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Suppression of RF Noise Tones Caused by Rayleigh
Backscatter in to an Unisolated Laser Using
Audio-Frequency External Optical-Phase Modulation

Hongbing Gan, Arthur J. Lowenenior Member, IEEEand Richard D. T. Laudewember, IEEE

Abstract—When Fabry—Perot lasers are subject to Rayleigh a simple analytical expression. Similar results were measured
backscatter, dramatic line-narrowing and frequency hopping by Chraplyvyet al. [4] for the spectral behavior of a 1/&m

up to 500 MHz, evidenced by radio-frequency (RF) tones, are |nGaasP DFB laser subject to RB from a single-mode fiber.
observed. These RF tones will severely degrade the system per-_l_h bability distributi f imated
formance of a subcarrier multiplexed transmission system, such € probability distribution of frequency was approximate

as quadrature phase-shift keying. In this letter, it is demon- Dy @ Gaussian distribution with a width proportional to the
strated that audio-frequency external optical-phase modulation laser-fiber coupling efficiency. Laser frequency excursions up
can suppress the noise tones and restore the laser linewidth. Thisto 1 GHz were observed. The experiment agreed well with
scheme may offer an inexpensive alternative to optical isolators theory based on a Van der Pol oscillator model. They also
to recover the system performance and thus is very important . o
for cost-effective customer access networks. reported that during a frequency transition, the laser could
] ~actually have a mixture of the two frequencies evidenced by
Index Terms—Audio frequency, customer access network, noise e annearance of sharp tones (beat notes) on a radio-frequency
suppression, optical-phase modulation, Rayleigh backscatter. (RF) spectrum analyzer. Such beat notes would cause errors
in a lightwave transmission system using modulation schemes
I. INTRODUCTION such as binary-phase-shift keying (BPSK), quadrature-phase-

PTICAL feedback such as Rayleigh backscatter (R%ift keying (QPSK), and quadrature amplitude modulator
and discrete reflections induce instability in lasers a AM),' . i . .
degrade system performance. Reflections from connectors anhaViolette [5] recently investigated the impact of RB in-
fiber end faces can be suppressed to better #BH dB with duced RF noise on QPSK transmission which is commonly
angle-cleaved FC connectors. However, RB cannot be avoidétgd In customer access networks. A 14-dB carrier-to-noise
unless optical isolators are used. Optical isolators significanfRH© (CNR) penalty (carrier frequency 19 MHz, data rate 1.544

2 ;
increase the cost of access systems and so are not desira{®/s) at 1 x 107° bit-error rate (BER) was found, which
Goldberg et al. [1] first studied the effects of feedback"Va@S caused by !aser sporadic noise generated by RB into the
on a laser diode from RB, observing a linewidth reductioigSer from the fiber. To show the bit errors were caused by
of more than 200-times and wavelength instability on BB, the fiber was f|r§t replaced v_v|th an optical attenuator,
millisecond scale. They attributed the frequency hopping fnd then.an optical isolator was inserted between the Ie_lser
small random thermal fluctuations in the fiber. Magk al @nd the fiber. All the connectors were angle-cleaved which
[2], [3] presented a statistical model which gave a god&ad return loss better_ than55 dB. It was expected that_ the
estimate of the measured frequency distribution for a 1.8YStém performance in these two cases would be limited by

um laser diode exposed to RB from 760-m of single-mocfSSt equipment performance. It was clearly shown that the 14-

fiber. Line narrowing was attributed to RB, which was showflB CNR penalty was caused by RB from the fiber [5], as the

to establish a sharp frequency-selective reflection to whiQRtical isolator and attenuator removed the BER penalty.

the laser would lock. However, unavoidable thermal and !N this letter, we demonstrate that the RF noise can be re-
mechanical perturbations in the fiber caused the center lasfitf€d by applying audio-frequency optical-phase modulation
frequency to jitter randomly up to 1 GHz. The linewigtH© the fiber close to the laser, using a simple inexpensive
was measured as a function of fiber length and laser-to-fifggnsducer. We also observe and explain a reduction in the
coupling efficiency, and was less than 0.1 Hz for a 1420-fi€an RB power when the modulation is applied. Our scheme
fiber with a coupling efficiency of 0.2. A good estimate of@y offer a cheap alternative to the use of optical isolators,

linewidth and lasing frequency distribution was obtained froffnich is important in cost-effective customer access networks
such as the upstream optical path of a hybrid-fiber-coax (HFC)

network.
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Fig. 2. RF spectrum of laser output (measured at port 4 of the coupler in o

Fig. 1.) (@) RF noise tones when laser subject to RB (maxholding function 0 100 200 300 400 500
of RF spectrum analyzer used for one minute). (b) RF noise tones sup-
pressed when acoustic modulation was applied (no maxholding). (Resolution
bandwidth: 2 MHz.)

