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ABSTRACT Quantitative risk assessment has recently been proposed to assess the impact of a new radio
service allocation on incumbents. This paper demonstrates its viability by performing a risk-informed
interference assessment in a recent U.S. case: the protection of meteorological satellite earth stations from
interference by cellular mobile transmitters. We find that the hazard selected by policy makers (co-channel
interference with the receiving antenna at 5◦ elevation) was not the most severe, and that their worst case
approach overlooked more significant risks, notably adjacent band interference. We begin with an inventory
of the performance hazards. We survey consequence metrics that quantify the severity of interference,
and select the interference protection criteria defined in Recommendation ITU-R SA.1026-4. We then use
Monte Carlo modeling to calculate probability distributions of resulting interference due to co-channel and
adjacent band transmissions. We identify a co-channel exclusion distance that keeps interference risk below
the SA.1026-4 criteria. We show that the binding constraint is not the ITU-R ‘‘long-term’’ interference
mode (5◦ antenna elevation), but rather the ‘‘short-term’’ interference when the elevation is 13◦. We give
an extensive sensitivity analysis showing that the propagation modeling, and particularly the choice of
clutter model, can have a significant effect on the results. We conclude that quantitative risk assessment
yields useful insights for analyzing coexistence. Protection criteria that combine an interfering power level
with statistical exceedance limits were essential to our analysis, and we recommend that policy makers
adopt statistical service rules more widely to support future risk analysis. Our analysis was limited by the
unavailability of baseline values for service metrics, and the lack of transparency in previous studies, notably
ITU-R recommendations. We recommend that regulators encourage parties to provide baseline values and
the methods underlying interference criteria and coexistence assessments.

INDEX TERMS Cellular phones, clutter, governmental factors, interference, mobile communication, Monte
Carlo methods, risk analysis, satellite communication, satellite ground stations.

I. INTRODUCTION
Probabilistic risk assessment has been proposed as a way to
improve analysis of the harm that may be caused by changes
in radio service rules by considering the ‘‘risk triplet’’ rather
than the worst case [1], [2]: What can happen, how likely is
it, and what are the consequences?

This paper demonstrates the viability of this approach and
the insights it can provide by analyzing a case study intro-
duced by De Vries [3], [4]: the protection of meteorological
satellite (MetSat) services from cellular systems.

Reference [1] defined risk-informed interference assess-
ment as the systematic, quantitative analysis of the likeli-
hood and consequence of interference hazards caused by the
interaction between radio systems, especially incumbent and

prospective radio service. The likelihoods and consequences
of hazards are often plotted on a risk chart; Fig. 1 shows a
generic version.

In this paper, we provide the first journal publication of
a detailed risk-informed interference assessment. We use
Monte Carlo modeling to calculate probability distributions
of aggregate interference due to co-channel and adjacent
band transmissions, and to identify exclusion distances.
We extend the calculations in [5] by providing additional
statistical analysis and aggregating co-channel and adjacent
band hazards; develop quantitative versions of the risk chart;
add a sensitivity analysis; and show that the results cast
doubt on the results in [6] and [7] that underpin the current
FCC rules for cellular sharing of the MetSat band.
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FIGURE 1. A qualitative, generic risk chart.

Section II gives an overview of the case study. The analysis
is divided into four elements, following [3]: 1)Make an inven-
tory of all significant harmful interference hazard modes;
2) define a consequence metric to characterize the severity
of hazards; 3) assess the likelihood and consequence of each
hazard mode; 4) aggregate the results.

We discuss the four elements in Sections II through VI
and show how they can be used to inform decision making.
Section VII identifies potential further work. Section VIII
provides a sensitivity analysis. Section IX gives general con-
clusions and recommendations.

II. METSAT/LTE CASE
This section describes the services in our case study.
We selected the MetSat/LTE case because earlier studies
by the National Telecommunications Information Adminis-
tration (NTIA) generated an extensive consensus record of
interference parameters and analysis [6], [7].

A. REGULATORY BACKGROUND
The NTIA first studied coexistence between federal and
commercial services to determine whether 115 MHz of
spectrum currently used by Federal agencies could be
made available for wireless broadband [6]. The Commerce
Spectrum Management Advisory Committee’s Working
Group 1 (CSMAC WG1) was tasked with making more
detailed recommendations, resulting in significant regula-
tory advances [7]. The exclusion zones (areas where LTE
mobiles would not be allowed to operate) defined in [6]
were converted to protection zones (areas within which LTE
mobiles could be used with the approval of MetSat opera-
tors), and their radii were reduced by 21–89% [7]. Based on
this work, the 1695–1710 MHz band was included in the
Federal Communication Commission (FCC) 2015 AWS-3
auction 97 [8]. This band was already in use by MetSat
receiving earth stations, and it was necessary to protect the
MetSat earth stations from harmful interference from the
proposed cellular mobile devices.

While this work builds on [6], [7], it has different goals
and methods. First, the purpose of this case study is to illus-
trate the method of risk-informed interference assessment,

not to inform service rules acceptable to both federal and
commercial parties that would lead to prompt reallocation and
auctioning of the band. Second, both [6] and [7] used a fixed
interference-to-noise (I/N ) criterion of −10 dB for accept-
able interference, whereas this study uses the interfering
signal power and not-to-exceed time percentage parameters
defined in [9].

Third, [6] and [7] calculated interference using the Irregu-
lar TerrainModel (ITM) for propagation, whereas we analyze
a generic site using an empirical, area-general propagation
model (Extended Hata). Fourth, [6] and [7] used a largely
deterministic, extreme value approach (i.e. single values for
most interference parameters), with the exception that [7]
used a probability distribution for mobile transmit power.
In contrast, this study uses quantitative risk analysis based
on probability distributions for as many variables as possible.

B. METSAT EARTH STATION AND LTE MOBILE
TRANSMITTER CHARACTERISTICS
The services to be protected are satellite earth stations receiv-
ing imagery and other data from four geostationary and six
polar-orbiting satellites, six platforms in the polar-orbiting
Defense Meteorological Satellite Program (DMSP), and the
Jason-2 Altimetry satellite (note that DMSP and Jason-2 are
not discussed in [7]).

This case study deals with the reception of signals from
Polar-orbiting Operational Environmental Satellites (POES,
although the protection of geostationary satellite ser-
vices (GOES) would be part of a complete analysis.
We selected POES because [7] showed that it was more
susceptible to LTE interference than GOES. The basic
characteristics of the POES system are described in [10].
Fig. 2(a) and Fig. 2(b), taken from [11], illustrate the POES
orbits; Fig. 2(c) shows a typical earth station antenna [12].

The potentially interfering systems we consider are LTE
cellular mobile transmitters (LTE mobiles) operating in the
AWS-3 band; see Fig. 3, based on [13]. We assume that this
service is deployed as separate 5 MHz and 10 MHz license
blocks. We focus our analysis on interference in the upper
1700–1710 MHz B1 block, which overlaps with the 1702.5
and 1707 MHz POES reception frequencies.

III. FIRST ELEMENT: MAKE AN INVENTORY OF HAZARDS
The first step in probabilistic risk assessment is to make an
inventory of all expected hazards, that is, phenomena that
could cause harm.

A. HAZARDS
Table 1 summarizes the hazards. We only model interference
from known, intentional radiators. We leave aside interfer-
ence due to intermodulation products and spurious emissions,
and ignore the risk of intentional jamming.

1) NON-INTERFERENCE HAZARDS
Radio interference is not the only hazard to the reception
of satellite signals. Two general categories are faults and
failures, and degradation of the desired signal strength. Since
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FIGURE 2. Polar Orbital Exploration Satellite (POES) system elements. A high gain dish antenna is needed because the received signal at
the ground is very weak. (a) Example of a near-polar orbit. (b) Polar orbit ground track for 24 hours. (c) 13 meter POES antenna.

TABLE 1. Examples of performance hazards to MetSat reception.

FIGURE 3. AWS-3 blocks in 1695–1710 MHz.

we have not been able to obtain data on the incidence or sever-
ity of these hazards, they are not included in the numerical
analysis.

Faults and failures include system and device failures (ter-
restrial or in orbit), device misconfiguration and degrada-
tion, physical phenomena, power outages, and operator error.
Physical phenomena include mounting stresses (e.g. bending
and twisting), electrical static, shock, vibration, temperature
and humidity extremes, condensation, liquids, salt spray, con-
ductive dusts, mold growth, oxidation, corrosion, abrasion,
and so on.

The desired satellite signal can be degraded by attenua-
tion between the satellite and the earth station, e.g., through
ionospheric scintillation, a rapid fluctuation of radio-
frequency signal phase and/or amplitude generated as a signal

passes through the ionosphere. Ionospheric scintillation is a
well-known phenomenon that has been studied extensively,
in part because it also affects GPS signals. (Conveniently, the
commonly used GPS L1 frequency 1575.42 MHz is moder-
ately close to the band of interest in this study.) It is primar-
ily an equatorial and high-latitude ionospheric phenomenon,
although it can occur at lower intensity at all latitudes.
We suspect it is unlikely to play a role in MetSat reception
except in Guam, Hawaii, and perhaps Alaska.

