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Path Loss From a Transmitter Inside an Aircraft
Cabin to an Exterior Fuselage-Mounted Antenna

Kathy Wei Hurst and Steven W. Ellingson, Senior Member, IEEE

Abstract—The increasing use of mobile electronic devices by
passengers and equipment on large aircraft may increase the like-
lihood of interference with the aircraft’s electronic systems. Thus,
the “interference path loss” from a transmitting device inside the
cabin of such aircraft to the antenna terminals of a victim system
of the aircraft is of interest. Full-wave modeling and other deter-
ministic techniques are impractical or undesirable for this purpose
due to the potentially large electrical dimensions of the aircraft, as
well as the variability of the cabin configuration. An alternative hy-
brid analysis technique applicable to frequencies above very high
frequency is proposed in which one first estimates the power that
escapes the cabin using a simple method based on microwave cavity
theory. Next, the radiating windows are modeled as magnetic cur-
rents on a cylinder modeling the fuselage, and the resulting electric
field at the location of the victim antenna is determined using the
uniform geometrical theory of diffraction. Finally, the power deliv-
ered to the victim antenna is estimated as the coherent sum of fields
incident from the windows. This technique yields results consistent
with measured results and yields additional physical insight that
would be difficult to obtain through measurements or full-wave
methods.

Index Terms—Aircraft antennas, indoor propagation, uniform
geometrical theory of diffraction (UTD).

I. INTRODUCTION

MODERN aircraft use a complex suite of electronic sys-
tems for navigation and communications [1]. Flight

safety depends on the unimpeded operation of these systems.
However, the increasing proliferation of mobile electronic de-
vices such as cellular phones, wireless LAN-enabled computing
devices, and radio-frequency identification (RFID) systems may
increase the likelihood of interference. Thus, it is of interest to
determine the path loss from a transmitting device inside the
cabin of a transport aircraft to the RF input of a potential vic-
tim system of the aircraft. Given this “interference path loss”
(IPL) and an estimate of the power radiated by the transmitter,
the power delivered to a victim system can be determined and
compared to known thresholds for vulnerability [2], [3] to de-
termine the margin of safety. Previous efforts to measure IPL
directly have demonstrated that accurate and repeatable mea-
surements are difficult to obtain, yielding instead typically large
variances with sensitive dependence on the measurement tech-
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niques employed [4]–[8]. Recently, an evolved measurement
methodology for small aircraft has been reported [9]. An exam-
ple of IPL analysis demonstrating the deleterious impact of IPL
uncertainty is presented in [10]. A method for estimating IPL for
cabin-to-antenna problems with accuracy comparable to direct
measurements is desirable as a means to validate measurements,
as a tool for interference vulnerability analysis generally, and
for design and assessment of mitigation techniques.

This paper specifically considers the problem of how to de-
termine IPL defined as the power delivered to the terminals of
a victim antenna mounted on the fuselage, relative to the to-
tal power radiated by a transmitting device inside the cabin. A
rigorous solution to this problem using full-wave integral equa-
tion methods is awkward due to the dimensions of the fuselage
(tens of meters) relative to the wavelengths of interest, which
can be as small as 60 mm, corresponding to the approximately
5-GHz frequency of operation of the microwave landing system
(MLS). (However, it is noted that such analysis is quite practical
for small vehicles at low frequencies; see, e.g., [11].) Further-
more, the configuration of the cabin is difficult to anticipate and
can vary over time, and includes a complex collection of objects
including people, seats, luggage, bulkheads, and cargo. Prior
investigations (including those cited in the previous paragraph)
have mostly bypassed this problem by focussing on the portion
of the path loss measured from the point at which power leaves
the fuselage, to the victim antenna. However, lossy materials
within the cabin play a role in determining cabin-to-antenna
IPL. Therefore, it is desirable that any new analysis technique
yields reasonable estimates of IPL in the presence of these fea-
tures, but at the same time should not require detailed informa-
tion about the specific geometries or constitutive parameters of
the media.

