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SUMMARY 
 

 

 

Careful network planning has become increasingly critical with the rising 

deployment, coverage, and congestion of wireless local area networks (WLANs). This 

thesis outlines the achieved prediction accuracy of a direct-ray, single path loss exponent, 

adapted Seidel-Rappaport propagation model as determined through measurements and 

analysis of the established 2.4 GHz, 802.11g outdoor WiFi network deployed on the 

campus of the Georgia Institute of Technology. Additionally, the viability of using the 

obtained model parameters as a means for planning future network deployment is 

discussed. Analysis of measured data shows that accurate predictive planning for network 

coverage is possible without the need for overly complicated modeling techniques such 

as ray tracing. The proposed model performs with accuracy comparable to other 

commonly accepted, more complicated models and is offered as a simple, yet strong 

predictive model for network planning – having both speed and accuracy. Results show, 

that for the area under study, the standard deviation of the prediction error for the 

proposed model is below 6.8dB in all analyzed environments, and is approximately 

5.5dB on average. Further, the accuracy of model predictions in new environments is 

shown to be satisfactory for network planning. 
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CHAPTER 1: 
INTRODUCTION 

 

 

 

With the worldwide proliferation and subsequent congestion of wireless local area 

networks (WLANs), careful network planning and propagation modeling have become 

essential to current deployments. In the past, early outdoor WiFi coverage has been 

estimated in largely an ad hoc manner: infrastructure was placed in a small test area with 

a basic idea of coverage in mind, using measurement surveys to provide verification and 

analysis, and then repeating the process for more and more areas until full coverage is 

achieved. This process can be very costly and time-consuming.  

An alternative approach that promises lowered cost and lowered time-to-

deployment is the Adaptive Deployment method, proposed in this report. The Adaptive 

Deployment method consists of a site-survey and analysis processes on an initial test area 

and then use of the analysis of this test area to update parameters for a predictive model, 

which can then be used to simulate the deployment process in other areas. Using the 

optimized predictive model, a network planner can determine the placement and amount 

of infrastructure required to meet the demands of the network for a deployment of any 

size. By planning the full deployment using this Adaptive Deployment design 

methodology, the number of cyclic deploy-and-verify steps can be drastically reduced.  

In order to exercise predictive deployment in this fashion, the network 

calculations must use a path loss model that is both accurate and capable of being 

optimized. To accomplish this, an adaptation of the Seidel-Rappaport propagation model 

[5] is used as a simple, accurate direct-ray, single path loss exponent, model which can be 
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used for predictions in the outdoor environment. The Seidel-Rappaport model is capable 

of being optimized using standard linear regression techniques [11], and has significant 

speed advantages compared to more complicated models, such as ray-tracing. Further, the 

model allows for the inclusion of site-specific environment information to improve 

accuracy as compared to a purely distance dependent, free-space path loss model. 

The measurements and analysis in this paper demonstrate the validity of the 

Adaptive Deployment design methodology and the use of a direct-ray, single path loss 

exponent, adapted Seidel-Rappaport path loss model in the outdoor space by analyzing 

the established 802.11g WiFi network on the campus of the Georgia Institute of 

Technology. From the results of the analysis, it is shown that the prediction error of the 

model under study is below 6.8dB for all analyzed environments and is approximately 

5.5dB on average, which agrees well with other published path loss models for the 

outdoor domain. Further, the Adaptive Deployment process is validated since the average 

mean error offset for predictions into new environments at all data points is only -0.9dB 

and average standard deviation is approximately 7.0dB. 
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CHAPTER 2: 
EXISTING OUTDOOR MODELING TECHNIQUES 

 

 

 

Methods for predicting outdoor wireless signal coverage have been under 

development for decades. These models predict the signal power at a given point by 

determining the path loss, the difference between the transmit power and received power, 

from the transmitter to the receiver. Deterministic propagation models generally fall into 

two categories: Direct-Ray and Multi-Ray models. 

2.1: Direct-Ray Models 

Direct-Ray models, as described in this paper, are those that calculate the signal 

path loss based on parameters determined from the shortest straight line connecting the 

transmitting and receiving antennas. The simplest of these models is the purely distance 

dependent Friis transmission equation, which calculates the received signal power 

according to the signal loss in free space using:  

2

4








⋅

⋅⋅⋅=
d

GGPP RxTxTxRx π
λ

 1 

where PRx is the signal power at the receiver, PTx is the signal power output from the 

transmitter, GTx is the gain of the transmitting antenna, GRx is the gain of the receiving 

antenna, λ is the wavelength, and d is the distance from the transmitter to the receiver. 

The Friis transmission equation makes the assumption that the propagation environment 

is essentially vacuous, which limits its applicability in real world environments.  