2) CO-CHANNEL INTERFERENCE
The canonical analysis of interference to MetSat
systems, Recommendation SA.1026-4 [9] of the
International Telecommunication Union, Radiocommunica-
tion Sector (ITUR), only considers co-channel interference.
Reference [9] provides long- and short-term interference
protection criteria (IPC), defined as the interfering signal
power in the reference bandwidth to be exceeded no more
than 20% and 0.0125% of the time, respectively.

As outlined in [13], over the long term, fading of the satel-
lite signal combines with relatively low interference levels
to cause outage. Short-term bursts of higher interference can
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occasionally combine with nominal satellite signals to cause
outage.

Reference [9] uses different earth station antenna elevation
angles to calculate the long- and short-term criteria; for the
service at issue in this study, 5◦ and 13◦, respectively. The
long-term interference levels are lower (i.e., more stringent)
than the short-term levels. We model both in Section VIII.

3) INTERFERENCE FROM TRANSMITTERS
IN ADJACENT BANDS
Neither [6], [7], nor [9] addresses adjacent band interference.
We assume that the long- and short-term interference protec-
tion scenarios defined for the co-channel transmissions also
apply in this case.

The most likely current source of intentionally radiated
harmful interference is cellular mobiles transmitting in the
adjacent AWS-1 band, for which there is no exclusion zone;
an interfering mobile can be right next to an earth station
receiver. The closest cellular mobiles in frequency are in the
AWS-1 A block, 1710–1720 MHz.

There are two main ways an AWS-1 mobile could interfere
with a MetSat receiver: a small part of its power is radiated
or ‘‘leaked’’ in the adjacent MetSat passband, OOBE; or
imperfect filtering in the MetSat receiver admits some of the
energy radiated within the AWS-1 band, ABI. We model both
mechanisms in Section V.C.

B. DETERMINANTS OF INTERFERENCE
The interaction between two radio systems is determined by
the characteristics of the systems’ transmitters and receivers,
and the coupling between them due to factors such as antenna
gain patterns and path loss.

The key interference parameters for the MetSat/LTE case,
and the values used in our modeling, are given in Table 2
below.

1) TRANSMITTER CHARACTERISTICS
The amount of power transmitted by an interfering LTE
mobile is key to determining the amount of interference
experienced by a receiver.

We use the cumulative distribution function (CDF) of LTE
mobile EIRP published in [7, Appendix 3-3]. The transmit
power varies, with median values−13 dBm and−3 dBm for
the suburban and rural cases, respectively, and a maximum of
+20 dBm. This distribution was calculated on the worst-case
assumption that every base station is fully loaded, and that
all mobiles have their buffers full at all times [7]. Since the
critical time window for POES operation is only a few tens of
seconds, however, it seems to be a reasonable default in the
absence of data from cellular operators on the statistics of cell
loading.

Another important consideration is the location of trans-
mitters. We follow [7] in assuming a homogenous, isotropic
hexagonal cell structure with 18 mobiles per 10MHz channel
associated with each base station (see Section V.A). This is
evidently not a real-world deployment pattern, but is appro-
priate for a generic, non-site-specific analysis such as this.

2) RECEIVER CHARACTERISTICS
In most interference analyses—for example, in TV
reception—the characteristics of individual receivers deployed
in a service vary and their locations may be unknown.Matters
are greatly simplified in our case study because the affected
MetSat receivers are a small, well-defined population with
known characteristics and locations [6, Appendix A].

For the purposes of this exercise we assume a receiver with
a typical but relatively conservative (i.e., low) earth station
antenna gain of 30 dBi, and the weakest adjacent channel
selectivity (−60 dB at ±12.0 MHz) from those listed in [6].
POES satellites provide several different data feeds [10].
We model the HRPT service since it is the highest band-
width service, and thus most susceptible to interference.
We use the receiver system noise temperature specified for the
HRPT service in [9, Table 2] and the antenna model given in
ITU-R F.1245-2.

Since the 1.5 MHz LTE mobile channel is wider than
the 1.33 MHz MetSat receiver channel, not all the power
transmitted by the mobile that overlaps the MetSat channel is
admitted to the receiver. The reduction in power is quantified
by the OTR [7, Appendix 7, eq. (12)], which is 0.5 dB for this
ratio of emission bandwidth and receiver selectivity.

Following [7], we subtract 1 dB for additional losses
associated with MetSat receiver insertion loss, cable loss,
polarization mismatch loss, etc.

3) TRANSMITTER-RECEIVER COUPLING
The two main factors influencing the coupling between inter-
fering transmitters and affected receivers are the attenuation
of transmitted energy along the paths between them (termed
path loss or propagation loss), and the performance of the
antennas at the two endpoints.

We use the Extended Hata propagation model devel-
oped by the NTIA for 3.5 GHz exclusion zone analysis
[15, Sec. 4.7 and Appendix A] to calculate the median path
loss between individual mobiles and theMetSat receiver. This
model is commonly used in cellular deployment studies and
accounts reasonably well for the suburban clutter expected
around a MetSat receiver [15].

Uncertainty about the path loss between transmitters and
the receiver leads to uncertainty in the amount of interfering
power. There are broadly speaking two kinds of propagation
uncertainty: differences in path loss as the transmitter moves
about in time, position, or frequency in a limited region,
sometimes called fading and referred to in this document as
location variability; and differences between the predictions
of different propagation models.

Location variability is often modeled by adding a zero-
mean random variable to the median path loss; we use
a log-normal distribution with 8 dB standard deviation
(cf. [15, Table A−1]). We ignore fast fading, follow-
ing [6], [7]. We also ignore body loss, i.e. attenuation of the
LTE mobile signal due to transmission through the user’s
body, as a conservative assumption.
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TABLE 2. Interference parameter values used in modeling.
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TABLE 2. Continued. Interference parameter values used in modeling.

Differences between propagation models and their param-
eters lead to systematic differences in the predicted path loss.
We explore variations of the Extended Hata model together
with the ITM propagation model in our sensitivity analysis,
Section VIII.

Turning to antenna effects, cellular mobiles are assumed
to be radiating uniformly in all directions, i.e. 0 dBi mobile
antenna gain. In contrast, MetSat earth station antennas are
highly directional, with the 30-40 dBi maximum gain along
themain beam direction. The antennas follow satellites across
the sky as they appear over the horizon, rise towards the
meridian, and then set. Since the interfering transmitters are
at ground level, the maximum coupling (and thus maximum
interference) occurs when the earth station antenna is at its
lowest elevation above the horizon. We follow [9] and [7] in
assuming a minimum elevation of 5◦.

IV. SECOND ELEMENT: DEFINE A CONSEQUENCE METRIC
A consequence metric quantifies the severity of an interfer-
ence hazard. Since the goal of risk analysis is to treat all
hazards in equivalent ways, there should be a small number
of consequence metrics (ideally just one) that characterize the
severity of hazards in a uniform way.

There are many potential consequence metrics. Three
broad categories are described in this section: corporate, ser-
vice, and radio frequency (RF) metrics [3]. Since a judgment
about the desirability of a new service requires assessing the
risk of harmful interference to incumbent services, and since
harmful interference is defined for regulatory purposes as a
service metric of sorts, corporate or service metrics are in
principle preferable to RF metrics.1 In most cases we are
aware of—such as television broadcasting, mobile public
safety, and cellular service—the mapping of RF metrics to
service degradation is ambiguous at best; an exception is

1Harmful interference is defined in Article One of the ITU Radio Regula-
tions, and incorporated into national regulations such as 47 C.F.R. 2.1 in the
U.S., as ‘‘Interference which endangers the functioning of a radionavigation
service or of other safety services or seriously degrades, obstructs, or repeat-
edly interrupts a radiocommunication service operating in accordance with
these Regulations.’’

the effect of RF interference on radar target detection [16].
Nevertheless, our analysis focuses on RF metrics since, as
shown below, the available corporate and service metrics are
not usable in practice.

A. CORPORATE METRICS
Corporatemetrics include impacts on the ability to complete a
mission (particularly for government entities); loss in revenue
or loss of profit (particularly relevant to the private sector);
and increased capital expenditure (relevant to both).

To the best of our knowledge, there are no publicly avail-
able corporate metrics of the ability of a MetSat service
to complete the forecasting mission, even at the relatively
granular level of image quality. The NOAAOffice of Satellite
and Product Operations maintains a web site reporting oper-
ational status for each GOES and POES satellite [17], [18],
but we have been unable to find similar information for earth
stations.

B. SERVICE METRICS
Reference [9, Table 2] lists two factors that could be used as
service metrics:
• the percentage of time that the link margin is not met;
• bit-error ratios (link bit-error ratio, data handling error
ratio, and overall received bit-error ratio).

Thesemetrics address availability and quality, respectively.
A third factor listed in [9] is the fraction of interference-
free margin consumed by interference (called q); this is an
RF metric, discussed in Section IV.C below.

