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Abstract—in this paper, a novel modulation scheme that allows cant improvement [10], the electrooptical conversion response
broad-band optical data transmission at both baseband and mil- of such devices severely limits the overall performance of the

limeter-wave RF carriers at twice the local-oscillator frequency is gystam reducing the millimeter-wave fiber-wireless system
investigated. The dispersion-induced carrier suppression may be power budget

overcome by properly setting the optical transmitter parameters. ; . .
Three different configurations for the modulation scheme aremod-  An alternative approach is to remote the local oscillator (LO)
eled and simulation and experimental results are provided. The signal from CS to BS, in which the LO signal is extracted and

key parameters of these configurations are optimized in order to ysed to up-convert the information signal electrically to the de-
achieve the best performance in broad-band heterogeneous mil- giraq mijllimeter-wave frequency [11]. Some novel alternative
limeter-wave wireless and wireline access networks. . . .
schemes have been recently reported which achieve simulta-
Index Terms—Dispersion, fiber-wireless access networks, neous transmission of baseband (BB) and LO signals [12], [13].
Sg@ocsyorks’ optical modulation, RF on fiber, wireline access |, 113), pj-directional operation was also demonstrated in for
' data speeds up to 622 Mb/s (downstream) and 155 Mb/s (up-
stream). In such schemes, a millimeter-wave electrical mixer
I. INTRODUCTION is still required to upconvert the information signal to the mil-

EXT-GENERATION broad-band wireless access nefimeter-wave band, which impairs the cost and simplicity of the
works are focusing intense research due to their moderstg- In centralized architectures, the cost of the overall network

cost per user, bi-directionality, and ease of installation [1 .'I r,ely 9nt s;mphﬂe:jh_ar?d modderatet-cost fB tﬁs' tFr(r)]m_ the au-
Coexistence of both wireline and wireless access networks'> POINt 0T ViEW, ThiS IS an advantage of the technique pro-

within a metropolitan area network (MAN) is an importanposed in this paper, as simpl.ified BSs are p.roposed with an in-
requirement for ensuring transparency in the node acce [gase of the cost of the equipment placed in the CS.

Future bandwidth requirements of access networks (in the Gb/gn Ithlstp aﬁ)er, \(/jvel pt.resenththree fdlﬁgrenlttconf|gurst|on(js S f ad
range) imposes the use of optical fiber for feeding several/ma ;/etop Ical modu ?Elaan SCd err(}e ;)r simu aneR?:us rr](,)ah ) ”an
remote wireless base stations (BSs) from a central station (C atransmission & and radio frequency (RF), which allow

especially for operation in the millimeter-wave frequency ban eilstednce O.Ih(.)p:'ﬁa"y fedl\va"ﬁ"?E and wuelgss afgcesst_net—
[2], and wireline access nodes, work nodes within the same . The proposed configurations

Regarding fiber-fed wireless BS techniques, several a%%e based on the use of a dual-electrode Mach—Zehnder modu-

proaches can be found in the literature. The most desira or and have the following features: 1) simultaneous BB and

approach is that based on remote delivery of millimeter-wav drgodgtl_atlc;_n at tfvi[/;]ce the_LO frequent_:y of f? n :qucal gabm?r:
signals from a central station (CS) to the BS antennas [3]. T ) mitigation of the carrier suppression effect caused by the

scheme has many advantages as it allows for the centrali ' 8r_chromatic dispersion in miIIime.ter—wave freguency trans-
control of the generated signals and simplified BS configur NISSIONS. The parametgrs of the optical modulation sgheme can
tion, reducing the overall cost of the network. However, th e optimized for achieving best performance depending on the

transmission of millimeter-wave signals through the opticé‘IOde architecture [14]. In addition, it is also possible to imple-

fiber suffers from the impact of the fiber chromatic dispersiorﬁnent simultaneous LO remoting under certain combination of

which is known as the carrier suppression effect [4]. There atlfée transmitter parameters.