In order to increase the accuracy of the Friis transmission equation, the 

exponential term is raised to the general power n, which is referred to as the path loss 
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exponent, in a vacuum n is equal to 2. The path loss exponent allows site-specific 

variations to be included in the distance dependent model and is one of the most 

important parameters of all distance dependent models. With the inclusion of the path 

loss exponent, the standard path loss equation takes the form: 

σλ
π

Χ+






 ⋅
⋅+








⋅⋅= 0

10

0

10

4
log20log10

d

d

d
nPathLoss  2 

where the included parameters are the previously mentioned path loss exponent, n, a 

reference distance d0, and the term Xσ, which represents accepted log-normal variation in 

the channel path loss. This form of the equation isolates the loss components of the Friis 

transmission equation by grouping the difference of the received power to the transmitter 

power and antenna gains into a single path loss term.  The equation is almost exclusively 

manipulated in logarithmic scale. 

Some direct-ray models will use multiple path loss exponents depending on the 

RF environment encountered by the direct-ray path, such as Line of Sight (LOS) where 

there are no obstructions between the transmitter and receiver and Non Line of Sight 

(NLOS) where there are obstructions between the transmitter and receiver. In other 

models two path loss exponents are used for the same LOS path as set by a geometry 

determined breakpoint distance [2] [3] [4]. 

Increased sophistication in Direct-Ray models generally involves the inclusion of 

additional parameters to the path loss equation given in 2, for site-specific information 

which is correlated to signal gain or loss with respect to the free space loss. These 

parameters often include information regarding building heights [18] [19] [17], street 

width [19], building spacing [19] [17], and other physical information correlated to 
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known propagation mechanisms. While some parameters of Direct-Ray methods may be 

determined from knowledge of multipath (or multiple ray) components, the models still 

do not involve direct calculations of multiple ray paths. 

2.2: Multi-Ray Models 

Multi-Ray methods, as described in this paper, are those that calculate the signal 

path loss based on the aggregation of the field strength for more than one path from the 

transmitter to the receiver. Typically Multi-Ray models are described under the umbrella 

of ray-tracing models, but the term Multi-Ray is used herein to include any model which 

may aggregate the signal strength contribution of more than one transmitter-to-receiver 

path at a time. 

Multi-Ray models usually make direct calculations of path loss based on paths 

determined by geometric reflections, diffractions, and scattering [1], rather than making 

more indirect calculations of path loss due to correlations as in Direct-Ray methods. 

Many full ray tracing methods focus on launching a large number of rays from the 

transmitter to the receiver and use geometric optics to determine the subsequent paths of 

the rays [1]. Other methods focus on selecting only those ray paths which make the 

largest contributions to the received signal power [14] [15] [16]. The additional 

complexity of Multi-Ray models brings vastly increased computation time as compared 

to Direct-Ray models, and this has made them difficult to use in large-scale network 

planning. 
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CHAPTER 3: 
MEASUREMENT METHODOLOGY 

 

 

3.1: Hardware 

In this study a NETGEAR™ WAG 511 v2 WLAN card (shown in Figure 1) is 

used as the measurement receiver. This card is controlled with special Motorola drivers 

and Motorola MeshPlanner™ software installed on the client laptop which permits 

collection of so-called RF Monitoring mode measurements. In this mode, the card is 

prohibited from making an association to any access point (AP), but instead scans all 

WiFi channels of interest and then makes measurements of the Received Signal Strength 

Indication (RSSI) for each AP it samples. Using this method, it is possible to measure all 

APs whose RSSI is within the dynamic range of the card at any given point. 

 

 

Figure 1: The NETGEAR™ WLAN card used as the receiver device in all surveys 
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The receiver sensitivity is very important in any wireless measurement survey. If 

the receiver sensitivity is poor, important measurements at the bottom end of the power 

range may be excluded from the measurement survey, and subsequently may skew the 

analysis of the data. The sensitivity of the WLAN card used in this survey is stated to be  

-94dBm by the manufacturer’s specifications.  

The WLAN card used for the survey utilized an internal antenna. The exact 

antenna pattern is unknown; however, it can be safely assumed that the antenna can be 

approximated by an isotropic pattern due to its electrically small design and the 

unpredictability of the slight effects which may be induced by near-field coupling to the 

accompanying laptop. All WLAN cards with integrated antennas will tend to have these 

similar features. Further, test measurements made at various orientations indicate that the 

antenna has low directivity, and therefore a 0dBi, isotropic pattern is assumed. 

Overall, the effect of using a WLAN card for measurement of a wireless network 

will have little effect on the analysis of network performance or analysis of the 

performance of the predictive propagation model. That is, so long as it is understood that 

any analysis will have been inherently calibrated to the WLAN card receiver being used 

in the survey. Obviously, using a receiver with increased sensitivity will likely have some 

effect on the analysis by including more points into the dataset under analysis. Further, 

individual WLAN cards may be calibrated or designed differently and are well known to 

produce slightly different results between cards for the measured RSSI at a given points, 

but this difference was found to be within 1 to 2 dB on average and therefore not a 

significant source of error. 
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3.2: Data Collection Procedure 

Beyond hardware used in the measurement campaign, the method by which 

measurements are taken can have a significant impact on the reliability of the data 

obtained. Sampling rate, velocity, spatial averaging, and other considerations need to be 

accounted for in the analysis of the measurements.  

