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Abstract- Airfield Ground Lighting (AGL) systems are
responsible for providing visual reference to aircafts in the
airport neighborhood. In an AGL system, a large nunber of
lamps is organized in serial circuits, and connectkto current
regulators that supply energy to the lamps.

Controlling and monitoring lamps (including detection and
location of burnt-out lamps) are critical for costsaving
maintenance and operation of AGL systems. Power-ln
Communications (PLC) is an attractive technology toconnect
elements of the AGL, reusing the power distributioncable as a
transmission medium. PLC technologies avoid the itallation of
new wires throughout the airport infrastructure.

This paper proposes a new model for power-line
communication links in AGL systems. Every elementigolation
transformer, primary circuit cable, and lamps) hasbeen analyzed
in laboratory and modeled using SPICE. The resultig models
have been integrated to build a complete power-linéink model.
Simulation results are compared to experimental ragts obtained
in real conditions in the Airport of Seville (Spain.

Index Terms- Aircraft landing guidance, lighting control,
power distribution, power-line communication, airports, airfield
lighting systems.

I. INTRODUCTION

bidirectional). Additionally, the International GlivAviation

Organization (ICAO) [3] and the Federal Aviation &gy
(FAA) [4] impose security restrictions (maximum nioen of
burnt-out lamps, etc.). As a result, the runway tiealse out of
service during significant periods of time due taimtenance
operations in the AGL systems. Therefore, this adenhas
stimulated the development of new technologiesatulifate
these tasks.

The hard operation conditions of the runway, ad a®the
reluctance of the airport authority to install neables, avoid
the development of wired-based solutions. Wireless
technologies are also rejected due to possiblef@émence in
radio navigation instruments. In this situatiorg tower-line
communications (PLC) systems over AGL become an
attractive choice. PLC technologies reuse the sameer
distribution cable to provide data communicationaimby
control and supervision, avoiding the installatiof new
cables.

There are some solutions in the marketplace thatRisC
technology[5] in AGL, and some experimental results have
been published [6]-[7]. However, there is stillaak of proper
models to allow planning and deployment of thesgtesys,
especially when compared to conventional PLC appbos
such as in-door or access technologies.

Worldwide trends in aviation industry indicate that The opjective of this paper is twofold: to propose
monitoring and controlling airfield lighting system complete simulation model for narrow-band PLC liniks

increase the airport capacity and operation -efficye
improving the safety in both the air traffic corteo and the
aircrafts [1], [2].

Airport Airfield Ground Lighting (AGL) systems arin
charge of emphasizing the runway, giving visuaérefice of
speed and alignment to aircrafts in the final stagd
approaching, landing and taxiing operations [3].

AGL power-lines, as well as to evaluate the impakcthe
AGL elements in the communications system. The ltiagu
simulation model will help engineers to propertyside,
maintain and operate AGL systems based on PLC
technologies. Experiments performed in the airpbrEeville
(Spain) validate these models.

This paper is organized as follows. Section Il dbss the

The so-called marker lights, or beacons, are lamgg; system, as well as the topology proposed fo€ fibks.

installed in devices, which modify the patterngeimdity, color
and direction of the light emission. The numbebeécons is
variable (from 500 in small airports, up to 300@aGn the
larger ones) and involves an enormous and expemsivie of

In section Ill the main elements of the AGL systeme
analyzed in order to derive a SPICE model. In sad these
models are combined to build a complete PLC link.
Simulations results are also compared to experiahent

maintenance and conservation, mainly derived frdm® tmeasurements in section IV. Section V discusses stesign
detection and location of burnt-out lamps. Theseganust be considerations. Finally some conclusions are dram®ection
done in-situ, since most of the beacons are directional (g
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Il. SYSTEM ARCHITECTURE

A. System description

Fig. 1 depicts the basic structure of the AGL syste
Detailed specifications of the visual aids and thgoort
electrical systems can be found in [3] and [8]pessively.
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Fig. 2. Selected topology: the PLC unit is conneédtethe primary power circuit using an isolaticartsformer (IT) through the port aa’, and the lasnp
monitored and controlled by means of port bb’.