Thus, a more specific restatement of the problem addressed
here is as follows. Consider a modern transport aircraft that
includes a large cabin area. The cabin could be passenger space
(i.e., seating), cargo space, or some combination of the two. An
emitter transmits from an unspecified location in the cabin. The
radiated signal propagates within the cabin, where it is either
absorbed by the material in the cabin (such as seats or people),
or escapes from the cabin through windows or possibly other
mechanisms. Some fraction of the signal power that escapes
from the cabin radiates away safely from the aircraft, whereas
some remaining fraction will propagate along the surface of
the fuselage and can be received by the victim antenna located
somewhere along the dorsal (i.e., top or zenith facing) area of
the fuselage. It is the IPL associated with this combination of
mechanisms that is the focus of this paper.

The proposed solution to this problem consists of three steps.
In the first step, the power that escapes the cabin through
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windows is estimated. Transmission through windows is as-
sumed to be the dominant mechanism for power escape from
the cabin, as opposed to other mechanisms such as leakage
through gaps around doors, or conducted emission via wires.
Evidence indicating that transmission through windows is in
fact the dominant mechanism for escape from an aircraft cabin
at frequencies above very high frequency (VHF) appears in [12].
(At VHF and lower frequencies, propagation along wiring and
through door seams become important and should not be ne-
glected.) In the second step, the radiating windows are treated
as magnetic currents on a perfectly conducting cylinder mod-
eling the fuselage exterior, and determine the resulting electric
field at the location of the victim antenna. Finally, the power
delivered to the victim antenna from the incident electric field
is estimated using a simple model for the antenna. Because
the phases of the equivalent magnetic current sources used in
the second step are expected to be effectively randomly dis-
tributed, steps 2 and 3 are repeated many times in Monte Carlo
fashion, varying the phases from trial to trial, to determine
the distribution of possible IPLs. A finding from simulations
for various aircraft is that the mean IPL determined using this
procedure is typically about 20 dB greater than the minimum
IPL.

The first step—estimating power that escapes the cabin
through windows—is performed using a strategy referred to
as “power balance theory” (PBT). PBT models the cabin as a
cavity that contains only simple loss mechanisms, such as ab-
sorption in lossy materials and radiation through apertures, using
the method of Hill et al. [13]. The results are independent of the
geometry of the cavity and the position of the emitter, depending
instead only on simple, general parameters such as the cavity
volume, effective cross section of transmission (for windows),
and effective cross section of absorption (for lossy materials).
This is ideal in the present problem as it is not convenient to
specify the position of the emitter nor the details of the geometry
inside the cabin, for the obvious reasons that both can change
and a more generally applicable characterization is desired. The
PBT methodology is described further in Section II-A.

The second step involves calculation of the electric fields that
propagate from windows to the victim antenna along the surface
of the fuselage using a convex surface diffraction formulation of
the uniform geometrical theory of diffraction (UTD) developed
by Pathak and Wang [14]. The efficacy of UTD for predicting the
propagation over the fuselage of large aircraft for frequencies
as low as the VHF band was previously demonstrated in [15],
although in that work, the application was to determine coupling
between antennas. The UTD approach yields the desired results
with very low computational effort and is described further in
Section II-B.

Section II-C provides a complete, integrated description of the
procedure for calculating IPL. This procedure is demonstrated
by example in Section III, where it is applied to the study of IPL
from the cabin to the global positioning system (GPS) antenna
for various aircraft at the 1575 MHz “L1” frequency of op-
eration. Section IV addresses the applicability of the method
to other frequencies. Finally, conclusions are presented in
Section V.

II. THEORY

A. Calculating Power Escape Through Windows

PBT accounts for the dissipation of power radiated by a source
in a cavity using the concept of quality factor Q, which can be
interpreted as the ratio of energy dissipation over time to the
total available power, where f is the frequency of interest. In
the present problem, the cabin is treated as a microwave cavity
having an overall quality factor given by

Q =
2πfUs

Pd
(1)

where Us is the steady-state energy stored in the cabin and Pd is
the total power dissipated. The cabin Q can also be determined
from quality factors associated with various mechanisms that
account for Pd as follows:

1
Q

=
1

Q1
+

1
Q2

+
1

Q3
+

1
Q4

(2)

where Q1 , Q2 , Q3 , and Q4 are associated with losses due to
wall conductivity, absorption in lossy materials, escape through
apertures, and power captured by other antennas in the cabin,
respectively. In the present problem, Q2 accounts for power
dissipation within seats, people, and other lossy objects; whereas
Q3 accounts for power escape through windows in the cabin. In
each case