The percentage of time that the link margin is not met
appears to determine the IPC in [9], which is a power level
not to be exceeded for more than a specified percentage of
time. The percentage of link outage is an attractive conse-
quence metric in principle, since it affects received image
quality. However, it is not usable in practice without a formula
that relates the interference power to the percentage of link
outage.

The bit-error ratio target in [9] appears to have been taken
from SA.1025-3, and is used as a minimum performance
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level. Since the bit-error ratio is a function of Eb/N0, the
ratio of energy per bit to noise power spectral density, it
could be computed from Eb/(N0 + I0), where I0 is the inter-
ference power spectral density. However, it is not usable in
practice since [9] does not provide either the formula used to
relate the bit-error ratio to Eb/N0, or an assumed probability
distribution of Eb. Unfortunately, we have been unable to
find any documentation on how these parameters are defined,
how they are related to other tabulated parameters, or the
relationship between these metrics and image quality.

Thus, neither the link margin nor the bit-error ratio metric
is usable in this study.

We note that, should they become calculable, these metrics
would allow harm from increased interference to be put on the
same footing as harm from decreased desired signal strength.
Rather merely considering interference criteria (I ), they also
include performance criteria such as the carrier to noise
ratio (C/N ). As suggested in a U.S. submission to the
ITU-R [19], it is advisable to conduct interference assess-
ments by accumulating (via dynamic simulation) the statistics
of C/(N + I ), and to determine the complementary cumula-
tive distribution function (CCDF) of this quantity. Bit-error
ratios and link margin outage statistics can then be derived
from C/(N + I ).

C. RF METRICS
RF metrics are quantities observable in the radio frequency
environment, such as changes in interference-to-noise ratio
(I/N ), signal to interference and/or noise ratios (SINR, C/I ),
absolute interfering signal level, receiver noise floor degra-
dation, and so on. We discuss two candidate MetSat RF
metrics: 1) the fraction of interference-free margin consumed
by interference; and 2) the interfering signal power.

The margin consumed by interference, q, given in [9] is
used in formulas for the permissible interference [20]:

I0 = N0
(
Mq
−1

)
for M>Mmin (1)

I0 = N0
(
Mq
min−1

)
for M≤Mmin (2)

where:
I0 interference spectral density at the affected

receiver (watt);
N0 noise spectral density at the affected receiver (watt);
M interference-free margin for the receiving system (ratio,

not expressed in dB);
q the fraction of the interference-free marginM expressed

in dB that interference may consume; [9] gives values 0.3
or 0.66 for long-term and 1.0 for short-term protection, with-
out explanation;
Mmin the smallest interference-free margin for which the

affected system must be fully protected (ratio); [9] gives a
value 1.2 dB, meaning Mmin = 1.3 expressed as a pure ratio,
without explanation.

An interference-to-noise ratio can be derived from these
equations. Inverting these formulas allows one to express q

as a function of M , N0, and I0:

q =
1

10log (M)
· 10log

(
1+

I0
N0

)
. (3)

Thus, aMonte Carlo simulation that outputs statistics for I0
could also be used to determine the likelihood of q exceeding
a certain value. However, the constant value of −10 dB in
[7, Appendix 7] disregards the fact that I/N is a function
of the desired signal strength through the dependence on the
marginM ; either increased antenna gain or a greater antenna
elevation above the horizon will improve the margin and
thus I/N . Even though satellite communication engineers
cite the amount of margin consumed by interference as a key
concern, we have not found any documentation explaining
the determination of acceptable q values. Therefore, we do
not use q as a consequence metric.

A second candidate RF consequence metric, and the one
that we use in this case study, is the interfering signal power.
Reference [9, Table 1] specifies long- and short-term protec-
tion criteria, defined as the interfering signal power levels
not to be exceeded more than 20% and 0.0125% of the
time, respectively. We use the interfering signal power that
meets the criteria in [9] to derive an exclusion distance within
which LTE mobiles would not be allowed to operate (see
Section V.A).

In summary, we characterize interference risk as the com-
bination of an RF metric—specifically, the aggregate inter-
fering signal power—and its likelihood for different hazards
such as co-channel and adjacent band transmitters.

V. THIRD ELEMENT: ASSESS LIKELIHOOD
AND CONSEQUENCE
The next element of the analysis is estimating the likeli-
hood and consequence of each of these hazards, given the
parameters that affect interference (see Table 2), deployment
constraints, and operating rules.

We use probability distributions for interference param-
eters such as the distribution of cellular mobile transmit
power wherever possible, and combine themwith fixed-value
parameters to yield a probability distribution for the conse-
quence metric.

The results will be quantitative versions of the qualitative
likelihood-consequence chart shown in Fig. 1.

A. MODELING METHOD
Our modeling approach builds on the method used by NTIA
staff to calculate exclusion and protection zones in [6] and [7],
respectively. (The protection distance is the radius of a circle
around the earth station within which co-channel mobiles are
not allowed to transmit without permission of the MetSat
operator.)

We perform an electromagnetic compatibility analy-
sis between cellular mobile transmitters and earth station
receivers for POES transmitting in the 1695–1710 MHz
band. We model interference with POES transmissions of
HRPT imagery at 1707 MHz. We model a generic POES
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earth station receiver based on information provided in
[6, Appendix A]. Table 2 shows the parameter values we
use.

We follow the assumptions of [7, Appendix 3] for mobile
transmitters. We use a mobile density calculated by assuming
base stations arranged in uniform hexagonal cells with inter-
site distances of 1.732 and 7 km for suburban and rural
deployments; this results in a base station density of 0.385 and
0.024 per sq. km for suburban and rural areas, respectively.
The MetSat receiver is surrounded by suburban cells out to a
30-km distance, and rural cells beyond that.

Mobiles are randomly distributed at an average of 18 per
cell, leading to a density of 6.9 and 0.42 mobiles per sq. km
for suburban and rural areas, respectively.2 We assume three
120◦ sectors per base station for co-band and adjacent band
LTE operation. Each sector uses the same 10 MHz to serve
six mobiles, each using a 1.5 MHz channel, leaving 0.5 MHz
guard channels at the lower and upper ends of the bands. This
results in 18 concurrently active mobiles per base station.
We sample 3 and 18 mobiles per cell for the co-channel and
adjacent band cases, respectively; see Sections V.B and V.C.
We sample the transmit power of eachmobile separately from
the CDFs of EIRP given in [7].

We model path losses using the Extended Hata model.
We apply it as an area model, meaning that it provides path
losses for a generic terrain; it does not consider the specific
terrain profile between the transmitter and the receiver [15].
This model provides the median attenuation as a function
of distance between the transmitter and receiver. Table 3
provides key parameter values for the Extended Hata model.

For each mobile-MetSat link we add a location variabil-
ity sampled from a zero-mean, log-normal distribution with
standard deviation 8 dB (Table 4).

TABLE 3. Extended Hata model: key parameter values.

The interference power levels at the MetSat receiver are
calculated by aggregating the delivered signal strength from
all LTE mobiles between a variable inner radius—the exclu-
sion distance—and a fixed maximum radius. The maximum
radius is chosen to be far enough beyond the exclusion dis-
tance that it includes all mobiles that contribute to the aggre-
gate interference. The contribution of mobiles drops off with
distance; in practice, we find that increasing the maximum

2We assume 10 MHz co-band and adjacent band LTE operation, with
six 1.5 MHz mobile channels per 10 MHz band (mobile transmissions thus
occupy 9 MHz; there are 0.5 MHz guard band at the lower and upper ends
of the bands). Each cell has three sectors, for a total of 18 mobiles per band
per cell.

TABLE 4. Probability distributions used in monte carlo modeling.

radius more than about 10 km beyond the exclusion distance
makes no difference to the received interference.

Since the mobiles are deployed uniformly around the earth
station location and we use an area propagation model, there
is no dependence on the earth station antenna pointing direc-
tion (i.e. azimuth) in this study.

We use Monte Carlo modeling for the analysis. Our algo-
rithm is as follows:

For N iterations (we discuss the number of iterations
below):
• Place mobiles randomly between the minimum and
maximum simulation radius, using suburban or rural
density depending on location.

• For each mobile transmitter:
– calculate distance to the receiver;
– calculate median path loss as a function of distance;
– add location variability sampled from distribution;
– sample EIRP from the distribution;
– calculate gain given calculated angle between

antenna boresight direction and vector to mobile;
– subtract OTR and additional receiver losses;
– calculate net interfering power for eachmobile from

the above, using equation (4) in Section V.B.
• For adjacent band cases:

– subtract ACLR sampled from distribution or ACS
as appropriate;

– sum interfering power from all mobiles, using
equations (5) and (6) in Section V.C.

• For co-channel cases, do the following for each
exclusion distance:
– sum interfering power from all mobiles that are at

least that distance from the receiver.
Table 4 lists the probability distributions we use.
To calculate an exclusion distance, we use the long-term

and short-term IPC calculated following the method in [9].
Table 5 shows the IPC for these scenarios, based on two sets
of parameter values: 1) the HRPT parameters and resulting
criteria given in [9, Table 2], and 2) the receiver parameters
used for our case study.

