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Abstract—A novel technique for wavelength reuse has been pro- tems, BSs with simplified RF interfaces can be realized if the
posed to simplify the upstream optical interface of an antenna base radio signals are distributed over fiber at millimeter-wave fre-

station in a millimeter-wave fiber-wireless system incorporating o ,encies (“RF-over-fiber” signal transport), as they require no
wavelength division multiplexing. This technique is based on re- d f . t the BS
covering the optical carrier used in downstream signal transmis- up- or down-frequency conversion at theé Bos.

sion and reusing the same wavelength for upstream signal trans- 10 support the full-duplex operation of fiber-wireless net-
mission. Two novel configurations for optical carrier recovery and works, the optical interfaces of the BSs must include optical
wavelength reuse are proposed and demonstrated experimentally. sources, which can be modulated by the millimeter-wave up-
Index Terms—Fixed wireless access networks, millimeter-wave link radio signals. However, when an optical carrier with mil-
communications, optical communications. limeter-wave modulation sidebands is transported over fiber,
chromatic dispersion can cause RF power penalties [7], [8] as
well as a degradation in the detected RF carrier phase noise due
o ) ) ~ to optical decorrelation [9]. Optical single sideband with carrier
F OR FUTURE provision of broad-band, interactive service®ssp:+C) modulation can be used to suppress such RF power
over the wireless media, millimeter-wave frequencies haygnalties [10]. To reduce the phase-noise degradation, however,
been considered worldwide [1]. In such broad-band wireless ggstical sources with narrow linewidths at well-specified wave-
cess networks, multiple antenna base stations (BSs) provide figyths are required at the BSs in fiber-wireless systems [9]. Un-
wireless connectivity to users via millimeter-wave radio linkgrtynately, this scenario is not an attractive option for upstream
and the antenna BSs are networked with a central office (CQjgnal transmission as low-cost, ultrastable, narrow-linewidth
which performs the switching and routing functionality. Due tQypm wavelength lasers are difficult to realize. Therefore, there
higher radio propagation losses at millimeter-wave frequencigs o significant advantage in not requiring a wavelength source
coverage areas of antenna BSs are small, leading to pico4@fhe BS, as wavelength assignment and source monitoring can
micro-cellular wireless network architectures. In addition, smalk done at the CO if active sources are only located there.
c_overage_areasin conjunc_tion with h_igh propagatio_n losses Progss without any optical sources were first proposed and
vide a unique advantage in managing scarce radio bandwigfmonstrated as part of British Telecom’s passive pico-cell
by utilizing efficient frequency reuse and by deploying Sectofpncept [11] where an electroabsorption modulator (EAM)
ization of the BS antenna’s coverage area. However, this leg@ss ysed as a detector and modulator by careful choice of
to an increase in the number of antenna BSs in an area a“ddheappropriate biasing condition [12]. In this technique, the
provision of broad-band communications between multiple aBfficiency of the up- and downstream links were optimized
tenna BSs and the CO becomes a challenge. . independently via the use of two optical signals at different
Optical fibers, due to their obvious advantages in terms @fayelengths (one for downstream transmission and the other
low loss, high immunity to electromagnetic interference, ang,, upstream), so that the EAM was optimized independently
most importantly, wide bandwidth characteristics, can be dgy detection and modulation [13]. However, such an approach
ployed to provide the broad-band interconnection of multipigcreases the number of wavelengths required in the system.
remote antenna BSs with the CO [2], [3]. In addition, scaleable |y order to avoid the requirement for a high-quality optical
and easy-to-manage fiberfeed networks can be easily realizedyyce at the BS of a millimeter-wave fiber-wireless systems,
incorporating wavelength division multiplexing (WDM) tech-ye have previously proposed a technique by which a portion of
nologies [4]-{6]. In such millimeter-wave fiber-wireless systhe downstream wavelength signal can be recovered and reused
for upstream signal transmission [14]. Subsequently, we pro-
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Fig. 1. Simplified optical interface of a fiber-wireless BS using optical carrigtig. 2. Configuration A for optical carrier recovery based on an optical coupler
recovery. in conjunction with an FBG filter.

The paper is organized as follows. Section Il describes the
WDM optical interface of an antenna BS, which incorporates
the proposed optical carrier recovery technique and OSSB e
modulation. In Section Ill, two configurations for optical car- RN
rier recovery using optical fiber Bragg grating (FBG) filters are
outlined. Section IV then describes the experimental setup usec
to demonstrate the operation of the optical carrier recovery con-
figurations in bi-directional RF-over-fiber transmission with ex-
perimental results presented in Section V. Finally, the conclu-
sions of this work are summarized in Section VI.