For the measurement surveys, the WLAN card was inserted into the PCMCIA slot 

on the side of a standard laptop. Throughout the surveys, the top of the card was oriented 

toward the zenith sky in order to best approximate typical device use by an end user of 

the network and to increase the likelihood that the direct-ray signal path falls within the 

half-power beamwidth of the antenna. This measurement orientation is shown in Figure 

2. 
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Figure 2: When taking measurements, the laptop was kept in the orientation shown, with the top of 
the WLAN card pointed toward the zenith sky. This was done to maintain received pattern 

consistency throughout the survey. 
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In this study, two separate modes of measurement positioning were used: track 

run measurements and single marker measurements. Both methods require the locations 

of the measurements to be selected by the user through identification of the measurement 

location on a bird’s-eye map of the general region. In the single marker measurement 

mode, the measured values are referenced to the user selected location, as determined by 

a mouse-click on the map of the area under measurement. For track run measurements, 

the user indicates a start and an end location, and the amount of time in between the input 

of those two points determines where each measurement in the run should be referenced 

along the straight line path from the start point to the end point. 

In order to ensure that the track run measurements collected during this survey are 

not adversely affected by sampling delay, the measurements are all taken while walking 

at a relatively slow pace. Since the longest total sampling period used in the study was 

only six seconds, it is unlikely that there would be any effect due to sampling delay since 

the dimensions of the large scale fading effects in the outdoor space are all likely to be 

much larger than the distance traveled between measurement locations. Further, tests 

taken at a high sampling rate (greater than 1 sample/sec) and those taken at a low rate 

(less than 0.2 sample/sec) over the same region at the same walking speed showed similar 

standard deviation, mean error, and model parameter values after regression analysis. As 

such, the vast majority of measurements were taken using track-run mode since the 

largely quantity of measurement acquired will reduce susceptibility to small-scale fading 

in the channel. 

If the distribution of measurements is not evenly spread across the full variety of 

the RF environment, then the results of the data analysis will end up favoring predictions 
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for one particular environment over another. This result will cause a spatial inconsistency 

in the accuracy of the model predictions. Therefore it is important not to have a 

significantly larger number of measurements in one particular area over another. In this 

study a hard limit was not defined for this aspect of the measurement survey, but the 

general practice was to avoid having an order-of-magnitude difference in the spatial 

distribution of the included measurements for a given region. 

To provide additional illustration of the measurement procedure, Figure 3 and 

Figure 4 show some sample measurements in progress. 
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Figure 3: Lorne Liechty takes track run measurements of the Van Leer AP while walking slowly. 
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Figure 4: Lorne Liechty takes a single marker measurement of the Van Leer AP. 
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3.3: Scope of Measurement Survey 

The scope of this analysis is limited to the campus of the Georgia Institute of 

Technology. While this campus is located in the Midtown area of Atlanta, the majority of 

the campus has significantly more green-space than the average urban (city) area. The 

APs used for analysis in this study are herein referenced with respect to which campus 

building they were mounted on, namely the Van Leer AP, the Zeta Tau Alpha Sorority 

House (ZTA) AP, and the Technology Square Research Building (TSRB) North and 

South APs. These APs were chosen based upon the availability of information regarding 

their hardware link configuration and antenna gain pattern. The APs used in the survey 

are illustrated in Figure 5 through Figure 8. 
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Figure 5: The Van Leer AP and surrounding area. The red circle indicates the location of the 
transmitting antenna. 
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Figure 6: The Zeta Tau Alpha (ZTA) AP and surrounding area. The red circle indicates the location 
of the transmitting antenna. 
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Figure 7: The Technology Square Research Building (TSRB) South AP and surrounding area. The 
red circle indicates the location of the transmitting antenna. 

 

 



 

 18   

 

 

 

 

 

 

 

 

 

 

Figure 8: The Technology Square Research Building (TSRB) North AP and surrounding area. The 
red circle indicates the location of the transmitting antenna. 
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CHAPTER 4: 
ENVIRONMENT MODELING METHODOLOGY 

 

 

4.1: Geophysical Modeling 

In the model under study, the local terrain, buildings, and foliage are included as 

the dominant factors in the path loss calculation. As such, models for each of these are 

included in the analysis. Fortunately, these types of datum are either freely available or 

easily obtained at cost for all of the United States and large portions of the rest of the 

world. For this study, terrain information was obtained at 10 meter resolution from the 