Constant Current Regulators (CCR’s) are placedhim tinformation to perform visual approaching; Runwaghting
regulators room, which is usually located in thegghborhood System (RLS), which consists of the runway cemnierledge,
of the airport electrical power supply. The CCRnigharge of threshold, and end lights; and taxiway and aprghtd, and
supplying a constant-tunable sinusoidal currerthéoprimary guidance signs, which help the pilot in the taximgneuver.
power circuit. The beacon brightness can be adjustigher

manually or remotely, by means of controlling thdRvalue B. Topology o
of the electrical current provided by the CCR. The PLC technology on the AGL power distributiostsyn
The CCR is series connected to a single-core cabée allows communication between connected components

primary circuit cable, which distributes the genedacurrent €USing the already existing cables.
to the lamps through the isolation transformer (IThe IT ~ We have selected a star topology, where the lames a
maintains the continuity of the series circuit, mwehen one homed into a central hub that manages the accéss toedia.

lamp is burnt-out. The IT also provides isolatioonfi the high The central hub is located in the CCR room, ancheoted to
voltages in the primary circuit. the airport network. The communication is assumedoé

The secondary power circuits use bipolar cablestmect S€Mi-duplex, and no repeater is considered in oalyais.
the lamps to the ITs. Due to the reduced bandwidth required for contnodl a

There are many types of beacons that can be groupditoring, there are some commercial narrow-bamnd P
according to their functionality in the followingiegories [3];: Mmedems that fit the system requirements. These mede
Approach Lighting System (ALS) & Precision Approaehth typically operate in frequencies from tens to a famdreds of
Indicator (PAPI) which provide pilots with the nesary Hz.
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The PLC modems are installed in the secondary itércu The first IT, termed type-1, is no longer commdigia
(see Fig. 2), using a parallel branch, rather thahe primary available, but it has been installed in many aigpaince the
circuit. This topology is repeated in the powerd®ain the sixties. The second IT, termed type-2, is widelgdign new
regulator room, where a PLC modem is connected égn® airports. Both isolation transformers have beeryaed using
of an isolation transformer to the primary circtihe selected a Vector Network Analyzer (VNA).
topology is safe, if one element of the PLC netwfaiks, it We have measured three parameters in the (80-209) k
would be isolated of the primary circuit and, capsmtly, frequency range: the short-circuit impeda@se (the VNA is
would not affect the normal operation of the AGlconnected to the primary port and the secondaryipahort-
components. circuited); the open-circuit admittanc¥oc (the VNA is

The selected topology is safer, cost-effective andures connected to the primary port and the secondaryipapen-
minimum interference with the normal AGL operatiodn circuited); and the insertion losses (@,; scattering
alternative serial topology, i.e. connecting thederos to the parameter). Tables | and Il show the measured ianmpeEs
primary circuit using inductive couplers, would uvédg to and admittances for both ITs at 80, 120, 160 artdk®z. Fig.
manipulate the cable shield. In addition, the iritkeccouplers 4a and 4b depict the measured insertion losses.
are expensive components (every beacon requiresaupder,
and up to several hundred beacons can be foundiircuait).
However, this alternative could be used to contfeetmodem

TABLE |
MEASURED SHORTFCIRCUIT IMPEDANCE FOR TYPEL AND TYPE-2 ISOLATION
TRANSFORMERS

located in the regulator room, since the primarpleais ype-1 transformer ype-2 transformer
available in the CCR rear connector. : _
Fig. 3 describes the topology of the PLC unit. Anooon [k:'Z] re?lg]sq |ma[g!§]Zs© reaig]sc) 'ma[%(]zsq
mode choke Lb is implemented to reduce the impache
X T : 80 62 408 25 94
high frequencies in the lamp. This component behas a
low pass filter, presenting high impedance at Plakrier 120 102 629 34 135
frequency, and reducing those power components €0 b 160 156 897 43 176
dissipated in t.he lamp. Conversel_y, the capaciwatienuates 200 237 1255 53 219
the high amplitude of the power signal, locate8tHz, at the
modem input. The signal transformer ST is in chaode TABLE I
coupling the PLC modulated signal to the secondacyit. MEASURED OPENCIRCUIT ADMITTANCE FOR TYPEL AND TYPE-2 ISOLATION
The topology described in Fig. 3 also includes #&ched TRANSFORMERS
power supply to provide energy to PLC unit, andekay to type-1 transformer type-2 transformer
switch on or off the lamp. f real(Yod | imag(YoQ real(Yoo imag(Yoq
The PLC modem unit has been prototyped using |alkHz] (7] [27] [ (27
development board from Renesas (YSDK-PLC-EU-B) that 80 4.4e-4 -2.8e-4 8.5e-4 -8.3e-4
includes a Yitran IT800 PLC transceiver. 120 35e-4 1.3e-4 6.7e-4 5.4e-4
b 160 3.0e-4 -1.3e-5 5.6e-4 -3.4e-4
a e bD 200 2.6e-4 9.2e-5 4.9e-4 -1.6e-4
2) Results

The short-circuit complex impedance of the type-1
transformer (see Table ) exhibits both a resistiral an
inductive behavior. The resistance is in the iraef62-237]Q
whereas the measured serial inductance variesenrdghge
[0.81-1.00] mH in the frequency band of interest.