Wavelength

Il. SIMPLIFIED OPTICAL INTERFACES OFBSs

Fig. 1 shows the proposed optical interface of an antenna Big 3. Configuration B for optical carrier recovery based on an optical
S ] ! ; circulator in conjunction with an FBG filter.
with interconnections to the optical network interface as well as

the RF interf f the BS. | twork i ting WD . . . . .
© nieriace ot the N @ network Incorporating n tor (DE-MZM) in conjunction with an RF hybrid coupler. The

the BS will be connected to the network via an optical add—d : . . !
multiplexer (OADM). The network topology can be either tre pstreamelectrical signalobtainedfromthe BS RFinterface, after
! deing transmitted over the radio link, is split into equal parts but

ring, or bus type and the location of the OADM can be in a dif-; ) ; X
ferent location (Remote Node) or at the BS itself depending &ch aphase difference af/2 rad. Both signals are then applied

the network rollout plan. In such a network, one wavelength C&ﬁpj\(rjatelyt?thetwo eleICtrO?ﬁsftf;h? DEtNE::A g;'n“ﬁl;ﬁtr)?cové

be assigned to the BS, which will use the assigned wavelen {fy¢ downstreamwavelengtn atthe inputorthe bt- lase

for both downstream (transmission from the CO to the BS) a quadrature, the output of the modulator produces the upstream
optical signalwithan OSSBC modulation format, whichisthen

upstream transmission (BS to the CO). . . .
The downstream optical signal destined for the given BS ﬁrsansmltted throughthe network viathe OADM interface.

selected by an OADM, which then directs that signal to the BS
downstream optical fiber. By incorporating an optical recovery
technique, the need for a WDM optical source with very low To realize the optical recovery and wavelength reuse at the
phase-noise and RIN specifications for upstream transmissioBIS, we propose two novel configurations, which are based on
avoided. This is achieved by extracting part of the downstreasptical filtering of the downstream signal using optical FBG fil-
optical signal comprising the wavelength carrier and a singlers. The optical carrier recovery configuration labeled A and
modulation sideband (as shown in Fig. 1) and recovering the gftown in Fig. 2 is based on an optical coupler in conjunction
tical carrier via an optical recovery technique. The other portianith an optical filter (FBG1 in the schematic). Here the in-
of the downstream optical signal is detected by a photodetectmming downstream signal is split equally by a 50 : 50 optical
(PD), which is then applied to the downstream RF interface obupler. One part of the signal is then input into a PD, which
the BS for transmission over the radio link. By reusing the sansenverts the signal into an electrical downstream signal. The
wavelength in both directions, scarce wavelength resources cginer part of the downstream optical signal is injected into a
be efficiently allocated. In addition, if high-power sources areustom designed FBG (FBG1) via an optical isolator, which
available, anumber of network segments connected to the cenpiralvents any reflected signals from FBG1 entering the network
office via separate fiber plants can share the same optical souraeerface and the downstream PD. FBGL1 is designed so as to
To support dispersion-tolerant RF-over-fiber signal transpohtave a transmission profile where transmission at the wave-
it is assumed that OSSBC modulation is used in both up- andlength corresponding to the downstream modulation sideband is
down-stream directions. As shown in Fig. 1, OSSBmodula- close to zero and transmission elsewhere is close to 100%. Such
tion is realized by using a dual-electrode Mach—Zhender modutransmission profile allows the downstream modulation side-

I1l. CONFIGURATIONS FOROPTICAL CARRIER RECOVERY
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Fig. 4. Experimental setup for demonstration of the two optical carrier recovery schemes.