USGS public servers, building outlines and foliage boundaries for the campus were 

obtained from the Georgia Institute of Technology College of Architecture. For the 

purpose of the model, all building heights are set at 15.24m (an estimate of the average 

building height) and all foliage boundaries are set to a height of 6.10m (an estimate of the 

average tree height). A picture of the modeled campus with included building footprints, 

foliage, and terrain is shown in Figure 9 and Figure 10. The building and foliage data 

used for this analysis is the most up-to-date information that was readily available. Minor 

variations exist between the data included and the current environment, however, these 

are not considered to be detrimental to the analysis performed. 
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Figure 9: Diagram of a 0.48km x 0.59km area of the modeled campus environment obtained from a 
screen-capture of the Motorola MeshPlanner™ software. Building outlines and foliage boundaries 
are included as dominant path loss parameters in the model. Access points are placed above the 

terrain at empirically determined heights. 
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Figure 10: Three-dimensional, southwest isometric view of the modeled campus environment 
obtained from a screen-capture of the Motorola MeshPlanner™ software. 
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4.2: Modeling Installed WLAN Infrastructure 

Beyond modeling just the surrounding RF environment, the WLAN infrastructure 

is modeled in order to perform accurate analysis of the path loss model. In this study, the 

established outdoor network at the campus of the Georgia Institute of Technology (the 

Local Area Walkup & Wireless Network or LAWN) is modeled and measured. With help 

from the University’s Office of Information Technology, the locations, transmitter 

powers, and antenna gain patterns were obtained for a number of their outdoor transmit 

locations.  

Additionally, the relative height to the local terrain and orientation of each 

antenna is necessary. The relative heights were estimated by measuring a fixed distance 

from the antenna mounting location and then using simple angle measurements and 

trigonometry to determine the height of the antenna. This method was checked for a 

building of known height and was found to be accurate to within two percent. The 

azimuth and elevation angles of orientation for the antennas were estimated by visual 

inspection.  

In order to determine the path loss from the transmitter to the receiver, the output 

power of the transmitting antenna must be known. The output power of the AP was 

determined by referencing the current device settings of the hardware. The input power to 

the antenna was estimated either by using prior knowledge of the forward link from the 

AP to the antenna, or by visual inspection of the forward link equipment. After recording 

the quantity of connectors, cable, and amplifiers used in the construction of the forward 

link, the transmit power was estimated based on the manufacturer’s specified values for 

signal loss or gain at each component. 
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In order to verify the described estimates of the antenna model, the output power 

of the Van Leer Antenna was measured using a power meter with a sufficiently large 

dynamic range, -70dBm to +44dBm, and an attached probe antenna, as shown in Figure 

11. The power measurements of the antenna were determined to be satisfactory, within 1 

to 2 dB of the estimated power for several sample measurement locations within the main 

beam of the antenna gain pattern.  

 

 

Figure 11: One-meter test measurement process to verify estimates of the transmitter output power 
of the Van Leer AP. 

 

 

For those antennas being analyzed in this study, the model number and 

manufacturer were recorded and used to determine the antenna gain pattern. Once the 

information for the elevation gain pattern and the azimuth gain pattern are obtained, the 
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value of the antenna gain at any given point can be determined by an elliptical 

interpolation between the azimuth and elevation values for the given angle [12].  

In some cases, the exact pattern provided by the manufacturer contained very 

detailed pattern information with peaks and nulls that varied by only a few dB. Since this 

level of detail is not likely to remain accurate after installation of the antenna due to 

manufacturing variability, multipath effects, mounting configuration, and near-field 

coupling which may all distort the pattern, a smoothed antenna pattern was used to 

simplify the modeling procedure and still maintain an acceptable level of accuracy. Since 

the antennas used in the network were sectoral with wide half-power beamwidths, the 

smoothed pattern was derived from a cardioid using the following equations: 

( ) ( )

















−

⋅−=

2
cos1

3
1cos

θ

θθ
HBW

Gain  3 

( ) ( )



















−

⋅−=

2
cos1

3
1cos

ϕ

ϕϕ
HBW

Gain  4 

Where θ is the azimuth bearing angle, φ is the elevation bearing angle, HBWθ is the half-

power beamwidth in the azimuth plane, and HBWφ is the half-power beamwidth in the 

elevation plane. These equations calculate the approximate antenna pattern in logarithmic 

scale, and are one set of equations used for approximating directional antenna patterns 

within industry standard modeling software, Motorola Meshplanner™. A further 

approximation of the antenna pattern was made by thresholding the antenna pattern to a 

minimum gain value of 0dBi. Figure 12 and Figure 13 show an example of a 

manufacturer’s gain pattern and the resulting gain pattern used in the model. 
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Figure 12: Antenna pattern for a 14.2dBi YDI sectoral antenna with a 180 degree half-power 
beamwidth. 
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Figure 13: Example of antenna gain pattern smoothing used in environment model, pattern scale is 
in units of dBi. This pattern is the approximation of the 2.4GHz azimuth pattern used for a 14.2dBi 

