for the 0-32-km
fiber transmission of the IF signa at the 60-GHz band. We be-
lieve that this transmission limitation of 32 km is sufficient for
most applications of fiber-based millimeter-wave links such as
picocellular mobile communication systems and wireless local
area networks [25]. If atransmission distance over 32 kmisre-
quired for the fiber-radio systems, we can expand the distance
by using chromatic dispersion compensators such as chirped
fiber-Bragg grating filters [26].

C. High-Speed Baseband Data Modulation of F—P
Save Laser

Since the modulation frequency response of the P dave
lasers can be close to the relaxation frequency, as mentioned
in Section I11-A, relatively high-speed data modulation of the
millimeter-wave carrier is expected for fiber-radio systems. We
attempted baseband data modulation on the millimeter wave
by using the direct nonreturn to zero (NRZ) signal modulation
of an FP dave laser. Fig. 9 shows an experimental setup
for ASK (NRZ) data modulation of a millimeter-wave carrier.
The ASK data signal was transmitted at 52-GHz millimeter
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wave. In this experiment, we used an F-P laser with 50-GHz
mode intervals. After the modulated modes were coupled
into a PD, the generated millimeter-wave signal was down-
converted to the baseband by a millimeter-wave envelope
detection circuit. Due to the low-( characteristics of the F—P
davelaser, residual components of the zeroth- and second-order
sidebands from the phase modulator was mixed with the
locked two modes [see Fig. 2(a)]. However, the envelope
detection circuit was composed of a power divider, two U/-band
(40-60 GHz) amplifiers, and a V' -band (50-75 GHz) mixer. We
then easily eliminated 26-GHz components induced from these
residual components. An EDFA with an amplified spontaneous
emission (ASE) regjection filter (0.7-nm bandwidth) and an
optical variable attenuator were used for the BER measurement
of the detected signals. The transmission length was 16 km.
The injection current of the F-P laser, optical power of the
master first-order sidebands at the F-P laser input, and input
RF power of the datasignal to the F—Plaser’ sinput were 21 mA
(1.2 times larger than the threshold current), —15.8 dBm, and
—5.0 dBm, respectively. Fig. 10(a) and (b) shows the spectrum
of an up-converted ASK signal at the input of the envelope
detection circuit and eye patterns of the recovered data of the
3.0 Ghit/s (pseudorandom binary sequence (PRBS): 27— 1)
signal. The error-free transmission of the 2.5-Ghit/s data was
successfully performed, as shown in Fig. 10(c). When the
low-frequency components (<100 kHz) were included in the
data signals, the frequency deviation due to the low-frequency
modul ation came to be comparabl e to the locking bandwidth of
the slave laser. In such cases, PRBS signals with low-frequency
components could no longer be transmitted without errors
because the locking condition collapsed with the low-speed
modulation of the dave laser. When the PRBS pattern was
increased to 23! — 1, an error floor dueto alack of low frequency
components of the signal was clearly created. Accordingly, IF
datamodulationispreferableto baseband datamodul ation when
there is a desire to transmit a data signal with low-frequency
components.

D. IF-Band Data Transmission Experiments

In this section, we demonstrate |F (BPSK) data transmission
at the millimeter wave [27]. The experimental setup for thisis
shown in Fig. 11. A BPSK signal was generated by a bi-phase
modulator, 1.5-GHz local signal from asignal generator (SG2),
and NRZ data (622 Mbit/s, PRBS 23! — 1) from a pulse-pat-
tern generator (PPG). In this experiment, we used an F-P laser
with 60-GHz mode intervals. The current of the FP laser was
modulated by this BPSK signal. The input power of the BPSK
signal to the F—P laser was —3.0 dBm. The optical power of the
master first-order sidebands at the F—P laser input and the cur-
rent of the F—P laser were —12.2 dBm and 55.2 mA (1.15 times
larger than the threshold current), respectively. The generated
60-GHz-band signals from the PD were down-converted to the
1.5-GHz IF band by the envelope detection circuit. By multi-
plexing the recovered BPSK signal and 1.5-GHz local signal
from SG2, the NRZ baseband data could be generated.

Fig. 12(a) shows the spectrum of the millimeter-wave signal
at the input port of the envelope detection circuit. The IF
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component around 61.5 GHz was decreased due to the gain
bandwidth (40-60.7 GHz) of the front-end millimeter-wave
amplifier. The BER performance is displayed in Fig. 12(b).
The millimeter-wave signal could be transmitted through 16-
and 32-km fibers within a 1.0-dB power penalty at the PD. If
no PM on the locked modes was considered, the degradation
of the BER performance could be detected for the fiber length
of 16 km, as shown in Fig. 8(c). Thus, it was confirmed that
the transmission length of the optical millimeter-wave signals
could be expanded by the mixing effect of AM and PM on
the locked modes, as mentioned in Section I11-B.