Long-term and short-term interference are defined as
follows:
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TABLE 5. MetSat interference protection criteria (IPC) for HRPT calculated
using method in [9, Table 2].

• Long-term interference: interfering signal power in the
receiver reference bandwidth to be exceeded no more
than 20% of the time. This scenario corresponds to a 5◦

antenna elevation in [9, Table 2].
• Short-term interference: interfering signal power in the
receiver reference bandwidth to be exceeded no more
than 0.0125% of the time. This scenario corresponds to
a 13◦ antenna elevation in [9, Table 2].

Since our model assumes less earth station gain and a
narrower receiver bandwidth than the example given in [9],
our values are lower than the values listed there. For a 30 dBi
antenna and a 1.33 MHz receiver bandwidth, the long-term
IPC is 116 dBm, and the short-term IPC is 114 dBm.

We assume that the variation in transmitter location and
path loss between successive Monte Carlo iterations reflects
the temporal variation of interference power. Thus, we inter-
pret the requirement in [9] that the IPC should be exceeded no
more than 20% of the time as corresponding to an exclusion
radius based on the 20th percentile of the CCDF (i.e., the
exceedance probability) of aggregate interference powers.

A critical parameter to determine in Monte Carlo
analysis is the number of iterations. Too few itera-
tions give unreliable results; too many can lead to
unfeasibly large computation requirements. The num-
ber of iterations needed depends on the statistics being
calculated.

FIGURE 4. Effect of the number of iterations on different power statistics
that could be used as input to interference protection calculations: 80th

percentile (used in long-term IPC, appropriate for elevation angle 5◦),
99.875th percentile (used in short-term IPC, appropriate for elevation
angle 13◦), and maximum values taken from three independent Monte
Carlo runs for elevation angles 5◦ and 13◦.

Fig. 4 illustrates how the calculated statistics of aggre-
gate co-channel interference power vary with the number of
Monte Carlo iterations. The results for two physical condi-
tions are shown: antenna elevation α equal to 5◦ with exclu-
sion distance 4 km, and antenna elevation α = 13◦ with
exclusion distance 10 km. The exclusion distances selected
are those needed to meet the long-term IPC (-116 dBm no
more than 20% of the time) and short-term IPC (−114 dBm
no more than 0.0125% of the time) respectively; see Section
V.B for calculation details. The value 0.0125% is equal to
1/8000: if fewer than 8000 iterations are available then this
percentile can only be estimated through extrapolation.

For long-term protection (α = 5◦), Fig. 4 shows the
maximum and 80th percentile values of the calculated aggre-
gate co-channel interference power from our Monte Carlo
analysis. The maximum value is shown for three differ-
ent runs of the Monte Carlo analysis (i.e., based on differ-
ent sets of randomly sampled mobile locations and other
characteristics).

The 80th percentile values changes by less than 0.2 dB
as the number of Monte Carlo iterations increases from
1,000 to 10,000. We use 100,000 iterations in our analysis
for long-term protection; this is a large enough number that
any statistical fluctuations in the result are minimal (well
under 0.1 dB).

However, the maximum value grows sharply and unpre-
dictability with the number of iterations; it also varies dra-
matically from one Monte Carlo run to the next. In fact, since
at least one of the distributions in the model (the location vari-
ability) is a log-normal distribution and thus has nomaximum
value, the value of themaximum interference powerwill grow
arbitrarily large with a large enough number of iterations.
This argues against the approach of estimating interference
by taking the maximum value of a small number of iterations
[7, Appendix 7].
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Moving to the short-term IPC (α = 13◦), a much larger
number of iterations is needed to estimate the 0.0125%
exceedance value (i.e., the 99.9875th percentile).
We use 1,000,000 iterations in our analysis for short-

term protection. The estimated 0.0125% exceedance value
changes by about 1 dB between 105 and 106 iterations.
As with the long-term case, the maximum value continues to
increase as the number of iterations increases. We give more
details of the statistical errors on the estimated aggregate
interference power for short-term protection in Section IV.B.2
below.

B. CO-CHANNEL TRANSMITTERS
In the co-channel case, we consider LTE operation in the
same band as the MetSat receiver. As noted in Section V.A
above, we posit LTE mobiles that transmit in 1.5-MHz chan-
nels; a particular mobile will hop in frequency between the
six available 1.5-MHz channels in its 10 MHz block. Since
we assume that all mobiles are always transmitting, there
will always be one mobile transmission overlapping with the
MetSat receiver bandwidth of 1.33 MHz.Thus, we sample
the power of three mobiles per cell (one per sector, with six
channels per sector), i.e., a density of 1.16 and 0.071 mobile
per sq. km for suburban and rural areas, respectively.

We assume that the 1.33MHzMetSat bandwidth falls com-
pletely within a 1.5MHz LTEmobile channel. In practice, the
MetSat bandwidth may fall across the boundary between two
mobile channels, but since we are sampling a large number of
mobiles a large number of times, this refinement will make a
negligible difference.

Since not all of the transmitted power in a 1.5 MHz
LTE channel is admitted into the 1.33 MHz MetSat
receiver, we apply an OTR correction factor of 0.5 dB (see
Section III.B.2).

In each Monte Carlo iteration, mobiles are distributed
randomly between an inner and outer distance following the
suburban and rural densities defined above.

1) CO-CHANNEL INTERFERENCE: LONG-TERM IPC
The interference power for the k th mobile is calculated using
the following formula, with α = 5◦:

Pk = Tk − OTR− Lk − Ladd − G(α,ϕk ) (4)

where:
k-th mobile; sample 3 mobiles per base station out of total

of 18;
Pk interference power at the receiver input from the k th

mobile (dBm);
Tk transmitted power of the k th mobile (dBm);
OTR on-tune rejection of 0.5 dB;
Lk path loss between the k th mobile and the antenna

input (dB);
Ladd additional losses of 1 dB;
ϕk opening angle between antenna pointing direction and

vector to k-th mobile;

G(α, ϕk ) earth station antenna gain in the direction of the
k th mobile, with main beam at α degrees elevation above the
horizon (dBi).

The received interference powers of all the mobiles are
converted to watts, summed, and the result converted to dBm.
We calculate 100,000 aggregate interference power values.

This set of aggregate interference powers forms the basis
for a quantitative risk chart. The first step is to evaluate the
probability distribution for the aggregate interference at each
exclusion distance. This set of distributions can be used to
determine the probability that the long-term IPC of 116 dBm
is exceeded for each exclusion distance.

FIGURE 5. Co-channel interference exceedance probability, short-term
protection scenario (5◦ antenna elevation) based on an exclusion
distance of 2 km.

Consider a candidate exclusion distance of 2 km. Fig. 5
shows the exceedance probability based on all 100,000 aggre-
gate interference powers calculated for an exclusion distance
of 2 km. That is, the value on the vertical axis is the prob-
ability that the interference power on the horizontal axis
is met or exceeded in the set of Monte Carlo results. The
80th percentile of the interference power—equivalently, as
shown in this figure, the value exceeded 20% of the time—is
-112 dBm. The 116 dBm long-term IPC is met or exceeded
51% of the time. Therefore, this criterion is not met with a
2-km exclusion distance.

Another way to investigate the co-channel interference is
to plot the 80th percentile of the aggregate interference power
as a function of exclusion distance. This is shown in Fig. 6.

The 80th percentile power—that is, the aggregate inter-
ference power exceeded 20% of the time—is greater than
the long-term IPC of -116 dBm with an exclusion distance
of 2 or 3 km, but drops below the IPC at 4 km exclusion
distance. Thus, an exclusion distance of 4 km is needed to
meet the long-term IPC.

Fig. 7 overlays several probability plots similar to that in
Fig. 5, showing the CCDF of the aggregate interference power
for multiple exclusion distances Dexc. With an exclusion
distance of 4 km, the -116 dBm long-term IPC is met or
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FIGURE 6. Co-channel interference power, 20% exceedance
(i.e., 80th percentile of power) as a function of exclusion distance,
long-term protection scenario (5◦ antenna elevation).

FIGURE 7. Co-channel interference exceedance probability, long-term
protection scenario (5◦ antenna elevation) for various candidate
exclusion distances.

exceeded only 17% of the time; therefore, this IPC is met with
a 4 km (or greater) exclusion distance. Note that Fig. 7 is a
risk chart (cf. Fig. 1 on p. 1), with consequence (aggregate
interference power) on the horizontal axis and likelihood
(probability that interference power is exceeded) on the ver-
tical axis.

2) CO-CHANNEL INTERFERENCE: SHORT-TERM IPC
This section shows that, in contrast to the long-term case
(5◦ antenna elevation), the short-term IPC (13◦ elevation) is
not met at an exclusion distance of 4 km.