Qn =
2πfUs

Pdn
, where n = 1, 2, 3, 4 (3)

and where Pd1 , Pd2 , Pd3 , and Pd4 are the power dissipation
associated with Q1 , Q2 , Q3 , and Q4 , respectively. In order to
satisfy the principle of conservation of power, Pd must be equal
to the total power transmit PT . Thus, the total power lost though
windows relative to the total power transmitted is

Lw =
Pd3

PT
=

Pd3

Pd
. (4)

If it is assumed that the walls of the cabin have sufficiently high
conductivity, and also no other antennas in the cabin with signif-
icant power-capturing ability are at the same frequency, then Q1
and Q4 will be large relative to Q2 and Q3 . At frequencies above
VHF, other sources of loss including coupling onto wiring and
propagation through door seems are assumed to be negligible.
In this case, one finds from (2) and (4) that

Lw ≈ Q2

Q2 + Q3
. (5)

Expressions for Q2 and Q3 are available from [13] as follows:

Q2 =
2πV

λ 〈σa〉
(6)

Q3 =
4πV

λ 〈σt〉
(7)

where V is the volume of the cavity, λ is free-space wavelength,
〈σa〉 is the mean absorption cross section for all lossy material
in the cavity, and 〈σt〉 is the mean transmission cross section
for all apertures in the cavity. In both cases, the mean is taken
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over all possible angles of incidence; each being considered to
be equally probable.

Reasonable estimates of 〈σa〉 are required. It is assumed that
the sum of lossy material is accounted for by the combination of
people and seats, and that all other material in the cabin has neg-
ligible loss in comparison. It is known from previous theoretical
and experimental work on the effect of people on propagation in
enclosed spaces that it is reasonable to model scattering and ab-
sorption statistically and/or using simple geometric models, and
that the results are only weakly frequency dependent [16], [17].
It is also known from previous experimental work that the
mean absorption cross section of a typical person 〈σap〉 is about
0.4 m2 at 2.4 GHz, and varies very slowly with frequency [18].
The absorption cross section of a typical seat 〈σas〉 is known
to be approximately 0.04 m2 at microwave frequencies, again
varying very slowly with frequency [19]. Thus, one can estimate

〈σa〉 ≈ Np 〈σap〉 + Ns 〈σas〉 (8)

where Np and Ns are the number of people and seats, respec-
tively, in the cabin.

Reasonable estimates of 〈σt〉 are also required. As discussed
in Section I, it is assumed that the dominant mechanism here is
transmission through windows. It is further assumed that only
the area—and not the shape—of windows is important, such
that the windows can be modeled as circular apertures of radius
aw . From [13], one finds that the transmission cross section for
a single window is

〈σtw 〉 ≈
πa2

w

2
, if kaw > 1.29 (9)

〈σtw 〉 ≈
16
9π

k4a6
w , if kaw < 1.29 (10)

with the former and latter expressions corresponding to windows
that are electrically large or electrically small, respectively. A
more detailed and rigorous analysis of this problem is presented
in [20], but this simpler formulation appears to be adequate
for the present problem. The total transmission cross section is
expressed as

〈σt〉 ≈ Nw 〈σtw 〉 (11)

where Nw is the total number of windows in the cabin.
In subsequent steps, it is important to know not just the total

power escaping from all windows, but specifically the power
escaping from each window. It is assumed that the power es-
caping from each window is equal, independent of the location
of the transmitter within the cabin. Of course, this cannot be
exactly true, since one would intuitively expect that windows
closer to the transmitter convey more power than those further
away. However, this effect is believed to be strongly mitigated
by the copious scattering that occurs within the cabin. This is
most easily seen from a ray-optical viewpoint: any ray emerg-
ing from the transmitter is likely to have been reflected many
times before escaping through a window; therefore, the win-
dow through which it escapes is essentially random. Evidence
for this assumption is presented in [12], where it is found that
the variation from window to window in relevant comparable
scenarios is less than 5 dB at frequencies above VHF.

Fig. 1. Equivalent currents modeling radiation from a window.