Base-Station

band to be reflected while the optical carrier is passed throuBly. 4, was implemented. By multiplying a bi-polar psuedo-
the grating filter to be reused for upstream transmission. random signal generated by the pattern generator from a bit-
The main advantage of the coupler approach for optical caror-rate (BER) test-set with a millimeter-wave local oscillator
rier recovery is that it is very simple and has the potential to Isggnal at a frequency ofgr; = 38.0 GHz, a BPSK formatted
integrated onto a waveguide device if the optical isolator is usddwnstream signal is generated. The signal was then boosted
at the input to the coupler (rather than between the coupler andgower by an amplifier chain comprising a low-noise ampli-
FBG1 as depicted in Fig. 2). The main drawback, however, fiér (LNA) followed by a medium-power amplifier (MPA), be-
configuration A is the waste of downstream signal power, sinéere being applied to the OSSBC modulator for generating
50% of the power in the downstream modulation sidebandas OSSB-C formatted downstream optical signal. A narrow-
also lost during the optical carrier recovery. The other drawbaltkewidth signal from a tunable laser at a wavelength of 1556.4
is that the millimeter-wave frequencies used at the BS are ren is used as the optical source. As described earlier, DE-MZM
quired to be known precisely for the design of FBG1. This leads used to generate the OS$B signals.
to a lack of flexibility as any changes in frequency channel as- The optical signal was then boosted in power by an erbium-
signments will dictate a redesign or retuning of the filter if thdoped fiber amplifier (EDFA) before transmission to the BS via
bandwidth of the notch is not broad enough. a 20-km standard single-mode fiber (SMF). The SMF is con-
In order to overcome some of the limitations associated wittected to a remote node (RN) comprising an OADM based on
the approach of configuration A, configuration B is propose@n interferometer in conjunction with two identical FBG fil-
which is based on an optical circulator in conjunction with aters, which have~100% reflectivity at a wavelength assigned
FBG filter. As shown in Fig. 3, the technigue uses a custom-dier the BS. The signal from the drop port then feeds the down-
signed FBG (FBGZ2), which has a different transmission profiltream fiber of the BS optical interface, the detailed construc-
than that of FBGL1. In configuration B, the downstream sign&ibn of which is shown in Fig. 1. After detection at the BS op-
from the OADM interface is injected into port 1 of the opticatical interface, the electrical downstream signal is first amplified
circulator. The signal output from port 2 of the circulator ignd then down-converted to an intermediate frequency (IF) of
then passed through FBG2, which has 50% reflectivity at t!2e5 GHz using a millimeter-wave local oscillator (LO) signal at
wavelength corresponding to the downstream optical carrier afigk2 = 35.5 GHz. The BPSK-formatted IF signal is then de-
100% reflectivity at all other wavelengths. Meanwhile, the renodulated using a phase-locked loop (PLL) based on a Costas
flected carrier (50%) is collected at port 3 of the circulator. loop circuit. The recovered signal was then used in eye-diagram
Theoutputof FBG2inFig. 3feeds a PD andthe detected dowand BER measurements of system transmission quality.
stream signal is then fed into the BS downstream RF interfaceln the upstream direction, a BPSK signal generator with a
However, the modulated upstream optical signal is fed into tkenstruction similar to that used in downstream transmission at
OADM and transported back to the CO. If a four-port circulatathe CO is used to generate a 155-Mb/s BPSK formatted mil-
isused inthis approach, itwill provide sufficientisolation againdimeter-wave signal at the upstream transmission frequency of
any backreflectionsreachingthe networkinterfaceviaport 1. Tfers = 34.4 GHz. The electrical upstream signal is then am-
key advantage of configuration B is that no downstream sigrglified before being applied to the upstream OSSBmodu-
power iswasted since only the 50% carriercomponentis extractatbr located in the BS optical interface, as shown in Fig. 1.
and the modulation sideband is allowed in full to reach the PD.Both configurations for optical recovery were implemented in
addition, knowledge of the operating wavelength is sufficient farder to verify their operation. The recovered wavelength signal
the designof FBG2, making itmore flexible interms of frequenayas used as the optical input signal to the modulator and the
assignment at the BS—air interface. output OSSB-C formatted upstream optical signal was then
transmitted into the network via the add port of the OADM and
transported over another 20 km of SMF before reaching the CO.
At the CO, the received optical signal is optically amplified
To demonstrate the simplified designs of the BS optical ity a low-noise EDFA before being detected by a high-speed PD.
terface, a full duplex millimeter-wave fiber link, as shown irA narrow-bandwidth optical filter was used after the EDFA to

IV. EXPERIMENTAL SETUP



NIRMALATHAS et al: WAVELENGTH REUSE IN THE WDM OPTICAL INTERFACE OF A MILLIMETER-WAVE BS 2009

0
20 =
& @ -20
T I
2 40 2
@ 5-40
£ E
= ®
g -60) g 50
=80, -80
“15558 15562 15566 15570 15574 15558 15562 15566 1557.0 1557.4
Wavelength(nm) Wavelength(nm)
(@ (b)
3 3
€ £
8 g
35 359
@ fa
£ £
_‘;‘;.70 §.79
: 2 p) 1 . L 1 PR 2 -9
15558 15562 15566 1557.0 1557.4 15558 15562 15566 1557.0 1557.4
Wavelength(nm) Wavelength(nm)
(© (d)
-3 3
f
- £ i 1
:E E i) it
<l 3
560 > 50 4
@ @
g £
§-79 g .70
9 N P3 s P N i M " i L 9 3y P " " N 2 1 g Iy 3
15558 15562 15566 1557.0 1557.4 15558 15562 15566 1557.0 1557.4
Wavelength(nm) Wavelength(nm)