E. Evaluation of Detuning Tolerance Between the Directly
Modulated F—P Save Laser and Master Source by
BER Measurement

Here, we investigated the tolerance of the P dave laser
against the frequency detuning of the master source when five
cases of the master signal (30.0-GHz PM signals, 15.0-GHz PM
signal, and 15.0-GHz intensity modulated signal from adirectly
modulated DFB laser without optical phase modulator) and the
data formats (622-Mbit/s BPSK at 58.5 GHz and 622-Mbit/s
ASK at 60.0 GHz) were examined. When the directly modul ated
DFB laser was used as the master source, the injection current,
modulation signal, and RF power of the modulation signal were
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TABLE I
TOLERANCE OF OPTICAL FREQUENCY DETUNING BETWEEN MASTER SOURCE
AND F—P SLAVE LASER

Data (622 Optical Optical F-P Allowable
Master source | Mbit/s) format | power power of laser’s optical
of DFB master injection | frequency
laser’s | sidebands at | current detuning
carrier F-P laser (Ith=48 for
input mA) BER<10¢
DFB + 30 BPSK (1.5~ ~1.6 | -10.1dBm | 1.15Tth 8.7 GHz
GHz PM GHz IF) dBm
DFB + 30 BPSK (1.5- =35 ~12.2 dBm 1.15Ith 6.7 GHz
GHz PM GHz IF) dBm
DFB + 30 ASK (Base— -1.6 | ~10.1dBm | I1.121]th 6.3 GHz
GHz PM band) dBm
DFB + 15 BPSK (1.5— 0.0 -129dBm | 1.211Ith 3.2GHz
GHz PM GHz IF) dBm
DFB IM-DD BPSK (1.5— -0.5 -11.2 dBm 1.38 Ith 5.3 GHz
(15 GHz) GHz IF) dBm
g ;
4" * ik (O56GHz
¢57 GHz
é? k X A58 GHz
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Fig. 13. Results of BER measurements of 156-Mbit/s BPSK signal when the
millimeter-wave carrier frequency was in the range of 56-63 GHz. The P
slave laser was modulated by the BPSK signal at 1.5-GHz IF. Theinset denotes
the carrier frequency.

60 mA, 15-GHz CW signal, and +10 dBm, respectively. The
results of the allowable detuning for BER < 10~° are shown
in Table Il where the received optical power at the PD is 1.0 dB
larger than the minimum received power for a BER < 101!,
In all cases, error-free transmission of the data signals could be
performed. Whenever the power of the master sidebands at the
F—P laser input was larger than approximately —12 dBm at the
F—P laser input, the allowable detuning range could be wider
than 5 GHz.

F. Evaluation of Millimeter-Wave Carrier’s Tunability by
BER Measurements

The tunability of the millimeter-wave signa was also
demonstrated by evaluating the BER performance of the
detected signal using the configuration of Fig. 11 [25]. The
central frequency of the millimeter-wave signal was adjusted
by the signal generator (SG1). The fiber length and data rate
were 16 km and 156 Mbit/s (PRBS: 22— 1). The results of
the BER measurements for eight cases of the central frequency
(5663 GHz) are shown in Fig. 13. In all cases, the BER was
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less than 10~°. The power penalty increased for the higher
central frequencies of the millimeter-wave signals because
of the bandwidth limitation of the millimeter-wave receiver
circuits.

G. Evaluation of Optical Bandwidth of F—P Save Laser by
BER Measurements

Finally, we examined the wavelength variable range of the
master source where the error-free data transmission of the
FP dlave laser’ s output was performed. Since P dave lasers
have individual optical gain characteristics, the temperature
adjustment and injection-current control of the F-P lasers are
needed to achieve not only the efficient optical gain in the F—P
lasers, but also sufficient power suppression of the unlocked
F—P laser's modes. In the setup shown in Fig. 11, we used a
wavelength tunable laser instead of the DFB laser to test the
variable range. Fig. 14 shows the relationships between the
wavelength of the master tunable laser and the optical power at
the PD when BER = 107°. In this experiment, the injection
current was adjusted to approximately 1.2 times larger than the
threshold current. Almost the same sensitivities at the PD were
obtained by proper adjustment of the F—P laser’ s temperature.
This wide bandwidth is preferable because the frequency
matching between the master and dave lasers can be easily
performed without careful discrimination of the master laser’s
oscillation frequency.

IV. CONCLUSIONS

We have presented the performance of a two-mode injec-
tion-locked FP laser as an optical millimeter-wave transmitter
for fiber-radio systems. We were able to confirm wide tunability
of the carrier generation. Thiswide tunability is useful not only
for achieving flexible fiber-radio links, but also for facilitating
the selection of the FP laser’s mode intervals. In addition, the
signal modulation of the millimeter-wave carrier can be simply
performed by the direct modulation of the locked FP laser.
The limitation of the modulation speed is mainly determined
by the relaxation frequency of the FP laser. According to the
mixing of the AM and PM components of the locked modes,
the available transmission length for those signal components

around the millimeter-wave carrier frequency can be expanded
against the effect of fiber chromatic dispersion. By directly
modulating the P dave laser with data signals, the following
results were successfully achieved: error-free 16-km fiber
transmission of 2.5-Gbit/s ASK data at 52 GHz, 32-km fiber
transmission of 622-Mbit/s BPSK data at 58.5 GHz, carrier
frequency tunability of 5663 GHz, and tolerance against the
lasers detuning (>5 GHz) for the error-free transmission. In
addition, we confirmed the 30-nm optical bandwidth of the
F—P dlave laser via the BER performance of the transmitted IF
signals. Thus, the two-mode locked and directly modulated P
dlave lasers can be used as optical millimeter-wave transmitters
for relatively high-speed wireless links based on fiber-radio
systems.
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