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Abstract—We demonstrate two techniques to reduce the effects from the effects of laser frequency chirps externally modulated
of fiber chromatic dispersion in fiber-wireless systems incorpo- optical fiber links are the preferred choice.

rating external modulators. We theoretically and experimentally In conventional intensity modulation, the optical carrier is

show that the achievable link distance can be increased by varying . : . .
the chirp parameter of the modulator to give large negative chirp modulated to generate an optical field with the carrier and two

using a dual-electrode Mach—Zehnder modulator (MZM) biased Sidebands (double-sideband (DSB) modulation). At the optical
at quadrature. In addition, we show that dispersion can be almost receiver, each sideband beats with the optical carrier, thereby
totally overcome by implementing a simple method using the generating two beat signals which constructively interfere to

dual-electrode MZM to generate an optical carrier with single roduce a sinale component at the RF frequency. However
sideband (SSB) modulation. We demonstrate the transmission of b 9 P d Y- ’

a 51.8-MbJs pseudorandom bit sequence (PRBS) at 12 GHz overlf the signal is transmitted over fiber, chromatic dispersion
80 km of standard single-mode fiber using the SSB generator Causes each spectral component to experience different phase
and measure a bit-error-rate (BER) power penalty due to fiber shifts depending on the fiber-link distance, modulation fre-

dispersion of less than 0.5 dB for a BER equal to I0°. quency, and the fiber-dispersion parameter. These phase shifts
Index Terms—Millimeter-wave generation, optical-fiber com- result in relative phase differences between the carrier and
munication, optical-fiber dispersion. each sideband, and produce a phase difference in the two

beat signals at the RF frequency, which results in a power
degradation of the composite RF signal [5]. When the phase
difference isr, complete cancellation of the RF signal occurs.
ROAD-BAND wireless access is a promising technologis the RF frequency increases, the effect of dispersion is even
to provide future interactive multimedia services. Wiremore pronounced and the fiber-link distance severely limited
less connectivity to a network can provide quick and chegg]—[g].
installation for a large number of closely spaced customers.|n this paper, we theoretically and experimentally show
In such systems, the RF signals can be generated at a lqgat dispersion effects can be reduced and fiber-link distances
exchange using optical techniques and distributed to rem@igoroved by using an external modulator with a negative
antenna sites using optical fiber links, which provide largghirp. Such a Mach—Zehnder modulator (MZM) has two
bandwidth, low loss, and immunity to EMI. This distributionelectrodes which can be independently driven so as to vary
system also enables small, simple, and cheap base stationgéochirp parameter of the modulator [9]. In particular, we
be implemented. show that by making the chirp large and negative, it is
Several methods have been reported for the generationpgksible to almost double the achievable fiber-link distance
modulated RF optical carriers in fiber-wireless systems. Thegg a certain wireless frequency. We also show that dispersion
include optical heterodyne [1] and self-heterodyne techniqugfiects can be reduced further and almost totally overcome
[2], and fundamental and harmonic signal generation usipg eliminating one sideband to produce an optical carrier
pulsed lasers [3], [4]. However, the simplest technique for thth single-sideband (SSB) modulation. Optical SSB has been
optical generation and distribution of the RF signal modulatgffeviously demonstrated with baseband digital transmission
with data is an intensity modulation scheme via direct @b overcome fiber dispersion, whereby an optical filter was
external modulation of a laser. Since direct modulation suffeiged to suppress one of the sidebands [10]. However, this
technique can be complex to implement and is limited by
" - ed N ber 28 1996 revised Aoril 19. 1997 the filter characteristics. Here we outline a novel technique
Gér&esst:rrr!‘i)thr(;%ﬂvg. No?/\;?(marzrwitﬁ the A’J;\;I;Iiean Ppk?otoni’cs Cobperati\ygh'Ch requires no opthal filtering and uses only a single dua._l-
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trical and EIT_ctronic Engineering, University of Melbourne, Parkville, VicSSB and overcome the effects of dispersion in fiber-wireless
SOEZS.ZAﬁrl:\se}(rJav:/E;s with the Australian Photonics Cooperative Research Cent?é(,StemS' We de_rnonStrate the transmission of a 51-8"\/"?/5
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tron_ic Engin_eering_,_ Universjty of Melbourne, I_Darkville, Vic. 3052, Australiagyer 80 km of standard single-mode fiber and show with bit-
He is now with Philips Public Telecommunications Systems, Melbourne 317&r0r_ra,[e (BER) measurements a fiber-dispersion penalty of