(e) ®

Fig. 5. Measured optical spectra at important points in the experimental setup showing optical recovery using configurations A and B. (a) @ptinaispe
the downstream optical modulator output (10% monitor). (b) Optical spectrum at the output of the OADM drop port. (c) Optical spectrum of the opticetred
carrier in configuration A. (d) Optical spectrum of the modulated upstream signal in configuration A. (e) Optical spectrum of the recoveredrojgtidal c
configuration B. (f) Optical spectrum of the modulated upstream signal in configuration B.

reject any out-of-band amplified spontaneous emission (AS&)owing a lower sideband rejection of approximately 17 dB.
noise. The detected signal is then directed to a down-conversidris poor modulation depth is due to the bandwidth of the
stage where the upstream signal is down-converted to a cor&-MZM modulator (18 GHz), which was well below the

nient IF frequency of 2.5 GHz using an LO signalfatr. = downstream modulation frequency of 38.0 GHz. The amplified
31.9 GHz before being demodulated to recover the data. Finallpwnstream signal after transmission over 20 km of SMF was
the recovered signal was measured and compared with thaseliected by the OADM and the optical spectrum at the output

the transmitted data. of the drop port of the OADM is shown in Fig. 5(b). The
suppression of the lower sideband and out-of-band ASE by the
V. EXPERIMENTAL RESULTS AND DISCUSSIONS narrow-bandwidth (50 GHz) optical filters in the OADM can

be clearly seen in Fig. 5(b).
Fig. 5(a) shows the measured optical spectrum of the down-When the optical carrier was recovered using configuration A
stream OSSBC optical signal at the output of the modulatofsee Fig. 5(c)], the measured optical spectrum of the recovered
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Fig. 6. Measured BER curves as function of received optical power for

configuration A. (a) Downstream transmission. (b) Upstream transmission.

optical carrier at 1556.4 nm and removal of the upper sidebagdsmission, and, therefore, BER measurements were obtained
of the downstream signal can be clearly seen. The recovered @5 ately (not simultaneously) for upstream and downstream
rier was then modulated with an upstream BPSK signal at 34,4,smission.
GHz using another OSSBC modulator (with a similar mod-  Fjg 6(a) shows the measured BER results using configura-
ulation bandwidth and slightly higher insertion loss comparggh, A for optical carrier recovery and for optical fiber trans-
to the downstream modulator), and the measured optical SPgfssjon distances of 0 and 20 km in the downstream direction.
trum at the output of the modulator is shown in Fig. 5(d). Theggr ypstream data transmission using the recovered optical car-
modulator was biased such that it generated an OSS8ignal  (ier hased on configuration A, the measured BER results for 0-
with suppression of the lower modulation sideband, as ShOWRy 20-km upstream transmission are shown in Fig. 6(b). The
in Fig. 5(d). Here again, the poor modulation depth seen is &sgative power penalty observed between the 0- and 20-km up-
tributed to the low modulation bandwidth of the modulator.  giream data transmission may be due to some residual chirp
Fig. 5(e) shows the measured optical spectrum of the recqjising from nonequal drive signals being applied to the two
ered optical carrier at a wavelength of 1556.4 nm when the offectrodes of the DE-MZM used for upstream signal transmis-
tical carrier was recovered using configuration B. The measurg@n. \WWhen configuration B was used with the transmission ex-
optical spectrum of the output of the modulator is shown igeriment depicted in Fig. 4, almost similar BER results to those
Fig. 5(f) showing the carrier with an upper modulation sidebanghr configuration A were obtained, as shown in Fig. 6(a) and (b).
Having demonstrated optical carrier recovery using both coas discussed earlier, it was expected that downstream transmis-
figurations A and B, it is also important to establish that theion with configuration B would be improved as no downstream
noise property of the recovered carrier does not degrade signifedulation signal power is wasted. However, in the experiment,
icantly. To investigate this, RIN measurements were performgde to imperfections in the custom-designed FBG2 and due to
using a lightwave spectrum analyzer (HP7000 Lightwave An-dB insertion loss of the circulator, approximately the same RF
alyzer) in conjunction with an RIN measurement utility (Agipower was generated as with configuration A, leading to very
lent Technologies, Application Note PN71400-1). The RIN wasimilar BER results. However, with the improved fabrication of
measured for the tunable laser source used in the experim@®G2, an improvement in BER can be achieved.
the amplified tunable laser signal, and the recovered carrier sigThe previous measurements have clearly shown the suc-
nals in both configurations A and B. The measured results afessful demonstration of both proposed techniques for optical
summarized in Table I. It can be seen that the major sourcegafirier recovery. As inclusion of any optical amplification at
degradation is due to the impact of ASE arising from the oghe BS will add to the complexity of the fiber-radio system,
tical amplification. In both configurations, the measured RIN ahe demonstration instead used optical amplifiers at the central
the recovered optical carrier is comparable to that of the ampdiffice in both up- and downstream directions. In order to
fied signal after transmission through 20 km of fiber, and thesghieve acceptable link power budgets, however, sufficiently
values are still low. large optical power must be launched into the optical fiber at
In the downstream transmission experiment, 155-Mb/s date CO. Since narrow-linewidth optical sources are used at the
transmission at 38.0 GHz using BPSK modulation over 20 k@O, stimulated Brillouin scattering (SBS) will place an upper
of SMF was carried out while the upstream transmission oflianit on the maximum optical power that can be launched into
155-Mb/s BPSK signal at 34.4 GHz over 20 km of SMF was pethe optical fiber. While the modulators used in the experiment
formed simultaneously by employing optical carrier recovettyad insertion losses of the order of 7.0-9.5 dB, modulators
using configurations A and B. Demodulation of the BPSK datxhibiting significantly lower loss are commercially available
was achieved with the same PLL for both down- and upstreaand may ease the high launch power requirements. In addition,
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if the length of transmission optical fiber is long, it may also[10] G. H. Smith, D. Novak, and Z. Ahmed, “Overcoming chromatic-dis-
add additional insertion loss, which may not be able to be persion effects in fiber-wireless systems incorporating external modu-