B. Calculating Propagation Over the Fuselage

In the previous section, a method was described for estimat-
ing the power that escapes the cabin through windows. The
problem of how to determine the power delivered to the victim
antenna is now considered. The electric field emerging from any
given window must “creep” along the surface of the fuselage
in order to reach the victim antenna [21], [22]. The total elec-
tric field at the victim antenna is the sum of these contributions
from all windows. Past work attempting to explain and quantify
this mechanism by comparison of in situ measurements to mea-
surements made under controlled conditions using simplified
mock-ups have not yielded satisfactory results [4], [23]. In this
section, an analytical approach is described that is simple, pro-
vides physical insight into the problem, and in combination with
PBT seems to yield reasonable results, as shall be demonstrated
in Section III.

Analysis begins with the problem of modeling the escape of
fields through windows. It is well known that the problem of
scattering by transmission through an aperture in a perfectly
conducting surface can be modeled as the radiation of magnetic
currents over the same area of the surface, but without the aper-
ture [24]. In this procedure, the magnetic currents are determined
by the enforcement of electromagnetic boundary conditions on
the surface in the vicinity of the aperture. This is not possible
in the present problem because expressions for the fields over
the aperture are not available; instead, only the total power ra-
diated by the aperture is known. To overcome this problem, the
magnetic current distribution is modeled very simply as a pair
of orthogonally polarized magnetic current moments, as shown
in Fig. 1. Note the currents are located at the geometrical center
of the aperture, tangent to the surface, and oriented parallel to
and transverse to the axis of cylinder. Furthermore, it is assumed
that each source is responsible for one-half of the power—an



HURST AND ELLINGSON: PATH LOSS FROM A TRANSMITTER INSIDE AN AIRCRAFT CABIN 507

assumption that is justified on the basis that one expects the
escaping electric field to be randomly polarized as the result of
many reflections within the cabin.

In order to use the model proposed earlier, it is necessary to
determine the magnitude of current moments that give rise to
the same amount of power known to be escaping from the given
window. This can be determined as follows. Consider a current
moment pm = Im Ll̂, where Im is the magnetic current (having
units of volts), L is length, and l̂ is a unit vector representing the
polarization of the source. The far-field electric and magnetic
fields arising from this source in free space are

E = − jk

4π
pm × r̂

e−jkr

r
(12)

H = +
jk

4πη
pm × r̂ × r̂

e−jkr

r
(13)

where k is the free-space wavenumber 2π/λ and r̂r is the vector
pointing from the source point (center of the current moment) to
the field point (point of measurement). The power Pp radiated by
pm in these conditions is determined by computing the Poynting
(power density) vector associated with field described in (12)
and (13), and then, integrating this over a sphere in the far field
to determine the total power passing through the sphere. The
answer is

Pp =
k2 |Im |2L2

12πη
. (14)

Since the total power radiated by pm in the presence of the
conducting screen must be the same, and since each current
moment should account for half the total power radiated by the
window, one finds

pmφ = φ̂

√
12πηPp

k2 (15)

pmz = ẑ

√
12πηPp

k2 (16)

for the two current moment sources modeling the window, where
Pp = PT Lw /(2Nw ) since the power escaping each window is
assumed to be equal.

Er
p = − jk

4π
pm ·

[
2

(
b̂′n̂

{(
1 − j

kt

)
V (ξ)

+ T 2
0

j

kt
[U(ξ) − V (ξ)]

}

+ t̂′n̂

{
T0

j

kt

[
U(ξ) − V (ξ)

]})]
e−jkt

t

(17)

The electric field produced by a magnetic current moment pm

on the surface of a perfectly conducting cylinder, at some other
point on the surface, is given by (17) [14], where the parameters
are described as follows.

1) t is the distance from the source to the field point along
the geodesic (shortest surface) path. Using the coordinate
system implied in Fig. 1, t =

√
(a∆φ)2 + (∆z)2 where

Fig. 2. Geometry for use of (17).

a is the radius of the cylinder modeling the fuselage, ∆φ
is the angular separation between source and field points
along φ, and ∆z is the separation along z.

2) n̂ is the unit normal vector at the field point (i.e., the
location of the victim antenna).

3) t̂′ is a unit vector tangent to the surface, pointing from the
source point in the direction of the geodesic to the field
point; see Fig. 2.

4) b̂′ = t̂′ × n̂′, where n̂′ is the unit normal vector at the
source point.

5) T0 = cot δ, where δ is the angle, measured in the plane
tangent to the source point, between the axis of the cylinder
and t̂′.