YDI sectoral antenna with a 180 degree half-power beamwidth. 
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CHAPTER 5: 
ANALYSIS OF MEASURED DATA 

 

 

5.1: Description of the Model Under Study 

The model used for this analysis is a direct-ray, single path loss exponent model 

developed at Motorola, Inc. This model is an outdoor, microcell adaptation of the Seidel-

Rappaport model [5], which calculates the path loss based upon the transmitter-receiver 

separation distance and the number and type of obstructions intersecting the straight-line 

between the transmitter and receiver (direct-ray) [1]. In this analysis, intersections of the 

direct-ray signal path with building footprints (outlines) and foliage boundaries are 

included as the propagation affecting variables of the modeled environment. The equation 

for the signal path loss (in dB) used in this analysis is then given as:  

( ) ∑ ⋅+







+=
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ii PEOBS

d

d
ndPLPathLoss

0

100 log10  5 

where PL(d0) is equal to the free space path loss with respect to a given reference 

distance, d0, (typically 1m, 100m, or 1km depending on the environment [6]), d is the 

distance between the transmitter and receiver, n is the path loss exponent, OBSi is the 

number of obstructions of type i that intersect the direct-ray path from the transmitter to 

the receiver, and PEi is the propagation effect, or amount of change in the path loss 

incurred per intersecting obstruction, for an obstruction of type i. In this study, d0 is set to 

1m. 

As an example of how the path loss for this model is calculated, consider the 

transmitter to receiver path shown in Figure 14. For this path, the modeled signal 
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intersects 6 building outlines and 2 foliage boundaries. For this signal path, the distance is 

determined to be 142.8 meters. Using a path loss exponent of 2.8 and propagation effects 

for building outlines and foliage boundaries of 0.9dB and 0.4dB respectively, the total 

path loss given by the model under study at 2.412GHz is equal to 105.6dB. When the 

transmit power and antenna gain is included in the calculation, these parameter values for 

the model predict the RSSI for this location to be -79.0dBm (the actual measured RSSI 

was -79dBm). 

 

 

Figure 14: Diagram depicting a direct ray path from transmitter to receiver obtained from a screen-
capture of the Motorola MeshPlanner™ software. The large circle in the upper left represents the 
ZTA AP, the small circles are measurement locations. The line from the AP to a measurement point 
is an example of the direct-ray used by the predictive model to determine the path loss from the 

transmitter to the receiver for that measurement location. 
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5.2: Parameter Values Obtained from Linear Regression 

Figure 15 shows the locations of all measured points included in this analysis. As 

previously mentioned, each measurement location may contain measured values for more 

than one AP and therefore 523 total path loss measurements have been included in the 

analysis. 

 

 

Figure 15: Diagram of measured portion of the campus of the Georgia Institute of Technology 
obtained from a screen-capture of the Motorola MeshPlanner™ software. Measurement locations 

are marked with a small, solid circle. 

 

 

Table 1 provides the results of a regression analysis performed on the data taken 

on campus. Values for the model parameters are determined using a least-squares linear 

regression analysis [11], performed by the Optimatic functionality of Motorola 

MeshPlanner™. Also included are the calculated values for the model sensitivity to a 

given parameter (∆σ), which is calculated as the difference in the resulting standard 

deviation of the model error when that parameter is removed from the regression analysis 
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[11]. As seen in Table 1 the mean error is near zero and standard deviation of the model 

error is below 7dB for all samples of data, which indicates that the model can be used 

successfully in predicting AP deployment and planning. 

 
Table 1: Model parameters obtained from a least-squares regression analysis of measurement data 

taken on the campus of the Georgia Institute of Technology. 

 

Path Loss 
Exponent 

Building 
Footprint 

Foliage 
Boundary 

AP Name, 
Lattitude, 
Longitude, 
Height 

Path 
# of 
pts 

dB/ 
decade ∆σ dB ∆σ dB ∆σ 

Mean 
error 

std 
dev 

All 523 2.65 23.4 0.5 0.2 0.6 0.3 0.3 6.6 

LOS 194 2.60      0.2 6.0 Aggregate 

NLOS 329 2.74 22.6 0.2 0.0 0.5 0.3 0.4 6.8 

All 106 2.68 16.6 0.8 0.1 1.2 0.1 -0.1 6.6 

LOS 77 2.62      -0.1 6.3 

Van Leer 

33.7757293 N 

84.3968384 W 

17.35 m NLOS 29 3.11 27.8 -1.9 0.9 -0.1 0.0 0.1 4.8 

All 204 2.56 26.8 0.2 0.0 0.6 0.3 0.2 5.1 

LOS 76 2.54      0.1 5.4 

TSRB South 

33.7769982 N 

84.3900884 W 

22.27 m NLOS 128 2.59 25.2 0.1 0.0 0.6 0.3 0.2 4.9 

All 15 2.59 26.6 -1.8 2.8 -0.1 0.0 0.0 1.4 

LOS 4 2.57      0.1 1.4 

TSRB North 

33.7774356 N 

84.3899192 W 

21.54 m NLOS 11 2.61 23.0 -1.9 2.7 -0.2 0.1 0.0 1.3 

All 198 2.86 22.6 0.5 0.2 0.3 0.1 0.1 5.3 

LOS 37 2.76      0.2 5.6 

ZTA 

33.7770126 N 

84.3932886 W 

7.64 m NLOS 161 2.95 20.9 0.2 0.0 0.3 0.1 0.0 5.0 

 