many techniques to mitigate this impairment [5]-[9]. Although 'Il'he %apl)?r |?hor%r?n|zed a? follot\(vs. Ir.] Secnontll,dtheéhtﬁoret—
optoelectronic devices performance has experienced a sigr{ﬁf"} modet for the three configurations 1S presented and the op-
timum operating points are discussed. The theoretical model is

validated by means of simulations using a commercial simula-
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Fig. 1. Modulation schemes of the three configurations.
Il. THEORY AND MODEL whereE;, andwg are the amplitude and the angular frequency

of the input electric fieldp(t) represents thg-1, +1] bipolar
square NRZ data signal, adg(.) and.J; (.) stand for the zeroth-

Fig. 1 depicts the three configurations of the proposed mogh( first-order Bessel functions of the first kind, respectively,
ulation scheme, named configurations 1, 2, and 3. They &{fiose arguments are

based on the use of a dual-electrode Mach—Zehnder modulator

A. Modulation Scheme

(DE-MZM) biased at the quadrature point, which externally =" VLo (2a)
modulates a CW laser source. In all configurations, one of the Vi

DE-MZM RF ports is driven by a digital BB signal combined - Vip

with an LO tone of frequency.o. The difference between the T= V. (2b)

three configurations consists of the nature of the signal applied )
to the second RF port of the DE-MZM. In configuration 1, tha/hereVz is the half-wave voltage of the DE-MZM arid.o
second RF port is driven by a 9@hase-shifted LO tone ob-2nd Ve are the LO and BB data voltages, respectively. In
tained at the hybrid coupler output, whereas in configuration®der to obtain 'the theore‘ucal optical field expressions using
a 180 hybrid coupler is used to generate that signal. In confi(}ﬁhe DE-MZM sinusoidal model, a constant modulator elec-
uration 3, the second RF port is driven by thé @base-shifted rodes transfer function over the data signal bandwidth, and
LO signal combined with the inverted BB data signal. An ogherefore a constarit;, has been assumed. It has been also
tical filter is used to reject the undesired optical sidebands, @@nsidered that the digital signal is a random binary sequence
proposed in [13]. Extreme care must be taken in ensuring tf@mposed by perfectly square NRZ bipolar pulses. The mod-
the 90 or 180 phase and amplitude difference between botHator insertion loss has not been considered in calculations
RF electrodes remains constant and equal to the required val@ssit has not electrical frequency dependence. From (1a) and
In other case, performance might be severely affected by &), it should be noticed that data appear both on the optical
chirp-induced effects arising inherent to fiber-optic transmi§2Ter (fo) and on the two sidebandsy + fro). The only
sions [6]. difference between both configurations is the amplitude of the
Theoretical expressions of the optical field at the filter outp§deband carriers: in configuration 1, the two sidebands have
have been obtained, using a sinusoidal DE-MZM model. Fgffferent levels depending oviss. Therefore, from (1a), when
configuration: (i = 1, 2, 3), the optical field at the output of VB3 = 0(cos ¥ = 1), no data signal drives the MZM andfao

the filter (£7,,) may be expressed as tone is SSB modulated as tifg + fr.o sideband disappears
Ef)"‘ [6]. On the other hand, wheVizs = V;/2(cos v = 0), both
El. = 21“(—J0(a) (14 p(t)-sin ) -sin(wet) + cos v  sidebands have the same level. From (1b), it may be noticed

that for configuration 2 both sidebands have the same level,

+Jola) - cos(wot) + /i) - (14 cos 7) which results in afr.o carrier dispersion-induced fading after

-cos(wo — wro)t — Ji(a) - (1 — cos ) detection [4]. Finally, from (1c), it may be derived that in
- cos(wo + wro)t + —p(t) - sin v - J1(«) configuration 3 data are modulated onto the optical carrier and
- [sin(wp + wro)t — sin(wy — wro)t]) (1a) only one sideband will be generated, in this case the upper
E sideband at frequenc$ + frLo, while only an unmodulated
E2; = f(—Jo(Oé) ~(1+p(t)-sin v) -sin(wot) + cos v carrier appears as the lower sideband at frequéneyfi.o. As
Jola) - cos wot + —Jy (@) - (1 — sin v - p(t)) in configuration 1, this effect is due to the 9@ybrid coupler
that generates SSB modulation, but here in both data and the