Australia.
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Il. DUAL ELECTRODE MZM AND the RF beat signals and the RF pow®y, of the generated
CHROMATIC-DISPERSION THEORY radio frequencyy,; will vary approximately as

The dual-electrode MZM can be modeled as two phase <LD
modulators in parallel, where the amplitudes of the RF drive P, x cos[T)\f ff} )
signals applied to each electrode are equal. A continuous-wave
(CW) signal from a laser with amplitudé and frequencyf. where D is the dispersion parametek, is the length of the
is externally modulated by an RF signal with peak-to-pedtoer, and ). is the carrier wavelength. The argument of the
amplitude2V,. and frequencyf,¢, which is split and applied cosine function in (5) indicates that for a fixed radio frequency
to each drive electrode. A phase differencefotan exist f,, the fiber lengths at which power cancellation occurs will
between each drive electrode. If the modulator has a dc-bigs given by
voltage ofV. on one electrode while the other dc terminal is

grounded, then the output optical field is represented by L= NQC . Ne135... ©)
2D)\ ? » Iy .
A cdrf
E(t) = E{COS(wct + YT + QT COS wytt)
+ cos(wet + am cosfwyet + 6]) (1) Ill. EFFECT OF MODULATOR CHIRP

IN FIBER-WIRELESS SYSTEMS

where w. = 2rfe, wiy = 27fir, v = (Vae/Vz) is the  The chirp parameter is important in externally modulated
normalized bias voltagey- is the switching voltage of the systems as it indicates the phase of the output signals from the
MZM and o = (Vac/Vx) is the normalized amplitude of the modulator. Equations (5) and (6) assume that the MZM chirp is
drive signal. This equation can be expanded in terms of Besgg}o. While MZ interferometer-type intensity modulators can

functions to give be designed to operate completely chirp-free, in most devices
A there is a small residual chirp arising from an asymmetry in
E(t) = E{JO(CW)[COS(’W) + 1] cos(wet) the overlap of the electric fields at each electrode [11]. A dual-

electrode MZM which allows access to both electrodes can be
used to achieve a variable chirp parameter. For such a device,
the chirp parameter can be related to the relative amplitude
+ sin(we + wre)t] — J1(am) sin(ym)[cos(we — wr)t and sign of the RF drive signals to each electrégeand Vs

+ cos(we + wyt)t] = J1(am)[sin{ (we. — wee)t — 6} via [11]

+sin{(we +wir)t + 0} + -} ) Vi + Vo
V= ‘/1 _‘/2.

— Jo(am) sin(yn) sin(w,t)
— Ji(am) cos(ym)[sin(w. — wyr)t

(7)

where Jy and J; are the zeroth- and first-order Bessel func-

tions, respectively. _ _ A related parameter for a modulator is theparameter, which
When both RF electrodes of the MZM are driven with theapresents the ratio of phase to amplitude modulation and is

same signal and a phase differencefiot= = in one arm, (efined by [12]

and if the applied dc voltage biases the MZM at quadrature

= ), then (2) simplif v
(v = %), then (2) simplifies to QZ%E%_%; ®)

E(t) = g{Jo(aw) cos(w.t) — Jo(am) sin{w,t)

wherey and S are the instantaneous phase and intensity at the
— Ji(am)[cos(we — wir)t + cos(we + wie )] 4 b y

output of the modulator. For an MZMy is a function of the

+ Ji(am)[sin(we — wrp)t + sinwe +wie )] modulation depth and dc-bias point, and is related wia [12]
Y 3
o o oy (Vi Vo= Ve o
The Fourier transform of the autocorrelation6ft) will give Mz = #7245 9 V.