The short-circuit complex impedance of the type-2
b’ transformer also exhibits a resistive and an iridadbehavior

(see Table Il). The resistance is in the inten2B8-52] Q,
which is smaller than the resistance of the tygetsformer,
whereas the measured serial inductance varieseinraghge
[0.19-0.17] mH in the same frequency band.

Note that the resistive behavior of both transfasrie not
due to the skin effect, which showfadependence.

We have used two different isolation transformersour The measured open-circuit admittance is present@alble
experiments: an old transformer manufactured by ABMB II. The real part of the admittance shows a reaskiehavior
and a type ring-core series transformer (RST) nauiufed due to skin effect (increasing witff®). The measured
by ADB-Siemens. Both components are ICAO and FAfonductance for the type-1 transformer is smallemtthe
compliant ([8], [9]). results obtained for type-2 transformer.

X

|| DC Power
Supply

Fig. 3. PLC modem unit.

Ill. PROPOSED MODELS

A. Isolation transformers (ITs)
1) Experiments description
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Fig. 4. Insertion losses versus frequency meadored) the type-1 transformer, b) the type-2 tfamser. The horizontal axis is divided into constan
intervals of 20 kHz per division in the intervaD[210] kHz. In subplot (a) the vertical axis i®&m with 2 dB per division from -26 dB to -6 dB, efdeas in
subplot (b) it is shown 1dB per division from -1& tb -1 dB.

Concerning the imaginary part of the admittance,tyipe-1
transformer shows an inductive behavior at low deatries,
which becomes capacitive for the highest frequeney,200
kHz. The type-2 transformer behaves more inducive the
imaginary part of its open-circuit admittance iveepositive
in the frequency range of interest.

The isolation transformer also exhibits a resisbhedavior,
which is modeled with two resistors: Rp and Rs. Fhant
resistor Rs models the resistive losses in thestoamer core.
Rs is a series resistor that models the windingdssFinally,
the input parasitic capacitance is modeled by #pacitor Cp.

Table Ill and Table IV show the adjusted values tloe

The measured parallel capacitor shows smaller gaine type-1 and type-2 transformers, respectively. A afelr
the type-2 transformer for frequencies up to 12QkHinductive dominant behavior due to Lm can be olesdrin

exhibiting similar values for large frequencies.

both cases. Note that the type-1 isolation transéorpresents

In conclusion, the model parameters estimated futh b a higher Lm than the type-2.

types confirm that the type-2 transformer outperf®rthe
type-1 one, since the latter presents greater Faakage,
resistive losses, and parasitic capacitance thafotimer. It is
confirmed in the measured insertion losses showfign 4a
and Fig. 4b. The type-1 transformer exhibits aritisn loss
in the interval [7, 21] dB, whereas it is in theeirval [3, 9] dB
for the type-2 transformer in the same frequentgrial.

3) Proposed model

The proposed electrical model for the isolatioms$farmer
is shown in Fig. 5. This model is generally used RF
transformers [10].

In Fig. 5, the dependent source models an ideasftoamer

behavior. The model has two inductdrs:is a series inductor,

Regarding the serial inductor Ls, the type-1 tramsgr
presents values four to six times higher than tme-2,
indicating that the flux leakage measured at argivequency
in the range of interest is much higher in the type
transformer.

Both resistorsRs andRp, increase with the frequency. It
can be observed that the losses in the transforcoes
(modeled a&kp) exhibit a frequency dependency similar to the
skin effect.

B. Beacon lamp

We have analyzed a type L2501-45W-6.6A-EXM halogen
lamp (manufactured by Sylvania). The vector network

and Lm is the magnetizing inductoThe series inductor @nalyzer shows that the lamp basically exhibitsesistive

models the flux leakage, while Lm is responsibleifiaucting
current in the secondary port.

L

Lm R Cp

=5

Fig. 5. Proposed model for the isolation transfarme

Vi

behavior approximately equal to 100OQmin the whole
frequency range under study. Note that this vaduen times
smaller than the impedance measured for 50 Hz.