- (cos(wo — wro )t + cos(wp + wro)t) + J1 ()
- cos v - (sin{wo + wro)t + sin(wo — wro)t)) (1b)
Bl =2 (V2 Jofa) - (cos 5 = p(t) -sin )

When the modulated optical signal is transmitted through an
rcos(wot +m/4) + -2 Ji(a) - cos y SSMF link, whose length and dispersion parametetZafiem)
-cos(wg —wro)t +2 - Ji(a) - p(t) - sin v and D (ps/nm/km), respectively, it suffers a degradation due to
-sin(wo + wro)t) (1c) the fiber chromatic dispersion that results in a power penalty of

fLo signal.

B. Fiber Transmission Theory
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Fig. 2. Simulation results: ideal optical spectra at the filter output and photodetected current spectra after amplification for configlifgtios I, /4 =
2.5V), configuration 2 Vgg = V»/4 = 2.5 V), and configuration 3gs = V./8 = 1.25 V). ParametersL = 0 km, fLo = 20 GHz, R, = 5 Gbls,
Pro = 420 dBm. LSC: lower sideband carrier; OC: optical carrier; USC: upper sideband carrier; USD: upper sideband data.

the photodetected signal [4]. At the receiving end, three signif-can be seen in (4a)—(4c) that the data sigrn@) is modu-
icant terms of the photocurrent for each configuration are olated onto & fr.o carrier that does not suffer the carrier sup-

tained at BB an@ f1,. These terms are pression effect, as no dependencd;gfLO on thes parameter
exists. In configurations 1 and 2, fo@if;.o beats are gener-
at BB ated in the photodetection process, as can be deduced from (1a)

and : carrier—carrier, data—data, and two data—carrier beats. Both
carrier—data beats have the same phase and produce terms de-

: 2
Ipg o2 Jg(a) - (1+p(t) -sin 9) +4- Jf (o) (32)  scribed in (4a) and (4b). If we consider that the BB data signal
IZg o2 J3(a) +4- JHa) + 2 sin v - p(t) pulses are pola—1, +1] and perfectly squared, the data-data

(JHa)-2- Jl(a)) (3b) beat generates 210 singlg tone term. If.the pulses are not
3 9.7 2 . square (e.g., super Gaussian, raised-cosine, etc.), the data-data
Bp X 2a)+4-JHa) =2 J3() -sin v " 5 ; :
beat originates @*(¢) distortion term onto thef1.o frequency.
cosy 'p(t) (3¢) It has been observed that this undesired term is in-quadrature

