Downloaded from orbit.dtu.dk on: Mar 20, 2019

Variable Delay With Directly-Modulated R-SOA and Optical Filters for Adaptive Antenna
Radio-Fiber Access

Prince, Kamau ; Presi, Marco; Chiuchiarelli, Andrea; Cerutti, Isabella; Contestabile, Giampiero; Tafur
Monroy, Idelfonso ; Ciaramella, Ernesto Ciaramella

Published in:
Journal of Lightwave Technology

Link to article, DOI:
10.1109/JLT.2009.2026491

Publication date:
2009

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Prince, K., Presi, M., Chiuchiarelli, A., Cerutti, I., Contestabile, G., Tafur Monroy, I., & Ciaramella, E. C. (2009).
Variable Delay With Directly-Modulated R-SOA and Optical Filters for Adaptive Antenna Radio-Fiber Access.
Journal of Lightwave Technology, 27(22), 5056-5064. DOI: 10.1109/JLT.2009.2026491

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

x Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
xYou may not further distribute the material or use it for any profit-making activity or commercial gain
xYou may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1109/JLT.2009.2026491
http://orbit.dtu.dk/en/publications/variable-delay-with-directlymodulated-rsoa-and-optical-filters-for-adaptive-antenna-radiofiber-access(8c3e69f4-49a6-4435-b921-261777f0ef14).html

5056 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 27, NO. 22, NOVEMBER 15, 2009

Variable Delay With Directly-Modulated R-SOA
and Optical Filters for Adaptive Antenna
Radio-Fiber Access

Kamau Prince, Marco Presi, Andrea Chiuchiarelli, Isabella Cerutti, Giampiero Contestabile,
Idelfonso Tafur Monroy, and Ernesto CiarameNéember, IEEE

Abstract—We present an all-optical adaptive-antennaradio over IEEE802.16emobile WIMAX[6]D[10]) and the IEEE 802.11n
bber transport system that uses proven, commercially-available wireless LAN [11]D[13] standards.
components to effectively deliver standard-compliant optical sig- We consider an RF communications scheme in which sig-

naling to adaptive multiantenna arrays for current and emerging naling from the central ofbce (CO) propagates over an access
radio technology implementations. The system is based on a g propag

directly-modulated reRective semiconductor ampliber (R-SOA) network to remote wireless access point (WAP) units that
and exploits the interplay between transmission-line dispersion radiate wireless RF signals to mobile customer terminals. High
and tunable optical Pltering to achieve Rexible true time delay, mobile user density may be supported by reducing the coverage
with ~ beam steering at the different antennas. The system was greg of each mobile cell. Therefore, radio over bber (RoF) ac-

characterized, then successfully tested with two types of signals . . . .
debned in IEEE 802.16 (WiMAX) standard for wireless networks: F:ess Wll.l be a key support_mg technology, aIIo_wmg the. BeXIb.le
a 90 Mbps single-carrier signal (64-QAM at 2.4 GHz) and a INteégration of low-loss optical transport and high-density radio

78 Mbps multitone orthogonal frequency-division multiple access access networks. It also allows reduction in the complexity of
(OFDMA) signal. The power budget of this conbguration supports remote antenna equipment thanks to the remotization of RF

a 4-element antenna array. processing. RoF systems should therefore evolve from todayOs
Index Terms—Beamforming, mobile communications, optical commercially available schemes, optimized for single-antenna
access networks, radio over Pber (RoF) networks, WiMAX. access, to new architectures implementing multiple-antenna