The interference power for the k th mobile is calculated
using equation (4), as for long-term protection, except that
the antenna elevation α is set to 13◦. The received interference
powers of all the mobiles are converted to watt and summed,
and the result is converted to dBm. Fig. 8 shows the short-
term results (13◦ antenna elevation) for 2, 4, 6, and 10 km

FIGURE 8. Co-channel interference exceedance probability, long-term
protection scenario (13◦ antenna elevation) for various candidate
exclusion distances.

exclusion distances, corresponding to the long-term results
(5◦ elevation) in Fig. 7.

The short-term IPC is that an aggregate interference power
of −114 dBm should be exceeded no more than 0.0125% of
the time; this point is the lower-left hand corner of the shaded
area in the chart. This short-term criterion is not met by either
a 4-km or 6-km exclusion distance, but is met for a 10-km
distance.

The binding constraint on co-channel interference protec-
tion is thus not interference with the earth station antenna
at its lowest elevation above the horizon (the 5◦ long-term
protection scenario) as assumed in [6] and [7], but rather
the 13◦ elevation specified in [9] for short-term protection.
Given that this result was obtained from a Monte Carlo

analysis, with statistical uncertainties as described previ-
ously, it is useful to check the level of uncertainty. Fig. 9(a)
shows the same exceedance probability curves as Fig. 8,
with the addition of 90% confidence intervals for each
curve. The confidence intervals are calculated following
Riihijärvi et al. [21]. Even at the extreme 0.0125%
exceedance level used for the short-term IPC, the uncertainty
in the aggregate interference power is small compared to the
change from one exclusion distance to the next.

Fig. 9(b) is amore detailed view of the probability curve for
the 10-km exclusion distance at and near the IPC, indicating
the 90% confidence interval.

Fig. 9(b) also shows the equivalent probability curves cal-
culated from four additional, statistically independent Monte
Carlo calculations. At the 0.0125% exceedance probability,
there is a statistical uncertainty of approximately 1 dB in the
aggregate interference power.

We have not adjusted our results, e.g., by choosing the co-
channel protection radius to ensure that the 90% confidence
interval falls outside the IPC, since in practice the intervals
can be made arbitrarily small by increasing the number of
Monte Carlo iterations. More importantly, we show in the
sensitivity analysis of Section VIII that there are much larger
uncertainties due to other considerations.
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FIGURE 9. Co-channel interference exceedance probability, short-term
protection scenario (13◦ antenna elevation) for various candidate
exclusion distances; 90% confidence limit shown for each exceedance
probability. (a) Full probability chart. (b) Detailed view of previous chart
for the 10-km exclusion distance, showing 1 dB uncertainty in the
aggregate interference power.

C. ADJACENT BAND TRANSMITTERS
Cellular mobiles have been operating in the adjacent AWS-1
A block (1710–1720 MHz) for some years, close to the three
POES center frequencies of 1698, 1702.5 and 1707 MHz.

We model interference from the adjacent band to the
MetSat service at the operating frequency closest to the
band edge, 1707 MHz. We assume that the adjacent channel
LTE transmissions have the same characteristics as those
assumed for the co-channel interferer, e.g., the same base
station density, distribution of mobile transmit power, and
body loss.

Although AWS-1 mobile transmitters in the adjacent
band can be at an arbitrarily short distance from a MetSat
receiver, for practical and modeling purposes we assume
a 20-meter exclusion zone for transmitters in the adjacent
1720–1720 MHz block. This distance is typically inside the

perimeter of a MetSat site. Since the Extended Hata model
only applies for distances greater than 1 km, we interpo-
late between the free space path loss at 20 meters and the
Extended Hata value at 1 km. We likewise interpolate the
standard deviation of the location variability between 0 dB
at 20 m and 8 dB at 1 km.

We consider two interference hazards linked to the adjacent
band: OOBE and ABI. Unlike the co-channel case where
we only sample the power of the one in six mobiles in
a 10 MHz block whose transmission overlaps the MetSat
receiver channel, in this case we sample the power of all six
mobiles in every 10 MHz sector because they all leak power
into the MetSat channel.

1) OUT-OF-BAND EMISSION
The 3GPP specification for mobile ACLR is 30 dB anywhere
outside the operating band. In practice, mobile ACLR per-
formance exceeds the minimum required by the standard,
although it varies from device to device; see e.g. Ofcom
[22, Fig. 5]. In the absence of data for AWS-1 devices,
we assume that ACLR is sampled from a uniform distri-
bution between 30 and 40 dB. (Variations are explored in
Section VIII.D.)

We assume that any of the mobiles in the adjacent 10 MHz
A-block will deliver power reduced by the sampled ACLR
in the MetSat receiver channel. As explained in Section V.A
above, we assume 18 active mobiles per base station in
a 10 MHz block.

Just as in the co-channel case, we test for both the long-
and short-term interference scenarios defined in [9].

The interference power for the k th mobile in the long-
and short-term scenarios is calculated using the following
formula, with the antenna elevation α set to 13◦ and 5◦

respectively:

Pk = Tk − ACLRk − OTR− Lk − Ladd − G(α, ϕk ) (5)

where ACLRk is the adjacent channel leakage ratio of the
k th mobile, from a uniform [30, 40] dB distribution, and the
other variables are as given above.

TABLE 6. ACS mask for Elmendorf AFB.

2) ADJACENT BAND INTERFERENCE
We model the interference from energy in the adjacent
channel that is not rejected by the MetSat receiver by
using the ACS mask for Elmendorf AFB shown in Table 6
[6, Appendix A, Table A22].

This mask is the least selective of the typical patterns
reported by the NTIA.We investigate themore selectivemask
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given for the Fairbanks Command and Data Acquisition Sta-
tion (FCDAS) site in the sensitivity analysis, Section VIII.C.

We assume that the mask is linear in the dB scale. Since
the transmit power of mobiles in each of the six 1.5 MHz
channels in the adjacent 10 MHz block is constant over its
channel, we convert the ACSmask to the linear scale, average
the attenuation over each 1.5 MHz channel, and then convert
back to dB. This results in the following ACS values for the
six channels: {30.6, 36.2, 41.9, 47.5, 53.1, and 58.6 dB},
shown in Fig. 10.

FIGURE 10. MetSat adjacent channel selectivity.

As before, we test for both the long- and short-term inter-
ference scenarios. The interference power for the k th mobile
in the long- and short-term scenarios is calculated as follows:

Pk = Tk − ACSk − OTR− Lk − G(θ, ϕk ) (6)

where ACSk is the adjacent channel selectivity of the k th

mobile, taken from {30.6, 36.2, 41.9, 47.5, 53.1, 58.6} dB,
and the other variables are as given above.

3) RESULTS
The results for OOBE and ABI in both the long-term
(5◦ elevation, 20% of time) and short-term (13◦ elevation,
0.0125% of time) interference scenarios are shown in Fig. 11.

OOBE and ABI pose a similar risk level, although the risk
fromABI is somewhat lower than OOBE. The risk for OOBE
may be slightly higher than calculated, since we do not model
interference from AWS-1 mobiles in the rest of the band, i.e.
blocks B to F. However, since ACLR drops off with distance
from the passband ([22, Fig. 5]), this increased risk is likely
to be small.

The curves for the long- and short-term scenarios are very
close to each other. The elevation anglemakes little difference
to the aggregate interference power because the mobiles that
contribute most to the aggregate power are very close to the
antenna, and are therefore at a large angle below the antenna
boresight. Thus, they are outside the main beam whether the
antenna elevation angle is 5◦ or 13◦. Once they are in the side

FIGURE 11. Interference from adjacent band transmitters.

lobes, the distance from the main beam becomes irrelevant—
the gain pattern is flat.

Fig. 11 shows that interference from mobiles in the adja-
cent AWS-1 band violates the (13◦, 0.0125% of time) short-
term IPC of 114 dBm, though not the long-term IPC. The
AWS-1 band was auctioned in 2006, and is in use in most
locations. Themodeling results imply significant interference
to MetSat operation from current AWS-1 services, but none
has been reported to our knowledge. One or more of the
following reasons may account for this:
• The long- and short-term IPC specified in [9] are unnec-
essarily conservative; in other words, interference at
levels greater than these limits is not, in fact, harmful.

• Other parameter values in our model (see Table 2; simi-
lar values were used in [6] and [7]) are too conservative,
overestimating the resulting mobile interference power
or underestimating the MetSat receiver’s robustness.

• The path loss model we use does not provide enough
attenuation, leading to an overestimate of the aggregate
interference power.

• The current model assumes a 20-m exclusion zone for
AWS-1 mobiles; perhaps it should be greater.

We compare adjacent band to co-channel interference in
the next section.

VI. FOURTH ELEMENT: AGGREGATE
LIKELIHOOD-CONSEQUENCE RESULTS
Once likelihood-consequence data have been collected for the
relevant hazards, they can be plotted on a risk chart to present
an aggregate view.

As noted in [1, Sec. 3.C], risk charts can be used in several
ways to support regulatory decisions. Fig. 7 and Fig. 8 are
of one type, showing the likelihood-consequence curves for
different potential choices of operating parameters. In this
section, we give another type of risk chart: we compare the
risk of different interference modes, specifically the relative
risk of interference from co-channel and adjacent band trans-
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FIGURE 12. Aggregated results: Interference exceedance probability for
short-term protection various co-channel exclusions, and 20 m adjacent
band exclusion.

mitters, on the same chart. Since OOBE and ABI are of a
similar magnitude, we sum them and show the risk from
adjacent band transmitters as a single line.