and, af1o with the desire® f1.o data component, when assuming not per-

_721fLO x4 JHa) sin v p(t) - sin(2wrot) (4a) fectlysquare pulses. It may glso be noticed that in configuratiqn
12, ocd-J2a) - (1— sin - p(t)) - cos(Zwrot) (4b) 2,a2f10 carrier appears with the modulated data, whereas in
szto 12 _ _ the other configurations only modulated data are observed. The
Iyf, o 8- Ji(a) siny-cosv-p(t) -sin(2wrot)  (4C) jdeal simulated spectra at the filter output is depicted in Fig. 2,
showing for each configuration the optical components corre-
where = 7 - L-D - A?/c, X is the laser wavelength, is sponding to (1), that generate the electrical terms described by
the vacuum velocity of light, and and 73, | stand for the (3) and (4).
photodetected current for each configuratiers- 1, 2, 3). The The optimumVgg for maximum modulated data recovering
LO power(Fr0) influences the detected current through ¢he is Vgg = V, /2 in configurations 1 and 2 (sincén v = 1),
parameter in the Bessel functions. From (3a) to (3c) and (4aMsile it is Vg = V. /4 in configuration 3 (sincein 2y =
(4c), it may be observed that if data recovering simultaneouslysin v cos v = 1). Thisis due to the fact that in configuration 3
at both BB and RKE2f.o) is desired there would be a tradeoff8B data drive both RF ports of the DE-MZM and half of the BB
in selecting the optimum LO power. The latter would be suchsignal voltage level is needed for achieving the same modulation
case of a node of the MAN is fed as BB for a wireline accestepth. On the other hand, by employing configurations 1 and
network and another node is fed as RF for a wireless acc&swith the 90 hybrid coupler, a dispersion-tolerafito tone
network. can be also obtained under certain data amplitude conditions.
From (3a) to (3c), it should be noticed that the BB data carhis LO remoting feature may be interesting to implement the
be recovered at the receiver for any configuration. Likewisaplink receiving partin the BS. A detailed discussion on this LO
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remoting feature is beyond the scope of this paper and will barrier suppression effect when transmitted through a standard
presented elsewhere. SSMF, as it was predicted by the theoretical results for the three
proposed modulation schemes.

Fig. 3. Q-factor measure simulation scheme for configuration 1.

[ll. SIMULATION RESULTS

In order to validate the theoretical model described above V. PERFORMANCE COMPARISON

using a realistic optical data transmission framework, the threeln this section, the performance of the three configurations
configurations of the modulation scheme have been simulatedthe proposed modulation scheme are compared and opti-
on a commercial package (Optsim). Fig. 2 shows the opticaized depending on the required functionality. By comparing
spectra at the filter output and the preamplifier photodetectdte three configurations in terms of BB detected current, it can
current spectra for the three configurations, for a 0-km fibére deduced from (3) that 9thybrid-based configurations are
span. The LO frequency and power gfigy = 20 GHz and more efficient than configuration 2. This is due to the fact that
Pro = +20 dBm, respectively. The NRZ BB data is generin the latter the data modulated onto the two optical sidebands
ated by &' — 1 PRBS generator which rate /& = 5 Gb/s, are in phase opposition with the data modulated onto the op-
with amplitudeVps = V. /4 for configurations 1 and 2, andtical carrier. Moreover, it should be noticed from (3b) that the
Vep = V= /8 for configuration 3. These amplitudes have beedetected BB data vanish whelf(a) = 2 - JZ(«), which oc-
chosen to be half the optimum value for all three schemes, theters if PL.o = +21.345 dBm (Z, = 50€2). This result has
fore data at both BB an2lfL.c are modulated and also tifgo  been validated by means of simulation. From (3), if we com-
tone might be recovered at the receiving end, if required fpare the expressions for configurations 1 and 3, it is noticed that
bi-directional operation of the BS. The half-wave voltd§g) Iig/I55 = —2 cos 7, SOVip is the parameter that determines
of DE-MZM is assumed to be 10 V and therefore is quadratuvghich configuration has the better performance. By comparing
biased forV;, = 5 V. For the sake of comparison with the theo{4a) and (4b), it can be concluded that the recovergd mod-
retical model, no frequency dependencé’pthas been consid- ulated data in both configurations 1 and 2 have the same ampli-
ered. The optical filter has &f.c = 60-GHz bandwidth that tude although both signals are in phase-opposition. On the other
rejects second-order and higher order harmonics. The receivand, the relationship between the detected currefa in
consists of a45-GHz PD, a 25-dB gain broad-band preamplifiegnfigurations 1 and 3 lszlfw /Ié”fLO = 2 cos -, SO better per-
and an electrical spectrum analyzer. It may be observed that themance will also depend ovig.
simulation results for the three configurations depicted in Fig. 2 The previous considerations have been confirmed by means
agree very well with the discussion on the obtained theoretiaz#l simulation. Realistic system conditions have been consid-
expressions fok,,; andIpp (photodetected current) given inered including passive devices losses (hybrid coupler, combiner,
Section Il. mixer) and noise sources: relative intensity noise (RIN) from
In order to verify the dispersion effects on the transmitteithe laser source, amplified spontaneous emission (ASE) noise
signal RF power as a function of the fiber length, simulatiorgenerated by the erbium-doped fiber amplifier (EDFA), shot
have been carried out. In a conventional double sideband (DS®)se in the PIN-PD, and thermal noise after photodetection
amplitude modulation RF optical transmission, power fading.8.2 pAA/Hz). The simulation scheme used for configuration
appears in the detected signal due to chromatic dispersion [#]is depicted in Fig. 3. A distributed-feedback (DFB) Bragg
The RF photodetected current depends on the terf3f2.), laser is externally modulated using a DE-MZW, = 10V,
where frr is the modulation frequency. Simulations have corER = 25 dB, BW = 35 GHz, L;,, = 3 dB) biased at quadra-
firmed that the transmitte2lf; o carrier does not suffer from the ture. The laser wavelength is 1550 nm witi3 dBm of power
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Fig. 4. Simulation results: BB and RF sigr@tactor versus link length.