Frequency (MHz)
Fig. 4. RF spectrum of interferometric RB indicating laser linewidth (mea-
sured at port 3 of the coupler in Fig. 1.) (a) Narrow-linewidth modes begt
its suppression using cheap devices. A Fujitsu FLD150C2ng#%p‘gég”;ggj;&hig.p{‘sggoﬁzgﬂ'egg’n”dsvf{cfm'gsf/l'ﬁ;fs o free-running
1550-nm Fabry-Perot laser was biased with 25-mA dc current
and generated 2.5 dBm optical power. Its output was coupled
to port 1 of a 50/50 coupler via 400 m of standard single-modig@m port 3 fluctuated on a time-scale comparable to 1 s, as
fiber (SMF). Port 2 of the coupler was fusion spliced to 10 kishown in Fig. 3(a).
of standard SMF with the fiber's far end immersed in index Secondly, a 0.25-W loudspeaker seated on the fiber spool
matching gel to suppress Fresnel reflection; thus RB was t&s driven by a 500-Hz 150-mA electrical signal. The electri-
dominant feedback to the unisolated FP laser. Port 3 of thal input power was 180 mW and the generated audio output
coupler was used to monitor the RB. Port 4 of the coupl@ower was 58 dB. When an acoustic wave is incident on
was used to monitor the laser output. the fiber, the resulting changes in fiber length, diameter and
Firstly, the effects of RB on the unisolated laser wereefractive index cause a variation in optical phase due to the
measured. The RF spectrum of the laser output showed rand@mtoelastic effect [6]. Thus the laser output was optical-phase
frequency tones as high as 20 dB above the noise flovpdulated by the acoustic wave, as was the backscattered
from dc to 500 MHz when the laser was subject to RBight. Under the optical-phase modulation, the RF spectrum
as shown in Fig. 2(a). The “maxholding” function of theof laser output showed no RF tones as shown in Fig. 2(b),
spectrum analyzer was used for one minute. To show thmeasured at port 4 of the coupler. The RF spectrum of RB,
these random frequency tones were caused by RB, a 15@Bshown in Fig. 4, was measured at port 3 of the coupler.
bending loss was applied at the transmission end of the 10-Kifne RF spectrum of RB (showing laser linewidth because RB
fiber and this removed these tones. This result is consistéhtnterferometric multipath signal) indicated that linewidth-
with the results published in [1]-[5]. These tones are ascribedrrowing was also suppressed; the laser linewidth increased
to mode hopping between external cavity modes, with the 110 MHz. As shown in Fig. 3(b), the RB power monitored
external cavity resulting from a superposition of the reflectiorisom port 3 was reduced by 3 dB te41 dBm and the second
from the many scattering centers [1]-[4]. During a transitiotime-scale power fluctuations disappeared.
the laser has two lasing frequencies, and the tones are causdgnally, an optical isolator was inserted immediately after
by mixing at the photodiode [4]. The laser linewidth washe FP laser to prevent RB from entering the laser. With
estimated to be around 1 kHz by measuring the width tiie isolator in place, it was observed that the RF spectrum,
RF tones when the laser was subject to RB. Large linewidtlinewidth and power level were the same as when the fiber
narrowing can be explained as the RB establishes a narraa&s optical-phase modulated by an acoustic wave. Thus the
bandwidth reflection. The laser locks to this reflection and thewoustic (optical-phase) modulation mimics the optical isolator
has a very narrow linewidth due to the long effective cavityn suppressing the unwanted interaction between the RB and
Interestingly, the absolute power level of the RB monitoretthe laser, which causes the RF noise tones.
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lll. DISCUSSION cal spectrum. The sharp frequency-selective reflectivity im-

The FP laser in this experiment had a free-running linewidf}pSed by RB is ineffective because the phase modulation
of 110 MHz, and linewidth was estimated to be around 1 kH'SUTes that there is insufficient time for phase-locking to
when the laser was subject to RB. RB thus established®§ achieved. The laser linewidth goes to its free-running
sharp frequency-selective reflectivity, acting as a resonaltue: Most importantly, the lasing frequency stops hopping

with a very highQ resonance, to which the laser locks Wiﬂpetween external-cavity modes, and hence the RF frequency

a narrowed linewidth [7]. The laser-fiber configuration is afPneS are suppressed. Direct modulation can also break the

excellent narrow-linewidth source, but only over short timBhase-locking condition by frequency chirping, thus explaining

scales due to thermal and mechanical fluctuations within th&y frequency tones disappear in direct intensity modulated
10-km optical fiber, which continuously change the frequen&yStéms that are not idling. However, in subcarrier trans-
of peak reflectivity. The laser continuously tries to lock t&NISSion systems such as QPSK [5], the optical modulation
this frequency. The laser-fiber configuration will thus switcfdex can be very low (around 5% or lower), in which

between external cavity modes on a long time-scale. Durifi§Se the phase-locking cqndltlon is not broken. Furthermore,
switching, two modes will co-exist. These are likely to h&OMe systems allow their lasers to be unmodulated when

close in frequency as they are likely to be within the dominaﬁfita_ is not pre_sent. If the unmodulated channel is_ subcarrier-
laser-chip mode, and thus will beat to give RF tone bursts. Multiplexed with other channels, the RF tones will degrade

When an acoustic wave is applied to the 400-m fibeihe performance of these other channels. The scheme used

the RB light is optical-phase modulated before it enters tig this experiment can effectively suppress the RF noise
laser cavity. It is clear that the externally applied opticafones caused by RB, and thus may offer an inexpensive

phase modulation breaks the laser-RB phase-locking state. f\ﬁgrnative to optical isolators in cost-effective customer access

optical-phase modulation spreads the optical spectrum, mak[Hgfworks. This work represents a first proof of principle.

it much wider than an external cavity resonance. The laser dafther work toward a compact prototype, such as optimizing
maximizing the coupling between

no longer lock to the sharp frequency-selective reflectivity. THEE modulation frequency,

laser goes to its free-running state, evidenced by the restoraf@Gustic wave and fiber, and minimizing the required input

of laser linewidth to 110 MHz as shown in Fig. 4(b), measurdPWer, is under development.
at port 3 of the coupler. Thus pure RF tones due to two
narrow-linewidth modes beating disappear. The RB power
level stops fluctuating. The reduction in the mean RB powefi] L. Goldberg, H. F. Taylor, and J. F. Weller, “Feedback effects in a laser
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