transceivers [14], [15] and adaptive antenna systems (AAS)
L INTRODUCTION [16] which adjust the launch angle of the propagating wireless
' RF wavefront to maximize the receiver SNR at a wireless ter-
HE explosion of Internet trafbc will be the key driverminal as it moves through the coverage area. Active control of
for the deployment of next-generation high-speed PxgHe differential delay between RF signal copies launched from
and mobile data access networks [1]. We are going to see ig:h element of the WAP antenna array is, therefore, required
massive introduction of the passive optical network (PON) amgr adaptively adjusting the beam-steering angle. In this way,
eventually its long-reach and wavelength-division multiplexeghe RoF access system can maximize the throughput to multiple
variants, with increased range and user data rates upwardy@jbile terminals while maintaining high spectral efbciency.
10 Gb/s [2], [3]. Convergence of optical and wireless acceggeally, the differential delay of the RF signal launched from
networks is required in order to provide seamless connectividdch element of the antenna array should be continuously tun-
to mobile users. Additionally, next-generation wireless accegple, to achieve continuous beam steering throughout the cell
networks should provide mobile connections to fast-movingrea. Fine-tune control of RF signal true-time delay (TTD) at
users at much higher data rates than currently available. Thigch antenna element is therefore a key requirement for future
would realistically be achieved with multiple-antenna trankoF systems.
ceivers and statistical signal processing [4]. Such technologiesrevious steered-beam systems used spatial sampling of the
are being integrated into newer radiofrequency (RF) commigterference pattern generated by injection-locked sources [17],
nications SyStemS, inClUding the worldwide interoperabi|itMptica|_heterodyne_based phase Compensation [18], switched
for microwave access (WiMAX) (IEEE 802.16d [5] anddgelay elements [19], switching matrices [20], multiwavelength
lasers [21] or a combination of multiple optical sources, mul-
tiple modulators and tunable birefringent materials [22] to vary
Manuscript received January 27, 2009; revised May 12, 2009 and June fi2e launch angle of the RF wave. Another early approach [23]
3883 First published June 30, 2009; current version published Septemberl}ged a_tunabl_e signal wavelength at the central ofbce (CO), gnd
K. Prince and 1. Tafur Monroy are with DTU Fotonik, Technical Univer-Pxed dispersion between photodetectors to control the relative
sity of Denmark, 2800 Kgs. Lyngby, Denmark (e-mail: kpri@fotonik.dtu.dksignal delay. Demonstration of wavelength-dependent variable

idtm@fotonik.dtu.dk). . _ _
M. Presi, A. Chiuchiarelli, I Cerutti, G, Contestabile, and E. Cial | D NS IS0 been presented [24] using an externally-modu

ramella are with the Scuola Superiore SantOAnna, 56124 Pisa, Italy (e-ni@d€d wideband optical source chirped Fiber Bragg grating and

marco.presi@sssup.it; andrea.chiuchiarelli@cnit.it; isabella.cerutti@sssuiptical tunable blter (OTF).

g.contestabll_e@sssup.lt; ernesto.maramella@_cmt.]t). . _\We present a novel and effective RoF system providing
Color versions of one or more of the bgures in this paper are available online . .

at http://ieeexplore.ieee.org. wideband RF signal delivery to an arrayed-antenna, based

Digital Object Identiber 10.1109/JLT.2009.2026491 on well-known commercially available components. In this
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scheme, the beam-steering angle is controlled by adjustii
OTF central wavelength at the photodetecter feeding ea:
antenna. Our scheme allows for variable tuning of signal TTI
by optical means, is transmission-protocol agnostic and n
tively supports a wide range of current and emerging wireles
standards including IEEE 802.11, and IEEE 802.16d/e. O
scheme exploits a single, directly-modulated wideband optic
SOA source, singlemode Pber (SMF) chromatic dispersic a
and optical bltering to implement the TTD required for the; i :
AAS functionality. The selective Pltering of a broad-spectrun OTF H PD ]_I&t(t)i
optical source allows us to achieve continuous delay in tF : i f(t) g(t)
electrical RF signal and reduces the impact of uncontrolle-........S% .. g ¢ Wae /
wavelength drifts: these can affect systems with tunable [2: | (b

or multiwavelength [21] sources; thus, it is inherently very.

. ¥|g 1. (a) All-optical AAS-enabled RF over Pber scheme with directly-mod-
stable. Our system uses only known, reliable components afded rR-SOA, dispersive transmission and OTF; and (b) block diagram.

is, therefore, simpler than previous proposals. It can be used
to send different RF signals to each antenna element with the

appropriate delay, thus natively supports space-time codes [gftbr propagation through a SMF of length and optical PI-
or other multiple-input multiple-output (MIMO) systems [27]. tering with wavelength detuning isgivenby =