the power-spectral densityg(w):
A

where V, is the offset voltage corresponding to the phase
retardation with no applied electric field. Equation (9) indicates

_ 2
Spw) = [Jo (am)i{w + we} that the modulator can be biased to obtain both positive or
+ J2am)6{w + (we — wir)} negative values otz and that if the modulator is biased
+ J2(am)8{w + (we + wer)}] (4) at quadrature, i.eVyc = V, + V2 /2,V, + 3V /2,---, then

|laniz| = |v.

whereé{ } represents a delta function. This spectrum consistsin high-speed baseband digital transmission it has been
of an optical carrier atv., with DSB modulation showing shown that dispersion-induced power penalties can be reduced
components ab,. — w,r and w. + wys. using a modulator with a small negative chirp [9]. In fiber-

In standard single-mode fiber, each optical frequency travelireless systems employing MZM'’s, dispersion effects will
through the fiber at different velocities due to the chromati@so be influenced by the modulator chirp. Sineg;, affects
dispersion properties of the fiber. It can be shown that phase phase of the spectral components, it will affect the fiber
changes in the optical sidebands alter the resultant phaselistance at which the RF beat signals after the photodiode
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10 . . . . . . . . . and the power-spectral densityz(w) is given by

2

Sp(w) = %Jg(aw)wé(w + we)

A2
+ A Rt + (et w). (19)

(=2,

The first term in (13) is the optical carrier at wavelength

RF Power Degradation (dB)

-20
.25 Ac = 27¢/w,., while the second term represents either a lower
30 or upper sideband at the optical frequencies— w,s and

as we + wyt, respectively.

-40

0 5 10 15 20 25 30 35 40 45 50 V. DUAL-ELECTRODE MZM WITH
Link Distance (km) VARIABLE CHIRP EXPERIMENT

Fig. 1. Calculated degradation of RF power versus fiber transmission dis-While anz can be varied from—oo to +oo in all MZ
tance for several values efyiz (f.r = 12 GHz). modulators with nonzero chirp by varyingy. [see (9)],
operating at the quadrature point enables larger drive levels to
Pe applied to the modulator and also minimizes the generation
of harmonics. Therefore, in order to bias the modulator at
quadrature and obtain an optimum,z for maximum link
L= g . <N _2 arctan(m\qz)) N=1,3,5,.... distance, the chirp parameterof the modulator itself should
2DAZ fiin g be varied. Experiments were carried out in order to confirm the
) o ] . ) _(10 results predicted in Section Ill. The effects of dispersion were
Equation (10) indicates that the flber-llnk_ distances in eXtelﬁvestigated for two MZM's: a single-electrode device and a
nally modulated analog system? can be increased When qya)-electrode variable chirp modulator. A schematic of the
is large and negative. For MZM’s which have nonzero Chirgy herimental setup is shown in Fig. 2. A distributed feedback
optimum transmission distances can, therefore, be obtamed(By;B) laser with output power-2.0 dBm acts as the optical
biasing on the appropriate slope of the MZM transfer functioQyrce for the modulatok, for the single electrode modulator
A more useful determination of achievable transmissiq,s measured as 13.0 V while the dual-electrode device had
distance is to consider the detected RF power at the modulatwrg: 8.2 V. The optimum operating point was achieved by
frequencyP f;. Using (5) and (10)Fs.; will be given by piaging at quadrature and applying an RF signal with a drive
2 02 level of 0.45V,. where the second and higher order harmonic-
T LDX, 5 - .
Py o cos T 2ot . (11) frequency components were negligible. The RF modulating
e[l - 2 arctan(anz)] signal was obtained from a 0-to-20 GHz synthesizer and am-

