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Abstract

In the United States, government and commercial en-
tities have begun sharing the 3550–3650 MHz military
Radar band. The key to ensuring successful sharing is
robust interference prediction based on accurate and re-
liable propagation models. This paper presents the re-
sults of a comprehensive propagation measurement and
modeling campaign for the 3.5 GHz band. Although ex-
isting propagation models are broadly applicable, each
one falls short in characterizing the measured propaga-
tion in this band. Using simple, openly available geo-
graphic information systems data, we have developed a
modeling framework that can significantly reduce the
measurement-to-model median and Root Mean Square
errors.

1 Introduction

In the United States, the 3550–3650 MHz frequency band
was recently authorized for spectrum sharing applications
between commercial users and military Radar and satel-
lite services [1]. The key enabler for this transformative
technology will be fast, efficient, high-fidelity propagation
models that produce reliable predictions even when users
are rapidly moving through a complex propagation envi-
ronment.

Much of the published work investigating 3.5 GHz propa-
gation has come from researchers in Europe investigating
the applicability of existing channel models to 3.5 GHz
WiMax deployments, for example [2, 3, 4]. These re-
searchers have typically focused on examining the appli-
cability of empirical propagation models, such as Log-
Distance [5], Hata-Like Models, such as the Extended Hata
[6] or Stanford University Interim (SUI) [7], and semi-
deterministic models, such as the Irregular Terrain Model
(ITM; also known as the Longley-Rice) or the Terrain In-
tegrated Rough Earth Model (TIREM) [8]. We observed
in the literature that: (i) campaigns have focused on sub-5
km distances, which are extremely short for characterizing
high-power/long-distance Radar propagation, (ii) modeling
error is highly variable and can be extremely high with > 20
dB Root Mean Square Error (RMSE), and (iii) measure-

ments have characterized propagation over relatively flat
environments and have generally not taken large-scale ter-
rain effects into account. Though known to be imperfect,
the Extended Hata and ITM models are currently autho-
rized for propagation prediction for 3.5 GHz spectrum shar-
ing systems [9].

One of the primary drawbacks of all these models is their
extremely coarse categorization of propagation environ-
ments, essentially binning them into urban, suburban, and
rural. Modern Geographic Information Systems (GIS) can
distinguish among dozens, and sometimes hundreds, of
land use and land cover categories, all of which can be de-
fined with highly precise geographic boundaries. Although
in the context of radiowave propagation many of these envi-
ronments overlap significantly, it has been widely acknowl-
edged that utilizing a broader diversity of categories could
provide a more accurate propagation prediction. A consid-
erable amount of research has demonstrated that approxi-
mately 7–10 categories are sufficient for characterizing the
local clutter environment [10]. For our modeling effort, we
have chosen to use the U.S. National Land Cover Database,
a 30 meter resolution raster image of 20 partially overlap-
ping land categories [11].

2 Experimental Setup

To characterize 3.5 GHz propagation, a series of Received
Signal Strength (RSS) measurements was recorded in and
around St. Inigoes, Maryland, USA. A high-power SPN-43
Radar located at the U.S. Navy’s Webster Field Annex was
used as the transmitter, with the parameters given in [12].
The SPN-43 antenna was a horizontally polarized parabolic
dish antenna installed on a rotating pedestal approximately
7.9 m above ground level. The antenna had a cosecant-
squared pattern with a gain of 32 dBi and a 3 dB azimuthal
beamwidth of 3◦.

A block diagram of the measurement system is given in Fig.
1. For all measurements, a horizontally-polarized dipole
antenna was mounted on the roof of a vehicle, approxi-
mately 2.0 m above ground level. A bandpass filter was
constructed from a MiniCircuits VHF-1810 high-pass filter
and VLF-4400 low-pass filter. A Herotek limiter was used
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Figure 1. Block diagram of the RSS measurement system

to protect the measurement system from high-power sig-
nals expected at locations near the Radar. A Miteq AFS3
Ultra Low Noise Amplifier was used to ensure the system
could record extremely weak signals at long ranges. The
receiver was a Tektronix SA2500 Real-Time Spectrum An-
alyzer with on-board GPS. For approximately 75% of the
measurements, the vehicle was moving at speeds ranging
from 10–55 miles per hour (4.5–24.6 m/s); the remaining
measurements were collected while the vehicle was sta-
tionary. The amplifier gains, as well as all cable/connector
losses, were measured on a Vector Network Analyzer and
subtracted from the recorded RSS measurements.