We report the Prst known demonstration of support faf/e now analytically characterize the RoF signal.
multiple-antenna WiMAX and WiFi signal transmissions over
optical media and demonstrate the reliable operation of oMr Derivation of Output Current
system in achieving the desired functionality while meeting . .
or exceeding the applicable RF signal quality speciI:>cations.|‘if[3’tte d by the g?gg;iﬁi;iﬁﬁd;z;dgnfiglo_r_ngjs Eitljtlesres
These results represent a natural progression from our previ§8 Fs) h;/ve a Gaussi.an proble%f variarilcaround the tune-
report using an R-SOA with similar complex-modulation sig* ) .
naling [25]. Our system successfully operates across a wi?i%le centr_al o_ptlcal angular frequency, the power contained
range of RF communications frequencies, including 2.5 GI—'|'}eaCh slice is then given by
(using a low-frequency R-SOA). We consider downlink per-
formance with data Bow from CO to WAP. We evaluated = ST . (1)
both single-channel 64-QAM IEEE 802.16d WIMAX with the
e o e 1 ™ A Assuing the ASE poer specru 0 be consant over e
o g ; ?TF bandwidth centered at , (1) can be approximated to
rier orthogonal frequency-division multiple access (OFDMA
signal also modulated at 64-QAM. 1
The paper is organized as follows. Section Il introduces a the- = — ‘ - . (2)
oretical description of the operating principle. Section Il re-

ports the small-signal system response, indicating jitter, gainag the modulating waveform is constant with respect to the
linearity, delay response and sensitivity to OTF passband full;ie of the coherence time of the ASE noise, the average cur-

width at half maximum (FWHM). In Sections IV and V, Weyen; gptained after the photodetection is given by the following
present the results obtained with single-carrier WiMAX trangsgvolution product [28]

mission, and multitone orthogonal frequency-division multiple
access (OFDMA) WIMAX input, respectively. Concluding re- I T 3)
marks are then presented.

Transmission :
Medium

i Wireless User
WAP Environment

where . is the modulating signal,. is the postdetection
blter impulse response and is the Fourier transform of the
II. THEORETICAL ANALYSIS function ., given by

As shown in Fig. 1(a), the CO transmitter implements an
unseeded R-SOA which is directly-modulated by the messagel_ St B )
RF signal. This results in a broad-spectrus30 nm) modu-
lated optical signal which is then propagated through the SMF
between CO and wireless access point (WAP). The chromaltic(4), - is the electrical baseband angular frequengyis the
dispersion.  of the SMF produces a wavelength-dependeimverse of the group velocity, isthe group velocity dispersion
delay in the broad-spectrum optical signal. At the WAP, thend is the Pber length. We remark here thatand. are both
signal is split and sent to each antenna, equipped with a Ofifactions of the OTF central position , i.e,mi, = <1, « .
and a photodiode (PD). By tuning each OTF, the photodetecti&d probe signal, we consider a pure RF tone with modulation
RF signal has, therefore, an effective variable TTD and is reaiiylex .| |< 1 andamplitude ,ie [1+ =+ . .
to be radiated by the antenna. The relative TTD, obtained With the assumption that the photodiode bandwidth is larger
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than the RF tone (suchthat = . ), thereceived currentis 2.5GHz
found to be (see Section II-B)

S
)

ESA

—

Fig. 2. Experimental setup for RF small-signal evaluation. VOA, variable op-
To avoid heating effects, the DC term in (5) is removed by tical attenuator; OTF, optical tunable blter; EBPF, electrical bandpass Plter;
an AC Coupled receiver and is, thus, neglected. From (5) it(?§A/ESA' optical/electrical spectrum analyzer; DSO, oscilloscope.
evident that the OTF central frequency allows us to set a TTD

given by ;. at the Pber output. Indeed at wavelengthg,q since . is odd (e, . = .— ) webnd
around 1550 nm, in a single mode Phgrhas a linear rela- ' ’
tionship versus the optical carrier. On the other hand, the OTF .= a4 awoom o gw lo— (20)

bandwidth infBuences the output signal magnitude. For small ] . ) . o
values the optical power delivered to each avalanche photodidefé/ation (5) is then readily obtained from (10) by substituting

(APD) increases linearly with the OTF bandwidth. For highdf'€ €xpressionfor . . For a differential path length between

OTF bandwidths, the output signal outputs decreases exporig§: CO and each PD equal to an AAS element spacing/of

tially. Physically, this corresponds to a fading effect due to tH&9]: [30], @ TTD of 400 ps would be required for steering

dispersion accumulated in the wavelength-dependent delay liaka frequency of 2.5 GHz.

which dephases the optical frequencies spread within the OEF Impact of OTF FWHM on System Performance
pass band. The optimal blter bandwidth which maximizes
the output RF power is then found by setting. / = -,
which results in