6) ξ = mt/ρg where m = (kρg/2)1/3 and ρg = a/ sin2 δ.
7) V (ξ) and U(ξ) are the “hard surface” and “soft surface”

Fock integrals, respectively, described in [14].
Note that (17) is written in compact dyadic notation; for ex-

ample, “pm · b̂′n̂” is interpreted as (pm · b̂′)n̂. Consequently,
it is seen that Er

p is completely n̂-polarized, as required by the
relevant boundary conditions.

The electric field incident on the victim antenna Er is the sum
of the electric fields (Er

p ’s) due to the 2Nw individual current
moment sources, each calculated separately according to (17).
The resulting power delivered to the antenna terminals under
matched load conditions is [24]

PR =
1

8RA
|Er · le |2 (18)

where RA is the radiation resistance (i.e., the real part of the
antenna impedance) and le is the vector effective length of
the victim antenna. For an ideal thin quarter-wave monopole,
RA ≈ 36 Ω and le = n̂λ/(2π), assuming the surface curvature
is small compared to a wavelength. Although this is not nec-
essarily an accurate model for any other antenna that might be
used, a quarter-wave monopole serves as useful “worst case”
scenario since it has maximum gain uniformly distributed along
the horizon. The result for any other antenna can be calculated
by applying the expected difference in gain with respect to that
of a quarter-wave monopole.

Two important limitations of this method should be noted.
First, it is assumed that the electric field associated with any
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path longer than the shortest geodesic path (see Fig. 2) is either
suppressed by blockage or is much weaker than the field associ-
ated with the shortest path. This will be justified by experiment
in the next section. Second, the method is clearly limited to
scenarios in which the shortest geodesic path from each win-
dow to the victim antenna is unobstructed, and that any other
significant mechanism for power transfer from window to an-
tenna is insignificant, e.g., reflection from winglets. As a result,
the method as explained here is applicable mainly to victim an-
tennas located on the dorsal region of the fuselage, and cannot
necessarily be used for antennas located on the underside of the
fuselage, or on wings or tail surfaces, without additional modi-
fications to account for the new scattering geometry. However,
these modifications are quite feasible [25]. Antennas located on
the bottom half of the fuselage are known to experience signif-
icantly greater IPL, presumably since wings are likely to block
some of the propagation paths [26].

Finally, it should be noted that this method is essentially a
“high-frequency” technique and requires that the surface cur-
vatures of the fuselage be small relative to a wavelength in
order for the UTD creeping wave formulation to yield accurate
results. A typical transport aircraft has a > 2 m, which corre-
sponds to ka > 4.9 for frequencies greater than 118 MHz. This
suggests (17) is applicable over most of the frequencies com-
monly used in commercial aviation, as previously demonstrated
in [15]. Under no circumstances should the proposed method be
considered to be valid at VHF frequencies or below, since in this
regime, mechanisms such as coupling onto wires and propaga-
tion through door seams, which are neglected by the proposed
method, become important.

C. Summary of the Method

The method for finding the IPL from any point (unspecified)
in the cabin to a victim antenna located on the dorsal area of the
fuselage is summarized as follows.

1) Compute Lw using (5). If the transmitting antenna is
known to be located very close to a window, then ra-
diation direct from the transmitting antenna through the
window is important and Lw = 0.5 may be a better choice
if the window is electrically large. (See further discussion
of this in Section III-B.)

2) Determine pmφ and pmz for each window using (15)
and (16), respectively, with Pp = Lw /(2Nw ) (this can be
interpreted as being power transmit through windows due
to a 1-W emitter inside the cabin).

3) Determine the total electric field incident on the victim
antenna by summing the contributions, determined using
(17), of the 2Nw sources.

4) Determine PR using (18). Assuming the 1-W normaliza-
tion suggested in step 2, PR can also be interpreted as the
IPL.

5) Optionally, repeat steps 2–4, varying the phases of the
source currents according to independent uniform random
distributions, yielding the IPL distribution. From this, the
mean IPL can be determined. The minimum IPL can be
determined by forcing the electric fields to add coherently
in step 3.

TABLE I
AIRCRAFT CONSIDERED IN THIS STUDY

Fig. 3. Window geometry. In all cases simulated in this paper αw = 20◦ and
θg = 0 is assumed.

III. GPS IPL ESTIMATES

In this section, the method described in the previous sec-
tion is applied to the calculation of IPL for the L1 frequency
(1575.42 MHz) of GPS. The GPS antenna on an aircraft is lo-
cated in the dorsal region and is therefore a good candidate
for the method. Furthermore, measurement studies are available
that can be used for comparison, as shall soon be discussed.