We can define an RF power degradation as the differencepPified before being applied to the modulator. The modulated
the post-detection RF powers before and after transmissi@pfical signal was then transmitted over 79.6 km of single-
through the optical fiber. Fig. 1 shows the predicted RF pow8tode fiber. To compensate for the 18-dB attenuation loss of
degradation due to dispersion as a function of fiber lengthe fiber link, the signal was amplified by a low-noise erbium-
for various values ofxyz in a 1550-nm optical fiber link doped fiber amplifier (EDFA) with a gain of 18 dB. The
externally modulated with a 12-GHz RF signal. It is eviderffects of dispersion were investigated by using a lightwave
that compared to a modulator having zero chigp= 0 thus signal analyzer to measure the RF power degradation as the
amz = 0), the fiber-link distance is almost doubled whedlifference between the detected RF power at 79.6 km and
the detected RF power at 0 km. In this way, the effect of
the MZM frequency response on the detected RF power was
avoided.
Fig. 3 shows the measured RF power degradation as a func-
. ) . . . . tion of the frequency of the applied RF signal, for the optical
. In the previous section, theoretical |m.provement.|n optlc%k incorporating the single-electrode MZM. As expected,
fiber-link distances was shown by varying the chirp of thgiy 3 shows a periodic degradation in the received RF power,
MZM, however, t_he_effet_:ts of dispersion will still limit t_hewith power nulls observed at 6.6, 11.9, 15.7, and 18.0 GHz.
maximum transm|55|on distance. "_1 order to overcome d'Sp%\rrso shown in Fig. 3 is the calculated variation in RF power
sion effects, optical SSB modulation must be implementegeq aqation. In order to determine the chirp parameter for this
When a phase difference df= =3 is applied in the two RF o jat0r, a linear regression technique [13] was used to fit
electrodes of the dual-electrode MZM, as shown in Fig. 2, (g}e measured frequency nulls to (11). This method predicted
simplifies to a value forD of 17 ps/nm/km andwz = —0.1. A negative
A ) value of angz was expected since the modulator was biased
E(t) = E[JO(OM)COSW_ Jo(om) sinwet on the negative slope of the transfer characteristic at the

+ 2J;1 (ar) cos(w, £ wyp )] (12) quadrature point.

exhibit a7 phase difference. If the MZM has chirp, then (6
can be rewritten as [13]

aMz = —3.

IV. GENERATION OF SSB MODULATION
USING THE DUAL-ELECTRODE MZM
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Fig. 2. Experimental setup to measure the effect of fiber chromatic dispersion in externally modulated links and schematic diagram of dud&Rctrode
[inset shows the measured optical spectrum from the optical SSB genefatoe=(18 GHz)].
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Fig. 3. Measured RF power degradation for single-electrode MZM withig. 4. Measured RF power degradation for dual-electrode MZM with
aniz = —0.1 after transmission through 79.6 km of single-mode fiber.  ayz = —3.0 after transmission through 79.6 km of single-mode fiber.
Fig. 4 shows the measured effects of dispersion using the 1 T T T T T " lasured 5sp o

dual-electrode variable-chirp MZM. This modulator was also  °[ Measured DSB +-

Predicted DSB ——
.o -

biased on the negative slope of its transfer characteristic gt
quadrature. In this experiment, an RF power divider was usegl 1'5
to supply signals to both electrodes, and attenuators we&
used to control the applied voltages. Using (7), the relatlvg
amplitudes of the voltages were adjusted to give a chlr[g ;
parameter of 3. As Fig. 4 shows, the first two RF power nuII§ -
occurred at frequencies of 9.1 and 15.8 GHz, significantly -
higher than those obtained with the single-electrode modulator -4

. . . . 0 2 4 6 8 10 12 14 16 18 20
with » = 0.1. As before, a linear regression technique was t,(GHz)
used to determineyz with a value of—3.0 predicted. This
gave an excellent match to the chirp parameter calculated usll,rfg
(7) and the magnitude of the voltages applied to the electrodes
of the modulator.