For bxed electrical input power to the system and smdhte
optical power delivered to each PD increases with OTF band-

1 width, yielding a proportional increase |n . |. At a bxed
m = T T ®) pp responsivity, when using large FWHM values the RF for-
o ] ) ward system gain ; depends on blter FWHM, and therefore
Substitution yields an optimal OTF FWHM of 3.2 nm. on

Arbitrarily large output RF power cannot be obtained by in-

B. Detailed Derivation creasing OTF bandwidth, as fading effects become increasingly

In (4), the term =+ is constant, so it can be put out-gpparent at the RoF system output. The dispersion accumulated
side the integration, together with .. The expression gyring transmission results in a time-staggered wideband op-
of .- is then found after the substitution — . by ticalsignal reception at the PD, and the use of large FWHM OTF
applying the known self-reciprocal property of Gaussian fungyoduces a fading in the output RF signal. Considering the wide-
tions with respect to the Fourier transform band optical source as a synchronized group of narrowly-spaced

1 -z — i optical wavelengths, we observe that dispersive transmission
- B causes the PD to receive each wavelength with a small relative
1 S delay. Narrow bltering selects only a few wavelengths and their

= - optical belds interfere constructively. Large FWHM values re-
% sult in a large number of received wavelengths at the PD, each
- ) arriving with a slightly different transmission delay. The inter-
In (7), we separated . into two parts: the odd function @ction between out-of-phase signal components at each wave-
- and aconstant phase delay . Now, with the assump- l€ngth results in signal fading at the PD due to the slight phase
tion . = , (3) can be calculated with the aid of the conMismaich and imperfect constructive interference. Increasing
volution theorem. In order to do this, we brst write the Fouriéhe FWHM would naturally increase this fading effect.
transform of the modulating signal - Another constraint on FWHM selection is imposed by rela-
tive intensity noise (RIN) effects, since the system is based on

= o+ —] 4+ =] (8) the modulation of an incoherent optical source with ASE noise
output and selective bltering [31]. Narrow Pltering therefore in-
and then evaluate the product - creases the system output RIN due to the spontaneous emission
of the optical source. OTF FWHM should, therefore, be chosen
= =1+ =] large enough to achieve a balance between RIN and fading ef-

fects, with adequate forward system gain. The optimal FWHM
for a Gaussian OTF was found in (6) to be 3.2 nm.

- Sl e I1l. RF SMALL -SIGNAL CHARACTERIZATION

We assessed the performance of our optical TTD system
using the conbguration presented in Fig. 2. Our analysis
= 4+ — . I was informed by the excellent systems-level treatment of

RoF systems presented in [36]. The R-SOA used had a
+ e ’ 9) datasheet-specibed electrical bandwidth of 1.25 GHz, and was
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directly intensity-modulated by a 2.5-GHz RF carrier. We used
a commercially-available R-SOA providing 20 dB small-signal
gain and 2 dBm output saturation power when operated &20
a temperature-independent device [32] would be preferable for
a real-world deployment. The broad-spectrum optical output of
the R-SOA is centered at approximately 1549 nm, has around
20-nm FWHM, an average power of 3 dBm and a typical
ASE ripple of 0.5 dB at peak. The modulated broad-spectrum
optical signal was transmitted through 2.1 km standard SMF
(1 dB insertion loss and 17 ps/nkm- dispersion). This gave -160
35.7 ps/nm wavelength-dependent delay, producingbeam
steering at 2.5 GHz with 11.2 nm OTF detuning. 10" 102 10®  10*  10°
The signal was passed through a variable optical attenuator Frequency Offset (Hz)
(VOA), an OTF and onto an APD. This APD had 10 GHz (a)
electro-optical bandwidth, 0.5 W/A responsivity and an 15 i : : — :
avalanche gain factor of 10. We used a postdetector electrical . .
band-pass blter (EBPF) with a FWHM of 6 MHz, centered
at 2.5 GHz, to reject out of band noise. We evaluated system
performance for various OTF having passband FWHM of 0.8,
2, 3, and 4 nm, using spectrum analyzers (OSA, ESA) and
digital storage oscilloscope (DSO).

-120

Phase Noise (dBc/Hz)

1.0+ 1

A. Small-Signal Phase Noise/Jitter

The system was excited with a 2.5 GHz tone-dt0 dBm:
we observed negligible intensity noise at system output, and
we evaluated jitter and single-sideband (SSB) phase noise 1 2 3 4
performance [33], [34]. The results of SSB phase noise OTF FWHM (nm)
assessments at system input and output are shown in Fig. 3(a) (b)
for various OTF implementations. Forg in the interval _ . ; . .