As seen above, the (13◦, 0.0125%) short-term criterion
is the binding co-channel constraint. Fig. 12 shows that a
10-km exclusion distance provides protection against short-
term co-channel interference. However, the interference from
adjacent band transmitters is evidently much higher—it is
similar to that from co-channel interferers based on a 2-km
exclusion distance.

Let us assume that the interference level generated from the
adjacent band is an acceptable benchmark (given the absence
of any concern by MetSat operators about this source, which
has been active for many years now). If the aim is simply to
equalize co-channel and adjacent band interference, Fig. 12
shows that a 2km co-channel exclusion distance is acceptable.

To summarize our findings:
• Protecting the 5◦ antenna elevation scenario (as was
done in [6] and [7]) yields an exclusion distance of 4 km
for the long-term IPC defined in [9]; see Fig. 7.

• An exclusion distance of 4 km is not good enough for
(13◦, 0.0125% time) short-term protection, though. For
that one needs 10 km; see Fig. 8.

• The interference from adjacent band transmitters is
much higher than from co-channel ones. If the aim is
to equalize co-channel and adjacent band interference,
then a 2-km exclusion distance suffices; see Fig. 12.

Since no interference has been reported from the already-
operating adjacent AWS-1 band (for example, the topic did
not come up in any of the CSMACWG-1 discussions, accord-
ing to participants), we believe that either the IPC in [9] and/or
other NTIAmodeling assumptions in [6] and [7] that we have
adopted are too conservative.

While our results are not directly comparable with those
in [7] (see Section II.A above), some observations are in
order. None of the NTIA protection distances for POES are

less than 20 km, and they are more than 50 km on average
[7, Table 7 in Appendix 7]. Our results suggest that
the protection zones adopted by the FCC are extremely
conservative.

VII. FURTHER ASPECTS OF AN INTERFERENCE ANALYSIS
The four elements of the risk-informed interference assess-
ment described in Sections II to VI does not provide a com-
plete coexistence analysis. We briefly discuss other perspec-
tives that should be considered.

A. BASELINE SYSTEM PERFORMANCE
The risk of interference to a system can only be accurately
assessed in the context of the baseline performance in the
absence of added interference from a new service, i.e., in the
context of pre-existing risks.

Anecdotal evidence in [3] suggests that of the order of 10%
of MetSat images received at Juneau, AK show significant
degradation. This indicates that there are non-trivial baseline
harms in the absence of the new service interference modeled
in this study, due perhaps to variations in satellite signal qual-
ity due to ionospheric scintillation, non-RF effects such as
satellite tracking error or component failure, and/or existing
cellular operation in the adjacent AWS-1 band.

B. MITIGATION
Any assessment of interference riskmakes assumptions about
the design and operation of interfering transmitters and
affected receivers. Harm may be mitigated by changes in
system parameters, for example by changes in equipment or
deployment.

In the MetSat case, for example, we assume that the earth
station receiver will absorb all interference arriving at its
location. However, clutter fencing can significantly reduce
the interference impinging on the antenna, especially for
sensitive configurations such as the 5◦ and 13◦ elevation
conditions modeled above.

Mitigation can also occur at the transmitters. For example,
within a specified mitigation distance, LTE mobiles could
refrain from transmitting on channels that overlap a MetSat
channel in use during a satellite transit; in this case, the risk
assessment would include consideration of adjacent channel
interference, but not co-channel interference, frommobiles in
the MetSat band. Another possibility would be to reduce the
maximum transmit power of mobiles within the mitigation
distance.

A mitigation that would obviate the co-channel risk analy-
sis completely would be to shut down LTE operation during
the few short time periods every day when satellites are
rising and at their most susceptible. At worst, LTE opera-
tion could be shut down during the handful of 10 minute
daily transits from three NOAA POES and two EUMET-
SAT Metop spacecraft, the operational set at the time of
writing [18].

Once a mitigation is proposed, the analysis would begin
anew to take it into account.
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C. COST-BENEFIT ANALYSIS
A risk assessment establishes the likelihood and consequence
of hazards such as those caused by adjacent band transmis-
sion with a given set of service rules. Any set of service
rules will impose costs on the affected system and accrue
benefits to the transmitter; the costs and benefits will differ
from one rule set to another. Risk assessment provides a well-
reasoned engineering basis for the scenarios for which costs
and benefits are calculated, but does not address the economic
trade-offs.

D. PEER REVIEW
Independent review of risk assessment studies is a common
best practice [23]. We have tried to facilitate review of this
work by publishing the source code of the simulation model
and making our spreadsheet calculations available.3 We look
forward to feedback from the community.

VIII. SENSITIVITY ANALYSIS
A. OVERVIEW AND SUMMARY
The model presented here involves many interacting param-
eters. A sensitivity analysis explores which parameters have
a particularly strong influence on the outcome. In a specific
case, this can inform the judgment that the regulator must
make about whether the calculated risks are a sufficiently
accurate basis for rulemaking; it can also lead to insights
about which mitigation strategies to pursue.

We perform a sensitivity analysis that investigates the
effects of three general classes of parameters on the predicted
interference power, and thus the exclusion distance:
• propagation modeling (Extended Hata vs. ITM, urban
and suburban clutter, ITM terrain characterization, and
location variability in Extended Hata);

• earth station characteristics (antenna gain, antenna ele-
vation angle, antenna height, and the system’s ACS);

• out of band emitter characteristics (out of band emitter
frequencies, OOBE filtering for existing mobiles).

Table 7 lists the baseline values of these parameters
(i.e., the values used in our case study). The hazard cri-
terion we use is the short-term IPC (13◦ elevation): for
a 30 dBi antenna gain, the aggregate interference power
may not exceed -114 dBm more than 0.0125% of the time.
As shown above, this condition reflects the greatest co-
channel interference hazard.

We explore the different parameters in Sections VIII.B to
VIII.D below, and provide graphic illustrations of the results
in Section VIII.E.

Table 8 summarizes the results for all cases in the sensitiv-
ity analysis. This table clearly shows that the most significant
uncertainty is associated with the propagation modeling—
the selection of propagation model, the clutter model, and
the location variability. These elements are discussed further

3The spreadsheet showing IPC calculations is at http://bit.ly/Calculator-
SA1026-4, and the MATLAB scripts for interference calculations are at
http://bit.ly/Scripts-MetSat-RIA.

TABLE 7. Baseline parameters for sensitivity analysis.

in Section VIII.B. Changes in the propagation and clutter
models can change the aggregate interference power by more
than 20 dB, and can increase the exclusion distance from
about 10 km to more than 60 km. The effects of the different
elements of propagation modeling are as follows:
• Selection of model type (Extended Hata or ITM). For
like-to-like comparisons (e.g. Extended Hata and ITM,
both with suburban clutter, and with average terrain
1h= 90 m in ITM), the differences in path loss are less
than 5 dB.

• Clutter model. This is the most critical aspect of prop-
agation modeling; the path loss changes by tens of dB
depending on whether rural, suburban, or urban condi-
tions are selected.

• Standard deviation of location variability. For the short-
term IPC, increasing the standard deviation of location
variability by 2 dB leads to an increase of 6 to 8 dB in
the aggregate interference power.

• Terrain roughness 1h in ITM. Moving from 90 m to
30 m decreases the path loss by 5 to 10 dB.

Moving to the earth station characteristics: major changes
such as increasing the antenna height from 20 m to 55 m
can change the aggregate interference power by up to 10 dB;
see Section VIII.C. However, these changes reflect know-
able variability from one station to the next—not modeling
uncertainty. Less major changes, such as an increase in the
antenna height from 20 m to 35 m or in the antenna gain,
typically modify the calculated aggregate interference power
by no more than 6 dB.

Changes in the characteristics of out of band emitters
change the aggregate interference by smaller amounts; see
Section VIII.D.

The sensitivity analysis does not change the basic conclu-
sions that the short-term IPC is the binding constraint, and
that adjacent channel interference is much higher than co-
channel interference given a co-channel exclusion distance
based on the IPC. The 2-km exclusion distance that suffices
in the baseline case if the aim is to equalize co-channel and
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TABLE 8. Summary of results for sensitivity analysis.

adjacent band interference can grow, as shown in Table 8,
but not dramatically. For example, ITM with1h = 90 m and
suburban clutter yields a 5-km exclusion distance.

B. PROPAGATION MODELING
As shown above, changes in propagation modeling can
change the predicted path losses by tens of dB. It would
therefore be no surprise if the resulting exclusion distances
depended strongly on the choice of propagation model.
We find that the exclusion distance can vary from 5 km to
more than 60 km depending on the propagation model and—
critically—on assumptions regarding clutter (rural, suburban,
or urban); see Table 8. However, we find that different mod-
els give more similar results if assumptions are matched:
e.g., exclusion distances with suburban clutter and typical

terrain are 10 km and 27 km for Extended Hata and ITM,
respectively.