 

In Table 1, negative values for propagation effect parameters may indicate some 

areas of the measurement environment in which there are propagation effects which more 

strongly correlate to signal gain with respect to free-space path loss, rather than signal 

loss with respect to free-space path loss. These areas are not considered to be 

significantly detrimental nor conclusive to the parameter values of the model however, 

since the number of data points for these regions is small in comparison to the data at 

large (e.g. for the TSRB North AP, there are only 15 total measurements for the AP) and 
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when the data is considered in total, the resulting parameters show stronger correlations 

to signal loss, which is more intuitively expected.  

To illustrate, Figure 16 shows the correlation of transmitter to receiver distance, 

number of building wall intersections, and number of foliage boundary intersections to 

the measured RSSI for each direct-ray path according to the correlation coefficient of the 

sample sets. The correlation coefficient is calculated according to: 
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where n is the total number of data points in a sample set, xi and yi are the values of an 

individual data point in two different sample sets, x‾  and y‾ are the mean values of the two 

different sample sets, and σx and σy are the standard deviations of the two different 

sample sets [13]. In Figure 16, a positive correlation occurs when the signal path loss 

increases as the test parameter increases. For example, path loss typically increases as 

transmitter to receiver distance increases, and as expected there is a relatively strong 

positive correlation between the signal path loss and the transmitter to receiver distance. 
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Figure 16: Chart showing the correlation of various model parameters to the actual measured RSSI 
for the transmitting AP. 

 

 

As discussed previously, the footprints of known buildings and foliage boundaries 

for a large number of cataloged tree canopies in the area under study are included in the 

environment model. These were included so that the intersections between the modeled 

obstructions and the direct-ray path could be used both as independent model parameters, 

and also as a means of determining LOS and NLOS paths for comparison in the analysis. 

In the analysis it can be seen that for both the building outlines and the foliage 

boundaries, the obtained value for the building attenuation decreases when the analyzed 

data is reduced to only included NLOS paths for each data set.  

It is likely that the optimal parameter values for the building and foliage 

propagation effects are reduced for the NLOS case due to a de-correlation of the model 

parameter to the overall path loss. For example, in the case when LOS and NLOS paths 
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are not differentiated in the analysis, the building and foliage propagation effects serve as 

the means for providing the necessary additional path loss to the model in NLOS paths, 

while still maintaining a lower path loss exponent which increases the model accuracy for 

LOS paths. When the LOS and NLOS paths are considered separately, the correlation of 

the building outlines and foliage boundaries to the measured RSSI decreases (for all 

sample sets except TSRB North and TSRB South foliage, where the lacking data for 

TSRB North has already been discussed and correlation of the foliage for the NLOS 

TSRB South paths may be attributed), and the path loss is determined more 

predominantly by the NLOS path loss exponent. Further, it is clear from the model 

sensitivity calculations that on the whole, the building and foliage propagation effects are 

largely used as correction factors in the propagation model. The path loss is dominated by 

the free space loss, and the building and foliage parameters function as added 

independent parameters to increase the overall model accuracy, but not largely affect the 

big-picture view of the path loss. 

As it may seem from the discussion up to this point, the most important model 

parameters obtained from the analysis are the path loss exponents. These provide 

significant insight into the distance-dependent attenuation of the wireless signal, which is 

the largest path loss contributor in the model under study. In the analysis we can see that, 

as expected, the value for the path loss exponent is systematically higher for NLOS paths 

than it is for LOS paths. This indicates that, in general and as may be intuitively 

expected, the signal strength decreases faster for NLOS paths than it does for LOS paths. 

For the single path loss exponent model used in this study, this larger rate of path loss for 
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NLOS cases is accounted for by the inclusion of the building footprint and foliage 

boundary propagation effects. 

5.3: Comparison to Published Values 

In order to get a direct comparison of the performance of a propagation model 

with that of another, both models should be analyzed using the same set of data. As such 

analysis was performed for a single path loss exponent, purely distance dependent model 

given by the equation: 

( ) 
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where PL(d0) is equal to the free space path loss with respect to a given reference 

distance, d0, d is the distance between the transmitter and receiver, and n is the path loss 

exponent. Table 2 shows the results of this model and the model under study. 

 

 
Table 2: Comparison of Model Under Study (MUS) to single path loss exponent, purely distance 

dependent model (DDM). Results indicate the accuracy advantage of including site-specific building 
outline and foliage boundary data in the path loss model. 