. . Fig. 3. (a) Phase noise; (b) jitter versus FWHM in the interval

[1-,1- ] Hz, the output sighal phase noise closely followed= |,
the synthesizer characteristic, with less than 10 dB difference
between the two over this range. For offset frequency in the

interval.1-, 1.~ Hz, we noted an almost Bat phase noisgest itter results were obtained with the 2 nm OTF. We assessed
response. Between approximately 3 kHz and 10 MHz offsgfe carrier-to-noise ratio (CNR) for the output signal measured

frequency, the phase noise decreased rapidly with increasiig; kHz offset frequency; all OTF produced CNR better than
frequency offset. Above 10 MHz, the system phase noisejgg dBc/Hz.

remained below-150 dBc/Hz, which is comparable with the
noise Roor of the analyzer used. The postdetector RF PIgr RE Gain Characteristics

accounts for the sharp roll-off observed in the phase noise .. . .
P P As the best jitter and phase noise results were observed with

characteristic for frequency offset greater than 3 MHz. T . : .
5% quency 9 z W@ean OTF, we used this blter and assessed system linearity as

m  System
0.5+| ---- Source .

Integrated SSB Jitter (ps)
n

worst phase noise performance was obtained for the OTF w . . .
the highest bandwidths (3 and 4 nm), and the best results w nction of the input RF power [35]. Without the postdetector
' PF, we observed linear system response for source power

obtained with 2 nm FWHM. .
The integrated SSB jitter of a signal within frequency in- Ievgls betweer- 30 dBm and 10 dBm. Inclusion of.the postde-
o tection RF bandpass-blter produced a shaped gain spectrum. We
terval| min, m | IS given by [34] )
also observed that system gain was almost constanitdB
1 max for input power below approximatehy10 dBm, which is com-
= — . (11) parable with the literature [36]. Above this threshold, system
gain begins to decrease steadily with increasing input power, re-
We experimentally evaluated system input and output SSB jittéH't!”g in loss of Imearlty_. These results are prf-zsented in Fig. 4;
from a minimum offset frequency i of 100 Hz, upto ,,  Similar trends were obtained for other OTF units evaluated.
of 20 GHz, and present the results in Fig. 3(b). The selected
min Value ensured that the tails of the carrier signal would n
be included in the calculation of the phase noise of the systemWe evaluated system-induced distortion by assessing second
due to frequency resolution limitations of the ESA [33]. The besind third-order intermodulation according to [37] using two un-
resolution of the device used was 316 Hz. From Fig. 3(b), waodulated carriers of equal magnitude separated by 200 kHz.
observed that all OTF implementations provide less than 1.5\ used the setup of Fig. 2, with 2 nm OTF; results were ob-
integrated SSB jitter in the frequency interyal , 1 ]Hz: tained ata resolution bandwidth of 316 Hz, the noise Roor was at

System Linearity
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Fig.4. System magnitude response; versusinputRF powerfor2nm OTF. (@)
ol E

/2 IT W

(b)

Fig. 6. (a) Output RF power and TTD versus detuning with various OTF for
2.5-GHz signal; (b) output signal at various TTD (across 12-nm detuning), with
7 2-nm OTF. (Vert. scale: 10 mV/div., power variation within 0.5 dB).

Output RF Power (dBm)
&
o

= Fundamental 18 - i o 1. ____a_ <
-100 | e Second-Order IM | 4 4_O 57T © Q 130
v Third-Order IM o 16 - —
_120 1 N 1 " 1 1 1 N 1 N 1 L .\S’ EE
-30 -20 -10 0 10 20 30 2 14 o
Input RF Power (dBm o o)
P teem 5 12 {28 3
Fig. 5. Two-tone fundamental and intermodulation product (second- & third- & o
order) output power as a function of input RF signal power. Dynamic range, ® 10 =)
dB Hz /" tone separation, 200 kHz; meas. bandwidth, 316 Hz. g =
= 8 ®  Normalized Power 4 26
. . © Full Power
—106 dBm. The evolution of output fundamental and intermod- 6 . .
ulation (IM) terms with input RF signal power is shown in Fig. 5. 1 2 3 4
The second-order free dynamic range is 52dB Hz OTF FWHM (nm)