The aircraft considered are listed in Table I, along with the
relevant dimensions. The manufacturer in each case is Boeing
Corporation, except for the A330 that is manufactured by Airbus
Corporation. Additional aircraft parameters are given in Fig. 3.
For all aircraft, it is assumed that windows have effective radius
aw = 14 cm, which makes them electrically large [kaw > 1.29,
as per (9) and (10)] at frequencies greater than 440 MHz. The
windows are assumed for the purposes of the present calcula-
tions to be evenly spaced along the length of the cabin, which is
assumed to be 0.8Lf , i.e., 80% of the length of the fuselage. The
volume of the cabin for PBT purposes is then roughly estimated
as

V = (0.8Lf )
(
πa2) 1

2
(19)

where the factor 1/2 is an estimate of the cabin volume relative
to the volume of the equivalent cylinder.

A. PBT Analysis

Results of the PBT analysis for these aircraft models are
summarized in Table II. In this table, loss in people and seats
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TABLE II
RESULTS OF PBT ANALYSIS AT 1575.42 MHZ (GPS L1)

is indicated as the percent of total power transmitted that is
dissipated in these media. In each case, the aircraft has been
analyzed for passenger loads of 0% (empty, no passengers),
50%, and 100% (full; one passenger per seat assumed). An
interesting finding is that all aircraft exhibit very similar results,
and that it is instead the passenger load that is the dominant factor
in determining the power transfer coefficient from transmitter
to exterior (via windows) Lw . The effect of passenger load is
especially evident in the “Loss in People” column. The factor
Lw is seen to vary from about −7 dB to about −19 dB for 0%
and 100% passenger load, respectively. It is also noted that the
cabin Q is found to be in the range 89–1768. This appears to be
consistent with reported measurements of a variety of aircraft
that found cabin Q’s to be in the range 10–1000, i.e., variable
over about two orders of magnitude [27].

B. Single-Window IPL Analysis

Considered next is the part of the path loss associated with
propagation from a window, along the surface of the fuselage,
to the GPS antenna. Measurements of this mechanism for a
Boeing 737 aircraft reported by Jafri et al. [7] provide a con-
venient source of data for comparison to predictions using the
method. In these experiments, the IPL was measured for a lin-
early polarized transmit antenna located in a window, repeating
the measurement for both vertical and horizontal transmit po-
larizations in each of the 33 windows on one side of the aircraft.
Each of these measurements is modeled using the equivalent
magnetic current moment, with the appropriate tangential ori-
entation, as a source. Zero passenger load is assumed. It is also
assumed that one-half of the total power radiated by the transmit

Fig. 4. Comparison of simulated and measured IPL data for vertical (V)
and horizontal (H) polarizations of a transmit antenna placed in the indicated
window. Note that IPL is shown in negative decibel, so that the vertical scale is
proportional to signal strength.

antenna propagates into the aircraft and is lost. This is justified
as follows: recall that the expected loss through windows (Lw )
is about−7 dB (from Table II), thus the portion of the power that
travels through the cabin and back out through other windows
must be at least 7 dB less than the portion of the power that is
radiated directly to the outside, and is spread across many win-
dows such that the contributions arriving at the victim antenna
from each window are unlikely to add coherently. Finally, it is
assumed that the gain of the GPS antenna is uniformly 19 dB
less than that of the reference resonant quarter-wave monopole
for which results are initially computed. This is based on the
understanding that the pattern of a patch antenna in the horizon
plane is typically −20 dB below maximum (zenith) gain, which
is about 6 dBi (e.g., see [28]). Thus, the appropriate correction
for results computed assuming a quarter-wave monopole with
5 dBi horizon gain is −19 dB.

The results are shown in Fig. 4. Both measurements and simu-
lation indicate that the dominant contribution for windows close
to the GPS antenna (which is above window no. 9) is vertical
polarization, whereas the dominant contribution is horizontal
polarization for windows further away. Note that the agreement
for the horizontal polarization is excellent, although given the
crude nature of the GPS antenna modeling discussed earlier, this
is possibly serendipitous. Nevertheless, the agreement in form
including the prediction of a null associated with window no. 9
(which is directly under the GPS antenna) is very encouraging.
The results for the horizontal polarization also exhibit the ex-
pected form, but with IPL 5–8 dB less than measurements for the
region around window no. 9. For both measured and predicted
results, the IPL decreases steadily with increasing distance from
window no. 9, and the difference between measurements and
prediction grows. These findings are consistent with previous
analysis and measurements by Devereux et al. [21], who also
demonstrated a similar trend in “per-window” IPL.