 
Path Loss Exponent Mean error Standard Deviation 

AP 
# of 

Points MUS DDM MUS DDM MUS DDM 

Aggregate 523 2.65 2.75 0.3 0.2 6.6 7.1 

Van Leer 106 2.68 2.72 -0.1 -0.2 6.6 6.8 

TSRB South 204 2.56 2.61 0.2 0.2 5.1 5.4 

TSRB North 15 2.59 2.42 0.0 0.3 1.4 4.2 

ZTA 198 2.86 2.99 0.1 -0.1 5.3 5.6 

 

 

As can be seen from Table 2, there is a clear accuracy benefit from including site-

specific building outline and foliage boundary data in the path loss model. On average the 

model under study (labeled as MUS), had a 0.8dB decrease in prediction error as 

compared to the distance dependent model (labeled as DDM). 
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When performing analysis on any model, it is also important to compare the 

results with the existing results of other’s research. Therefore, some of the parameters 

obtained from analysis of the model under study are here compared with those of other 

models at similar frequencies and environments. 

Since most other models have not used building outlines and foliage boundaries in 

the same manner as the model under study, there is little-to-no direct comparison that can 

be made for those parameters as obtained from the previously discussed analysis results. 

The obtained path loss exponents, however, are frequently used in most all models, and 

as such, Table 3 is provided which contains published values for other models in similar 

environments and the previously discussed distance dependent model. As can be seen, the 

path loss exponents of the model under study are in agreement with those of the other 

models. There are some differences between models both at this frequency range and at 

others, but this can be expected since the inclusion of various additional parameters and 

differing methods of determining model parameters will affect the obtained path loss 

exponent value. 

 

 
Table 3: Comparison of the path loss exponent values obtained for the model under study to a single 

path loss exponent, purely distance dependent model and several published path loss models. 

 

Model Frequency [GHz] Type 
Path Loss Exponent 

[dB/decade] 

Model Under Study 2.4 Direct Ray 2.5 - 3.7 

Distance Dependent Model 2.4 Direct Ray 2.4 - 3.0 

Xia et al 94 [7] 1.9 Direct Ray 2.5 - 5.0 

Piazzi & Bertoni 99 [10] 1.8 Multi Ray 3.9 - 5.9 

 

 

Table 4 shows the standard deviation of the model error for various published 

models, as well as the results of the single path loss exponent, purely distance dependent 
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model. From the data it is clear that the model under study performs comparably well in 

terms of accuracy for the area under analysis. As stated previously, an improved 

comparison would analyze each model for the same environment and the same 

measurements as performed for the purely distance dependent model, but this is not 

included in the scope of the current study; perhaps future research will allow these 

analyses. 

 

 
Table 4: Comparison of the standard deviation of the model error for the model under study to a 
single path loss exponent, purely distance dependent model and several published path loss models. 

 
Model Frequency [GHz] Type Standard Deviation [dB] 

Model Under Study 2.4 Direct Ray 5.0 - 6.5 

Distance Dependent Model 2.4 Direct Ray 5.5 - 7.0 

Xia et al ‘94 [7] 1.9 Direct Ray 5.0 - 9.0 

Aschrafi et al ’06 [8] 2.1 Multi Ray 6.7 

Erceg et al ‘97 [9]  2 Multi Ray 4.4 

Piazzi & Bertoni ‘99 [10] 1.8 Multi Ray 4.7 
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CHAPTER 6: 
PREDICTIONS BASED ON NEW MODEL PARAMETERS 
 

 

 

As discussed previously, the Adaptive Deployment method of outdoor WLAN 

network development promises lowered cost and lowered time-to-deployment. By 

performing the placement, measurement, and analysis processes on an initial test area and 

then use the analysis of this test area to update parameters for a predictive model, the 

model can then be used to simulate the deployment process in other areas. Therefore, as a 

test to further verify the validity of the model used in this analysis and examine the 

validity of the Adaptive Deployment philosophy, predictions were made at measured 

locations not included in the model regression analysis. Specifically, the aggregate 

regression results were used to predict the RSSI for the measurement points of each area 

individually, and also the regression results for each individual area were used to predict 

the RSSI for the measurement points of the other areas. The resulting mean error, e‾ , and 

standard deviation, σ, in dB for each of these predictions is given in Table 5. 

 

 
Table 5: Results for predictions of the model under study at measured locations not included in the 

regression analysis used to obtain the model parameters. 