and the third-order free dynamic rande - , also called the Fig. 7. Normalized system gain as a function of OTF FWHM; APD input
spurious-free dynamic range (SFDR), is 65 dB Hz This is power bxed at 30 dBm (solid), full optical power onto the APD (dashed).
comparable with the values reported in [38] (for an amplibed
120 km optical link operating at 5 GHz, with an EAM source),
but less than the 106 dB Hz obtained using a DBR sourcewavelength, all blter implementations produced output power
without RF preamplibcation [39], or the 115 dB Hzobtained probles proportional to the ASE noise power spectral density
using a DFB with RF preamplibcation [40]. The 1 dB compre¢PSD) at that wavelength. The detuning range of 12 nm (for full
sion point of our system was at4 dBm input power, whichis 2 beam steering) had an associated power excursion within
suitable for short-range picocellular applications requiring lo&.2 dB; samples of the output signal amplitude for various TTD
launch RF power levels: other authors [20] have previously rare presented in Fig. 6(b). System response was then evaluated
ported +7 dBm output power level corresponding to a 1 dBor OTF implementations with varying FWHM. As the blters
compression point, but with a more complex architecture. Weat we used had unequal insertion losses and unequal pass-
observed the second-order intercept point at an input poweraind characteristics (Gaussian OTF were not available for all
+25 dBm and a third-order distortion interceptiat6 dBm. FWHM values evaluated), measurements were taken with max-
o ) imum available optical power into the APD (i.e., with zero VOA
D. Sensitivity to OTF Central Wavelength and Bandwidth  attenuation), and also with VOA adjusted to maintain a constant
We assessed the variation of TTD with Plter detuning across$80 dB input average optical power into the APD: the results
the operating band. This is reported in Fig. 6(a). The TTD wase presented in Fig. 7. For the case with controlled optical input
independent of OTF FWHM; however, the RF output powegyower to the APD (solid line), we observed that the RF output
varied with FWHM: the maximum output RF signal was obpower decreased with increasing OTF FWHM. We concluded
served for the 2 nm-plter and the output RF power decreasedet this test scenario isolated the RF fading phenomenon (by
higher OTF bandwidth as also anticipated by (5). At any givelemoving the gain associated with increased APD input power)
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Fig. 8. System layout for WiMAX evaluation. L AR NONC N ‘é 2.0 v
L RN NN o e
I (a.u.) RF Launch Power (dBm)

that was predicted in (5) and we clearly see that the output ele (@) (b)
trical RF signal is diminished with increased FWHM, and thag

the observations closely follow the trace predicted by theois 3_0_° gm

(which is parabolic for a log scale). When maximum opticai . o o 12m u
power was sent to the APD (dashed line), the output RF pow.$ 5 ,s -

was approximately 26 dBm for the 0.8 nm OTF; all other OTF§ = " s g °f ‘ __.-"

units provided approximately 30.5 dBm. We believe that the di& . LT

crepancy in OTF insertion loss and passband characteristic me@ *L—— 21 2 2L 200 L

the trends predicted by (5), although there is a marked decre¢  Optical Received Power (dBm) OTF Central Wavelength (nm)

in output power at low FWHM. Theory indicates a similar de- (©) (d)

crease in output RF power if the FWHM werglfurther mcreaselglg. 9. Single-carrier 64-QAM WIMAX signal at 90 Mbps, (a) constellation;
but we were unable to evaluate these conditions. and output signal EVM as a function of (b) input RF power, (c) APD power,

(d) OTF wavelength. 3.1% IEEE 802.16d WiIMAX EVM threshold indicated.
IV. SINGLE-CARRIER WIMAX SIGNAL TRANSMISSION

We evaluated system performance with single-carrier _ )
WIMAX IEEE 802.16d signals: the MAN SCa PHY [5] and bltering at the WAP to implement a quad-antenna array con-

regulates single-carrier transmissions at frequencies belBgurationwithlow-loss splices: differential OTF wavelength se-

11 GHz: 120 km AAS support is optional within the standardection would control the TTD delay at each antenna element
It suppdrts 16- and 64-QAM, allowing FDD and/or TDD withadnd, hence, the angle of the launched RF wave. We then investi-