To record measurements, the SA2500 was configured to op-
erate in the time-domain (Amplitude vs. Time) mode with
a measurement bandwidth of 5.0 MHz. To mitigate the ef-
fects of the very narrow antenna beamwidth and the antenna
rotation for each measurement, the SA2500 captured a 20
msec segment of data (approximately 20 Radar pulses) in
max hold mode. The max hold was maintained for approx-
imately 1 sec. as the Radar beam swept overhead before
the net captured trace was saved to disk. This procedure
ensured that the maximum RSS was captured as the Radar
signal swept over each measurement site; however, it in-
troduced a small uncertainty in the absolute position of the
measurement, due to the movement of the vehicle1. For
each measurement, the system also recorded GPS latitude
and longitude. Postprocessing extracted the strongest RSS
value from each captured data trace and used it as the RSS
for that specific measurement location.

Approximately 70% of the measurements were recorded
on publicly accessible areas, with the remaining measure-
ments recorded inside the 1,000-acre Webster Field Annex.
Measurements were primarily recorded either on roadways
or parking lots, although to ensure a representative sam-
pling of the region, a small number of measurements were
recorded in diverse areas such as a decommissioned run-
way, along a beach, and off-road locations.

3 Results

Although numerous techniques exist for analyzing propa-
gation measurements, an extremely common method used
in the literature is to compute the excess path loss,

1The worst-case position uncertainty is 25 meters at the maximum ve-
hicle speed of 55 MPH (24.6 m/s).
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Figure 2. Scatterplot of of the 3.5 GHz propagation mea-
surements in and around St. Inigoes, MD. Large-scale path
loss calculated using Eq. (1) where the PL(d0) anchor point
is the free-space path loss at a distance of 10 meters from
the transmitter.

PL(d) = PR(d0)−PR(d) dB, (1)

where PL(d) is the path loss at a transmitter-receiver dis-
tance of d meters, PR(d) is the RSS recorded at a distance d
from the transmitter, and PR(d0) is either the RSS recorded
at a close-in reference distance d0 meters from the transmit-
ter or the calculated free-space path loss at a distance of d0.
For our measurement scenario, hazardous electromagnetic
radiation safety rules precluded us from making a boresight
measurement at a distance closer than 120 meters. Thus,
we chose to use a calculated free-space PR(d0) at d0 = 10
meters and then extract out the SPN-43 and dipole antenna
gains as a function of their measured elevation pattern. This
provided us with results that would have been obtained if
isotropic antenna elements had been installed on the trans-
mitter and receiver.

As shown in Fig. 2, we observed a path loss exponent of
n = 3.8, which is suggestive of plane-earth or two-ray type
propagation. We also observed a significant spread about
the median path loss up to a distance of approximately 2.0
km. The spread is a result of the unique clutter environment
immediately around the transmitter. To the east/northeast
of the transmitter, the area is open, with few or no obstruc-
tions to block the Line of Sight (LOS) path from transmitter
to receiver. Approximately 1 km to the north and south of
the transmitter were several buildings with heights slightly
lower than the SPN-43 antenna. The region is a mature
forest with tree heights in the range of 10–12 m, with for-
est areas interspersed with 2- and 3-story-tall buildings that
significantly attenuated the received signal.

Table 1 lists the mean and RMSE error between the Log-
Distance, SUI, Extended Hata, ITM (in point-to-point
mode), and TIREM models when applied to our path loss
results. For ITM and TIREM, commercially available im-
plementations of the algorithms were used, along with



Table 1. Comparison of 3.5 GHz Propagation Model Accuracy

Error Log
Dist.

Ext. Hata Ext. SUI ITM TIREM GIS
Model

Mean 0.0 6.2 -24.1 3.8 -12.8 0.0
RMS 11.4 12.8 27.3 28.4 20.2 10.7
Mean d > 2 km 0.9 7.4 -25.6 -9.9 -13.4 0.0
RMS d > 2 km 10.1 12.6 27.7 18.6 19.8 9.0

All errors are reported in dB. Mean Error is calculated as Measured −Model

freely available 30 meter USGS Digital Elevation Maps
(DEM).

Table 1 shows that the Log-Distance model provides the
best overall fit to the measured data. This result makes
sense, as the Log-Distance model is essentially a linear
regression on the measured dataset. Examining the other
models, the ITM and Extended Hata models both produce a
relatively small mean error but have nearly double the vari-
ability of the Log-Distance model. TIREM and SUI have
very large mean and RMS errors, with the SUI being the
worst fit of all compared models. We note that our mea-
surement scenario did not match the explicit assumptions
of either the SUI or Extended Hata models. The Extended
Hata presumes a transmitter height of at least 20 m and is
intended for very long range (1–100 km) predictions [6].
The SUI model presumes a transmitter height of 15–40 me-
ters, receiver heights of 2–10 meters, and distances less than
10 km. ITM and TIREM are both designed for long range
propagation over hilly or rugged terrain and are not a good
match for the flat terrain within the first 2–3 km of our trans-
mitter’s range.