All aspects of this result are quite satisfactory except for
the significant difference between measurement and simulation
for vertical polarization when the source is in a window close
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TABLE III
RESULTS OF SIMULATION (“SIM.”) COMPARED TO RESULTS

OF VARIOUS MEASUREMENT CAMPAIGNS (“MEAS”)

to the GPS antenna. A possible explanation for this is that,
in the measurements, much of the power that is transmitted
directly into the aircraft emerges from the windows directly
across the cabin from the window containing the source, and
from there is able to contribute significantly to the result. One
would expect this mechanism to be subdued for a horizontally
polarized source, as reflections from the floor and ceiling would
be out of phase and would therefore tend to cancel the fields that
travel directly from window to window through the cabin. If this
is so, one need not be concerned about this in IPL calculations
for transmitters completely inside the cabin, since in that case,
one expects closer-to-equal power flow from each window.

C. IPL Statistics

The full method described in Section II-C is now applied to
determine IPL statistics for a source completely inside the cabin
to the GPS antenna. Results are summarized in Table III. Note
that both minimum IPL and mean IPL are computed. The mean
IPL was determined using the method suggested in step 5 of the
procedure in Section II-C. The minimum IPL was determined by
choosing component electric field phases that added coherently
to produce the maximum possible field incident on the antenna.

Fig. 5 is provided for ease in comparison. Note that the com-
parison is shown for two cases; in one case assuming in the
simulation that the aircraft was empty during the stated mea-
surements, and in the second case assuming 50% passenger
load for simulation. The actual situation in reported measure-
ments is typically not clear: whereas the measurements do not

Fig. 5. Comparison of simulated and measured minimum IPL data from
Table III. Circles (“◦”) correspond to simulations assuming empty conditions,
where as the “×” correspond to simulations assuming 50% passenger load. The
dashed line corresponds to perfect agreement.

involve passengers, in many cases, they seem to have involved
significant numbers of workers in the cabin, or may have in-
volved open doors or other conditions that would produce the
same effect. This may account for the large variance in the
measured results compared to the relatively small variance ob-
served in the simulated results. Agreement within an order of
magnitude seems to exist between simulation and measurement
in most cases, although clearly with high variance and some
outliers.

Two interesting observations from the simulated results are
as follows: 1) regardless of the aircraft considered, the effect
of increasing passenger load from 0% to 50% and then 50%
to 100% is an increase of about 7 and 3 dB in IPL, respec-
tively. Of course, this is could have been anticipated from the
PBT results. 2) The variation from aircraft to aircraft is within
an order of magnitude, at least in simulation. As implied be-
fore, the larger variation observed in measurements may be
due to differences in measurement procedures used for each
aircraft.

Finally, it is noted that specifically for the B737 aircraft,
Table III indicates that simulation appears to be estimating IPL
which is greater than measurement by between 2 and 9 dB. This
may be consistent with the finding shown in Fig. 4; specifically,
the contribution from the dominant vertical polarization of the
source antenna is being underestimated by the proposed tech-
nique. However, examination of the results for other aircraft
presented in Fig. 5 reveals that similar offsets are consistently
not seen for all aircraft, and thus, the source of the discrepancy
seen in the vertical source polarization results shown in Fig. 4
remains an open question.

IV. FREQUENCY DEPENDENCE OF IPL

The frequency dependence of IPL for the B737, which is the
same aircraft considered in Section III-B and one of the air-
craft considered in the previous section, is now considered.
Table IV shows the frequencies considered and the results.
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TABLE IV
PREDICTED MINIMUM IPL FOR A DORSAL-MOUNTED RESONANT QUARTER-WAVE MONOPOLE ON A B737 AIRCRAFT