C. Primary circuit cable

1) Cable description

The primary series circuit cable is a screenedlsiogre
cable that provides an isolation voltage of 5kV.eTd¢opper
conductor cross section can vary from 6 T8 mnf-AWG.
A grounded metal screen surrounds the conductaiatisn.
This screen protects the cable against electricsthdrge
phenomena, and gives the cable a higher mechastreaigth,



especially against rodents.

We have selected a FAA L-82¢pe B compliant cable,
and we have performed some measures in the lalbpiating
a vector network analyzer.

2) Proposed model and results

5

circuit in the PLC frequency band), responsible for
decoupling the lamp at high frequencies.
The generatolg provides a sinusoidal signal with fixed

amplitude (5Vpp) and tunable frequency. Both, taegmitted
(VTX and the receivedVRX® voltages are measured with

Since the shorter wavelength used in PLC is apprately oscilloscopes connected RgandRt, respectively.

The transmitted beacon is located in the regulabom
typically greater than the 1 km, a distributed nlode (Fig. 7) whereas the receiver beacoadshocinstalled in one
proposed, i.e., a lossy transmission line. We asstirat the of the IT enclosures in the neighborhood of theulatpr

1.5 km (equivalent to 200 kHz) and the cable length

main propagation mechanism in power-line commuidoais
due to a traverse electric magnetic (TEM) propagatinode.

A vector network analyzer has been connected bettee
core and the metallic shield in order to measueeghimary
line constants of the lossy transmission line: disributed
resistanceR’), the distributed inductancé’, the distributed
capacitance’) and the distributed conductand®’). These
results, measured at 80, 120, 160 and 200 kHzprasented
in Table V. From these results, we derived thenestd
electrical parameters (see Table VI) for the sekbectnge of
frequencies. In Table VX, is the characteristic impedanae,
is the attenuation constant (in'jn S is the phase constant,
is the propagation velocity, and is the attenuation constant
(in dB per km).

IV. MODEL VALIDATION

Once the elements of the power distribution netwuake
been analyzed and modeled, in this section thesielnh@re
validated. To this end, we have modeled and siradlan
airfield ground lighting network using SPICE. ThHeslation
results have been compared to experimental reduits field
experiments have been performed in the airporesflls.

A. Field experiment description

We have chosen the taxiway edge circuit to cartytbe
experiments. This circuit is close to the airperntinal, and it
is used to guide the pilot to drive the aircraftvien the
berthing and the parking areas.

The selected circuit has 72 beacons (one beacdkingass
a transmitter connected to a type-1 transformeg, lmeacon as
a receiver also connected to a type-1 transforraed 70
passive beacons connected to the primary circuibuth
transformers of unknown types). The primary calslet500
meters long. The diagram of Fig. 6 describes tlpegment,
and details the transmitter and receiver beacons.

A signal function generator is used as a transmittth an
output impedanc®g=50Q2, whereas the resist& models the
receiver side. Transmitter and receiver are cordetd the
beacons using the following elements:

—a toroidal signal transformer ($Tand S|k, made of

ferrite, and designed to provide low distortion and

reduced attenuation in the selected frequency band.
—a capacitor (Cb) that works as a high pass filteis in
charge of presenting high impedance at the povgerabi
frequency (50 Hz or 60 Hz), whereas the high fregye
currents can flow to the signal transformer.
—an inductor (Lb) that behaves as a low pass fitbeen-

room.