lators,” IEEE Trans. Microwave Theory Techol. 45, pp. 1410-1415,

compensated via more amplification due to the SBS limit. 5,4 1997,
In systems employing the optical carrier recovery techniquegli] D. Wake, D. Johansson, and D. G. Moodie, “Passive pico-cell—New in
described in this paper, there is a need for optimizing both the  Wireless network infrastructureElectron. Lett. vol. 33, pp. 404-406,

1997.

optical Sign_al'to'nOise _ratio as well as the_ power_ bUdg_et' WhidﬂlZ] L. D. Westbrook, L. Néel, and D. G. Moodie, “Full-duplex 25 km ana-
can be achieved by using components with low insertion loss. logue fiber transmission at 120 Mbytes/s with simultaneous modulation

and detection in an electroabsorption modulat&igctron. Lett, vol.
33, pp. 694-695, 1997.
[13] A.Stohr, K. Kitayama, and D. Jager, “Full-duplex fiber-optic RF subcar-
rier transmission using a dual-function modulator/photodetedteEE
VI. CONCLUSION Trans. Microwave Theory Techvol. 47, pp. 1338—1341, July 1999.
[14] A. Nirmalathas, C. Lim, D. Novak, and R. Waterhouse, “Optical inter-

We have proposed and demonstrated a simplified optical in-  faces withoutlight sources for base-station designs in fiber-wireless sys-

temsincorporating WDM,” ifProc. MWP’99 Melbourne, Australia, pp.

terface for an antenna BS in a millimeter-wave fiber-wireless ;79”125
system by incorporating two novel configurations for optical[15] ——, “Optical carrier re-use in the antenna base-station of a fiber-wire-
carrier recovery. Configuration A uses an optical couplerin con-  ess system incorporating WDM," iRroc. OECC2000Chiba, Japan,

junction with a custom-esigned FBG filter, which recovers part

pp. 442-443.

of the downstream optical carrier by removing the modulation
sidebands. Configuration B recovers the optical carrier by re-
flecting only a part of the downstream carrier in another custom-

esigned fiber Bragg grating filter in conjunction with an optic
circulator. Experimental results were presented demonstrat|
the successful operation of both optical carrier recovery confi
urations. Measured RIN values of the recovered optical carri
in both configurations show that they are not degraded due to
recovery process. A full duplex 20-km optical transmission
155-Mb/s BPSK signals using 38.0 GHz as the downstream
frequency and 34.4 GHz as the upstream transmission freque
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