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Abstract. An integrated on-line cable-monitoring technique for hybrid
fiber/coaxial (HFC) networks is proposed and experimentally demon-
strated. The in-service monitoring of fiber optic cable and coaxial cable is
achieved simultaneously by an optical time-domain reflectometer
(OTDR) and the frequency domain analysis (FDA) method, respectively,
where the FDA results are encoded in the additional dummy fiber
through digitally modulated fiber benders. This technique can be easily
developed into an automated in-service surveillance system to provide
real-time monitoring to enhance HFC network reliability. © 2000 Society of
Photo-Optical Instrumentation Engineers. [S0091-3286(00)01002-3]
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1 Introduction

Hybrid fiber/coaxial ~HFC! networks for delivering
subcarrier-multiplexed broadband video signals have
come promising among cable television~CATV!
architectures.1–3 How to provide a practically centralized
integrated monitoring technique for supervising both fib
optic and coaxial cables at the headend is an impor
topic in these networks. However, it is not easy to do t
because two totally different types of cables are operate
such networks. For fiber cable monitoring, utilization of t
optical time-domain reflectometer~OTDR! through the
wavelength-division-multiplexed~WDM! technique is an
effective way for on-line supervision.4,5 For off-line coaxial
cable testing, the electrical time-domain reflectome
~TDR! is the commonly used method. Although a nond
structive optical talk-set-service system combing an ana
optical fiber amplitude modulator and an OTDR, used
fiber cable installation and maintenance, has been dem
strated recently,6,7 it is difficult to apply for monitoring of
HFC networks. So far, the integrated, centralized monit
ing technique of both cables for HFC networks has not
been reported.

In this paper, an integrated, centralized HFC monitor
technique is proposed and experimentally demonstrated
ing frequency domain analysis~FDA! incorporated with an
OTDR and fiber benders, whereas the FDA results for
coaxial cable network are encoded digitally by modulat
the dummy fibers using homemade digital fiber bende
The monitoring status of both cables can be simultaneo
observed in a single OTDR trace. Therefore, these two
ferent cable media can be simultaneously monitored w
out extra electrical or optical return links.
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2 Operation Principles

Figure 1 illustrates the operation principle of the techniq
The on-line monitoring of fiber optic cables is achieved
operating the OTDR measurement via the multiplex
~WDM! at the transmitter~TX! site and the demultiplexe
~WDDM! at the receiver~RX! site. The CATV TX com-
monly generates the amplitude modulation-vesti
sideband/quadrature amplitude modulated~AM-VSB/
QAM! hybrid video signals in the 1550- or 1310-nm ban
then the corresponding OTDR probe wavelength at 1310
1550 nm can be selected. On the other hand, on-line m
toring of coaxial cables is implemented by the frequen
sweeping method through a frequency-sweeping gener
~FSG!, an rf line spectrum analyzer~LSA!, and the required
rf diplexers for each coaxial cable link~see Fig. 1!. The
sweeping signal of 1 to 4.5 MHz, generated by the FSG
launched into coaxial cable link, and the reflected sw
signal is measured by the LSA. The sweeping freque
range is selected to avoid interference with the HFC
stream signals of 5 to 42 MHz. The high-pass~H! and
low-pass~L! circuits of each diplexer provide transmissio
for downstream video signals and two-way swept signa
respectively. The upper inset of Fig. 1 illustrates t
frequency-swept impedanceZi spectra of coaxial cable un
der ~a! normal and~b! abnormal cases with open-circu
and ~c! short-circuit faults. Coaxial cable is considered
the lossless transmission line,8 and the frequency-swept im
pedanceZi of length l terminated in impedanceZL can be
described by

Zi5R0

ZL1 jR0 tanb l

R01 jZL tanb l
, ~1!
5.00 © 2000 Society of Photo-Optical Instrumentation Engineers
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Fig. 1 Operation principle of the proposed integrated HFC monitoring technique.
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where b52p fALC is propagation constant, R0

5(L/C)1/2 is the characteristic impedance of the coax
cable,f is the sweeping frequency, andL(C) is the coaxi-
al cable inductance~capacitance! per unit length. For open
circuit termination (ZL→`), from Eq. ~1!, we have

Zi~ f !52 jR0 cot~2p f lALC!. ~2!