The experimental results in this section confirm the theory VI. OPTICAL SSB GENERATION EXPERIMENT
presented in Section Ill, which predicts that longer transmis-In the previous section, we experimentally showed that
sion distances can be achieved in externally modulated lindgstical fiber-link distances could be improved by varying the
by using negative-chirp modulators. A dual-electrode MZMhirp of the MZM; however, chromatic-dispersion effects will
with apz = —3, for example, enables the transmission of still limit the maximum transmission distance. In order to
28-GHz RF carrier over 5 km of fiber for only a 3-dB poweovercomedispersion effects, optical SSB modulation must be
degradation in received RF power. Thus, externally modulatedplemented. To confirm our theoretical predictions of optical
links employing variable-chirp modulators are an attractiv@SB generation from (13), the setup shown in Fig. 2 was
alternative for fiber-wireless systems and are most practicalplemented withd set to /2. V; for the modulator was
for systems transporting radio signals at frequencies less ttf&af V and Vy. was 3.9 V, biasing the MZM at quadrature.
30 GHz (where commercial modulators are readily availablg) 0-20-GHz synthesizer and a 2—-20-GHz amplifier provide
over shorter link distances. the RF signals for both MZM electrodes via a 3-dB coupler,

5. Measured RF power degradation for optical SSB modulation after
smission through 79.6 km of single-mode fiber.
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Fig. 6. Experimental setup of 51. 8 Mb/s RF BPSK data transmission at 12 GHz using optical SSB modulation [inset shows the measured RF spectra
of 12-GHz BPSK signals at 0 (lower) and 79.6 km (upper)].

with approximately +10-dBm RF power applied to each ¢ — - ]
electrode. At this drive power no second or higher order After 79.6 kim 1T Back +
harmonic components were observed. A broad-band phase
shifter provides either of the required? phase differences

in the drive signals. The optical spectrum at the output of the 3}
MZM when the drive frequency was 18 GHz was observed
on an optical spectrum analyzer with 0.1-nm resolution and is 4|
shown in the inset of Fig. 2. Optical SSB is clearly evident.
with the power in the upper sideband 13 dB lower than th& s}
power in the carrier. For the dual-electrode modulator used ig
this paper+10-dBm RF power at each electrode correspond§"6'
to a normalized RF input voltager of approximately 0.36. -7t
Using (13) to predict the amplitude difference between the -8}
optical carrier and the sideband gives a theoretical value of 12-9
dB, which is in good agreement with the measured value. ::?'

The experimental setup for measuring the effects of fiber 'L . . . . .
dispersion for optical SSB generation was the same as that° -39 Averag':%eceive d_gintical Po‘ﬁ (dBm) -85 -34
shown in Fig. 2. The measured RF power degradation due to
fiber dispersion as a function of the applied RF frequency . 7. Measured BER for the recovered BPSK data (inset shows the eye
shown in Fig. 5 with a maximum power degradation of 1.§2gram for the received 51.8-Mb/s PRBS).
dB observed for the SSB generator. This is primarily due to
experimental error arising from the phase shifterr/30), SSB modulation are shown in the inset of Fig. 6. The slight
differences in the applied RF power to the MZM electrodessymmetry in the signals detected is due to the characteristics
(+0.2 dB), and the accuracy in dc bias@.1 V). Including of the balanced mixer and the frequency responses of the drive
these errors in our model gives a maximum expected powanplifier, phase shifter, and MZM. In the DSB modulation,
degradation of 2.0 dB. For comparison with the optical SStBe 12-GHz BPSK signal suffers the expected RF power
generator, Fig. 5 also shows the measured and modeled défgradation of 15 dB when sent over a distance of 79.6 km.
power degradations using the single-electrode MZM (DSBhus, the BPSK data is only recoverable using optical SSB
modulation). modulation.

We have also demonstrated reduced effects of fiber disperThe modulated RF signal is amplified and downconverted
sion when the optical SSB generator is used to transmit by coherent detection and directed to the BERT for BER
RF signal modulated with data. The experimental setup nseasurements. Fig. 7 compares the measured back-to-back
shown in Fig. 6. A 51.8 Mb/s2!®> — 1 PRBS derived from and system BER as a function of the average received op-
the pattern generator of a BER testset (BERT) modulatésal power. The difference between the back-to-back and
the phase of a 12-GHz RF carrier in binary phase-shift keystem measurement is the 79.6-km fiber link. This fiber link
(BPSK) format. This RF signal is then applied to both thimtroduced an additional 18-dB insertion loss, so an optical
optical SSB generator and the single-electrode MZM fattenuator was inserted to compensate for this. Therefore, only
comparison. Again the output signals from the MZM’s werehromatic dispersion is affecting the BER measurement. The
propagated over 79.6 km of single-mode fiber. The RF specpiats indicate that the optical SSB system exhibits a power
of the detected 12-GHz BPSK signals at 0 and 79.6 km fpenalty of less than 0.5 dB for a BER of 10 due to fiber
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dispersion. The inset of Fig. 7 shows the eye diagram of thg] G. H. Smith, D. Novak, and Z. Ahmed, “Optimization of link distance