andRIN = —148 dB/Hz. A 14-GHz LO tone is amplified up 40 * > '
to +24 dBm using a millimeter-wave amplifier and is injected oConf. 1 O Conf.2 *Conf.3
into a 90 hybrid-coupler with 3-dB insertion loss. As shown "
in Fig. 1, for configuration 2, a 180hybrid-coupler is used. A BB Signal
622-Mb/s PRBS NRZ polar data signal is combined withthe LO ~ *° + h
amplified tone using a 6-dB-loss electrical combiner. In config- ~

uration 3, an additional combiner is needed to inject the dat¢§

signal in both MZM RF ports, as shown in Fig. 1. A SSMF

coil with D = 15.62 ps/nm/km and variable length links the

/ .
(]
transmitter and receiver. A fixed output power EDFA is used = | oyt //‘&

to compensate for the fiber loss deliveringt& dBm power > [Qimic / |
optical signal at the PIN-PD input. The PD has a 0.7-A/lWre- /| ) |
sponsivity and a 45-GHz bandwidth. A thermal noise source is o Signal
modeled and added to the signal. A 25-dB-gain broad-bandan . , . ,
plifier with £' = 3 dB pumps the signal and a power divider is 20 -15 -10 -5 0 5
used to split the signal for BB and RF analyzing. In the BB path, Optical Received Power (dBm)
a low-pass Bessel filter rejects the undesired RF components.
A bandpass Bessel filter centered at 28 GHz is used in the E‘p: 5. Simulateu[,)-fac_tor as a function of the received optical power for both
. . aseband and RF received data.

path to recover the f1.o component, followed by a mixer with
10-dB conversion loss and = 3 dB. A 28-GHz variable phase
LO signal with-+12-dBm power is injected to the mixer. AfterConfiguration 3 shows lower performance due to the additional
downconversion, the desired signal is filtered using a low-passs introduced by the 18thybrid coupler used to invert the
Bessel filter. The)-factor of both recovered signals is estimatedata stream. No power fading due to chromatic dispersion is ob-
using a digital communications analyzer. served, which confirms that the technique is dispersion-tolerant.

Fig. 4 shows the obtaine@-factor for both BB and RF re- Fig. 4 inset shows the eye diagram obtained using configuraiton
ceived signals when the fiber link length varies from 0 to 50 kmi. for L = 50 km.
The maximun?-factor value that can be calculated by the sim- Fig. 5 depicts th&}-factor for both BB and RF recovered data
ulator is 40 dB. As expected from theoretical results, the B&s a function of the optical power that impinges on the PD. The
Q-factor for configuration 2 is worse than for the others (3 dBeceiver sensitivity for RF data may be improved by increasing
lower than configuration 1), although the data signal can Iiee LO power,Vgg, or both. From Fig. 5, it can also be noticed
perfectly recovered witi) > 34 dB for the three modula- that the behavior of each configuration in BB an RF is opposed:
tions schemes, with configuration 3 having the best results. Ttie best configuration for BB (configuration 3) is the worst for
downconverted fi.o signal@)-factor values whetzg = V. /4 RF, and conversely. There is a tradeoff between the BB and the
are similar for the three schemes apd= 19.5 dB in the worst RF behavior that depends on the LO power. If an adequate LO
case, higher than th@ limit (15.66 dB for BER = 10~°). power is chosen, the BB and RF behavior can become identical