For short-circuit termination (ZL50), Eq. ~1! can be re-
duced to

Zi~ f !5 jR0 tan~2p f lALC!. ~3!

Therefore, from Eqs.~2! and ~3!, we can determine the
fault type and location by analyzing the frequency-sw
impedanceZi spectra. The fault positionl of coaxial cable
is given by

l 5
1

2 f sALC
, ~4!

wheref s is the frequency spacing between the valley poi
of Zi . Note that if f s50 the impedance matching of th
cable link is good~i.e., no cable fault!, otherwise a cable
fault has occurred. Thus, both fault status and the loca
of the coaxial cable can be identified from the LSA trace
a personal computer~PC! at the RX site.

The centralized and integrated monitoring operation
realized by digitally encoding the LSA-measured resu
into additional dummy fibers, connected after the WDD
through two kinds of fiber benders, the alarm bender~AB!
pticalengineering.spiedigitallibrary.org/ on 04/28/2014 T
and the data bender~DB!. Each fiber bender, constructe
based on a mechanical bending mechanism, as show
Fig. 2~a!, is composed of an upper plate with two hooks
reference rod, two sets of upper and lower plate stoppe
solenoid coil, and a spring. The dummy single-mode fib
~SMF! with a primary coating diameter of 250mm is
placed horizontally above the reference rod. All fiber ben
ers are controlled by the PC at the RX site via a digital-
analog driving circuit. When the PC sends a bending
~bending off! signal, the upper plate will be pulled dow
~pushed up! by the current-driven solenoid coil. Thi
pulling-down ~pushing-up! force leads the hooks to ben
~to relieve! the passed dummy fiber, thus a bending loss~no
bending loss! occurrs. The bending loss is determined
the distanceX between the right and left stoppers, and t
distanceY between the upper and lower stoppers, as sho
in the inset of Fig. 2~a!. We fabricated three fiber bende
used in the experiments withY54 mm andX510, 9, 4
mm to achieve an on-off bending loss of 0.25, 0.5, and
dB respectively, at 1310 nm.

In this system, the AB combined with a fiber connect
with an appropriate return loss is used to produce a h
bending loss of 9 dB, while a coaxial cable fault is occu
ring. Thus, an attenuated Fresnel reflection spike, repres
ing the alarm of a cable fault, can be identified from t
OTDR trace at the end of dummy fiber. In the meantim
the DB is modulated with a digital bit stream, which in
cludes the message of fault types and fault position. At
TX site, the detected overall OTDR trace include two par
one called the signal-fiber trace and the other called
dummy-fiber trace~see Fig. 1!. The signal-fiber trace pre
sents the monitored status of the optical signal transmis
375Optical Engineering, Vol. 39 No. 2, February 2000
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Fig. 2 (a) Schematic diagram of the fiber bender and (b) and illustration of the bending-loss charac-
teristics of a 2-bit composite DB.
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fiber. The dummy-fiber trace represents the monitored
tus of the dummy fiber, which reveals the coaxial ca
monitored messages. The dummy-fiber trace can be
cessed, and thus the frequency-swept status of the co
cable can be demodulated by using the PC at the TX site
consequence, the centralized on-line monitoring of b
cables can be achieved without the requirement for~1! a
bidirectional line between PCs in the TX site and the R
site and~2! extra electrical or optical return links.