TDM(A) downlink and TDMA uplink, with a maximum allow- gated system performance with a multicarrier OFDMA payload.
able frame duration of 20 ms. The maximum allowable error
vector magnitude (EVM) for 64-QAM signaling is 3.1% and V. MULTITONE WIMAX SIGNAL TRANSMISSION
the symbol-to-symbol timing jitter must be within 2%: power |EEE 802.16e Mobile WiMAX [7] is heavily favored to be-
control is required, in 1 dB increments, although maximumome a dominant technology for supporting wireless data access
transmit power levels are set by local authorities and there &gvices. It will require multiple transceiver antennas at WAP
no intermodulation specibcations in the standard. nodes for integrated AAS support: the MAN-OFDMA PHY [6]
The test signal was obtained from an Agilent E4438C ES@epnes the air interface requirements. OFDMA signaling is im-
generator. System EVM performance was characterized withgmented with up to 2048 subcarriers: for subscriber station
26.5 GHz Agilent N9020A MXA signal analyzer. Our analysigng pase station (or WAP), the relative constellation error (RCE)
was done for 64-QAM, which is the fastest modulation schemgi, an encoded (rate 3/4) 64-QAM transmission must be less
required by the WIMAX standard. The layoutis shownin Fig. §55 30 gB. Maximum transmit power levels and intermodu-
We used a carrier frequency of 2.4 GHz and symbol rate phio, herformance specibcations are not mandated.
15 Msps (million symbols per second), equivalent to 90 Mbps. We used the setup shown in Fig. 8 to evaluate the transmis-

'rAet th.'rsegir;_'sr fée_?ggnfgr" /ste:r'n. ;tk?'rsn ?Stzrg;?esgzcmtghsion of mobile WiMAX OFDMA signals. Performance was as-
qui P : ing, this w 1eved Withsessed using the relative constellation error (RCE) obtained on
11.7 nm OTF detuning. uncoded data subchannels, as debned in [6]. The generated

A sample of the received signal constellation is present . ! ; 9
DMA signal allowed a selection between a partial use of sub-

in Fig. 9(a); Fig. 9(b ts EVM functi f dri
geclt?ical(?%i: p;gweE )R'p:repsoev\rllesr in thearsanageunillo? gBm”V%hannels (PUSC) or a full use of subchannels (FUSC) format:

provided acceptable EVM: we note from Fig. 4 that this ovelVe opted for PUSC and Pxed 64-QAM modulation on all data
laps with the power required for good system linearity. W@ubc_arrlers. Wg evaluated t|me—d|V|_S|on multiplex system using
also assessed EVM variation with received optical power (&fatio of downlink/total frame duration r/ r 1 . 0f99%
pxed wavelength and input RF power) and present the res@fg 50%. The'testOFDMA S|gnal had the foIIowmg paramepers:
in Fig. 9(c): we observed approximately 6 dB system marg%p48 subcarriers, 20 MHz signal bandwidth, no FEC coding,
to the EVM threshold. Observations of the variation of RMS Ms frame duration, 1/4 guard interval and a central frequency
EVM with OTF detuning is presented in Fig. 9(d), indicatinf 2.5 GHz. The maximum data throughput was 72.3 Mbit/s.
12 nm detuning associated with less than 0.2% EVM excursidpince R-SOA typically have a highly non-linear electro-optical
acceptable EVM was obtained across the entire operating ratiggsfer function, which is unsuitable for OFDMA signals, we
of the OTF. optimized R-SOA bias-point and input RF power to operate the
Low EVM and output power variation with OTF detuning andR-SOA in the quasi-linear region, in order to reduce intermodu-
the optical power margin, indicate the feasiblity of optical spliation distortion between sub-carriers and obtain adequate SNR.
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and evaluated it with single-tone and OFDMA WiMAX signals.
This optical source can support four antennas in the single-tone
implementation, and the use of an electrical preampliber allows
the transmission of an optical signal that can be distributed to
two antenna elements. We note that operation with optimal input
RF power levels implies low RF electrical power at the output
of each photodiode driving the antenna array: a higher-pow-
ered optical source or low-noise RF amplibcation at the WAP
could improve system gain while preserving the other advan-
tages. In all cases, standard-compliant operation was obtained
with the maximum modulation depth specibed (64-QAM). The
OTF tuning required to achieve full beam steering may safely
be done with the delayed output still meeting performance cri-
teria. Sample constellation diagrams demonstrated good signal
transmission through our optical system.
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