received PRBS at a BER of 16. in fiber-radio systems incorporating external modulators,” Firoc.
Australian Conf. Opt. Fiber TechnolGold Coast, Australia, Dec. 1996,
pp. 141-144.
VIl. CONCLUSION [8] U.Gliese, S. Ngrskov, and T. N. Nielsen, “Chromatic dispersion in fiber-

] ] ] ] ) optic microwave and millimeter-wave linksJEEE Trans. Microwave
We have presented a detailed investigation of the im- Theory Tech.vol. 44, pp. 1716-1724, Oct. 1996.
pact of fiber chromatic dispersion on link distance in fiber{? A H. Gnauck, S. K. Korotky, J. J. Veselka, J. Nagel, C. T. Kemmerer,
i . ; . W. J. Minford, and D. T. Mower, “Dispersion penalty reduction using
wireless systems incorporating externally modulated links. an optical modulator with adjustable chirp,” presented at Thpical
Previously reported link distances for fiber-wireless systemsO] westing lntegratngPhTotlgn-hReMXr;_tgrrethA, A_prd_l99l-_
irn ’ H H . Yonenaga an . Takachio, “A fiber chromatic Ispersion compen-
have assumed chirp free_ MZM'’s, however in this paper . sation technique with an optical SSB transmission in optical homodyne
have shown that the chirp parameter of a modulator will  detection systems,EEE Photon. Technol. Lettvol. 5, pp. 949-951,
also affect the achievable link distance. By optimizing the | ﬁug_ 19935 v "Residual chiro in intearated-onti F—
. . . . Djupsjobacka, eslaual chirp In Integrated-optic modulal
ch|rp paramfater,. we have dgmonstrated. an increase in T Photon. Technol. Lettvol. 4, pp. 41-43, Jan. 1992.
distance which is almost twice that achievable with chirgi2] M. Schiess and H. Carlden, “Evaluation of the chirp parameter of

free modulators. This method is an attractive technique for "1‘52"4“1“5—2259“{‘332 intensity modulatorlectron. Lett, vol. 30, pp.

fiber-wireless Sy_StemS transporting radic_) signgls at frequenci@§ F Devaux, Y. Sorel, and J. F. Kerdiles, “Simple measurement of fiber
where commercial modulators are readily available and where dispersion and of chirp parameter of intensity modulated light emitter,”

shorter fiber lengths are to be implemented. J. Lightwave Technqglvol. 11, pp. 1937-1940, Dec. 1993.
To overcome the maximum fiber-link length imposed by
fiber dispersion effects in externally modulated systems, we
also presented a simple and novel technique for the general
of an optical carrier with SSB modulation. Our method use
a dual-electrode MZM biased at quadrature and driven wi
signals at the RF electrodes which ar¢2 out of phase.
A 1.5-dB degradation in RF power due to fiber dispersic
was experimentally observed using optical SSB to distribu
2—-20 GHz signals over 79.6 km of single-mode fiber. We al:

demonstrated data transmission using optical SSB modulation. ] ] ) ) Te
51.8-Mbls BPSK data at 12 GHz was transimitted over 79.6 KH 0t fhusice s a Researor Engneer workng in e areas of HEwT
of fiber and BER measurements performed. A power penalfysign, cryogenic systems, measurement systems, and millimeter-wave com-

due to chromatic dispersion of less than 0.5 dB was measurehication systems. His research interests include electromagnetics, CAD,
at a BER of 109 millimeter-wave MMIC’s and packaging, optical generation of millimeter-
: wave signals, fiber-optic distribution of millimeter-waves, and architectures
for millimeter-wave networks.
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