1) EXTENDED HATA MODEL AND ITM
In our sensitivity analysis, we compare the Extended Hata
model (used in our baseline analysis) and ITM [24] (used
in [6] and [7]).

The Extended Hata model is an empirical model of radio
propagation. It is based on an extensive data set measured
by Okumura et al. [25], throughout Japan but primarily in
Tokyo. Hata [26] developed empirical formulae that fit nomo-
graphs prepared by Okumura for flat terrain (terrain height
variations of 20 m or less); distances 1 to 20 km; frequencies
150 to 1,500 MHz; and for urban and suburban conditions.
Reference [15] extended Hata’s formulae to cover distances
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TABLE 9. ITM parameters used in sensitivity analysis.

up to 100 km and frequencies 1,500 to 3,000 MHz. We use
the Extended Hata model of [15] with suburban clutter for
our baseline analysis; the sensitivity analysis also considers
urban clutter.

ITM is based on the Longley-Rice model of radio
propagation [27]. This model is based on radio propagation
theory, using measurements in the US and worldwide for
calibration. The Longley-Rice model was tested and devel-
oped further through measurement programs in rural areas
of the U.S. [28], [29]. ITM often gives much lower path
losses and much larger exclusion distances than Extended
Hata. However, it has been known for decades that ITM
significantly underestimates attenuation (by tens of dB) in
urban areas and that a correction for urban clutter is needed
[30, Table 2].

ITM can be run in area mode—where terrain height varia-
tions are described through a single terrain roughness param-
eter 1h—and point-to-point mode, where a digital terrain
model (DTM) provides the terrain elevation along a path
between the transmitter and the receiver. This study con-
siders a generic location, which means that area mode is
appropriate.

Table 9 lists the ITM parameters that we use in the sensi-
tivity analysis. More details of ITM, including the rationale
for our parameter selection, are given in [31].

2) URBAN, SUBURBAN, AND RURAL CONDITIONS
The Extended Hata propagation model used in our baseline
analysis is based on measurements reported in [25]. These
measurements focused on urban conditions, with corrections
for suburban, rural, and open areas. In contrast, as just stated,
ITM is most appropriate for use in rural areas.

We investigate the effects of applying a correction fac-
tor to ITM to account for suburban or urban clutter.
Following Longley [30], we base these correction factors
on Okumura’s measurements [25], [31]; Table 9 shows the
values we selected. We also investigate the urban version of
the Extended Hata model [15].

3) RESULTING PATH LOSS
Fig. 13(a) shows the calculated path loss as a function of
range for the Extended Hata model with suburban clutter
(the baseline analysis) and for ITM with no clutter correction
(i.e., under rural conditions) with three different values of the
ITM terrain roughness parameter 1h. The terrain roughness
1h is defined as the difference between the 90th and the
10th percentile of the terrain elevation. For average (relatively
hilly) terrain, [24, Table 2] recommends 1h = 90 m; flat
plains have 1h = 30 m. In the continental U.S., 1h falls
below 10 m only at the mouth of the Mississippi, the tip of
Florida, and a narrow strip of the East Coast [24, Fig. 3].

The uncorrected ITM path losses are much lower than the
Extended Hata losses, which means that ITM would predict
much greater interference. However, an uncorrected ITM is
inappropriate for modeling urban and suburban settings for
any value of 1h.

Fig. 13(b) shows path loss as a function of range, focus-
ing on the effect of urban and suburban clutter. For clarity,
ITM results are only shown for 1h = 90 m.

Table 10 summarizes the full set of path losses at 10 km
range. For like-to-like comparisons (e.g. Extended Hata, and
ITM with the equivalent clutter model and typical terrain
roughness 1h = 90 m) the differences are of the order
of 5 dB. The effect of adding suburban or urban clutter to
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TABLE 10. Path loss for different models and conditions at 10 km range.

FIGURE 13. Path loss as a function of range for Extended Hata and ITM.
(a) Extended Hata with suburban clutter vs. ITM with no clutter correction
(rural case) with ITM 1h = 90 m, 30 m, and 10 m. (b) Extended Hata with
urban and suburban clutter vs. ITM 1h = 90 m with urban, suburban, and
rural clutter.

ITM is much greater than the effect of varying 1h, or of
selecting the Extended Hata model.

4) LOCATION VARIABILITY
We use the phrase location variability to describe random
fluctuations in the path loss. Our baseline analysis describes
the location variability using a normal distribution (in dB)
with mean 0 dB and standard deviation 8 dB. In the sensitivity
analysis, we consider values between 6 and 12 dB for the
standard deviation of location variability with Extended Hata.
The analysis shows that an increase of 2 dB in location

FIGURE 14. Standard deviation of location variability for ITM and
Extended Hata.

FIGURE 15. Aggregate interference power as a function of exclusion
distance for five different propagation cases: other propagation
cases are not shown for clarity.

variability leads to an increase in short-term aggregate inter-
ference power of 6 to 8 dB.

When using ITM, we use a range-dependent standard
deviation, as described in [31]. ITM calculates a location
variability that is approximately normally distributed in dB.
Fig. 14 shows the standard deviation we used with ITM,
together with the baseline 8 dB.

5) DISCUSSION
Changing the propagation model from Extended Hata subur-
ban to ITM with no clutter correction (i.e., rural) decreases
the path loss by more than 20 dB. However, this is an
inappropriate comparison because it does not compare like
environments.

Fig. 15 shows the short-term co-channel aggregate inter-
ference power as a function of exclusion distance. It com-
pares the baseline case (Extended Hata, suburban) and
four of the ITM cases (not all ITM cases are shown
for clarity). The difference in path loss leads to a difference
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FIGURE 16. Co-channel interference exceedance probability, short-term
protection scenario, based on the Extended Hata suburban model with
different values for the standard deviation of the location variability.

in the aggregate interference power, which in turn can lead to
huge increases in the exclusion distances—up to more than
60 km if the base (rural) version of ITM is used. This high-
lights the importance of using an appropriate clutter model in
interference analyses.

Fig. 16 shows the co-channel interference power for values
of the standard deviation of location variability between 6 dB
and 12 dB. As the exceedance probability decreases, the
curves move farther apart. For an exceedance probability of
20% (long-term protection), the curves are about 4 dB apart:
an increase of 2 dB in the standard deviation of location
variability gives an increase of 4 dB in aggregate interference
power. However, at 0.0125%, the curves are 6 to 8 dB apart.
These relatively extreme interference cases are associated
with path losses that lie three to four standard deviations
below the median loss. This highlights that the statistics of
path loss, as well as the median value, must be considered in
any interference analysis.

6) PRESENT-DAY SUBURBAN AND URBAN CONDITIONS
We believe that propagation in present-day suburbs should be
modeled as urban, not suburban, in terms of the Okumura-
Hata model family. Okumura’s measurements were per-
formed in 1963 and 1965 in Japan. The ‘‘urban’’ transects
were taken from Tokyo, which might sound stereotypically
urban. However, the first skyscraper in Japan was not com-
pleted until 1968; Japanese building codes prohibited build-
ings higher than 31 m until 1963 [32]. Therefore, the Tokyo
of Okumura’s measurements was free of the high buildings
typical of present-day big cities.

Fig. 17 compares aerial views of 1960s Tokyo; present-
day Seattle; and present-day Kirkland, a suburban satellite
of Seattle. Outlying portions of Tokyo were less built up,
as are the outlying portions of Seattle and Kirkland today.4

4Kirkland was selected for this comparison simply because two of the
authors live there. This selection avoided any temptation to ‘‘cherry-pick’’
the suburban area that looks best for our case.

The buildings in 1960 Tokyo are clearly larger than those in
Kirkland. However, the comparison between 1960 Tokyo and
present-day Kirkland is much closer than that between 1960
Tokyo and present-day Seattle—the buildings in Seattle are
up to 10 times taller.

Therefore, ‘‘urban’’ clutter as measured by [25] and as
defined in the Extended Hata model is likely to represent
propagation in present-day suburbia—not in big cities.

C. EARTH STATION CHARACTERISTICS
We consider variations in the earth station design: the height
and gain of the earth station antenna; its elevation angle;
and the ACS. While these are fixed and known for a given
location, the analysis gives an indication of how sensitive the
results are to errors in the assumed parameter values.

Table 11 lists the characteristics of three earth stations
analyzed in [6] and [7], together with the characteristics used
in our case study. The earth station for our case study has
similar characteristics to the earth station at Elmendorf AFB,
except that the antenna height is lower.

Our sensitivity analysis includes parameter values that
cover the bulk of conditions shown in the earlier studies.
Earth station antenna height. Intuitively, a higher antenna

would receive more interference from mobiles because of
lower path losses, although this would be slightly offset by
differences in the earth station antenna gain to the mobile
locations. Reference [6] shows that 33 m is a common height
(all the military sites are shown as 33 m). The lowest antenna
height is 14.5 m. The highest antenna, at Suitland, is given
as 86.8 m.