 

 Prediction Area 

Aggregate Van Leer TSRB South TSRB North ZTA 
Source Area 

# of 
pts e‾  σ e‾  σ e‾  σ e‾  σ e‾  σ 

Aggregate 523   0.7 6.7 -3.0 5.4 -6.5 5.8 4.1 5.3 

Van Leer 106 -1.8 7.0   -5.3 5.9 -8.2 1.4 1.3 6.2 

TSRB South 204 3.3 6.6 2.9 6.8   0.2 5.1 7.4 5.5 

TSRB North 15 8.9 10.3 3.6 7.8 5.8 8.8   15.6 9.6 

ZTA 198 -4.0 6.9 -3.5 6.6 -7.9 5.7 -11.1 6.3   

 

 



 

 38   

In Table 5, the model parameter values used for each prediction are derived using 

values from measurements not included in the prediction area; with the exception of 

predictions into all areas (aggregate). The results show that the predictions maintain a 

satisfactorily tight fit with the average standard deviation being 6.5dB. However, the 

results nearly all show significant offsets in the mean error, which agrees with the results 

found for a similar analysis by Piazzi and Bertoni using various modeling methods [10]. 

The fact that the standard deviation remains relatively low when predicting into 

new areas agrees with the previous analysis in Chapter 5, which indicated that the path 

loss was most significantly due to the free space path loss, and that the building outline 

and foliage boundary information had less significant effects. Perhaps highlighting the 

relatively small effects of the building outline and foliage boundary information however, 

predictions made using the same methodology as above, but using the purely distance 

dependent model yielded similar results as shown in Table 6. In fact, on average there is 

very little difference between the results obtained for the two models.  

This result shows that the inclusion of site-specific building outlines and foliage 

boundaries does not decrease the average prediction accuracy into new environments as 

compared with the purely distance dependent model. In fact, it appears that the inclusion 

of the additional parameters provides an increase in accuracy in some predictions, and the 

decrease in accuracy found in others may be attributed to a low measurement count.  
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Table 6: Results for predictions of the single path loss exponent, purely distance dependent model at 
measured locations not included in the regression analysis used to obtain the model parameters. 

 
 Prediction Area 

Aggregate Van Leer TSRB South TSRB North ZTA 
Source Area 

# of 
pts e‾  σ e‾  σ e‾  σ e‾  σ e‾  σ 

Aggregate 523   -1.0 6.8 -3.5 5.6 -7.5 4.9 5.0 5.7 

Van Leer 106 1.1 7.1   -2.6 5.5 -6.6 4.8 5.8 5.7 

TSRB South 204 3.6 7.0 2.1 6.9   -4.1 4.6 8.2 5.8 

TSRB North 15 7.9 7.0 6.0 7.1 4.9 5.3   12.3 6.0 

ZTA 198 -5.1 7.3 -5.8 6.7 -9.3 5.8 -12.9 5.3   

 

 

This mean offset when predicting into new environments does not necessarily 

prohibit the Adaptive Deployment method for designing outdoor WLAN deployments. 

When the mean error offsets incurred from predictions into all data points (Aggregate), 

using optimal parameter values obtained from a subset of data (Van Leer, TSRB South, 

TSRB North, ZTA), are analyzed with respect to how many data points were used to 

obtain the original optimal parameters it is clear that the offset is worst in the situation 

where the measurement data is limited, TSRB North. If this TSRB North AP data is not 

considered, then the average mean error offset for predictions at all data points is only -

0.9dB, which is considerably less troublesome. This suggests that the quality of the 

measurement survey used for the determination of the initial parameter set can have 

significant effects on the accuracy of predictions made into new environments.  
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CHAPTER 7: 
CONCLUSIONS 

 

 

 

7.1: Performance of the Model Under Study 

From the analysis performed on measurements taken at the campus of the Georgia 

Institute of Technology, we can see that a simplistic direct-ray, single path loss exponent, 

adaptation of the Seidel-Rappaport model can yield satisfactory results in terms of model 

accuracy for outdoor microcell environments. Obtained path loss values agree with those 

previously published in other research, and the standard deviation of the model error is 

similar to that of other models. Additionally, these results confirm the validity of using a 

standard, consumer WLAN card for measurement surveys intended for model analysis. 

Further, this direct-ray model appears to strike the perfect balance between 

simplicity and accuracy. It is significantly more accurate than purely distance dependent 

methods, while requiring only modest amounts of additional site information. 

Additionally, what gains in accuracy that may possibly be obtained by using a more 

complicated multi-ray model, are detrimentally offset by the added requirement of highly 

accurate site-specific information and vastly increased computation time. This lends 

credence to the possibility of using simpler, less sophisticated models to perform pre-

deployment predictive planning of wireless networks. 

7.2: Viability of the Adaptive Deployment Design Methodology 

The Adaptive Deployment network design methodology was also verified as 

being an effective, accurate method for planning network infrastructure development. By 

performing initial site-survey and analysis on test areas in order to develop general model 
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parameters for deployment simulation, this development methodology can drastically 

reduce the amount of time required to deploy a WLAN network, and therefore also 

reduce the cost associated with deployment. Using the Adaptive Deployment method 

combined with the direct-ray, single path loss exponent, Seidel-Rappaport outdoor path 

loss model, there is potential faster deployment of WLAN networks at lower cost and 

better quality of service. 
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