TABLE Il
MODEL OF THETYPE-1 ISOLATION TRANSFORMER IN THE FREQUENCY BAND
OF INTEREST
f [kHz] = 80 120 160 200
Lm [mH] = 5.07 4.64 4.36 3.65
Ls [pH] = 812 835 892 1000
Cp[pF] = 182 205 213 249
Rs=af? a=11e58=1.38
Rp=a'f?” o' =3.084 =0.58
TABLE IV
MODEL OF THETYPE-2 ISOLATION TRANSFORMER IN THE FREQUENCY BAND
OF INTEREST
f [kHz] = 80 120 160 200
Lm[mH] = | 243 | 205 | 180 | 1.67
Ls [pH] = 187.8 179.3 175.4 174 .4
Cp[pF] = 718 | 1384| 2150 2497
Rs=af? o =3.22e-3=0.79
Rp=a'f” ' =155 =054
TABLE V
MEASURED TRANSMISSION LINE PARAMETERS FOR THE PRIMARCABLE
f [kHz] 80 120 160 200
R [Q/m] 2.12e-2 2.47e-2 2.66e-2 2.94e-p
L' [uH/m] 3.60e-1 3.47e-1 3.45e-]] 3.44e-1
C'[pF/m] = 1.22e-1 1.23e-1 1.23e-1 1.25e-1L
G' [S/m] = ~0
TABLE VI
ESTIMATED ELECTRICAL PARAMETERS FOR THE PRIMARY CABE
f [kHz] 60 100 140 200
a[m] 19e-4 | 2.3e4| 25e-4| 2.8e4
B [m7] 2.5e-3 | 4.1e-3| 5.7e-3| 8.2e-3
Vp(w) [m/s] 1.5e8 1.5e8 1.5e8 1.5e8
Zo[Q] 54.2 53.2 52.8 52.5
o' [dB/km] 1.7 2.0 2.2 2.4
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Fig. 6. Field experiments: transmitter and recedetniled schematics.

All the experiments have been done with the curre
regulators turned-off and in short-circuit. Furtinere, the
other 70 beacons are composed of one lamp direatigected
to the isolation transformer. Fig. 7 shows a phattahe test
benchmark.

B. Simplified model

The scheme presented in Fig. 6 has been simulated
SPICE using the models proposed in Section Ill. Tife
passive beacons (without PLC units) are assumedeto
equally distributed along the primary circuit. Hencthe
primary cable is equally chopped in 60 meters Isegments.
Every segment is modeled as a lossy transmissien li

In the 70 passive beacons the lamp is directly ecotad to
the isolation transformer. Note that this situati®only useful
to emulate this experiment. In the final applicafievery
beacon has the same scheme depicted in Fig. 6.

C. Results
Fig. 8 shows the transmitter input voltag€Tyg, the

Fig. 7. Field experiments: transmitter locatedhia tegulator room onto the
constant current regulator.
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Fig. 8. Simulation versus experimental results.

received output voltageVR», and the channel attenuation
(VTx/VRxin dB) versus frequency. In this figure the values

provided by SPICE simulations are compared to the

experimental results measured in the airport. Ih dze

concluded that the proposed model is especialligal the

center frequency, i.e. around 140 kHz. In the loaed the
upper end of the frequency interval some smalkdéfiices can
be observed.

Another important result is that the attenuatiormiainly
due to the isolation transformers. For examplé2&tkHz, the
measured attenuation is 44dB: the isolation transéos
attenuate the PLC signal 38dB (19dB in the Tx +B.@dthe
Rx), the transmission line 2dB (which means thaytlare
about 1 km apart), and the signal transformersfitteds 4dB
(from the measurements taken in the laboratory).

V. THEPLCLINK

This section proposes a simple mechanism for power
budget calculation in PLC links over airfield grautighting
systems. The proposed method is suitable for nabamd
PLC modems working in the (60-200) kHz frequencgcan
addition, a set of rules is also given in ordeh#édp designers
to develop and optimize these applications.

A. Power budget calculation

The elements which introduce attenuation in th& Hne:
the isolation transformers, cables, coupling cirgui(i.e.,
those circuits in charge of injecting or recoveritig PLC
signal) and other circuitry (lamps, CCR and praters).



The largest attenuation is due to the isolationdi@mers. suitable for this application.
This attenuation exhibits a strong dependency encturier The main elements of an AGL circuit have been amely
frequency (which is a design parameter and can ddified and measured in laboratory to obtain their SPICHet®
according to the system requirements). Moreover thising these models a complete PLC link model hasnbe
attenuation depends on the transformer type (wisicimlikely obtained which has been validated by means of field
to be replaced). The transformer attenuation cay fram experiments.
6dB (at the lowest frequency using the analyzede-®p In our analysis, we have realized that the attéomais
transformers in both extremes of the PLC link) falB (with mainly due to the isolation transformers, which hiyg
the carrier frequency close to 200 kHz using thpety depends on the type of transformer used in theodirpn
transformer in both, the transmitter and the rez®iv addition, the cable attenuation could be dominaat f

Regarding the cable attenuation, the distance etwdransmission between the CCR room and the fartiesstons.
beacons rarely exceeds 100 m including both, thegoy and Finally, a set of design considerations are giverhe¢lp
the secondary segments. Therefore, if a beacoedodn designers to optimize PLC networks for this appitca
communication is considered, the expected attemuais
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