3 Experiments and Results

In the experiments, the HFC network is composed o
conventional SMF of 12.5 km, two 7C coaxial cables~CX1
and CX2 with 299 and 300 m lengths, respectively!, and a
unidirectional rf line amplifier with a 750-MHz bandwidth
The 1/ALC value of this 7C coaxial cable is about 2.7
3108 m/s. An HP8663A synthesizer was used to prov
the sweeping signals. Two dummy fibers, DF1 and D
each about 2.2 km, were used. The Anritsu MW094
OTDR at 1310 nm is operated with a pulsewidth of 100
at a repetition rate of 1.5 kHz. The OTDR detected
Rayleigh backscattered signals of both the 12.5-km sig
fiber and the 4.4-km dummy fibers, Figure 2~b! illustrates
the bending loss of a 2-bit composite DB, which w
formed by cascading a 0.5-dB DB followed with a 0.25-d
DB. Note that the maximum error of the total bending lo
of this composite DB at any data-bit states is less than 0
dB, and hence the modulation repeatability is quite go
Because of restrict environmental conditions in field, ho
ever, more careful designs for these digital fiber benders
required in practice.
ptical Engineering, Vol. 39 No. 2, February 2000
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Figure 3~a! shows the OTDR trace for the HFC netwo
under a normal coaxial cable condition and the correspo
ing frequency-swept spectrum. Note that a flatZi is ob-
served due to good impedance matching. When a fiber
occurred at 2.1 km, the OTDR trace in Fig. 3~b! responds
exactly to this abnormal condition. When a coaxial cab
fault happened with an open circuit at 299 m, Fig. 3~c!
illustrates the OTDR trace and the corresponding sw
spectrum. Note that an attenuated Fresnel reflection is
served in the OTDR trace because the AB is activated
alarm this fault. In the corresponding swept spectrum,
frequency spacingf s between the 455-kHz valley points i
measured by the LSA, then the fault positionl f of 299 m
was calculated and obtained by the RX site PC. After r
ognizing the fault type and fault location, the RX site P
digitized this information into a bit stream of twelve bits o
‘‘ 10 10 01 01 01 10’’. The leftmost bit 1 represents a
open-circuit fault and the other 11 bits represent the fa
position at 299 m(55983 0.5 m). Here, the 0.5 m is a pre
defined encoding length. The PC then encoded this 12-
sequence through an AB and a composite 2-bit DB into
sets of 3-bit data interleaved with five set of three 0 b
Each bit periodT is about 100 ms. The encoding, decodin
and readout processes are shown in Fig. 4. The first se
three bits of011 is used to recognize the starting time of t
data message, and every bit stream of 000 is used to s
rate the different data bits. The leftmost bit of each set
three data bits represents the AB in the on~or off! state
when it is bit 1~or 0!. The data bit will be read out eac
erms of Use: http://spiedl.org/terms
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Fig. 3 OTDR trace and associated frequency-swept spectra of coaxial cable: (a) the normal OTDR
trace with normal coaxial cable operation and the corresponding frequency-swept spectrum of normal
coaxial cable, (b) the abnormal OTDR trace with a fiber cut at 2.1 km, and (c) the OTDR trace for
normal fiber cable operation but with an open-circuit coaxial cable fault at 299 m and the correspond-
ing frequency-swept spectrum.
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time from the dummy-fiber trace processed by the PC at
TX site, when such an AB is 1. Finally, the coaxial cab
with an open-circuit fault at 299 m was identified. Cons
quently, the experimental results confirm the feasibility
proposed technique.

A single DB with a 4-bit level can provide a 2-bit en
coding with about 20 bit/s transmission rate when
OTDR operated at the 1.5-kHz repetition rate. The utiliz
tion of more DBs with dummy fibers can extend the
number and thus speed up analysis of the cable fault.
instance, by cascading four such DBs with five segment
dummy fibers, a transmission rate of 80 bit/s can
d From: http://opticalengineering.spiedigitallibrary.org/ on 04/28/2014 T
r
f

achieved. For proper operation of the encoded OTDR,
shortest dummy fiber length per segment should be la
than twice the used OTDR event dead zone. The superv
signal-fiber length that can be reached is about 35 km
this OTDR with a dynamic range~DR! of about 15 dB
using a probe pulsewidth of 100 ns~an event dead zone o
about 50 m!. The larger the pulsewidth, the larger the D
and thus a longer supervised fiber link; however, the ev
resolution worsenes. Furthermore, a supervised coa
cable length of 1800 m for conventional 7C cable can
reached because of the 42-dB effective detection DR of
SFG and LSA we used.
377Optical Engineering, Vol. 39 No. 2, February 2000
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4 Conclusions

We successfully demonstrated an integrated ca
monitoring technique for HFC networks using the FD
method incorporated with an OTDR and fiber benders. T
FDA results are encoded in the dummy fibers throu
alarm and data fiber benders. The monitoring status of b
cables can be simultaneously observed and identified f
a single OTDR trace without the necessity for addition
maintenance networks. This technique can be easily de
oped into an automated in-service surveillance system
provide real-time monitoring to enhance HFC network
liability.
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