Frequencies were selected to correspond to receive frequencies
of potentially vulnerable flight systems. To provide a uniform
comparison with changing frequency, the antenna was assumed
to be a quarter-wave monopole that is resonant at that frequency,
at the same location as the existing GPS antenna. (Obviously,
the actual IPL will be significantly different because each sys-
tem may use a different antenna located at a different position
on the aircraft.) For each frequency, the electrical radius of the
fuselage ka and electrical radius of a window kaw are indi-
cated. Note that ka is relatively large even at frequencies as low
as 118 MHz, providing some confidence that the UTD approach
described in Section II-B is reasonable. Also note that kaw is in
the “electrically small” regime for 118 and 330 MHz, which has
the effect of choking off power transmission through windows
(quantified as Lw ) and thereby greatly increasing IPL. How-
ever (as previously noted), it is expected that the mechanisms
of coupling onto wiring and propagation through door seams
become important in this frequency regime; thus, the prediction
of reduced IPL may not be valid in this case. Above the win-
dow’s “cutoff frequency” in the UHF range, Lw is effectively
constant with frequency because the frequency dependencies of
Q2 and Q3 are identical [see (6) and (7)] to the extent that the
absorption and transmission cross sections are assumed to be
frequency independent. Despite this, IPL rolls off at high fre-
quencies due to increased loss in the creeping wave propagation
from window to victim antenna. This results in a worst-case
IPL that occurs (with respect to the frequencies appearing in the
table) at 962 MHz. Finally, it is noted that, independent of the
frequency, the difference between 0% and 100% passenger load
is consistently a difference of about 10 dB in IPL.

V. CONCLUSION

This paper presents a technique, summarized in Section II-C,
for predicting the IPL for an important class of aircraft interior-
to-exterior propagation problems. The technique yields esti-
mates with minimal computational burden and does not re-
quire detailed information about cabin configuration. It was
demonstrated in Section III-B (using the GPS L1 system on
a Boeing 737 as a representative example) that the UTD-based
method employed by our technique yields reasonable agreement
with the results of published measurements of the window-to-
antenna coupling mechanism, although perhaps underestimat-
ing the contribution of the dominant vertical polarization for

the shortest path lengths. In Section III-C, it was demonstrated
that the complete technique nevertheless yields values for the
cabin-to-antenna IPL that are within an order of magnitude of
published measurements for a number of large transport aircraft
in most cases.

The data provided by the technique in the investigation in
Section III reveal that all large transport aircraft exhibit very
similar results, and that it is instead the passenger load that is
the dominant factor in determining the power transfer coefficient
from transmitter to exterior. It is also found that, regardless of
the aircraft considered, the effect of increasing passenger load
from 0% to 50% and then 50% to 100% is an increase of about
7 and 3 dB in IPL, respectively. The variation in simulation
results from aircraft to aircraft is within an order of magnitude
for the aircraft considered in this study. The larger variation
observed in reported measurements may be due to differences
in measurement procedures used for each aircraft.

The key advantage of this technique over full-wave modeling
is computational burden, which is very low and roughly inde-
pendent of frequency. In Section, the method was employed to
compute IPL for frequencies from 118 MHz to 5 GHz. It was
found that the worst-case IPL occurs at about 1 GHz, with IPL
decreasing at lower frequencies because the windows become
electrically small and “choke off” leakage to the outside, and
IPL decreasing at higher frequencies because of increasing path
loss for the “creeping wave” propagation from window to an-
tenna. Finally, it is noted that, independent of the frequency, the
difference between 0% and 100% passenger load is a difference
of about 10 dB in IPL.

Further development and evaluation is warranted to more
clearly determine the fidelity with which the proposed tech-
nique can predict IPL. Performance of the method proposed
here should first be validated in measurements on simplified
test models that satisfy as closely as possible the assumptions
made in developing the model. A method for accounting for
radiation direct from the transmitter preferentially to nearby
windows, not included here, should be considered. Subsequent
efforts require supporting measurements on actual aircraft at
a variety of frequencies in order to truly facilitate “apples to
apples” comparison across aircraft types and frequencies, and
also to obtain specific diagnostic measurements needed to test
hypotheses about relevant scattering mechanisms, e.g., testing
IPL on a window-by-window basis, varying passenger load lev-
els, and so on. Finally, the technique described here can be



512 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 50, NO. 3, AUGUST 2008

straightforwardly extended to allow calculations for antennas
located anywhere on the aircraft (not just along the dorsal area),
using additional UTD diffraction terms to account for the influ-
ence of wings, engines, and other structures.
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