Our base condition uses a 20-m antenna height; we inves-
tigate values of 15 m, 35 m, and 55 m here.
Earth station antenna gain. We assume 30 dBi for the

earth station antenna main beam gain. Increased gain would
decrease the susceptibility to interference, since the gain in
the horizontal direction (typically 5◦ below the antenna eleva-
tion angle) would be lower. A higher antenna gain would also
increase the strength of the desired satellite signal, leading to
a higher IPC value. 30 dBi is a common value for the gain: [6]
gives a gain between 29 and 31 dBi for most sites. The highest
gain reported in [6] (for two sites) is 43.1 dBi; we investigate
40 dBi in the sensitivity analysis. The corresponding short-
term IPC increases from 114 dBm at 30 dBi to 105 dBm
at 40 dBi.
Earth station antenna elevation angle. The baseline analy-

sis assumes 5◦ antenna elevation for long-term protection and
13◦ for short-term protection, matching the IPC in [9]. Higher
antenna elevation angles would decrease the susceptibility to
interference as long as the horizontal direction remains within
the main lobe of the antenna gain. However, once the antenna
elevation is high enough that all interfering transmitters lie
in the side lobes, further increases in antenna elevation have
little further effect on the interference power. (Our model of
the antenna gain is simplified, such that individual side lobes
are not modeled—outside the main lobe, the antenna gain
reaches a plateau). In our sensitivity analysis, we investigate
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FIGURE 17. Views of 1960s Tokyo, and present-day Seattle and Kirkland, WA. (a) Tokyo, approx. 1960: Yurakucho. Maximum building
height 31 m (102 ft.). (b) Tokyo, approx. 1960: Shibuya. Maximum building height 31 m (102 ft.). (c) Downtown Seattle, WA, present day.
Maximum building height 287 m (943 ft.); 150 m (500 ft.) is common. (d) Downtown Kirkland, WA, present day. Maximum building
height 17 m (55 ft.). Photograph source: Wikimedia Commons.

TABLE 11. Earth station characteristics for illustrative cases in [6], [7] and for our base condition.

the effect of increasing the antenna elevation for short-term
protection to 20◦.
Adjacent channel selectivity. Fig. 18, which plots data

included in [6, Appendix A], shows that ACS can vary

dramatically. Our baseline analysis uses the relatively wide
ACS mask corresponding to Elmendorf AFB; for the sensi-
tivity analysis, we also use the narrower ACS mask corre-
sponding to FCDAS. The ACS only affects adjacent band
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FIGURE 18. MetSat receiver selectivity for HRPT data at various
locations (tables in [6]).

interference—it does not affect the co-channel interference
or the calculated exclusion distance.

Fig. 19(a) shows the effect of the earth station antenna
height and main beam gain on the combination of path loss
and antenna gain at the mobile location. The results are based
on the interfering transmitter being at the same azimuth as
the antenna boresight (worst case). Fig. 19(b) gives similar
results for changes in the earth station antenna elevation
angle. These figures indicate a change of no more than 20 dB
in the combination of propagation and antenna gain, based on
an earth station antenna height of 55 m—much higher than
the baseline. For comparison, different propagation models
can give changes of more than 40 dB (Fig. 13(b)).

D. OUT OF BAND EMITTERS
The characteristics of out of band emitters are difficult to
quantify: they will vary according to the technology used,
and are likely to change over time. Therefore, it is criti-
cal to address the major parameters through a sensitivity
analysis.

The baseline analysis considers out of band emitters
only in the nearest block (the AWS-1 A block), and
assumes that the ACLR is uniformly distributed between
30 and 40 dB. In the sensitivity analysis, we vary both
assumptions.

We consider out of band emitters in both the A and B
blocks—doubling the number of emitters that contribute to
OOBE interference. In this case, we retain the uniformly
distributed exclusion losses.

We consider two further cases of exclusion losses. In place
of the uniform distribution between 30 and 40 dB, we set
all emitters to have 30 dB exclusion, and all to have 40 dB
exclusion.

To a first approximation, both changes lead to a change
of 3 to 5 dB in the aggregate interference power.

E. ILLUSTRATIONS OF RESULTS
We present two figures to illustrate and clarify the results
summarized in Table 8.

FIGURE 19. Combination of path loss and maximum earth station
antenna gain at the mobile location as a function of distance, for
different earth station antenna heights, main beam gains, and elevation
angle. Maximum earth station antenna gain is based on the earth station
antenna boresight azimuth being in the direction of the mobile.
(a) Variation with earth station antenna height and antenna gain.
(b) Variation with earth station antenna elevation angle.

Fig. 20 illustrates the baseline case. Fig. 20(a) shows
three values associated with adjacent band transmitters: the
aggregate interference power values associated with ABI and
OOBE occurring 0.0125% of the time, and their sum.

Fig. 20(b) highlights three summary values:
• the aggregate interference power for ABI plus OOBE;
• the 10km exclusion distance based requiring that the co-
channel aggregate interference power at 0.0125% not
exceed the IPC;

• the 2km exclusion distance based on requiring that the
co-channel aggregate interference power at 0.0125% not
exceed the corresponding aggregate interference power
due to adjacent band transmitters.

Fig. 21 illustrates the summary values for one of the cases
in the sensitivity analysis—setting the standard deviation of
location variability to 12 dB.
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FIGURE 20. Illustration of the summary values used to present the results
of the sensitivity analysis: baseline case. (a) Baseline risk chart for
adjacent band transmitters showing the summary values presented in
Table 8. The interference power for ABI and OOBE combined is used to
assess the effects of co-channel interference, see (b). (b) Risk chart for
co-channel transmitters showing the summary values presented
in Table 8.

We show the interference power associated with ABI and
OOBE occurring 0.0125% of the time in Fig. 21(a), together
with the change 1 in these values compared to the base-
line case (see Table 8). Similarly, for the co-channel inter-
ference (Fig. 21(b)), we show the change (1) in the co-
channel aggregate interference power based on three exclu-
sion distances: a standard 10-km distance; based on the IPC
(29 km); and based on requiring that the co-channel aggre-
gate interference power at 0.0125% not exceed the corre-
sponding aggregate interference power due to adjacent band
transmitters (7 km).

The short-term interference increases by 1 = 1 dB for
both OOBE and ABI, and by 1 = 15 dB for co-channel
interference at 10 km. The exclusion distance based on the
IPC increases to 29 km; the exclusion distance at which the
co-channel aggregate interference power matches the aggre-
gate interference power due to adjacent band transmitters
increases to 7 km.

FIGURE 21. Illustration of the summary values used to present the results
of the sensitivity analysis: in the case shown here, the standard deviation
of the location variability is set to 12 dB. The 1 values are the changes in
aggregate interference power compared to the baseline case. (a) Risk
chart for adjacent band transmitters showing the summary values
presented in Table 8 for cases in the sensitivity analysis. 1 is the change
when going from 8 to 12 dB location variability. (b) Risk chart for
co-channel transmitters showing the summary values presented
in Table 8 for cases in the sensitivity analysis.

IX. CONCLUSIONS AND RECOMMENDATIONS
As systems pioneer George Box famously said, ‘‘Remember
that all models are wrong; the practical question is howwrong
do they have to be to not be useful’’ [33, p. 74]. While our
model is clearly imperfect, we believe that it is still useful.

We conclude that risk-informed interference analysis can
be successfully applied in a real-world case. Protection cri-
teria that combine an interfering power level with statistical
limits on how often it may be exceeded provide a straight-
forward and helpful set of criteria for a risk-informed inter-
ference assessment.While such protection criteria are already
being used in a number of services, including the satellite ser-
vice and broadcast protection contours, the more widespread
use of statistical service rules will support future risk analysis.

Risk-based analysis yields useful insights. Our work shows
that the binding constraint is not the long-term interference
condition at 5◦ receiver antenna elevation assumed in prior
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studies, but the short-term interference condition at 13◦. The
sensitivity analysis highlights the need to better characterize
radio propagation, and particularly to update the understand-
ing of clutter in urban and suburban environments—noting
that current models rely on measurements taken in Japan in
the 1960s [25]. Ongoing work by NTIA [34] will be very
valuable.

The consequence metric used does not shed any light on
the service quality impacts of non-interference hazards such
as variations in desired signal power or operational problems.
The development of criteria based on service metrics, such as
bit-error ratios, would allow a more comprehensive analysis.

This analysis was limited by several factors. We could
not find ITU-R material to enable the use of bit-error
ratio metrics. Many of the parameter values in the
ITUR documentation—which were developed for the satel-
lite community by the satellite community—are stated with-
out explanation or backup. Baseline system performancemet-
rics were unavailable.

Moving forward, as risk-based interference studies are
usedmore often in decisionmaking, it is important to increase
the transparency of the process and the analysis. The repro-
ducibility, and even the credibility, of such analyses can be
enormously increased through a combination of transparency
(for example, by publishing any supporting calculations; see
footnote 3) and open peer review.
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