351

20 L

Q-factor
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Fig. 6. Electrical spectra at the photoreceiver output for different DE'MZMptical power (DE-MZM in quadrature). The inset shows the measréattor
bias voltages. for BB 622-Mb/s transmission as a function of the DE-MZM bias voltage for

25- and 50-km fiber spans.

and good performance can be achieved simultaneously at BB
and RF. 9

The technique robustness against the bias voltage variations
for both BB and RF data signals has also been estimated. The
simulations show that a variation greater than 1 V around the
optimum bias point only varies th@-factor around a half a
decibel.

8 |

V. EXPERIMENTAL RESULTS

Experimental measurements using configuration 1 have been
carried out. A detailed description of the experimental setup

Measured Q factor (linear)

can be found in [14]. In order to evaluate the influence of the 4

DE-MZM bias voltage, the electrical spectrum at the PD output

fora 1.25-Gb/s PRBS signal andg, of 5 GHz when transmit- 3

ting over a 50-km fiber span was obtained, as shown in Fig. 6.

In this figure, it can be noticed that depending on the DE-MZM Bias voltage (V)

bias VOItage' the data spectrum r_noves fl‘(ﬁﬂ@ tc,) BB and Fig. 8. (-factor againstthe DE-MZM bias voltage for a 52-Mb/s transmission
2fr.0. These results fully agree with the theoretical formulaser 50-km fiber spans atf,.o of 10.24 GHz.
and simulations.

The performance of the received signal at BB ana ft, . . ) .
. We expect to obtain experimental results for configurations 2
was also measured. Fig. 7 shows the measayddctor for a . .
and 3 soon. These results will allow us to make a comparison

622-Mbls BB signal as a function of the received optical IOOWermong the three configurations and to establish which configu-

and the inset shows the same parameter as a function of fhe
DE-MZM bias voltage for 25- and 50-km fiber-optic spans ffon present the best global performance for dual BB and RF

A Q-factor of six(BER = 10~%) may be achieved for a re-d&lta on fiber finks.
ceived optical power around12 dBm. In the inset of Fig. 7,
it may be observed that good performance is obtained for the
BB broad-band data when the DE-MZM is biased in quadratureA novel technique for simultaneous BB and dispersion-tol-
(W, = 1VorV, = 85YV) and that the system performancesrant RF data signal transmission has been investigated. A dual-
sensitivity to the DE-MZM bias voltage is moderate. electrode Mach-Zehnder modulator biased at the quadrature
Finally, Fig. 8 shows the measurégtfactor for a 52-Mb/s point is the key device. Three different configurations of this
data signal upconverted 27,0 (@10.24 GHz) as a function of technique have been modeled and simulations results have been
the bias voltage. Those data rates and frequencies were seleatdileved that are in good agreement with the obtained theo-
due to laboratory equipment limitations. Fig. 8 shows th@ta retical expressions. A comparison between the three configura-
8(BER < 107'!) is achieved at the quadrature points afteions has been carried out through simulations. The robustness
downconversion of th&f1, signal. It should be noticed thatof the transmission technique against bias points variations has
the quadrature points for BB arf,o are different due to the also been proved. Experimental results have been obtained for
frequency variation of the DE-MZMW,. parameter. configuration 1 which confirm the theoretical expressions and

VI. CONCLUSION
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simulations. This modulation technique may be very useful |
hybrid fiber-wireless access and wireline networks for up to se
eral Gb/s data rates.
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