4 GIS Propagation Modeling Framework

The general form of nearly all empirical propagation mod-
els is given as

PL(d) = PLBase (d)+∑
i

∆i dB, (2)

where PL(d) is the median path loss (dB) as a function
of the straight-line Euclidian distance d between transmit-
ter and receiver, and PLBase (d) is the baseline propaga-
tion model. ∆i represents additional attenuation factors
not accounted for in the baseline propagation model, and
are functions of aspects of the environment. Note that
PLBase (d) can be any empirical or semi-empirical propa-
gation model, although the choice of the baseline model
will impact the types and values of the additional attenua-
tion factors. Typical choices for ∆i are factors for terrain
roughness, foliage, and environmental clutter.

For our propagation modeling approach, we chose to use
the log-distance model as our baseline propagation model,
with two ∆i’s: one to account for the effects of terrain
diffraction and one to account for receiver endpoint clutter.
Although many formulations of knife-edge diffraction exist

in the literature, we chose to implement a simple saturated
exponential model of the form

LDi f f = DT

(
1− exp

(
−dT

dc

))
dB, (3)

where dT is the distance that the most significant terrain
obstruction extends above the straight-line path between
transmitter and receiver (meters), dc is the terrain obstruc-
tion distance for which attenuation is saturated (m), and DT
is a tunable loss parameter that represents the maximum
amount of diffraction for a given frequency and environ-
ment type (rugged mountains, rolling hills, etc.). The ad-
vantage of this approach is that it provides fast, efficient
diffraction calculations while still being physically moti-
vated and tied to physical geometry.

To categorize receiver endpoint clutter, we first downse-
lected the 20 partially overlapping National Land Cover
Data (NLCD) categories into a set of seven distinct cate-
gories, as listed in Table 2. To determine the clutter cat-
egory, we analyzed only those pixels within a 200 meter
radius around each receiver position2. Clutter categories
were set based on a majority of pixels in the analyzed area,
with the exception of the Rural Forest and Suburban Forest,
where the majority had to be either the Rural or Suburban
category with at least 25% in the NLCD “Forest” Types (41,
42, 43, or 90).

Table 2. Endpoint clutter categories based on the NLCD
database

Clutter Cate-
gory

NLCD Land Type Median
Atten.
(dB)

Barren 11,12, 71, 72, 73, 74 N/A
Rural 21, 51, 52, 81, 82, 95 2.6
Rural Forest Rural + 41, 42, 43, 90 -1.8
Suburban 22 9.6
Sub. Forest Suburban + 41, 42, 43, 90 -0.5
Urban 23 7.7
Dense Urban 24 N/A

2200 meters was empirically determined as the minimum radius nec-
essary to consistently characterize similar type environments regardless of
the receiver’s location on the NLCD map.



5 Results

Model parameters were generated using the joint optimiza-
tion approach presented in [13]. Median attenuation val-
ues for clutter categories in our measurement dataset are
given in 2; additionally DT = 0.5 dB and dc = 0.25 m. A
summary of the model performance is provided in Table 1.
From our results we observe: (i) terrain diffraction in this
environment has only a minor impact on the total propa-
gation loss and is essentially a binary effect, (ii) counter-
intuitive negative losses for the two forested clutter cate-
gories, and (iii) a 0.7 dB reduction in the RMS error as
compared to the Log-Distance model for all distances and
a 1.1 dB reduction in the RMS error for distances greater
than 2.0 km.

Finally, we note that negative clutter loss does not imply
gain; rather, it suggests that propagation in those environ-
ments is less attenuated than would be predicted by the
baseline propagation model. In general, forest environ-
ments heavily attenuate wireless signals, but we observed
the opposite effect in our model. Our hypothesis for this re-
sult is that, because most of our measurements were taken
on highways, the signal from the SPN-43 Radar propagated
over the forest canopy and then diffracted over the forest
edge before reaching our receiver. The lack of significant
terrain diffraction in our environment is not completely un-
expected; the vast majority of the region around the SPN-
43 is gently undulating terrain, with a single ridgeline to
the east with a maximum height of 60 m. Only 35% of
our measurements experienced any terrain diffraction at all,
with geometries that would not have produced significant
shadowing.

6 Conclusions

Analysis of 3.5 GHz propagation measurements in South-
ern Maryland demonstrated that existing propagation mod-
els do not precisely and reliably describe propagation in this
band, particularly for regions that include foliage or build-
ing clutter. However, the relatively high propagation losses
suggest that secondary users may be able to operate with
significantly smaller exclusion zones and still avoid inter-
ference to/from S-band Radars. We demonstrated that even
a simple GIS-based propagation model can provide a sig-
nificant improvement in propagation modeling accuracy.
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